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sr-'aw1! x: ~^mnt 

&A? TKAilErT.-- I7C2LEI-E ASSOCIATED 
LY-COSFISE;' :-USION REACTCK ::itczv& 

Cariscr . , u:i3 T, 
v e r r ^ r e , "a : if'::' 

Ii'n r e a c t o r c.infigurati:,r.t. have revealed a host of i n t e r e s t i n g 
ansfcr prefc^css. The ger.em: requirer.er. t3 imposed 01. the coolant 
oar I'ovcr :'rca t h e r e a c t o r nr- d i scussed . In per*-] cu3ar , t h e 

i ,uut ronicc , s t r u c t u r e and ir.tigr.eTir f i e l d environment lire Aes-
.*h nr-e unup'jFi. or unique u :\.siori r e a d o r ? . Ther. *he p a r t i c u l a r 
.---•rribH' es-rJ'tr.tc ir.cl^::.r . - ' ' h i u s , r ; i b e , t e l l i n g Alfcali c e t a l s , 
f • l i e : ' 1 ger.eral fusion «-".•»:'. r req i . i rosM. ts . ."cr.e s p e c i f i c areap 
icnJ vcrk i s necessary ujv :r*ed !"ci* each coolant along with 
alv a c * : s p i i c h e d . S r c - i o . i / o o heat t r a n s f e r problems of the 
uli-.i d e s e r i r e . 3 . F ina l . ; . - , -,;.e cha l leng ing heat Trans fe r p rob leas 
* - MV reviewed, and er.ce '„;>i:', sr'ise ef the itey anc t lved heat 

ir . tc e l e c t r i c . ' y , V.'e w i l l ccr .s ider only the 
Jess d i f f i c i V T-T r e a c t i o n , vhere B&f of the 

; . i i r . ' , The r ^ a c i o n eneriTy i s in the fern; of 1^.1 MeV r.eu-
i,,i r e r u l . r t r o n s , ar.i '.ho remaining "0;T i s ir. the k i n e t i c 
Tf.c wcercy energy t v •'-..• ' ;".rha r i i : " i c l e s ( i . e . , helium 

i ' .v . i o n s ! . '•.'.- ~~t i*f '.he fusion rcver cor. be d i -

. r (iL.71 

'ub'.'' . .1 - Primary Fusion Fea.-tionE 

•er.ts : " * • KCSt the r r : 

.:-->i fur-1 C.-CUT hvc'i-is.- '.!.cy r«/ji.ir<? higher 
i:.- -i:-r,-i«-u ti.'ir. ••!>. :...-:•: lar.-t ri t j ia?. (D-'D 
hl-v. Vv-ti-pv.jr. ^nd :•-•!. t-over yr^uuc 1 i o n . 

nt u :si'£i- f r ac t ion ?." th-' energy ?f the 
i-i: /•.-ojijc-- i s ir. -he i\;rr. >f churned f.ar-
«..<•>rpy --hich rr.y 're d i r e c t l y c o n v e r t i b l e 

s lpn l i'oar.-.::-nts ?f or. MTTf. are shew, in F ig . 
1 . 1 . The • !;err,cnuclear plasma i s confined by a 
megr.e-ic - * ; : ] . Between The i-Iasta end c o i l a i r 
t h e :.eutr; r -.-. Jerot int" blanket ( l a b e l l e d l i q u i d 
li-.h:'-". '.:. -i.r f igure* nr.d magnet s h i e l d . I n ­
j e c t , r r :"-: 13y new deuterium and Tri t ium fuel 
to the i-lr.sita. The plasms removal system i s not 
show:. The blanket ccc lan t i s shovn l eav ing t h e 
'blanket , f lcving through a heat exchanger and 
t r i t i u m s e p a r a t o r , and r e - e n t e r i n g t h e b l a n k e t . 
Per the .-ace shovn, the heat exchanger c r m s f e r s 
the hear inpi;t to a convent ional s t e a a cyc le 
r.over p l a n t . The b a d e physics and r e a c t o r char -

.•'CT'A performed 'ir.der the aus r i ce f of iv.b *.".r. 
ir.f.-rcy kcc-?arch and Develcpcont Administrai i r-
•lii'liT cor.t."act Ho. W-7J<C5-F!:n5-lt8. 

A J n ' , >pa r tmen t c : Hechanicul Eng inee r ing , 
I ' n iv -Tr i ty of C n l i f o r n i s , Davis . 

r* 
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SUi*! 
• MOTE'a- are descr ibed in more de­
ferences as i ' e fs . 1.1 +o 1 .3. 

T . - ' Magnetic Confinement.. ETK's confine 
• r e a c t i n g thermonuclear pjaBir.si wi thin a 
ig rn t ic K - t t l o " p r o d u c t by s p e c i a l l y shaped 
;:.et c o i l s . At :':'t»:ier.' , t he re uv- tlir. 'd p r i n -
•al iti;sno?ie f ie ld ge^-m-':rles being i n v e s t i -
.= i :'oi UCIV's: '-he To.'.ftniij', the " i r r o r me-
:•• , -T.i ':,-.• t , :- . i lal The* u-Mi.ch ' see F igs . 
- ! . • ' • ) . 2ot:. '.r.f ".. kar.ak -M :.i the .heta-Pl i :eh 

t . - ro jdal ::. cverni l .-o.ssp*', wit)-. the Tokamak 
•ing a sr.nl.'.i*i' rn:i<- .•!' w>,'cr to minor r a d i u s . 
• " i r r . - r ?•&•':.iiv, with, i t s i n t e r l r e k i n g C-
s e i .--o;: ;->;:• Joa.Ied Ylr-VansJ, i s more d i f -
•i" *t iOi-.'ribe, tu t the o v e r a l l plasma geom-
;, i.- rcu^:.'..;.' s p h e r i c a l . 

In ul 1 ' neso 
;*r-::i? e^cQpe ;i. n i l d i r e c t i o n s "r^m 

.;« neutsv:; rwdfrnter nus* .ilov icvn 

r Mfi ir. i '":>•:'!:-i: r r v e r oyel i 1 . To 
: i : - , a l^nnSr.-'. .'.• n.: nr.? 1J;.- r lnced 
:Ii.=2:n -.nd the mugnc* c o i l i i : ; scse 
I1 'is -;.•• 7ht '*-- r iuc! i , parr -f * ho 
L;- I:.;-: ie ' ! v Mar.ket '-. The t l a n k e t 

. •v.."i M'U'. ; ' t : rsoderntrr r m t e r i a l 

• -::.poi" L:-.* t i i n k e t func t ion , unique 
-•ycle. i." the rwr.eration cf * r i t l u n 

T.at ev'-nis cr r r e f e r a b l y exceeds i t s 
-i: r a t " i:i the fusion r e a c t i o n . T r i t -
r.f. Ir j>"*essury because the r a d i o -
—-:-c d.%e5 net appear in -my s i g n i f i c a n t 
:i s a ' - j i v . I t i s proposed tha t t r i t i u m 

• : : - -uiren-l i thius: r e a c t i o n s , ".hus, the 
ist cor."°in a l i t h i u m - t e a r i n g n a t e r i a l 
e . ' a r t i ' . i ' m a t e r i a l ) . Both r. . a r a l l y 
isotope? -f l i t h ium, lithiMm-r (7.•'•••»! 

,":-" [gr .c -" ! , re sic*, with energe*. i c r.eu-
roduce ' r ! t i u n . The reactions; are 

.".'- + ,,He +1.7$ MeV 

, T J + n' + ^fie - 2 . - 7 NeV 

heat t r a n s f e r rj:d thermal -nydrau l ic design prob­
lems connected with the f i r s t wa l l . Ir. some 
r e a c t o r d e s i g n s , i t i s proposed to i n t e rpose a 
f i r s t wal l sh ie ld between the plasma and the 
blanket f i r s t wall in order to . v l i e v e acme of 
these problem!. The heat t r a n s f e r a spec t s of 
s eve ra l proposed f i r s t wall sh i e ld s are d i s ­
cussed in Sect ion 3. 

Severa l d e f i n i T i.Tis will aid in under s t and ing 
Sec t ions I? ar.d : . :>ie blanket f i r s t wall i s 
t h a t sur face of the blanket which i s nea res t the 
plasma. Hadiant onergy tVcir. the pluamii and the 
energy :>; ar.y Inpinginrt -*t ona or ions -ire depos­
i t e d en the f ' lrct V B I : . Tn a d d i t i o n , some mod­
e r a t i o n of thi' fuslcr. re'.itrena takea place in 
the f i r s t wall mater ia l r e s u l t i n g in i n t e r n a l 
heat general ier.. 'depending IT. blanket ^oinposi-
t i o i . , the neutran energy depos i t ion In *he b l a n ­
ket f a l l s off n-.de cr l e ss exponent!nM^: from 
the f i r s t wall outward. The t o t a l l n i e r n a l heat 
genera t ion In the blanket in u sua l ly mere than 
the t e ' . a l neutron ki . e t i c energy because of exo­
thermic neutron capture r e a c t i o n s . The average 
b lanket energy n u H i p J I c a t l c n , H, i s defined BB 
the r a t i o of the average energy generated an3 
depos i ted in the blanket per neut rcn !o 1L.1 
>!eV, (t!ie r.eutroi: energy a t b i r t h ) . 

The f i r s t v a n neutron l o a d i n g , A„, i s defined 

as the eurr tn ' . 
d iv ided by the 
u sua l ly expre 
t h i s quan t i ty 
fi-rent reacto. 
r e a l i z e tha* 
load on the f 
t r o n s per .etr i ' 
q u a n t i t y has- , 
i ron damage ;•: 
I C E . J Another 
is the to t a l 

fusion neutrons t imes l l . l : 
ea of the f i r s t w a l l , and i s 

!eV 

:'.'-ed in u n i t s of '-W/m f. Although 
!;i useful for comparisons of d i f -

I 'S, the heat t r a n s f e r des igner must 
It. does -.ot r e f e r to the thermal 
[."?•- wali s ince moat of the neu-
•*f to the blanket i n t e r i o r . (The 
•i more d i r ec t re levance tu t h e neu-
robi en and to the r e a c t c r econom-

q u a n t l t y which i s in common use 
f i r s t wall l o a d i n g , A„, defined as 

the t o t a l 
by t h e f i r 
d i f f e r e n t 

.ercifil power of the blanket d iv ided 
WF.11 a r ea . This quan t i t y can be 

<r two b lanke t s having the same A,, 

because of d i f f e ren t firsst wall r a d i a t i o n f l u x , 
at cm and Lor. impingement f lux , and/or b lanke t 

' r l t i um Breeding React ions 

t :crh".?a ".he most e legant concept for a b l i nke t 
df"it;r. is: one employing molten l i th ium cr a 
'. L'.hi ^.T.-bearing f lu id to cierforin a l l three b l a n ­
ket funct ions - neutron moderat ion, c o o l i n g , and 
t r i t i u m breeding (as implied ir. F i g . 1 . 1 ) . How­
e v e r , these e l e c t r i c a l l y conducting f l u i d s are 
subjec t to magnetohydrodynamic (MHD) e f f e c t s 
which complicate the design problem. These 
-.•ornlicaticns have led t o proposals for use of 
•^ther coo lan t s in KCTH's. In Sect ion ? , we d i s ­
cuss the var ious proposed b lanket coo lan t s and 
some of t h e i r heat t r a n s f e r problems which arc 
unique to the MCTH a p p l i c a t i o n . 

Due t o i t s proximity t o the plasma, and because 
of the r e l a t i v e l y high f r a c t i o n of fusion energy 
which ear. be deposi ted ir. t h e f i r s t wall r e g i o n , 
p a r t i c u l a r l y durin,. an.' t.bnormal ope ra t ing con­
d i t i o n s , t he r e t.-e s._-i» e s p e c i a l l y d i f f i c u l t 

l . o Pla3ica Produc t ion , Maintenance, and Removal. 
V i r t u a l l y a l l proposed processes r e l a t e d t o t h e 
p roduc t ion , maintenance, an l removal of the fu­
sion plasma involve heat t r ir .sfer. A primary 
example of a method of producing and mainta in ing 
-i r l i isna i s neu t ra l beam i n j e c t i o n . Neutra l 
ixiva i n j e c t o r s are proposed for use on a l l K i r -
rcr r e a c t o r s and most Tokanaka. They w i l l be 
operated cont inuously on Mirror r e a c t o r s and on 
soir.e "d r iven" T^kamaks, and i n t e r m i t t e n t l y on 
s e l f - s u s t a i n i n g or " i g n i t e d " Tokamaks. In gen­
e r a l , a neu t r a l beair. i n j e c t o r c o n s i s t s of on ion 
source , e c c e l e r a t o r , n e u t r a l i z e r , E beam d i r e c t 
c^nver tor for the p a r t i a l recovery of the energy 
."'' a cce l e r a t ed Iona which are not n e u t r a l i z e d , 
->nd a vecuura system to pump excess gas from t h e 
U.n source . Some of the heat t r a n s f e r problemB 
of neu*-~al beam i n j e c t o r s ore d iscussed in Sec­
t i o n U. 

i 'ypical plasma removal concepts for MCTR's i n ­
clude magnetic d i v e r t o r s for Tokamaks, d i r e c t 
c.n-'-ertors for Mirror machines, and gas b lanke t a 
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liete-rinch reactors. (The £ua "blanket 
•• ;< ijiifi layer .'-urroundin,': Thi- Theto-Pii 
•. ft-r the :urjv.-s« of n.bBoi-li:.g '.he plas! 
y una transporting I'. cut c.V the plasr.'i 
•.-r, 'ii.J I:i In addition '.- '.he n-utror. r.. 
rig bjnijsoi-. ) Seine ,f the heat tr&.icfi-r 
e.-;r '•:' thcpf r-cncep* r- are als>_ iiscu^Si?: 

iconic lii-at Trii Wo si 
::gr.a .'Vr MCTF's invclv the use of 
li'titig magnets rperatud ut cryotjrn: i-
•es. 'Ihrse magnets ar n subject * n 
• ^eni-.ji-tIon ar.-i roJi^ticn, by fu-ii . 
T.o'rario: , ,«nd by ^fc t r ica l nissip 

mont oenur.on pr-'posM !s tc •:&•.'. '':.• 
the c- -1 boHing . :' liquid hcli:~-r. 

•.: fin.v.s'iro Jld '-.- K. ?ore of ' ),<• 

:u arc li.-cussel ir. : Action ''. 

.-K'-::,:; . . p;j\KKir COOLAUT •;h FHKAL-JiYLhA- .1. ! , ' 
:-<c •:.-:: 

i:.:\i,hl L'oc-ln :r.t Ho or. l i l i e s ii!-..i . . . : r i:.:\i,hl L'oc-ln :r.t Ho or. l i l i e s ii!-..i . 1 n-

•u:ti-»-.uk'':: '.- •.;.*•-•, T t. i-? 1 !-,t.k..-t 
•I'M*:. ••ugeosv. i la.-'l^i'-- ::*.;.iu*r.. 
?eK. rcrltv:. .-r,:- \ i . : :ii-.F ro'n. 
'.. Ktifcr, - i l !:!-••• be: .f :,f , - pre. 

>i t**i:r, cer..-; • .ifr»'i h I-L- i,:'r.-cs!-
.-r - .;<L':;ern* :cr. : ljs:.-i, ivt- . - tcr , 
no :' me };ir!; ; r-.-rrur cs rcquiri 
cp r t a i r . t Jo r jr-gnrdir.^ *!:o Icr.g-

. - [ • u.cnr 
;•••::••.". r-.'s*rloi vith the Ser-ii'- * V.eep the 
:-p.r./.ot -true*.urn I ."roc'io.-: us .T:ai: ns prorTi-

v:.ic:. ro ::ult ::: :i:" lew p r e s s u r e s ai; pcss ib i i ' 

J* . •-'jr-!.v*!,.i>- -.-i l ist •'ir.i- : '.̂ .i- ••rii.cirn.i 
ci:.:-tr*ii::*£ including low pressures which the 
;'u .• j-jr. KKnJ'et designer mur-t coi.i-i.ier in mnkli.g 
••is choice o." heat transfer scheme and .-colar.*: 
:t) low cyst em pressures 
t l lew pupping power to thermal power ratio 
el oonservative limits on structural material 

Estrffs, corrosion and temperature 
ill convenient and efficient blanfci't module 

rhape and coolant flew path geometry, and 
simple connecters fcr remote arsembly and 
disassenbly 

..•']' ..mall ducting volume, -.umber of joints and 
welds, etc. 

f) ease cf tritiiun re*covn_ rron the soclnrt 
and ducting 

R) ef!'icj<*nt, high temperature t»nersy cot.-.-er-
picr system. 

Al~. of t:;ese constraints nr.d rjmy .Tiore not 
'.i-.-rec r.ake the overall conception; design prob­
lem very conplex. This complexity is well 
illustrated by tvo recent cc-Eporat.ivfc studies 
of several fusion blanket design concepts L?.l-
2.?] as veil as by the many specific conceptual 
design studies already performed, several cf 
which will be referenced in later sections of 
this review paper. 

A fev of the possible choices for the energy 
conversion system a--*e illustrated in Fig, 2.1 
(based on a figure frca F«f, 2.3). As explair.ed 
in Section 1, litliiuc or o l i thiua cocpound is 
required ir. ai; c&sec ac the ferti le material 
for breeding trit'-uc; this lithiua will aln?> act 
as one of the principal neutron coderators and 
hence there will be substantial internal heat 
generation. However, ir. only a few oases io the 
fer t i le cateria! proposed to be used as the 
blanket coolant. In the next section, we will 
discuss the unique nrigngtic effects which make 
it difficult tc design heat trnr.ofer systems us­
ing these fertile Rateriais as primary coolants. 

As alternatives tc using the fertile material 
fie the coolant, system:: using either helium cr 
boiling potassium are suggested in the diagram. 
Either a conventional stean poverplant or a bi­
nary boiling pet nasi uf?,-st earn poverplant or a 
direct helium gas turiinc powerpiant is usually 
proposed for gi-neratir.c '.he electr ici ty. It 
seems, at firsL, surprising and disappointing 
that so exotic an euerey source as nuclear fu­
sion must probably use r;ore or less conventional 
thermal powerplants. However, some direct con-
rerslon schemes fcr converting part of the plas­
ma energy are being considered [ 2 . * J - 2 . 6 ] , and 
some of the heat transfer proble-as of these di­
rect converters will be discuBped in Section •+. 
The possibilities ?f direct energy conversion 
schemes are even acre attractive fcr certain 
mere advaneeJ fi-cicj; reactions f2.5i 2.7J, 

In the fcllowir.g sections, wt will treat first 
the heat transfer problems unique to the elec-
*.rical?y conducting liquids such as lithium and 
f l i t e , ar.d the- boiling potassium ind sodiu-a, 
a l l of which experience some magnetically in-
ciuced pressure irops. Then ve -.111 consider the 
hoot transfer problem.-- or cooling a fusion re­
actor with kslium. finally a comparison of the 
various blarJ-et coolants will be given. 

2,2 Possible Magnetic Effects on Liquid Alkali 
Metals and "ol'.er. Salts. Some representative 
property data for li thiua, sodium, and potassium, 
and the melten saJt, flibe, are listed in Table 
2 .1 . For f l i t e , we have listed thw properties 
for the iov melting point para-eutectlc [2.3, 
9.3], G1Z LiT an 1 33"- BeF . 

One of the unique problems encountered In the 
attempt to ';so these electrically conducting 
liquids in MCTR blankets is the effect of the 
strong -aagnftii' field en the heal transfer co­
efficient ar.d the pressure drop. These problems 
have been reviewed in some detail in references 
Buch as 2.9 !•" -'.I1*; These references also con­
tain very useful bibliographies, -tn this paper, 
we will only review some of the principal prob­
lems created by the magnetic effects and then 
point cut where further rest-p.rch Is required. 

When an electrically conducting fluid flows into 
the blanket rsgien of a magnetically-confined 
fusion reactor, it will enter a region of in­
tense magnetic field, lie will consider steady-
state or slowly varying magnetic fields in this 
discussion. (For information en some of the 
specialized problems of rapidly changing mag­
netic fields encountered In the Theta-Pinch 
reactor, the reader is referred to Ref. 2.15.) 



S t e a d y - s t a t e magnetic f i e l d s can produce the 
following !-HD imagnetohydrodynamic) e f f e c t s in 
a flowing conducting f l u i d : 
L ' A magnetic f i e ld component t r ansve r se to 

t h e flow d i r e c t i o n , Bi , c r e a t e s eddy cu r ­
r e n t s in the movi.ig f lu id 1:. the plane p e r ­
pendicu lar to the f lu id ve loc i ty (F ig . 
"..••P.) which produce L f l a t t e n i n g cf the 
v e l o c i t y p r o f i l e ir. the .-.-re of the f lov 
(Fig . .:.'*'' Rftil car. even pvducw v e l o c i t y 
'Vversht 'c ts near the va . Is i:: sr-se cases 
as .iiscu;"sed In R^fs. . \ 1: a sr.J J . l " . 

t ' I;* the :"ow ;hor.r.el wall: ' aro e l e c t r i c a l l y 
ccr..'-J•.-'-:.:.j and in pood .'^r.tnet with the 
f l u i d , '.he 3i f i e l d .-cmp-noni w i l l a l s o 
cause eddy cu: 
through the vi 

= bo.iv IT:-

• nmrere:. m 

, : s u : 
! as !1 
' currcr 

w from the i'i\ 
: : 'a t*d ir. F ig . 

i n t e r a c t with 
t e :i r e t a r d i n g 

: i d 

I where , is ' 

L'ftgth vari 

f i e l d , E . 

es : r * se flow it. 
il- vhtin the flew • 
. . - ; ; f i e ld regie : 
-1.11.0 perper.di eu! 

1 a: i : t are o r ­
5dd; CUl i e n t s 

cr-*c can Rlsa be 

:e:= ccnpor.ei 
iv-r., 5ll i f the 
:he flow d i n e t icr . 
"151 or.cnt of the 

Id roriponent. 

the Hi component 
wi l l he generated as i l l u s t r a t e d i:; Fit!. 
?.-. These eddy current", are of ten r e -
ferreil to as "_p.d-looji" eddy cu r r en t s and 
a re tunalogous ... thes'.' generated in eddy 
cur r - r . t brakes or d a m p e r ^ "fhey cause ar. 
; dd i - iona l r.ft r e t a rd ing ; x B body force 
; i thrt f l u i a , 

o; Vhen a coolant duct makes a sharp bend i n ­
s ide the magnetic f i e l d r e g i o n , magnet i ­
c a l l y induced flow separa t ion can occur . 

:") 5i-.ii the t r a n s v e r s e and c a r a l l » l components 
;.f the magnetic f i e l d ir.d-.ee eddy currer.tE 
i r -"'ji-bulent flows which tend t o suppress 
the f lu id t 'u-buience. 

e : Ir. i , - i n i l a r manner, magnetic f i e l d s tend 
:. .uppross n a t u r a l cor.vecti w. a c r o s s t'.:e 
s ^ n e t ' i c f i e ld l i n e s . 

}-) Var ia t ions of B, c r S,i ^Icr.g the flow 
d i r e c t i o n can cause complex v a r i a t i o n s of 
t h e temperature . r.d v e l o c i t y p r o f i l e s ir.d 
turbulence d i s t r i b u t i o n s ?.r.d hence, have a 
profound ef fec t or. the var icu i flow devel— 
cr.-er.t l e n g t h s . 

i ) Mec-etie f i e l d s may haw or. important 
e f f ec t cr. nuc lea te and bulk b o i l i n g of con­
duc t ing l i q u i d s in sons c a s e s . 

.;} F i n a l l y , the a c t u a l flow path may encounter 
ccmbir.ed Br and 3i i f i e l d components which 
vury s p a t i a l l y along the f lov d i r e c t i o n in 
such a way as tc cause complex combinations 
yf the above e f f e c t s . 

Th i s l is*, se rves t o i l l u s t r a t e the v a r i e t y and 
coaploxl ty *f the magnetic f i e l d e i f e c t s which 

may he Important in a p a r t i c u l a r des ign . To 
d o t e , experiment a have v e r i f i e d the e x i s t e n c e 
of e s s e n t i a l l y a l l of these effect 3 , but quan­
t i t a t i v e design information ie very incomplete . 

Before l i s t i n g .some, of the s p e c i f i c areas! where 
fu'-'.her research is r equ i r ed , examples of two 
of the important magnetic e f f e c t s where reuson-
•jrj.0 experlme:.*.M v e r i f i c a t i o n e x i s t s w i l l be 
reviewed. *»» wi l l consider the s impl i f i ed s i t ­
ua t ion of s tf ir ly flcv in constant a rea duc ts in 
uniform, sti>»iy ragnetio. f i e l d s . These a r e : 
F.xasple 1? i.ffect of turbulence suppress ion 

ly ti pure 3i or B I I f i e ld component 
fr*em ( f l above' or. the heat t r a n s ­
fer c o e f f i c i e n t . 

Btample D Effect of a uniform 3, or Bi, f i e l d 
component on the p re s su re drop 
( I t e a s (aj an i ( t ) above) . 

Example ( l ) : Magnetic Turbulence Suppress ion . 
Experimental evidence [? .16-2.1Hj i n d i c a t e s t h a t 
a s t rong Bi f i e l d car. completely suppress t h e 

f l u i d tu rbu lence provided the f i e l d s t r e n g t h i s 
above a c r i t i e i l value givi»n by: 

Hi U ) • 
HetDj 

where Hi (a) * a Ei \ ~ ~ transverse Hartmann 
number, ̂  is tho pipe radius (or the half-height 
rf a rectBtigulai* duct in the S, direction), a the 
fluid electrical conductivity and u the fluid 
viscosity. Values of Kj ranging from about ~f>"> 
to 5DD have bcon proposed depending on the aupect 
ratio of the .i'jet cross-section nnd to some ex­
tent, the experimental conditions. For nearly 
square ducts and for round pipes, the most widely 
quoted values of Ki seem to lie between 300 
[P.HO and 500 !'M6], 

For a highly e l e c t r i c a l l y conducting f l u i d such 
as l i q u i d l i t h ium flowing in a 2-cm diameter di:et 
ac ross a 1 0 - W s l i f i e l d . Hi i s almost 10,000. 
This impl ies fu l l t u rbu lence suppress ion ( i . e . 
f u l l magnetic laminar iuoi ior . ) in KCTR a p p l i c a ­
t i o n s . 

Even for a s l i g h t l y e l e c t r i c a l l y conducting f l u i d 
such a s f l i b e , the t r a n s v e r s e Hartmann number. 
Hi, i s or. the zri.er of Ĝ t o >0 for t y p i c a l flow 

cond i t ions ir. a 1 0 - t e s l a f i e l d , Cor.sequently T 

t h e flow would be magne t ica l ly lami.narized up t o 
Reynolds r.itEbers of at l e a s t 300 x LC = 1.2 x 10 
for t h e s e c o n d i t i o n s , and we see t h a t even f l i b e 
car exper ience f u l l tu rbu lence suppression in 
s t rong enough t r a n s v e r s e magnetic f i e l d s . 

For the case of a 3 i i f i e l d , the exper imental 
r e s u l t s [2.19» 8.20] are l e s s complete as i l l u s ­
t r a t e d by Fig . 2 . 5 . (Addi t ional experimental 
r e s u l t s a r e p resen ted in Refs . 2 . l i e and 2 . i l l . ) 
Since p a r a l l e l Hartnann numbers. Hii (defined in 
an analogous manner to Hi) over 10,000 can be 

encountered in fusion r e a c t o r s us ing t h e l ic .u id 
a l k a l i c e t a l c o o l a n t s , e s u b s t a n t i a l e x t r a p o l a -
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t i o n of tl.i 1 ava i l ab l e da'.u !:> r equ i r ed , as i l l u s ­
t r a t e d In H E . \ S For high H M . the e s t ima te s 
of "c?':i. ' . ° 'Uia 2,2^ ore thai the r;:uxicum t u r -
•buIo!-"f L,n;']'i--L':-io]i f e a s i b l e In a r a r a l l e l f i f l d u u \ /E=0 * KI - tanh H, 

"i 

whf-iv >;i| i ; ftb'jj". -0 whej; H,j -v JOO. However, 
even u: '.I.CJO (.igh '.iiluea i>f ! : , • , the turVulerce 

Ar.;1 Kiiii: :' "ii'.t .K't".J"c^ of •-.•.l'lul.'tici- sjupprussit'f. 
.•:;:. ' I v i m r l y luiv-- • ]<r'::\:L:..i e f fec t on the heat 
••••;,:-.V: r r-nvab'.'. '.'-j •'' cc-.. o i . t j . *:. the ' i r . i H n g 
"•-• .:' •-••. •••ii'': n'.~,y f.'.] •..-.-! 'i^«iK-e suppression 

c;\;-' •! to .•!:".--?: ri." lev tic i. t̂ f for a pa rabo l i c 
\i..'.\.- \rc:'!.li-' • >. ~.C i ;r. the Hir.it :.-.g case 

:' - uc :'I v f.'.".'".'. Jr. adiii* A or., the i iusse l t 
:•'-••.:•':• ca.' /a*1;/ .••:t'.ni''icn::'^.y nro\in-l -.he c i r e u a -

r? 

:.» o!*!>c: r f p a r t i a l "urL-Jient-
*o u Eii I'ii.'lJ CTI thi» tojsseli 

W 
vh^ro '!:o ^ " i r . i r y ' i.rt'Ul-T.t Niwsei; number data 
•.'iiG jv presen' f= 2 \.y the emr-iricnl equat ion : 
::.:, = - . " - * • , " q •••• {•.'or D,| = C) and where 
•'.. •'..• : 'r. '.'":.it. i ien- i -esr i r ica l re2at ion i s 
£.;!:•••; n H r i t e d --xreriEier.tal \v-'* with l i q u i d 
^ • j l l i - - i ^ r s .01.--'* ir. round - u t o j over a rar.g.; 
;:" ?:cvr.'M = r.nnfcert frcr L- X 10 : - f a lcu t 1 0 ' 
••.rid V.-i:-mar.r. nuir.bc-r.:, ;-:i . (a) j f 190 and T70. 
While :r.v equat ions for liu. and TIu f i t the 
lir.i-.••: uxrivriciflRtiil 2ata v e i l , a d d i t i o n a l exper-
-—•̂ nt [i_ i'lui nre >vquir*;d '.c extei-d i t ou ts ide 

•rr.c -.-JI rule:.Cii suppression can a l so have an ef-
t'oot *i. the f r i c t i o n coe f f i c i en t and hence an the 
pres su re drop. Hovcver, t h i s i s usua l ly of s e c ­
ondary iE-o r t ance in fusion r e a c t o r s i t u a t i o n s , 
where one or nore d" the e f f e c t s in Items (a) 
through i?) u s u a l l y dominates. This w i l l be d i s -
.••.issel ir. the ^ext s e c t i o n . 

^jamp.e Maffnel' i ;sure Drops. A t r a n s -

g rad i en t given by the following approximate equa­
t i o n [ ? . ? ] : 

vhere K_ i s a c o e f f i c i e n t (on the order of u n i t y ) 
vnlch dependE on the duct c r o s e - s e c t i o n geonet ry 
as well &3 on C and Hi [ 2 . 2 3 ] . "he f i r s t term 

on the r i g h t - h e r d side r e p r e s e n t s the o rd ina ry 
f r i c t i o n a l p ressure g r ad i en t for the p a r t i c u l a r 
duct c r o s s - s e c t i cn . The second ar.d t h i r d terms 
account in or. approxlcate way for t!-e s t eepen ing 
of t h e v c l c c i t y p r o f i l e a t the wall due t o Effec t 
(a) l i s t e d a t the beginning of t h i s s e c t i o n . The 
l a s t t e n s accounts for the a d d i t i o n a l p r e s s u r e 
g rad ien t caused by the isagnetic body forces due 
t o e l e c t r i c a l l y conducting duct w a l l e . Effec t ( b ) . 

9 v f i w The v a i l conductance r a t i o C = , vhere a i s 
t h e wall e l e c t r i c a l conduc t iv i t y and £ ia t h e 
e f f e c t i v e v a i l t h i c k n e s s . w 

Per the usual high t r a n s v e r s e Hartmanr. numberB 
of h igh ly elecT.ri.c.aiiy conducting f l u i d s such as 
l i q u i d a lHal i n e t a l s ir. MCTR conceptual d e s i g n s , 
the l a s t t e rn de s ina t e s oven for t h e ninimua con­
ce ivab le values of C of about 0.01 for very t h i " 
conduct ing v a i l s . Only i f some way i s found t o 
p-oduce e l e c t r i c a l l y i n s u l a t i n g v a l l e or coa t ings 
which a re ccmpatible with the coolant and can 
surv ive the in t ense neutron boobardnent for a 
s u f f i c i e n t length of t irce, w i l l t h e yther t e r n s 
become dominant. Far t y p i c a l l i q u i d a l k a l i metal 
f lows , the p ressure drops caused by the magnetic 
body forces can be th r ee to s i x o rde r s of cagn i -
tude higher than the ord inary f r i e t i o r . a l p r e s s u r e 
di-ops [ 2 . 9 ] , 

These d rama t i ca l ly l a rge magnetic p re s su re drops 
can e i t h e r r e s u l t in excess ive pumping power r e -
qv ' rements or in excess ive duct wall s t r e s s e s near 
the f lov i n l e t s or both [ 2 . 9 , 2 . 1 1 , ? . 1 3 ] , depend­
ing on the d e t a i l e d flow pa ths and t n g n e t i c f i e l d 
v a r i a t i o n s of a s p e c i f i c des ign . 

The c a g n e t i c p ressure drop i n round tubes with 
e l e c t r i c a l l y i n s u l a t i n g wal ls has been v e i l v e r ­
i f i e d for the uniform 3i f i e ld case [ 2 . 9 , 2 . 1 1 , 
2 . l 6 - 2 . l 8 ] . The e f fec t of e l e c t r i c a l l y conduct ­
ing tube u a l l s has a l so been confirmed r e c e n t l y 
as shown i n F i g . 2.£ from Ref. 2 . 2 3 , and incon­
s i s t e n c i e s in e a r l i e r >*-xperintents have been c l a r ­
i f i e d in t h a t r e f e r e n c e . 

For t h e case of a s l i g h t l y e l e c t r i c a l l y conduct­
ing f l u i d such as f l i b e , the maximum Hi (a) would 
probably not exceed 50 fo r 3 . as high a s 10 t e s l a 
and the duct h a l f - h e i g h t , a , on t h e o rde r of a 
few c e n t i m e t e r s . However, t h e v a i l conductance 
r a t i o s , C, a re very mien l a r g e r than u n i t y for 
f l i b e due to i t s low e l e c t r i c a l conduc t iv i t y com­
pared t o nos t m e t a l l i c v a i l ea - t e r i a l s proposed. 
In s p i t e of t h i s high value of C, the low value 
of K. fo r f l i be normally results i n q u i t e small 

magnetic e f f e c t s on the p re s su re drop in cu r r en t 
MCTR conceptual designs [ 2 . 1 3 ] . 

In sharp c e n t r i s t to the case of a uniform Bi 
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fiol:l, a purely longitudinal magnetic field 
aliened parallel to the flow direction, B> r > will 
induce no eddy currents as long aa the flow 
channel area, and the velocity profile do not 
change in the tlow direction. Consequently, 
there will be no magnetic body forces to cause 
additional large pressure drops even for liquid 
ne-als. In fact, as discussed in the preceding 
seition, the turbulence suppression :lue to 3r • 
will ter.d to laminarIce o turbulent flow, and 
he ice reduce the frictional pressure drop some-
vhat. The exaci value of the friction factor in 
t!.i^ case woula depend on thv. velocity profile 
as veil :is the decree of turbulence suppression, 
rcr •••xanj.'lo, for strong turbulence suppression, 
the vplivity profile would undergo a gradual 
+ ru:.ssii ion ?rcx the ordinary turbulent velocity 
profile to the laminar velocity profile if suf-
fic'ontly long flow lengths were availabie. 

V.'e iMiy jtaanarire t.he preceding discussion re­
garding the two coolants, lithium and flibe: 
a) Liquid li'-hiur (and other liquid alkali 

metals a= veil) will probably experience 
full magnetic turbuler.ee suppression along 
a Coci portion of the flow path in the MCTR 
amplications. This will lover the hea-„ 
Trfl::.-it>r coefficients to the laminar values. 

L-1 rlibe, due to i t s low electric?.] conducti­
vity vii ; probably only experience full mag­
netic turbulence suppression in regions of 
vt-ry strcr.g transverse magnetic fields. In 
-r.ese e i re. unst fences, flibe has an exceeiing-
ly poor (laminar) heat transfer coefficient 
1-ic to it-- lew thermal conductivi ty, 

c) :. ,vevt ,r, ry virtue of Us low electrical 
r.r.ductiviry, flibe should not experience 
•Lgnificjim magnetic pressure drop, 

i ' ii 'hiur. [ar.d other liquid metals) may ?x-
:erience magnetic pressure gradients three 
* : six orders of magnitude higher thar. -.he 
^r^inary frictional pressure gradients. 
This creates a difficult thermal-hydraulic 
i- cigr. problem with regard to duct wall 
s'tresses or pumping power required or both. 

discussion of Resei ; Problem Areas for 
Electrically Conducting Coolants. These two 
examples serve to illustrate- some of the impor­
tant -:'.;ermal-hydraulio effects of IM. jnetic fields 
or. electrically conducting fluids in ratner ide­
alised situations. In actual conceptual design 
studies performed to date 'ising lithium as a pri­
mary cccltnt, the flow paths tend to encounter 
srati illy varying B. and Bit field components as 
well 3.:; varying duct cross-sectional areas. Fig­
ure 2.7 i l lustrates a portion of th2 University 
of Wisconsin conceptual design for their UWMAK-I 
toroidal fusion reactor [2.2M, while Fig. 2.8a 
and b i l lustrate the fliv turnaround region in 
a Lawrence Livermore Laboratory mirror fusion 
reactor design study [2.H5]. Fig. 2-9 shows a 
cross-section o.r the module in the Culham toroi­
dal reactor design [2.26]. Each of these pa i t i -
cviar ^.:ncept*jal designs exhibits some unique 
rrcbiems related to the nagnetic effects on the 
liquid lithium coolant. 

Ir. the case of the Princeton reference tokamak 
design [2.27], flibe is used as an "auxiliary" 
internal heat transfer fluid inside the blanket 
regio-. as well as the fert i le material for t r i t ­

ium breeding. (Helium ia used aa the primary 
heat removal fluid.) A erc3s-section of the flow 
paths in this design is shown in Fig. 2.10. The 
interested reader 1B referred to the full reports 
for more details . 

Detailed conceptual design studies duch as these 
have served to identify important problems with 
the use of *heBe coolants and to point out areas 
where design information 1B lacking. Following 
is a l i s t of some of the key areas where addi­
tional research on magnetic effects due to both 
uniform ~nd non'u-.iform Pi and B; i aagnetic fielc 
components is required: 
a) Study of the effect on the hydraulir and 

thermal development lengtl- of representa­
tive magnetic field variat ' jns along the flow 
path, and the resulting effects on the local 
and average heat transfer coefficients and 
pressure g.adieiits. 

b) Additional experiments on the effects of very 
high magnetic interactions on both end loop 
and Hartmann type eddy currents and the 
resulting effects on the local heat transfer 
coefficients and pressure gradientc. 

c) The effftct on local heat transfer coeffi­
cients and pressure dropr> under conditions 
where magnetically induced separation in 
straight ducts, bends and turnarounds is 
likely to occur. 

d) Effect of combined end-loop type eddy cur­
rents and hartmann type edd,\ currents on 
heat transfer coefficients and pressure gra­
dients. 

ej More exact determination of the values of 
the Kj ind Ki < in the ranges oi" Re, Pr, Hi, V 
"!!' . duct ection shapes of 
interest tc MCTP applications. 

f) Transient thermal-hydraulic behavior {e.g., 
during start-up, shutdown, or emergency cool­
ing conditions) of electrically conducting 
fluids in MCTR fusion reactor geometries and 
operating conditions. 

g) Effects .f magnetic pressure drops on the 
performance of high temperature heat pipes. 
In Ref. i1.28, Weri.er proposed on advanced 
modular blanket concept utilizing heat pipes. 
Since the working fluid in the heat pipes 
will be a liquid metal such as potassium or 
sodium, there will be magnetic pressure 
drops in the liquid flow in the wick struc­
ture. Predictions of these magnetic pres­
sure drops in Ref. 2.29 need to be verified 
experimentally (one such research program 
is now under way at the Lawrence Livermore 
Laboratory). 

The above l i s t should serve to point out that 
many of the above problem areas are unfortunately 
quite design dependent. It will require great 
ingenuity to devise experiments of broad appli­
cability, and to develop simple enough semi-
empirical equations und/or graphical presenta­
tions of the results to be useful in design woik. 

The detailed MCTR conceptual design studies per­
formed tc date indicate that i t is very difficult 
to use lithium or flibe as primary coolants. 
Because of the difficulties, many workers in this 
field have looked into alternative coolant pos­
s ib i l i t i e s . Some of these alternative coolants 
will bt discussed in the next two sections. 
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g.i. Soiling Llould Metal Coalantc. It has been 
proposed to use boiling llijuid metals as the 
primary heat removal fluid iii WUTR designs to 
ni«.ii.-vi* loth improved heat transfer and substan­
t ia l reductions ii; Ui(- magnetic pressure drops, 
0:.v c-.«L*ei • viiil deplgn study of a fusion ret-otor 
tiw./.i". using bo:liti£ potassium has already teen 
di-ivo [:.';C. ;'.3»S; p. crcaa-secti'jn c:' the pro-
j.osi d L.'nny.tit is .-.hovr. in Fig. ? . l l . In this 
doaifcr., i:t:;j;a- U used as the internal Iwpt 
transfer fluid 'an well uc the fertile notorial}:, 
it ii, circulate;: by inter:.al HHr pumps Js. 3C, 
2. ! ]. K-iiir.g pc: •jssJur, serves t., remove the 
the:va.' -i.Trgy fr :B; »he Munkf. to the energy 
f.T.wrr: T. system. ,\ sub-seal* experiment '-. 

!>:• the poition <-:' 'he per usoiun. flew path where 
* }.v fiui -. ••?mp"rii*luj,c is bclev the onset of .mb-
. '? ' . ;•! :.-.:ô i'!i*.t' Y - i J:r.g, i*. is •iffeeted by *.!.'. 
:-.rip;< : . - f.'.c.'! '..-. the JV,>- way as ur.y e lectr i ­

z e - The •.•"id :V:tcTj-:. reaches ntsut • C r ' ' , the 
nvors,:" • "i'.-- -i •-. 1 conductivity cf the two-phase 

!vu tf: . rs'rfiiTjji to investigate- the eff<-v* of 
r.ui;:--••• fi-^Jji. en boiling Uqui.l =i-?t >-.J s [r.3!*]. 
The cxr.winiv.L involved a vertical tube of potas-
..ivar. i:: -i sc VnoiJal magnet sue'-, that the ii field 
waj a::.^ vertical. Nucleate howling was pr^ciuced 
i..-..r -l... k t - a-, of the tube, such that the but­
tles • JJ : J ;ush liquid acros.5 the field lines 
a- they grow at the nuclcation si tes . 0r.ee the 
':-v;:-h';.;j hrcke away, they travelled upward paral-
\ji • .• th" 1- ri^id- Magnetic fields as high n.c 
•• '. vere usi1: 1:1 these experiments. The results 
indicated Little or no effect oi' these stror.p 
ir.tif.:ii"'i. fields zm the nucleate boilir.g process. 

Additional experiments should be run under forced 
correction, nucleate boiling conditions at vari­
ous orientations to the gravity field to cheek 
thfjs*1 ?Tal boiling results. In addition, exper­
iments in the built boiling regime arc probably 
warranted, particularly to see if inere ore an;. 
pu;cnetic effects on the —itical twot flux. 

2.!J 1a3ecuq Helium Coolar.t. Of a l l the possible 
gaseous coolant 5, helium is the only one vhlch 
ha^ bet*n considered in detailed MCTR conceptual 
dericn studies to date. This in i t ia l choice has 
undoubtedly been 3trongly influenced by the HTGR 
Uiigh temperature gas-cooled fission reactor) 
experience. Helios ha3 some well fcnovn advan­

tages, including high heat tranefer coefficients, 
negligible nuclear activation, chemical inert­
ness, and i t is completely unaffected by magnetic 
fields at the temperatures of current interest 
(on the order of 900-1200 K). 
From a general point cf viev, helium baa rev, if 
any, heat transfer problems which are unique to 
the f-vsion reactor application. However, the 
proposed fsv path geometries in specific fusion 
reactor conceptut.1 designs are generally more 
complicated than in HTGF's, and the internal heat 
generation in the blanket is much more nonuniform. 

Even ignering the complications of specific de­
signs, parozetrlc studies such as those of Refs. 
£.35 to ?..¥! indicate that there are quite severe 
limitations on the tube lengths and diameters 
which can be used if good heat transfer with 
reasonable tube wall temperatures ar.d streBBes, 
as well as reasonable helium pressures, pressure 
drops ar.d pumping power are to be achieved, par­
ticularly in the first wall region facing the 
plasma. Fig. 2.12 i l lustrates cone of these con­
straints for a reactor first wall made up of a 
simple array of paraMel tubes [2.36]. The 
limit on the maximum allowable stress fixes an 
upper lir.it of about 2.5 cm on the tube diameter 
for this example. A maximum allowable tube wall 
temperature determines the miniir.ua permissible 
tube lengths for each tube diameter for a speci­
fic bulk temperature r i se . Finally, a maximum 
allowable ratio of pumping power to thermal power 
determines the maximum permissible tube lengths 
for each tube diameter. These three constraints 
define the "permissible region" cf Fig, 2.12. 

Specific MCi'R conceptual design studies have re­
vealed additional heat-transf :r-related problems 
with helium which are primarily related to the 
sisc of the inlet and outlet ducting required and 
the number of tube Joints and welds required. 
These problems are illustrated in Table 2.2 based 
or. data taken from Ref. 2 .1 . Shewn are some 
estimates cf che number of joints, length of 
welded seam and mean time between leaks for two 
OEM (Oak Eidge ;.'atioTial laboratory) designs, the 
f irs t that of Ref, 2.31 cooled by boilir.g potas­
sium; and th? second an earlier design cooled by 
helium [2.37]. The estimates indicate that the 
he'^-m-cooled design has less than one fifth the 
mean tine between leaks of the bciling potassium 
cooled design. In addition, ir. these designs, 
the helium requires about ten times the flow 
pftssoge area and about seven tinss the pumping 
power. However, these values are highly design-
dependen;, and improved helium designs are un­
doubtedly possible. 

Another type of heat-transfer problem with helium 
is related to the specific gecmetry cf the blan­
ket modules or segments selected. Figure 2.13 
shows the complex tubing geometry used in a ver­
sion uf the Culham design of Fit. 2*2 which em­
ploys helium as the primary coolant in plsce of 
lithium [2,38]. 

If s i l l e r helium flow paths are desir.d in r e l ­
atively small modules, the lithium and ether 
blanket materials may have to be canned. Figure 
?..li- from the Lawrence Livermore Laboratory mir­
ror fusion-fission hybrid deBign study [2.39] had 
a down flow of helium around the outer annular 
region, a turn-around region containing clad 
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ithlum compounds and other fertile and fissi le 
;aterials« However, this simple flow path re­
sulted, in poor h«*at transfer coefficients in the 
r i t 'onl first villi region, and some redesign of 
'-.e helium flow path in this region would prcba-
'1 / he necesspj-y. ^ue to the possibility Qf 
"li'v separations aud recirculation near the ur i t -
cul first vail region, experimental verification 
if the estir.«*t-d heat transfer coefficients for 
he particular acos.etry chosen would te iiat-erst-

0: her possible helium flow paths and modularisa­
tion concepts for toroidal reactors are i l lua-
truted in Figs. ^.10, 2.1?, and J.]t> from the 
conceptual design studies ir. Refs. J..??, 2.1*0, 
'.•'". respectively. Reference 2.4.? discusses 
-.••cne of the difficult problems of module design 
f^r ease of usser.bly and disasseslly for a mag-
• .':ic mirror reactor. The reader is referred to 
• ceo references for more details. 

Other .-( . ;ible Coolants. Ir. ado U Ion to 
reposed in the deluded ^LTR cor.-

.i'C -

•olar.ts 
1 design ,-tudies performer tc date, a few 
pcs^iMlitiea have beer, mentioned ir. the 
turc. A vec-?nt paper [r.:-i] j.roposed ujing 
, with '; high loading (as much as 33$ by 
} _-f lithium oxide cu^t SF the coolant 
rititat breeder (i.e. the fertile material), 
oncept waj proposed ir. ur. ntter.pt to cin-
she tritium removal proven and tc reduce 
itiun inventory in the reactor. Much ox-
r.tal research is clearly required ir. order 
ine the transient an veil as steady thermal-
lic bei-.av:-M- of this tyre of tve-pnase flow 
uct vi'-h i:n.c.'j turns and jcssiblj- even sharp 
In viirtie-lar, dust collection in stag­
ing: ors, clir.fcer formation and the prob-
hot apotj vould have to b>» Investigated. 

"•her i5ao-?ou." ?oola:irs such as 'orpt'ii, neon, car-
"c::; ittxide w.d ?c fcrth ore additional possi­
bilities, although they ait; not considered princ 
.t̂ r.jidates tc-iay. 

Coirs arisen Coolant3. As a first 
the heat transfer coefficients cf the most prem­
ising caolantc -an be compared, F*<nire 2.1 7 

chows u compariior. of the heat transfer parame-
I'.u x V., for several important Halting cases 

as a function of Rejnolds number [2.10]. This 
figure graphically demonstrates the very detri­
mental effect thF*. full magnetic lominarisation 
would have or. flibe and to a lesser extent on 
lithium if operation at moderate to high Reynolds 
numbers vere required. However, the figure is 
socevhat misleading if one tries to use it to 
make a dirfct comparison among the various cool­
ants, since each coolant would be used at a dif­
ferent Reynolds number. 

Cne of the most interesting and revealing studies 
to Sate which compares the heat transfer and 
thermal-hydraulic aspects of the most promising 
HCTS coolants in a self-consistent manner is that 
of F.ef. ?.13. One of the two "reference designs" 
used in that reference to make the comparison, 
the tubular or ducted design, is shown In Fig. 
2.13. The authors chose the common reference 
conditions shewn in Table 2.3 and then calculated 
the velocities, heat transfer coefficients, 
pressure drops and pumping power requirements for 
each coolant as a function of the total wall 

loading, /sp, (defined in Section 1). 

Typical Reynolds nur.bers and transverse Kartmann 
numbers for the various coolants are Hated in 
Table ?.- as well as the pertinent rcau]tn for 
the reactor thermal-hydraulic performance Tor a 
total wall loading of 1 MK/n ?. It is assumed in 
Rer. 2.13 that 30S of rhia thermal power is ab­
sorbed by the coolant flowing in the array of 
round tubes which makes up the first vail of 
this hypr.thetica] reactor. It should be clear 
that this highly slmpilfiM coolant geometry is 
only useful for the purpose of comparing poten­
tial roolants and is not intended to represent a 
real "design". As pointed out in Hef. 2.13, a 
gooa designer may be able to minimize or elimi­
nate entirely many of the problems revealed by 
this comparison. 

The resultant pressure drops are 3hown in Tig. 
2.19 for the entire spectrum of vail landings 
studied. For -V = 1 ;WrT pumping power 
ratios were given in Fief. 2.13 as 5.5*, 1% and 
35! for liquid lithium, hotline sodium and bell­
ing potassium, respectively. For the boiling 
coolants, these relatively large pumping powers 
are due in part to the fact that the coolants 
flow across the strong magnetic fields (10 T) as 
liquids for several meters before beginning to 
boil and in part to the high velocity and low 
density of the vapor. 

It should be noted that if one is able to use 
preheating of *he sodium or potassium before It 
enters the magr.etic field region. It shcu d be 
possible to greatly reduce the magnetic pressure 
drops (cr even eliminate them by preheating to a 
void fraction of about ?5;* or more before enter­
ing the magnetic fields). 

The corresponding heat transfer parameters are 
shown in Fig. 2."C as a function of the total 
wall loading !i(v_r, Re!'. ?•* for the specific 
numerical conditions or the study of Ref. 2.13). 
This figure revealr. that even If the flibe flow 
were in the ivdir.ary •.urbulent flow regime, i t 
apparently would have much lover heat transfer 
coefficients thar. lithiur or helium for a given 
wall loading. The authors of Ref. 2.13 point out 
that the flibe velocities could be increased 
substantially without, incurring excessive pres­
sure drops. Thig might improve the heat trans­
fer coefficients if the- flibe is net fully larai-
narined by the magnetic fields, 'iouever, then 
electrolytic corrosion might becope unacceptable 
when the induced voltage exceeds about 1 volt 
(Vised on the data of Ref. 2.8). 

The recent comparative study [2.1] of several 
different MCTF. conceptual designs employing sev­
eral different coolants goes well beyond the 
limited scope of con-paring thermal-hydraulic 
capabilities• The author lias attempted the much 
more ambitious task of comparing how the designs 
meet a l l the various WCTR constraints. The 
author has made a good beginning, and Lis report 
should be required reading for anyone intending 
to work in this field. His study reveals the 
enormity of some of the problems related to t r i t ­
ium holdup and separation, ducting volume. Joints 
Bnd welds required, rel iabi l i ty and maintenance, 
a l l of which are strongly coupled to the choice 
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cf ;i_clnt;t and the d e t a i l e d decign of t f e heat 
removal ana energy conversion system. 

Other c r u c i a l blanket heat t r a n s f e r problem areas 
irentioned i:i I-of. .\l vhlch htve received scant. 
n t ten- .Kn tc dote i n c l u d e : 
1) trar.sier.* s t a r t u p nr.d 6v.>:tdcwn c n i i i n g 
."! plasma dur.p to t!ie f i r s t wnJl 
'*} af terhea* ar.J or.ergor.sy blanket ooolir.g 
•'•) coelsr.t. Icut'.'iije i e t ec t i c r . oni p a r t i a l s h u t ­

down of oi.c !.r more modules. 

SECTION 3. F I T ? WAI.L SHIELDS 

? . . Tntroauctior. • In severa l r e ac to r d e s i g n s . 
i t i s proposed "c interpo. te n f i r s t v a l j sh i e ld 
bet veer: -he plojira and the f i r s t wall cf t h e 

(.-'usion S:;c ,-n*>pi'i»C Research "a..-i 1 i • y ) [ 3 , 3 ] . 

: . . ' VWMAK-TI ''-irbon Cur ta in , '.'he carbon cu r t a in 

y a o - r r [ 3 . - ] . Ir. tckatak plns:r.a£, iot.s with 
:.ig;; a* crcic :;ur.tcr, such as neu t ron - spu t t e r ed 
f i r s t v a i l atoir.s, w i l l d i f fuse inward and g r e a t ­
ly inc rease the r a d i a t i o n l o s s compared t o t h a t 
cf a pure "-"' [ lasma. I t i s c l e a r tha t lower 7. 
i i r .pu/ i t ies ( e . ^ . , C, 0 , £ i , e t c . ) have u much 
.ena se r ious ir-j-t ' t en plasma porf-Jixa^ce than 
ihf heavier moio l l l c atoms. 71.e V.»7\aK-II carbon 
• i r l a i : . i s a f l e x i b l e , tve—<Hner.sicr.elly woven 
r-.rzer. c'.c-.h pliuo.i between the jrlasma und the 
rr..^;U:i- f i r s t v-ali . I t i s c'.nimcd t h a t thU" 
Ll'.ith wil l i n t e r cep t p r a c t i c a l l y a l l i ens and 
:*.•:•.!*rnl atoms leaking from the plasma and prevent 
:r.- ' .nll!c ion? whl.?h emanate from the f i r 3 t wall 
from cr.tt.Tinc the plasma. 

The carl-or. c u r t a i n i s t o be c o d e d by t h e r r n l 
r a t ; - i t i o n f the f i r s t w a l l . The maximum u l l c v -
•Si\* Lemperaturc for the c e r t a i n i s about TOQC* C, 
above which 'he vapor p r e s s u r e of carbon would 
•>xi—ed Tv.e maximum al lowable background p r e s s u r e 
in • :.e r l a c r a chamber. In the UWMAK-TI d e s i g n , 

; !K - r t i m u e d 30 i-'';m c heat lead on the c u r t a i n 
••os-:*.- !r. a 9&0a •'. c u r t a i n temperature for a 
fire*, wail temperature of t;00° C and an e f f e c t ­
ive, •-.•micsivity of un i ty (not O.'j as Sta ted in 
Kef. i . l l . For the sarie e n i s s i v ^ t y ar.d f i r s t 
wall t empera ture , the maximum al lowable temper­
a tu re c f -'000° C would be reacheJ with u heat 

flux of 150 W/cm2. 

3.3 UWMAK-III Spectrun S h i f t e r . In the UVMAK-
I I I conceptual design [3»-]» the f i r s t v a i l i s 
•separated from the plasma by a th ick carbon 
sh i e ld which may be made of tfcree-dimensionally 
woven carbon c l o t h . This sh i e ld has the same 
advantages as the two-dimensional carbon c u r t a i n , 
but in a d d i t i o n , sof tens the inc ident neutron 
spectrum, r e s u l t i n g in reduced gaa product ion 
and ator. rti ^placement r a t e s in the f i r s t w a l l 

and b l a n k e t . I t it es t imated t h a t the spectrum 
s h i f t e r w i l l extend the l i f e of the f i r s t v a i l 
i n UHHAK-III by a f a c t o r r ? 5. 

The heat load . n t h i s sh i e ld i s g r e a t e r than t h a t 
fo r the carbon c u r t a i n because of s i g n i f i c a n t 
neutron h e a t i n g . However, i t i s p r e s e n t l y p r o ­
posed t o pasc lve ly cool the spectrum 3 h i f t e r in 
the sane manner ne the carbon c u r t a i n by 
thermal r a d i a t i o n t o the f i r s t w a l l . Ar. a l t e r ­
n a t i v e proposal t : a t t a c h t h e spec t run 3 h i f t e r 
t o the f i r s t wall with heat p ipes I s being i n ­
v e s t i g a t e d [3 . 1 *] . I f the heat p ipes use an 
e l e c t r i c a l l y conducting f l u i d , the,- w i l l be sub ­
j e c t t o t h e e f f e c t s d iscussed m Sec t ions 2.2 and 
2 . 3 . 

3.1* FEBF F i r s t Wall S h i e l d . The mir ror TtKF 
[Fusion Engineering rtescarch F a c i l i t y ) [3 .3 i i s 
a small non-power-producing mirror r e a c t o r p r o ­
posed fo r t e s t i n g and e v a l u a t i n g the m a t e r i a l s 
and components which w i l l be used in e a r l y fusion 
r e a c t o r s . I t is. designed tc produce a high 

lfc.l VeV neutron f lux (> It-"" n e u t r o n / « /E ) 
ovffr an pree l a r e e enough t c accommodate e r g i -
n e e r i n g - s c a l e t e n t specimens ( s eve ra l square 
m e t e r s ) . Because of the smallness of t h i s r e a c ­
t o r , a cons iderab le f r a c t i o n of t h e i n j ec t ed 
n e u t r a l beam power i s l o s t t c the f i r s t wal l in 
t h e form of ene rge t i c i n j ec t ed n e u t r a l s which 
p e n e t r a t e through the plasma as wel l as o t h e r 
ene rge t i c n e u t r a l s r e s u l t i n g from charge exchange 
c o l l i s i o n s between in jec ted n e u t r a l s and plasma 
i o n s . Analys is p r e d i c t s tha t the peak (and ave r ­
age) power flux of ene rge t i c n e u t r a l atoms t o the 

f i r s t wa l l of F W wi l l M 3.3 fcW/cm2 (fjia 
1.3 kW/cm ) with ;io plasma present {a-; at the 
beginning nf h u i l d u p ) , and 7QC W/cm1" (arA 
210 W/ca ) i n s teady s t a t e . I t should be noted 
t h a t l a r g e r mir ror r e a c t o r s w i l l have very much 
lower s teady s t a t e n e u t r a l a t o s power f l u x e s , 
a l though they may have t r a n s i e n t power f luxes 
s i m i l a r t c FESF. This d i f f e rence opens up add i ­
t i o n a l p o s s i b i l i t i e s for the s o l u t i o n of the heat 
t r a n s f e r problems. 

7n order t o he td le t h e high p,->wer f luxes for 
FERF, i t i s proposed tc uBe a f j - s t wal l sh i e ld 
c o n s i s t i n g cf an t..-ray of t h in -wa l l ed tubes 
c a r r y i n g high v e l o c i t y water in the non-bo i l ing 
or subcooled nuclea te b o i l i n g regime. Such a 
s h i e l d would have very l i t t l e e f f ec t on t h e 
l l i . l MeV neu t rons , and thus would not i n v a l i d a t e 
the t e s t i n g of m a t e r i a l s and components behind 
t h e s h i e l d . 

A thermal -hydrau l ic a n a l y s i s of such a f i r s t 
w a l l s h i e l d [3-5] has i n d i c a t e d t h a t : 
a ) With the use of a h igh- tempera ture a l l o y 

such as Tt-10W, heat f lux c a p a b i l i t i e s as 

high as 3 .3 kW/cm seem e n t i r e l y f e a s i b l e 
in 1 meter long t u b u l a r wall s ec t i ons (us ing 
tubes with an inner diameter of 10 EG and 
wal l t h i cknes s of 0.5 ma) with u. s t r u c t u r a l 
s a f e t y f a c t o r cf L.0 . The p r e d i c t e d p e r ­
formance of t h e s e tubes fo r v a r i o u s hea t 
f luxes i s shown in F ig . 3 . 1 . 

b) The pumping power requirements a re r e a s o n ­
able for an e a r l y experimental fusion ma­
chine even in the non -bo i l i ng flow regime 
(leBs than 1 HW per square metre of f i r s t 
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wall urea exposed to the high energy f l u x ) , 
r.cwer flew r a t e s and pusplr.tf powers a r e 
r equ i red in the suboooied n u c l e a t e b o i l i n g 
r e g i c e (punping power as each as ar. order 
of nngr.itu.ie l o v e r 1 . However, u n c e r t a i n t i e s 
in the i T r ' r i e a i equa t ions used to iwdol the 
subcode*, l o l l i n g regine a*, these high caso 
flew r a t e s uid high heal f l u x e s , p a r t i c u ­
l a r l y rl.e preBBUre gradient e q u a t i o n s , i n d i ­
ca te •'.:•: r.-nr experimental v e r i f i c a t i o n of 
ihese ; r e l i c t i o n s would be necessary before 
uair.g the :v;-ulte in ' i e ; i gn . 
:ven higher :ieat flvx e o p a b i l i t i e a are 
r o s s i b l e vi'.'r lover s t ruct*" . . 1 , safety fao-
*c r3 . F^r example, i f the safe ty f ac to r car. 
t " Wer- ' - l :Vi'a - . 0 to ^•ci, (!:e sax i cur, 
i i l l r v a t l e !.•'-)* f lux or. tne l r> long iiii-e i c 

Ir.crea.-ed ?:Q0 to aKvj* ;-0C ' 

, MVEHToy-a A:;-

I t can be feen froa th io s i c k l e equat ion tha t in 
Mirror rachi t ic react r r e base,! o:. cu r r en t lew 
va lues of 3 , us high n value of *v ua poBslcle 
nuat be obta ined for H favorable or.ersy ba lance . 
The value of n„ can be auMtur. ' . i tJ ly incroaced by 
u t i l i z i n g d i r e c t convers ion . By inc lud ing d i r ec t 
convera ion , the o v e r a l l e f f i c i ency i s inproved 
over t h a t of u t h e r c a l cycle ID fe l lows : 

':o' \ H 

where hpf. l a the p a n of % a p p l i c a b l e t o the 
charged p a r t i c l e rover (•>- X5'" of -he t o t a l ther t te-
nucleor ;>over p lus the tin reacted v l a s n o ) . ?h ie 
equat ion i s , in r e a l i t y , *he equat ion for a b inary 
topping cyc l e . A demonstrable everr > f f l c iency 
value lr. r. d i r ec t c o n v e n o r with » thcr&a* b o t -
to^iiig f lan t could bo ( t . 7 ] : 

Ir.trv : ^ : ) Q i . . To desc r ibe -.i-.e :;eai t r a n s f e r 
!•:•..' appropr ia te to these t h r o ' reg ions of a 
•:. r e a c t c r , w :-.ay itategori .to r e g r e t J cu l ly 

i:'.e; systen.s u:to two breac ext remes: 
": .cre wi 'h \ lusraaa that are • e i n t i v e l y 
\ o o r l y confined" [ l . i ] . 
> ; . - ? i.-ith : .iiLT.as that are r e ln* ive ly "well 

ruy Ve '^ir 'hev ca tegor ized as rsaaninoo t h a t 
' s ' julsi*-: . ' • . ; , - . - J or i'b' s*--?.iy-3tate 

Whatever *:.e conbin^ : ior may r e , t h e r e 
"»r*.ain ; .*e.-ejuisit.»s Ir. har . i l ing energy i n -
:.-r. nr.d ••>TKJP recovery fwhich we t ens a:; 
,;l-j-i:;g :•c^••r , *hst mast he s w t i r f i e i t c p r e ­
set fu.-;. r. t c v e r . These i'V.?-f t u . r i " cs c r e a t e 

-•.i-Tirar.* r.'.nVe." of in te ree* ir.g nes*. t r a n s f e r 

:f we s t a r t d a f u s s i n g r e l a t i v e l y "pcor ly con-
riricJ" p l a s r -yp i f ied by X i r r t r r.ac:.ir.oa, i t 
.•ill be seen ..iat the re i s involved a l a rge anour.t 
if c i r c u l a t i n g pcv«r; th in power, in f a c t , nay be 
:hree or ro re times the useful r e a c t o r power c u t -
.-ut l e l i v t r v u *c the e l e c t r i c a l g r id fsee Fig. 
• . U . 7- i s far frcm idea l s i t u a t i o n a r i s e s b e -
;ai;se ;.c 5 cf Mirror aaehines based or. the c u r -
-ent s ta*a ct" mirror confinecent phycics i s a p -
-r;rtiaa*.eiy •ffiity [ - . 6 ] . The d e f i n i t i o n of Q i a : 

where ve have *oken r, • 0."? and i ' 0.J-. "DC "" ™ , u "Til 
With thcrna l cycle advanceo to higher t onpe ra tu rc s 
and b e t t e r d i r e c t c o n v e n o r s , i t i s c cnp le t e ly 
p l a u s i b l e t r n ' ' : 

Tliia ia reaTly u t e rna ry cycle ccnbinlnrf, for ex -
ar .ple, a r e l a t i v e l y high -^'.ality 1C [ ; - . q ! , o 
potass ius : cycle in te r red ' . :<•> s tage anU •> j t e a a 
bc t ton ing r-toge. 

In the b lanket diocusoed In Sect ion r , th t neutron 
k i n e t i c energy (^ SoT of the t o t a l thermonuclear 
r e a c t i o n energy) io converted to t h e m a l .-..ercy 
and TC conversion i s no* ;jOBt.ible, The analog tu 
the DC conver tor tha t p o r n . t s the blanket to be 
more e f f e : t i v c i s b lanket energy c u l t i p l l c n t i o n 
(M) so t h a t the o v e r a l l blanket energy recovery 
e f f i c i ency for the n e u f o n energy ! a : 

'hensor.uclear Power 
in jec ted Fov*r 

~i;i* thermonuclear power i s iJerivea frojc the D-T 
fusion r e a c t i o n y i e l d i n g l ^ . l MeV neut rons and 
3.T MeV alpha p a r t i c l e s a t was i n d i c a t e d in Table 
1 .1 , The mir ror machine i s a driver, p o w r ampl i ­
f i e r where the o v e r a l l power output i s then 

• Q F ^ , ) . With a 0. of 1, the amp l i f i c a t i on 
lUi! inj 

is lew. If the efficiency -f energj' recovery is 
specified by n R and the efficiency of injection 
is n..,.,, then breakevect the point that r.ust be 

• ccoDercial interest, is specified by: 
' i r j " 

exceeded . 

due t o oxother where M i s t h " energy er.hancer.i 
n i c r e a c t i o n s auch as n(Ll jie 
t h i 3 ense , H would be: 

With oth. ' fn, 2n) r'-net.frt- , the value of M can 
be as high as 1.9 for a completely enveloping 
b lanke t and 1.7 for a blanket with s u i t a b l e pene­
t r a t i o n s for i n j e c t o r s , e t c . I t . 9 ] , Thus, with a 
modest thenca l e f f i c i ency of O . to , the b lanket 
perfonsancf could be : 

0,1*0 x 1.7 - .66 
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'JjJe. .T.iTgy fiiMu.ccP.ont 13 ulix n r.Tvcjary con-
•liti.u. f'.r tri-offvi-i. with i-»« ., uycUTiS ( i . e . , In 

•• .•:• -;i;. u:" ir.'t'f-i.c J11U- *.\v ' ' .rr.T isachlno 
V..-.1"; b-- necn.j :iof-,i?d. T^ur, us :i-.;«rdo the In-
,'•..•: i-i j.'HASf it; oltiior "pvorly confined" or "veil 
I'Tjji'lri-l" rlusruus, <he i.ent xvm.f-l'cr jrobieKS arc 
IJII* - IT , ; vcjy i!ir cane; that ic . Injectors In both 
-y.-s't.-.j j.r'- : ;b,V. . i>d tc t}.» icr-. •-•:.ergy It L*l :v-
nijnjM-Lia, *: ::ig.\ carrei,- drr.'l 'y beans, to the 
•«r.o heiuine -»nd actlvutlon cf #>-M 3 of the strong 
t.tuts'ci: :":ux eEar.ating fret t ;e i.cavby plaoaa* to 
• he effects ct' high magnetic r iejc: on punping cf 
ai,y electrically conducting cojlor.t.i, to vhe re-
mole handling nnd maintenance prsbler.j to highly 
limited visual access and to other nootlle envir­
onmental coraiderntions. However, the steady-
r ta le , .--r.'. inuouc energy in.'eoticn os la required 
!>.v I'irrcr machines ccapored to the abort energy 
injection tine of :*0 ?ec out of 90 air, suggested 
for the Tojtacak i-eartor najtes airror heat transfer 
.-i-cble.Tis substantially more difficult . I t ie not 
unreasonable lo suppose, however, (and most re­
searchers nov take this posiMon) that as the 
first wall surface effects on plasma cooling are 
fully taken intn account, the burn period will 
decrease fron the hoped for *<- 90 ain cycle tc a 
•-izne perhaps not substantially greater than the 
?0 see heating period [1**12, - . l 1 *] . In that case, 

the cagnitud»> cf hea*. transfer prcblens for the 
lnjectoro In both the Klr^or and the ToXacak would 
be about the cat*. £one examples of injector heat 
transfer prrbleca wi;; be discussed In Section 

with ai l tlacroo, there is an incvi*«M« inter*, 
action between the plana* and the first wmll. 
Actually, there is jubatantially nor** plasca-wai; 
Interaction vi'.h "well confined" than "poorly 
eenfined" plhstac. In tns Jotter, the decinant 
^roc»n iE IcoXag-.- out the er.la and, hence, the 
iow 0. The "well confined" placna ?» not confined 
rerfect'.y ar.l li*;. energy neutrals diffuse to the 
vulls. Thece neu-.rnlc Jlolcdge atone of first 
vail nnterial or dlalcdge adaorbed gas from the 
curface. The Inpuritiec inpinge en the plasaa, 
becoce ;.-r.i2ed MI a caueo energy Iocs by radlat'on 
which con be s"fficier.tly Ugh to quench the 
;laBce ;r r-_rkedly affect Itc llfetlBe, Ir. ar. 
atterspi -.c ,-.lnir.i:e theee effects, a djvertor la 
intrcducea. A rcprecentative divtrtor is shown 
in Fig, ••.!.. Tre divert or consists of a coi l , 
p.agneti.ftlly eppeaed to the confining field, which 
diverm the rux lineo adjacent to the wall out 
of the nochir.- while allow? g the central flux 
tc pass through. Thui, partlclec diffusing out 
of the rlaoaa toward the wall preferentially fol­
low the escaping flux linep cut s>r the nyatec 
without reaching the firot wall [l..l?J. Ir. addi­
tion, neutralc sputttred off the wall by other 
cnuaeo (perhaps neutron oputteringj r^.J^J are 
Ionised at the plnaoa curfaec uid diverted. 

'.'lie Jlvertor cuat be * very effective particle 
"tthunt" in punping the charged particles olcng 
the diverted field 2inc«, Thua, ir principle it 
lc aisllor tc tt direct "orvtrtcr ani could be 
uaed for that purpose if the quantity cf er.Argy 
d.. -ertcd worrante' direct conversion. The ex­
tracted ions ar« pumped to a region external to 
the nain toroidal volmse where tney are collected 
by burial ir. 30IIJ or liquid targets and cubso-
qutntly recovered for reinfection. Since the 
particloo have substantial energy on icpacl into 
the target, a heat tronofer problen ic created. 
The iivertcr rust have on efficiency aaoociated 
wl.h ito operation of the ori.er 90^. Consequently, 
there reaaino aor-s piaona-vall "nteriction. To 
alleviate thin problem further lev 2 f irst waile 
have been pr°po^e^ such as the carbon curtain ir. 
UWKAK-I, This isay introduce a heat transfer 
probleo, nethane gas evolution, etf, The basic 
phJ'Bicc difference between the MJ.rcr rsachine di­
rect convert or and the Tckanak divertor 1B that 
the divertor ia purposely Intrcoueed to inhibit 
plasca-flrat wall interacticr.. I t diverts part i ­
cles whicl" diffuse out in coord'npte space while 
the direct convertor rccoveru the energy of par­
t ic les that diffuse out in .ejocity apacn tovarde 
the mirrors and which cannot be contained. We 
will discuss the heat *r«nafer problens of i irect 
converters, divertors and injectora in the follow­
ing three oRctions. 

*•.£ Direct Convertors. A nprscentailve direct 
c uvertor la shown in Fig. 1*,5. The process of 
conversion of charged particle energy to e lec t r i ­
cal energy takes place in a sequence of four BtepB: 
1) Expansion 
2) Charge separation 
3) Deceleration and collection 
M Conversion to a cocsaon potential 
As suggested in Fig. Ji.5, the reaction products 
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and unturned fuel escaping from the mirrors at 
lov ion density (typically 10 /cm } would be 
further expanded into a larger chamber where the 
density would be reduced to about 10 Vein . The 
expansion process would be done adiabatioally 
similar to expansion in a nozzle. Adiabatically, 
in fusion terminology, means that the rate of 
change in magnetic field with distance is suffi­
ciently slew so that particles still stay on field 
lir.es. Free expansion, e.?., without the use of 
supplementary field windings, is implied in the 
figure am? the fisld decrease is fre-r. t 16 T at 
the reactor mirror to roughly 1/300 of that value 
at the end of the expander. The effect of this 
expiinsion is to reduce to an acceptable level the 
value cl" the power flux (to \ 100 W/cm ) entering 
the collector region so this-, heat transfer can be 
ec-'ciaacJated arid ace\ptnbly low thermionic emis­
sion from collector elements is produced. The 
chargec particles)' rctn'ioi.a: energy i& also eon-
vort*:d l? translatior.al onersy. At the end of 
this expander fisld, the electrons are collected 
by the action of 5 nogt'i- -potential ^rid re­
flecting the~ to a ct'llev't '.(j £round-po' ential 
grid. *he positive Jor-s which contain the bulk 
ef th-? energy compared to +he electrons then yield 
this energj' Lo a series of collectors. Each col­
lector is Y,cvi at a aifferent electrical potential, 
the t-ctentin] of the first collector being lower 
than the average potential t*f the particles and 
the last collector being higher than the average 
particle potential. The ions, because of their 
> 99% tranalationa.1 energy after expansion, enter 
the collector region in o r.ighly directed stream. 
Initially, the ions are directed at a slight angle 
tr> the applied uniform electric field. Therefore, 
t:ie t raj ect crier, are parabolic, RS is shown in 
Y\g. U,ii, The incoming ion trajectories are 
aligned with the collector plates and thus see an 
almost completely transparent grid. However, af­
ter the ior.j have lost their forward motion, they 
are turned by the higher potential end see an 
opaque grid on their return path. The ions that 
i !.t a particular col: jctor produce a current nt 
-he voltage of that collector stage. Sir?e col­
lection efficiency is less than 1, the imis have 
residual kinetic energy on impact whi«h is con­
verted tc thermal energy which must be recovered 
J.V. a suitable thermodynamic cycle. 

Figure U.7 shows a heat transfer model of a three-
stitge direct cenvertor based on the Venetian Slind 
collector concept [L.27]. Other D.C. converters 
hnw; beer, suggested but the Venetian Blind Direct 
:'?r.v3rtor (V.B.D.C.) will serve to illustrate the 
ge.-eral heat, transfer problems [I*.181. The pre­
cision of alignment of collector plates in the 
V.E.D.C. creates one of the most severe problems 
of heat transfer. This converter, as was indi­
cated in Fig. 1J.5, is at a distance typically 50 
to 75 metres from the reactor plasma canter, and 
consequently, the magnetic fields are very low. 
The direct convertor is not subjected to neutron 
damage of any consequence. However, it is sub­
jected to sputtering jr,c surface erosion from the 
particle fltjc and this primarily sets the life 
expectancy of its components. In principle, the 
direct convertor has better access for repair and 
maintenance than does either the blanket or the 
injector and perhaps the divertor also. Unfor­
tunately, the V.B.D.C. has to be a precision 
instrument to be efficient, and alignment of col­
lectors, grids, etc. IL ;rv- >e done with a preci­

sion measured in tenthB of millimetres in a system 
whose major dlmensiona are typically measured in 
tens of metres. To compound the alignment problem 
and the heat transfer problems, temperatures in 
the convertor unit range from *\. 1800 K at the 
grids wires to I* K at the cryogenic pumping panel 
located only about 3 or 1* metres away. Virtually 
no thermal communication can be permitted "between 
grid wires and cryopanels or between collectors 
and cryopanels. 

Following a charged particle through the system 
will be instructive in appreciating the magnitude 
of the heat transfer problems. Firot, the power 
flux into the ollector array (100 W/cm2 in Fig. 
I+.7) is limited by thermionic emission of elec­
trons from the negative grid. Each electron 
emitted and 'hen collected by a collector plate 
cancels the charge of ar. Jon and reduces collec­
tion offic<.er.ey. The influence of the negative 
grid en efficiency ic approximately: 

V = n D C 0 U - 1.7(1 -1)1 

Here T is the transmission factor, or effectively, 
the transparency cf the grid array to the ions, 
a:id n^-j is the efficiency without the effect of 
thermionic emission. A typicul (and probably 
necessary) value of (1 - T) ia <. 0.01. Other 
electrical constraints coupled with limits on T 
result in grid wires having diameters of only a 
few millimetres. The span of an individual wire 
by conpariBon may have to be throe metres cr more. 
The high temperatures on the grids are a necessary 
evil due to these physical dimensions, because the 
vires must probably be radiation cooled. It i t 
only under unique circumstances that the long, 
small diameter wires could be conveotively cooled. 
The grid array will almoBt certainly be in the 
form cf an interlocking net rather than a series 
of parallel , independent wires, so that wire 
breakage becomes a much leas severe problem. 
Figure ",8 shows the combined effect of emiasivity 
and work function on direct convertor efficiency 
an influenced by the grid vires. I t can be seen 
frrei the set of curveB that what ib required in 
addition to fundamental high temperature creep 
strength and re l iabi l i ty for time periods like a 
year is a material that has a combination of both 
high work function and high emissivity. A 
rhenium-coated tungsten wire at f i rs t glance seems 
bent based on the curves of Fig. -U.S. However, 
if collector plates are made of carbon, at> is 
cenerally proposed, then sputtered carbon atoms 
will deposit on the grids and they will then have 
the emissivity and work function corresponding to 
carbon. Furthermore, if tungsten were to be used 
as the basic structure of the grid, i t would take 
l i t t l e time {a few hours) to convert i t to the 
very br i t t le tungsten carbide, WC. So i t 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 metitl grid. 

Figure 1*.9 showa thermionic emission as a function 
of temperature for three selected materials. The 
example chosen showB that a 1% power loss with 

q™, = 100 W/cm corresponds to a maximum allow­
able grid wire temperature of 1680 K i f tungsten 
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ca rb ide wire .<r carbon f i l a n e n i s a r e u sed , 1920 K 
i f tungsten li> uoed and ^070 K for rhenium wi re . 
For the p a r t i c u l a r r a d i a t i o n c h a r a c t e r i s t i c s cf a 
typlcnJ expander wit* c o l l v c t c r p l a t e system, the 
ao'.uni c r id v i r e temperatures reached in o teady-
G'-uie ore ;;hown by the t r i a n g l e s . I t cun be seen 
tha t cr.ly the rhenium-rcaled u i reo can l i c i t the 
t h e r n i o n l e refus ion Ions to If or l o o s . 

.o a l so Inp l i e s that the i 
"lei.t flux i s very g rou t . 
;..' flu* were -v I'jO V/cr." '. 

* I v i t y t o 
fcr whatever 

J'j '" v.'/cr." , the lose by t h e r s i o p ' c emission would 
l.'ivi.- ir.cr'-Oi-"l *n order cf rcagnitude Independent 
:.•:" wild c a i e r i a l had bet-n s e l e c t e d . Because 
t!.cr:"iv.-.io . : r i - s lon i s SO temperature s e n s i t i v e , 
if I ; jeriMp.: des i r ab le t.• consider f l a t cr e l l i p -
t i . : u l ' : r : s E - i e c ' I ;;;s ins tead cf round virc-E fcr 
t '-c g r i d . If the r ibbons cculd be a l igned with 
Hi- icu r.trear f-r niniRUF. p r o f i l e , the a d d i t i o n a l 
r j . - i ' i t i nc sui'i'u.-c urc. would i e c r e s s e the t e n p e r -
ci'.ui-i i-.i.d, hence, the ereiasior; a' & f e s t e r r a t e 
: i:ar. tin- t.ouil : - . rnaionic rtsicsior. inc reased with 
us-L't.. Vr...t, ,] r r n r M c o ] vievje- jn t , i t would seem 
d .u ' . ' fu i [i :).i: alifjnsert could be acccnpMched 
or !*o!aitn-a '.''-)• '.-ii.e t i ne pe r iods , 

T:-e :'u:.-*. ;on . : ' *.ht gr ide i 6 t o r e f l ec t and then 
I ' .V'UIV; .•]eo-..j".r.i while o l l rwing the ions t o p r o -
;of.. to th<- «M1 l e c t o r s fur ••i.ergy recovery . Once 
*}«; >;".»et rons :nv captured , the n e u t r a l i t y cf the 
plusr.n. 1E l e s ' t i l l apace charge e f f e c t s come in to 
pin;.-, nr.c cfin U n i t the lor. cu r ren t t o the c o l ­
l e c t o r s . The -- 'Icctric f ie IS due to space charge 
r;uct be kep' zno 1J enough -o that the ions are not 
are-cii*. e i frr.fi; reacl:ir>j the proper e l e c t r o d e . The 
apai.^ charge lietrrmines the maximum spac ing , d» 
between success.! v« s tages of c o l l e c t i o n as i n d i ­
ca ted :n H e . ".r.O. I t can be shown t h a t f L . l p l : 

where W = i?n energy and q i s the i nc ide n t f l ux . 
CoratJter eiileuliit,ions with an approximation ;o 
the expected energy d i s t r i b u t i o n show t h a t for D 

ions with l~ = ^Dfi keV and q. of 100 W/cm*", t h e 
maxiir.ur. spacing Tron the i i egu t iw gr id t o t h e 
f i r s t c c - l e c t o r s taye would be approximately one 
ne t re and the -iistpjice from f i r s t t o second s tage 
approximate J y .">.S met re . 

Fcr u j/ivcr. r o i l e c t o r s t a g e , the s epa ra t i on 
between p l a t e s , h , inust be < d / - '.3 p reven t 
severe d i s t o r t i o n of the e l e c t r i c f i e l d a t t h e 
lead ing and t r a i l i n g edges of the c o l l e c t o r p l a t e s . 
The p l a t e t h i c k n e s s , 5 , must be kept small t o 
l i m i t i n t e r c e p t ! e n of the ions to a small p e r ­
cen t age . The value of 6 should be of t h e o rder 
of .01 h or perhaps .02 h. The e f fec t of 5 on 
c o l l e c t i o n e f f i c i ency i s approximately; 

A c o n s i s t e n t example would reci I r e a d of about 
cr.e me t r e , h about 0.25 metres,, and 6 only ?.5 
r i l l i c e t r e s to perhaps 5 m i l l i m e t r e s . 

The width of the e o l l e c - o r p l a t e must be t 2 .5 h 

fo r reasons r e l a t e d t o c o l l e c t i o n e f f i c i e n c y . I t 
should be ro ted tha t these i l l u s t r a t i v e va lues a re 
near t h e upper l i m i t s and t h a t from a phys ics 
s t a n d p o i n t , i t would be b e t t e r i f d, h , and & 
were a l l sma l l e r . 

The leng th c r on ind iv idua l c o l l e c t o r p l a t e may 
be f r ee 3 to 1? metres depending on how t h e t o t a l 
a r r a y i s modularised and i s g e n e r a l l y independent 
of c o l l e c t o r phys i c s , TheBe dimensions prec lude 
connec t ive cool ing for the f i r s t and second s tage 
c o l l e c t o r s and r a d i a t i o n cool ing must be used as 
was requi red sf the gr id w i r e s . In t h e model 
suggested In F ig . *•-?, i t was assumed t h a t t h e 
f i r s t s t age r a d i a t e s to the 1000 K su r face of the 
remote expander wal ls and achieves a temperature 
of i- 1500 K by r a d i a t i v e energy b a l a n c e . The 
second Btage i s assumed n he held a t the 3aoe 
tempera ture as the f i r s t and, t h e r e f o r e , t he r e i s 
no heat exchange between the se two a t ageE , Stnge 
2 r a d i a t e s only t o s tage 3 . Stage 3 f o r t u n a t e l y 
nay be convec t ivc ly cooled with helium a t ^ 1000 K. 
This convection cool ing i s p o s s i b l e because t h e 
ions tha t a r r i v e at the t h i r d or f i n a l s tage can 
be c o l l e c t e d by d i r e c t impact and do net need t h e 
pa rabo l i c t r a j e c t o r y and the high n o l l e e t o r t r a n s ­
parency: in a d d i t i o n , t h e pla-.e t h i c k n e s s * £, can 
be r e l a t i v e l y l a r g e . However, some spacing has t o 
be i n s e r t e d between t h i r d s tage c o l l e c t o r p l a t e s 
so t h a t gas vacuum pumping i s impeded as l l t x l e 
as p o s r i b l c . 

I f ail s tages mrc to be r a d i a t i o n cooled or aore 
than 3 s tages were used, then h igher t empera tures 
would have to be acceptable or. t h e i n t e r i o r s t a g e s , 
. i the rwise , . j , the inc iden t f l u x , would have t o be 
decreased i f temperatures were a l ready a t t h e i r 
maximum. To decrease q, more magnetic expansion 
i s necessary and t h e phys ica l s i ze of the expander 
would i n c r e a s e . 

Severa l choices of coolant f l u i d s are p o s s i b l e 
for l a c t s tage coo l ing , but i t must be recognized 
t h a t the c o l l e c t o r s a re a l l at p o t e n t i a l s of 100 
t o 200 k i l o v c l t s above ground. There fo re , ever 
though they ore out of the high B f i e l d r e g i o n , 
conducting coo lan t s such as potassivjn or sodium 
cannot be useJ even though themodynamlca l ly they 
might be advant i j ,eous . In f a c t , because of the 
almost extreme need t o conserve e f f i c i ency b e ­
cause cf low U, the power l o s s t o ground for any 
coolant must be a small f r ac t i on of one p e r c e n t . 
This leadB t o the choice of helium as one of t h e 
more promising t h i r d - s t a g e c o o l a n t s . 

Assuming un' i'orc d i s t r i b u t i o n of the 100 W/cc 
between s t a g e s , the energy f lux t h a t s tage 3 

c a s t handle ie ^ -U6 W/cm t o t a l . Approximately 

k0* of t h i s i s thermal energy [i* 18 H/cn ) for 
a d i r e c t conver t e r net e f f i c i ency of 60». The 
f i r s t se t of chevron b a f f l e s for the cryopanels 
shown in F i g . 1:.7 r e p r e s e n t a p o s s i b l e p rehea t 
s e c t i o n for the t h i r d s tage or at l e a s t a 
necessa ry thermal b a r r i e r . There i s some i n c e n ­
t i v e for the incoaing coolant t o pass through a 
p rehea t s t a g e . This sta(;e could serve t o s h i e l d 
t h e 77° l i q u i d n i t rogen pane l s froa the 1000 K 
t h i r d - s t a g e c o l l e c t o r . The pena l ty in dumping 
energy q i n t o the l i q u i d n i t r ogen panel i s : 

ACTUAL WORK REQ'D TO LIQUIFY N_ 

H_ LATEST HEAT OF VAP0RI2ATI0K 
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The lutent heat of vaporization is ^ 2 x l(r J/kg. 
The work to liquify nttrogen is illustrated in 
Table -.1 from p. 17 of "Cryogenic Engineering". 

If ve r^J.e the mean value of the four awre opti­
mistic lJwer values for work required tc liquify 
t.',, the penalty le roughly 

large area and by the higher impedance. The gas 
pumping, Incidentally, la far from a t r ivial 
problem and mokes the overall heat trnnofcr prob­
lem nor*1 oowplicated. The pumping 3oad is deter­
mined from the total flux of incoming Ions. For 
this example: 

^T5 = 1? watts cf work per watt Input 

If nc rreheater or uhields were used for thermal 
isolation, then the heat exchange betvesn the 
liquid nitrogen cooled chevrons (at ?,. = 77 t.i 
and the relatively hot third-stage collector 
r.lntes iat T,. = 1000 X) voulJ he: 

l / £ „ - 1 

5.6- U& (r^n 
1/.= + I / . I - : = - " ' " / " " 

ar.d *he vcrk required would be 17 x ,5?j = °.'-
V/cn". This is almost 10?! of the power ir.to the 
convertur ana aoout 30" of the electrical fewer 
dutp'-t. Consequently, an intervening surface is 
•.-."icntly i-Liuired. 

I:" the ene.-gj- is radiated from the 1000 K third-
r*.nc? collector to this intervening surface used 
nc a ?00 K preheeter, then by definition, thut 
or.cii^' is recovered. The .-adiant Iocs from tho 
preheater to the K_ panel would then only be! 

5,GT[(-22°l" . ;_I2_)"] 

The preheater thus has an effectiveress of 
0.5>3/.00'i5 = 123. So the work required to re-
liiuify the U„ is reduced to 9.-/123 = 

2 .076 Wcm -
Ir. principle, the preheater concept works vei l . 
Thc-ro is a penalty to be ftssesseci, however, in 
t'tct jorae running power is required in pumpir.e 
the ,-^olant through the preheater toting. This 
isust be a small penalty to be acceptable. An­
other penalty is due tc the increased inpedar.ee 
from t! . collector region to the cryopaneln. If 
this vere to result in higher backgroiir.d neutral 
gas pressures, a loss in direct conversion effi­
ciency would result due tc ion charge excliange 
collisions. 

Ir. lieu of the preheater, i t is possible to sub­
st i tute a set of If thermal shields. To retain 
the same effectiveness of 123, the number of 
shields required is 12U. This is not necessarily 
a large number as far as first cost goes. How­
ever, e;:tremely high surface areas are introduced 
and the neutral gas puaping problem (the D_ and 
T pumping) is probably aggravated both by the 

• 3.3 x lO^ particles/see 

To effectively punp this quantity of hydrogen 
type gas, cryogenic pumping has been as-uned. 
The cryogenic panels operating at liquid helium 
temperatures of * i K must bp isolated from 
acfclcr.t temperatures and, thU3, are surrounded 
by the 77 K nitrogen panels. The penalty paid 
for energy deposition into the liquid helium is 
much more .severe than that into nitrogen. Esti­
mates for this penalty range from 300 to 1000 
watts required to rellquify the helium for each 
watt if ir.rut. 

Aa can be seen from the above example, tremendous 
amour.*., cf engineering work remains to be done on 
direot .-MivertorB. The V.B.D.C. lp r-xtremely 
interesting from n physlca and enevrr conversion 
standpoint. However, i t has been si >--TI to have 
some interrelated structural/heat tr^.sfer prob­
lems thnt may be extremely difficult to solve 
within the narrow allowiblo limits or. lossen in 
efficiency that ore to' arable with lew q syetemi,. 

1*.3 Divertors. Keac transfer work on divert or 3 
has not, as yet, been very extensive.. There ie 
a series of twelve papers compiled by Bill Cough, 
AEC in 1971 which although somewhat dated, pro­
vides guod historical perspective on the divertor 
problem [l*.2Cj. I.'one of these papers, however, 
has specific information on heat transfer. 

In reviewing the papers from the second IAEA 
workshop held at the Culham Laboratory, UK in 
January, 197**, i t was also to be noted that of 
the 1*5 papers presented, none dealt with divertor 
heat transfer [h,3l]. This wcrkshop was primar­
ily csneerned with fusion reactor design problems 
but included reasonably strong pliyoJia Input. 
Perhaps the most Important physics presented at 
the workshop vas that having to do with the 
likely effect cf impurities CR- the plasma - an 
effect possibly so strong that the operating t i re 
of a quasi-steady-staie Tokacak reactor with a 
hoped for duty cycle jf 90 ninuteB would degen­
erate to times measured in tens of seconds. 
These placca-wall interaction data have been 
generally known to the physicists, but unfor­
tunately they had not been factored into the 
engineering design considerations. I t was at 
this meeting, therefore, that the aivertor tool: 
a sudden Jump in importance as a primary element 
in toroidal reactor design. It also took a large 
Jump at this time in the quantity of power i t was 
l:'.kely to handle. This was probably the first 
recognition that some new and difficult heat 
transfer problems were likely to appear in this 
upgraded divertor. 

In the Princeton reference design 1, published 
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in A;;t-"is' ••? l-~ii {ac tua l ly prepare J for the 
Cullius w e t i i . g the previ^ur Jarc'iury!, son.e flir.or 
i . ' t f l i : i . ;u. viP given to div. J". _i* l.eat *rar . s f - r 
; • ' . . ' ! . A^ indicated ir. :-; t:, - . 1 1 , the dive n o r 
vu:i . i ir. I'iin*. model were c.--l- 'i with helium 
Jinvir.i; n ".ow '.nlet tenr.era* uro ! ' .c° C) and a 
f a i r l y <-\i>: t n n t i u l - u t l t t • enyera ' - j re {tofl*1 C). 
I'.'.e -*xi: temperature in.plif-s tha i t h i s energy 
t c u U U- recovered in a thermD-iynajsie ?yeU- a l -
thc.i^h the t-..-ver in the d iver t or regis.-. i3 only 
ut-;vit " . / " cf the t c t a l . itizo, '.:;<: averag* pover 
Mux f!ii:ir.g '_n the dive.-t r v a i ; vos expected t c 

be only JL'..' V.'/csi"", a re l i 
o-j ir ing j : : :y rou t ine liea*. 

in ir.-' •.i'i3c?nci:; if-ference des ign , J.'VT-IAK-l!, 
>nbli«!«.-« ir. '.fire 1975. i t was :v.JCg!*steci t*iat Thi 
..I'vy^E"!: i s o t e r e a escaping fivr. the plasma to thi 
j i v o n or coal J "be recovered ::. f l V. -.vi :v: l i q u i d 
'.i'.hiur. ; h e s t ic- ii.di ra ted ir. Fie.:. •'•. I-1 and 
• , J 3 . '-"he av-'r&ge th n rrca! ] • an nn t h i s l i t h i t c i 

-:-!CC&d* van (riven as ."81 \"/om"", 7he energy i s 
.: is* i-llutoci approximately exponent ia l ly alcng 
1 '.c 1". ov jiHth v - o r d i c g tc ' h o i r equut-on: 

K--) ( l « . V ) 

!t. vus not s t a t e i ' vha', rar.g'i! .;i" vaJu^s were 
l icsignahle t.r x in the equa t ion , b'lt i'* i t rauy 
j-?ftsci:iibly be uisajmed tha t :< i s Q length d inen-
f ' en j r ' a r t i rn ; !rom ze ro , ihei: the maximum thermal 

flux would be 12CC1 W/eai*". 'i'his high flux c e r -
Tjiinly provides .in ejctreir.ely d i f f i c u l t heat 
t r a n s f e r pioblem p a r t i c u l a r l y with uneonfined 
f r ee f a l l i n g l i th ium whire s u r f i c " evapora t ion 
would seem severe . A d d i t i o n a l l y , the lithium, 
r i c v n.ust lie approximately no:r.'il to a r e l a t i v e l y 
hi,;), ra'igi.etic f i e l c and i t i s pos s ib l e t h a t the 
flc~ will be d i f :n rbed by 11:1' e f f e c t s . 

.hi.' I'a , to r of 100 d i f fe rence i:: "-he e s t ima ted 
t::'.-!T.aI f lax between t h e Pr ince ton design and 
wiccD'isin design for two machine.'; t h a t a re bas i -
c c l l y s imi l a r provides .m i r . d i r a t ion of the un-
cftr".£.i;;ty c f unders tanding of energy duxes and 
hoot T a i t a i e r in i l v e r t o r s . Kov severe the heat 
t r a n s f e r problem rsy be i s rss.~-.xy net yet known. 

The r ecen t IEEE r e e l i n g held ir. San Diegc ir. tl:e 
f a i l of 1975 had seve ra l papers en d i v e r t o r heat 
: ra: :s : 'cr tha t nrt- v c i t h rev-ov [U.iS]. T:\ey vere 
r.-:t a v a i l a b l e at the time of t h i s vTi ' ir.g. 
There w i i i a l so be iitfcrtsat3 on forthecst ing as 
r.achinec -suah as the Frir .oetor TFTK go i n t o the 
d-jsi^n s t a t e . 

'-.'•; I n v e s t o r s . The work on i n j e c t c r s has been 
l a r g e l y ded ica ted t o a development pro^ran t o 
produce i n c r e a s i n g l y higher c'.irr^nt d e n s i t i e s and 
quss i - con t inucus i n j e c t i o n . I n j e c t o r s proposes 
i ^ va r ious conceptual design s t u d i e s have net 
be*n discusced in any d e t a i l with the posn ib le 
excep t ion of an in je i r tor syater; fo r a Mirror 
r e a l t o r [U,2"i", The var'f. t o da te has been 
U n i t e d t o on-going experiments r e q u i r i n g i n j e c ­
t o r s or next genernt:.on aachines [ 1 J . 2 4 , 1«.2?1. 

The p r i n c i p l e of ope ra t ion of i n j e c t o r s u s i n g 
e i t h e r p o s i t i v e ions or negat ive ions i s i l l u s ­
t r a t e d in F ig . l i . l i . Figure It.15 shows the neu­
t r a l i z a t i o n e f f i c i ency as a funct ion of energy 

fo r D and !> . 

The goaie of the i n j e c t o r development program are 
as fo l lows : 
1) High cur ren t dens i t y a t the "window" i n t o 

the plasma. 
?.) High er.ercy t o p e n e t r a t e t h e p l a s c a , 
3) Low gag in f lux in to the ther isonuclear plantta. 
I*) Direct envrg/ recovery of the n c n - n e u t r a l -

i s ed ions follvi*»d fcy the r r j i l r e e c e r y . 
?) Qua3i-IX: i n j e c t i o n . 
C) High charge exchange e f f i c i e n c y ir. t h e neu­

t r a l i z a t i o n c e l l , 

3y e x a d n l n g t h i s l i s t , i t can be seen t h a t e«.-h 
of the oix goals of the developnent progran w i l l 
produce i t s ovn p a r t i c u l a r heat t r a n s f e r probleos 
and t h a t the s e v e r i t y of tno problems w i l l of ten 
i nc rease in propor t ion t o the SUCCCSB in l a -
proving t h e i n j e c t o r s . For example, aa h igher 
and higher cu r ren t d e n s i t i e s are ach ieved , two 
main heat t r a n s f e r problems a r i s e : (e ) The 
divergence of the bean due t o space charge ef­
f e c t s wii;. r equ i r e t h a t th^ "window" through 
which t h e n e u t r a l p a r t i c l e s a re i n j e c t e d be- made 
somewhat l a r g e r to keep the n e u t r a l bean Impinge­
ment on the frame of t'r.e "window" t o accep t ab l e 
l e v e l s w^thir. t h e c o n s t r a i n t s imposed by e ros ion 
and heat f lux , fb) 5ome f r ac t ion of the high 
cu r r en t dens i t y beam w i l l not be t rapped by 
i o n i z a t i o n in the plasma and w i l l deposi t energy 
on the f a r wall or i n t o a beam dump. 

Should the plasma be l o s t vr go u n s t a b l e , then 
a l l the beam energy must t e abscrbed by the wal l 
c r t h e beam flump. As higher ene rg i e s a r e 
achieved to get b e t t e r per .e t ra t ic r . , then the 
quan t i t y j f energy t h a t completely p e n e t r a t e s 
alBc- inc reases and coupled with (b) c r e a t e s a 
thermal f lux on the wall tha t could he e x t r e m e , 

hi&h (perh tps t;s high as severa l KW/cm as d i s ­
cussed in Sect ion 3 ) . The complexity ot d i r e c t 
energy recovery of the non -neu t r a l i zed ions 
inc reases with higher current d e n s i t i e s and 
h i g r e r v o l t a g e s . Es t imates c f t h e r e s i d u a l 
thermal f l^x ei: the c o l l e c t o r pla teB a f t e r d i r e c t 
conversion range as high as 10 k't-Vcm' for shor t 
pu lee t ir .es (^ 500 ms 5 ft,.' a model being worked 
on at LBL in Berkeley for a p p l i c a t i o n t o the 
TFTS {J t .^c] . Quast-DC i n j e c t i o n w i l l make i t 
necessary tc provide for cool ing of a c c e l e r a t o r 
s t a g e s and bear1 o p t i c a l cenpenents . 

Tlie achievements t o date or. beam development a r e : 

To ta l 
Current 

LBL lh amp '*Q keV 
0S:JL 16 ejap 50 ieV 

Current 
Densi ty 

Pulse 
Time 

.25 A/CJP 2CXJ-50O ffi8 

.25 A/em 2 500 ms 

These achievements , accomplished over a t ime 
pe r iod of about 5 yea r s s t a r t i n g from a beam 
source with a t o t a l cu r ren t of ca ly *• 0 . 1 A n t 
20 keV, have come in pa r t from an e f f o r t t o have 
a n e u t r a l bean i n j e c t i o n system ready for TFTR 
(Toro ida l Fusion Te3t Peac tor} when t h i s machine 
i s b u i l t . 

The TFTR Tokamak t o be b u i l t by the Pr ince ton 
Plasma Physics Laboratory (PPPL) i s by fa r the 
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urgest, ar.d most complex U.E. fusion experiment 
!aimed for t h i s decade, The deutsr i iBi n e u t r a l 
r-ru-. i n j e c t i o n systems requi red for hea t ing the 
.i-i'.i"*: plasma, and product • a r e a c t o r - l i k e D-T 
•?a.;tion r a t e ir. the hot pi -ne, r e q u i r e n e u t r a l 
r . jector performance which oor . i iderably exceeds 
••-; ::resi»nt s t a t e cf development. 

he performsr.ef requirements or the n e u t r a l t e a s 
n j ec t i on system for TrVS re l evan t to heat t r a n s -
•'!• a re as fol lows: 
) 9eari S p e c i f i c a t i o n s : 

Acce le ra to r Power - ?0 MW 
Acce le ra to r VoHage - 1?0 kV (This may be 
•Increased tc 150 kV) 
Total Acce le ra to r Current - t7Z A 
-." sources (r"i? A each) 

3e?im l i n e s : 
- bean "ir.ss, with previsior, .'or 2 nore 
~ ijour-e.; tor I war. lir.f 
i'car: IlKrr. t a l i fce ^ I i . x e 4 wit.V ->£:e c o i l gap 
cstwee:. >ir.Jacent bean l i r . e s . 

^ Bear. Line Dimensions: 
Approxitr.-itely p. n fr^ir. to rus to f a r end of 
J e c t o r systec. 

) Altachnen* J u c t : 
A) 70 an high - i n s i i e c l ea rance 
B) -i^ or; p ro jec t ion width: The duct v i l l 

fc^ vd.'ier thar. t h i s where p o s s i b l e 
r ) The power dens i ty deposi ted or. wal ls 

should be l e s s thar. : ' x .0] A/cm 
1 . . . '•'.•'.'CJT. . 

Bear. Dump and Calor imete r : 
Thesv.- w i l l have t o be the subject of a 
Research Task [ J , 2 T ] . 

rir_r ro l e thar sup&retr.iue-
play it; fusion r e a c t o r s i s 

rr."d\;ce and Ta in ' a i i : thi: .Tt^r.etic fieJdr. vhici 
r.fir.? t h e hot ulcsma. The power r e s u l r e w r * c 
' ecnvGrr.i cr.nl -agr .etr »'ci:ld be so er<crm>.*.;b th:v 

i s alir.es t u n i v e r s a l l y ackiiovledged that ?upcr-

re exrf 

conductors :nust be used to ob ta in a useful net 
cr.argy output from a commercial r e a c t o r . 

Seme confinement systems a l so r e q u i r e t h e i r use 
fo r othi-r r o l e s — - ir. the Theta-Pinch system for 
energy s t o r a g e , and in the Tokamak system f:>r 
Ftart--;r- , s t a b i l i z a t i o n ar.d dix-erlor windings. 
I t it- k~.se pos s ib l e that these o ther requirements 
I'cr t h - To V: amok sys>ter. - J i l l a l so need supercon-
du-t-r:R energy s t o r a g e . 

A vhole range of h e a t - t r a n s f e r problems Is i n t r o ­
duced by the fact t h a t a superconductor or\~\y 
r e t a i n s i t s superconducting p r o p e r t i e s under c e r ­
t a i n r i g i d c o n d i t i o n s , one of which being t h a t 
i t s temperature does not exceed a c r i t i c a l v a l u e . 
The p a r t i c u l a r value i s dependent on a number of 
o the r f ac to r s such as ' h s type of superconductor , 
t h e a c l i e n t f i e l d strer.gr-n ana d i r e c t i o n , ar.d the 
cu r r en t d e n s i t y . ?or ne s t a p p l i c a t i o n s , the 
temperature must be kept wel l below 10 K, thus 
n e c e s s i t a t i n g use cf t h e cryogenic p r o p e r t i e s of 
l i q u i d or gase-cur h e l l u n . 

Of a l l the c r i t e r i a t h a t must be met and s u s ­
t a i n e d , t h a t of c r i t i c a l temperature i s probably 
t h e most d i f f i c u l t t o achieve and g u a r a n t e e , 

p a r t i c u l a r l y as systems grow in s i s e , energy c.r.d 
complexity. The p e n a l t i e s for exceeding i t a l so 
grov with These f a c t o r s . Only n s l i g h t ' n c r e u s e , 
a small frnci Ion oi" 1 K, can cause uii immediate 
t r a n s i t i o n fYem the superconducting t c the 
"normal" s t a t e . Should t h i s occur for any re a nor., 
the conductor , which ia opera t ing a: a cu r ren t 
der.si ty well in excess of t h a t normally used in 
convenTior.nl copper conductor , suddenly e x h i b i t s 
a very high r e s i s t a n c e comparable t>; that of 
s t a i n l e s s s t e e l , for i n s t a n c e . At the low ope r ­
a t i n g t empera tu re , the spec i f i c heat of s o l i d 
m a t e r i a l s i s almost n e g l i g ' b l e — i t approaches 
zero at ~er,i K. This means, f i r s t l y , tha t only 
A very JJ^RI1 heat t r a n s i e n t w i l l cause the c r i t i ­
ca l teaireratu. 'e t o be exceeded. In ' h i s e v e n t , 
the currrr . t c ' . : t inue. i to fl?v because ! t i s in a 
l a rge i r . i uc t .ve c i r c u i t ani the s tored energy 
begins *c be d i s s i p a t e d r ap id ly in t h i s h ighly 
r e s i s t i v e "ncrmal" pa r t of the c e i l . Thus, un-
"ess spec ia l precaution.' ' a re t aken , meltir.g tem-
r o r a t u r e s u.r,<2 e l e c t r i c a l fcreaitiovn vo l t ages 
between t u r n s and luyero a re r ap id ly reached with 
d i s a s t r o u s r e s u l t s t c the c o i l . 

This s ec t i on w i l l d iscuss how these problems 
a f fec t the design of superconducting systems and 
fusion r e a c t o r s toge the r with the means and ex­
t e n t to which they a r e being solved and the d i ­
r e c t i o n s in which fu r the r research and develop­
ment must be oursued. 

*j.C i tequi resents o " Dif ferent Magnetic Systems. 
I t i s impossible TO cover a l l a spec t s of a l l 
p o s s i b l e conf igure l ions in t h i s paper . I t l a , 
t h e r e f o r e , proposed only to d i scuss the more 
important a spec t s cf the t h r ee most popular 
t y p e s , Tckamaks, Mi r ro r s , ar.d Theta-Pinches . 

.?.! Fokamaks. Of ihese three systems. 
the Tokanak, originating in the U.S.S.S,, ia 
currently the most popular geoactry in all of the 
major centers cf fusion research. The toroidal 
field for ?uch a reactor, fer.erated by ?0 to 30 
coils !see rig. i.t) up to 10 metres in diameter 
equally spaced arou:.d the isajer diameter of the 
machine, also represents the largest energy storo 
of all the systems, about 10' VJ or 30 :-iWh. 
In operation, one cf the first major heat-transfer 
tasks to be undertaken i- \o cool the whole mass 
of the superconducting c•Is and force-restrain­
ing structure from room temperature to about U >;. 
The mass cf the toroidal system for 'JWMAK-IIT 
!j.l], rcr example, including the lcw-teaperature 
structure, is ir. the region of l;0OC '.',t. This 
cooling process must net only be carried out in 
a reasonably short time, but great care must be 
taker, to limit differential contraction to safe 
values. This Is no easy task when the coeffi­
cients of thermal expansion of the various mater­
ials can vary by orders of magnitude and the 
cooling characteristics of the cooling media 
change by orders of magnitude as the temperature 
falls. However, these problems are now becoming 
reasonably veil understood and low temperature 
data on materials is being continually up-dated. 

Having cooled the systec to Its cperatir^ temper­
ature, the refrigeration system must continue to 
maintain that temperature against the operational 
heat leaks into the lov temperature system. The 
major sources of heat are: 
a) Thermal radiation from room temperature. 
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This hea' Input ia r.ortii:;y reduced by '.he 
\ise of eith?r shields held at Jr.'.emsediate 
temperature using a higher '.eiaperature eool-
unt such as liquid nitrogen '"r by many 
jnyorc of superinoulHtioi.. 

b" Heat conducted throuph u -•lypor'' structure 
designed \c fc-th snypcr'. the weight cf the 
low tenrernfjre structure ai:d re resist any 
•'orr*rr df-vol ,-red between ;\,r oclls o:.d the 
rco.T-vani'r-'nturc strjw'tuiv. In the caae of 
pulse fcrees, particularly for those occur­
ring enly ur.der fault cc>r..iiticne, the 
steoiy-s'»»'e heat le-j^ car. be reduced aigni-
flcur.lj.v ty introducing :r;u'.l vacuus gaps 
_r • c cr *-!.' rrria- cor.-.ac' s 1:. the supports 
wj.i.-!. rr.]v 'I-se i; , >-;ivir.e or. increased 
:;.vi* '.;•«:, luring '.he "rur.sicr.*- i'crce condi-

Whl".-- * ij.oivor.duct.i.'rE exhilit zerr. resis­
tance 'Lider ;:.?. ?c:.j;t lor.si, this is not so 
v:.?r. • •••Aii- ' :.•• .rurrer.t or ir.blent field tire 

cend-jc-or and indeed upon the overall effi­
ciency of the reactor. This is because the 
effi.-ier.cy of refrigerators falls rapidly 
is t::e output temperature is reduced, al­
though, fortunately it increases vith plant 
size and capacity. F^r example, Ref. 5.1 
lufitos the total heat leak for their reactor 
as lj.5 'AV at fc K ejid estimates that this 
will require a continur-us room temperature 
rower cl" fc.6C MW. 

Effects of thermonuclear r.eutrons penetrating the 
shield ar-d entering the superconducting system 
mist also be considered. The thickness and cos-
position of the shield inust be such that the 
thernal energy released in the 1* K system, where 
1 watt at h K requires about 300 vatts of refrig­
erator power, does not have toe great an effect 
on the overall efficiency of the reactor, 
KcCracken and Blow [5.?] have considered this 
problem together with radiation damage effeetB. 
The conclusions from their study can be summa­
rised briefly as follows. 
a) The neutron heating will affect the refrig­

eration load and must, therefore, be limited 
to a reasonable value. In addition to the 

thermal blanket, a shield thickness of a>»ut 
55 cm would be required to limit the refrig­
eration load to 1? of the Btation thermal 
output. 

b) The limit imposed by (a) is such that the 
conductor temperature r i se due to radiation 
will not 1* significant. 

c) Some degradation of the superconductor per­
formance can be expected as a result of 
radiation damage but this is not expected 
to exceed 10K. 

d) The resistivity cf the stabiliser will also 
be increased by radiation damage. Almost 
complete recovery in '•he ease of aluminum 
ar.d at cut 30j recovery for copper can be 
-btair.ed by cycling the system to rocc ter.-
rerature ence w r y year c: so. 

Radiation effects or. the magnets, particularly 
as postulated by later design studies, dc not, 
therefore, oppcar to iresent major problems in 
the way of ior.Bge cr heat transfer vher. suffi­
ciently thi.-k blankets and shields are employed. 

The reliabil i ty cf present-day, small, U K re­
frigeration systems, would certainly not meet the 
requirements -f a coimercial power-producing plant, 
Fortunately again, experience is showing that re ­
l iabi l i ty is also irprcving with size. However, 
i t is significant that ter. 3-fcW refrigeration 
units are ir.cluded ir. the LVMAK-III proposal, 
seven ir. operation and three- held in reserve. 

The difficulties of insuring that all of the 
conductor is below the critical temperature vher.-
ever the machine is operational means that at 
least the rir?» generation cf Tone/oak reactors 
will crc-tafcly use "cryestatic" stabilization. 
This is in spite cf the many disadvantages which 
accompany *his n.ode of operation. Terhape the 
moat serious ;f these disadvantages is the 
presence of the stabilizing "normal'" material 
which say veil occupy mors thar. 20 times the 
space needed for the eupereonductor alone. 

The principle of "cryostatic" stabilization is 
to provide an alternative path for the current 
when some transient phenomenon !e.g«i heat gener­
ated by friction aa conductors move relative to 
each other under the influence of electro-magnet­
ic forces) causes a local region of the super­
conductor -o go "normal". Cryostatic stabiliza­
tion requires that the cooling of the "normal" 
region of conductor be sufficient to allow the 
conductor temperature tc return to less than i ts 
cr i t ical value even though additional heat is now 
being generated by the current flowing ir. the 
stabilising material. Thus, in addition to i t s 
superconducting properties, desirable features 
cf the conductor are low electrical resistance, 
high thermal conductivity, large cooling surfaces 
and good heat-transfer characteristics to the 
coolant. I t should also be noted that the con­
ductor current rating and, therefore the conduc­
tor cross-sectional area, increase for a variety 
of reasons as the system size and stored energy 
increase. Unless a wide, thin strip conductor 
can be used, this means that the ra T io of cooling 
surface to conductor size decreases as the ma­
chine sise grows, thus making the stabili ty cr i ­
terion increasingly more difficult to achieve. 

The largest superconducting magnets yet built 
have been bubble-chamber nagneta for high energy 
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physics research and all have been "cryostati-
c ill;.'" stabilised {5.3]. They are similar in that 
vi.ii? strip conductor is uiied in disc evils, but 
as « i l technology has developed, filament twist­
ing tr avoid circulating currents and flux jumps 
has beer, incorporated. Also, as experience has 
bee:-, gained, the heat flux from t^e conductor to 
;r.e hel'ir. vi:'. all the current flowing in the 
corner, r.az bei*:. Increased from 0,1 to approxi-

Ai though rhos? magnets provide cinch valuable 
experience, * ::e requirement'! of fusion magnets 
are more exacting, Higher current densities, 
higher fielir, raised fields, more complex geom­
etries 'i:.d rr.uch greater stored energy vill all 
re rehired. •.?>&'* "ne larges* bubble-chamber 
r.a^ne', ct .l'ii-1'., stores "?!• MJ while ;i typical 
TckanaX ir.ic''-' 'ravi' about 10 MJ stored in the 
tcri:ida3 field. 

The Vufcflo-*!.«::.be>r magnets referred to above have 
nil beer. <.-Fera:ed with the conductor fully 
is-jsersed It. Iiq\ii helium at atmospheric pressure 
,i. c., roc', bni". in*:). There an*, however, alter­
native -cdtJ in which helium can bo used as the 
.-eolar.t. S-'-rc?:: corrective two-phase flow, 
forced ccni'ective sir.gle-p!:ase flow, and satur­
ated :r win;*, t united Helium-II are srme of the 
: cssii.'ili*.i--a, Reference r-.- discusses and 
rovii'Vs •--a.*:-, .-:" these in some detail. 

"!.e two rair. oonter.ders being considered at this 
•*ng-> for ren.t •:• coils t.re pool "veiling nnd 
frrced cr.vx.v.j v single-phase flew. 

":.e csr.ductc* s!.:wn in Fig. % 1 nr.d close vr.ri-
•tr.ts en it -.re Icing considered for the Lawrence 
r.iver^ore Laboratory's next plasma physics ma-
•:.iiie proposal, MX, and for the poioidal fieli 
windings ir. the '.VKAK-Tn conceptual design study. 
I* is virtually impossible to wind the large 
Yin-Yang coils "or the MX machine with wide strip 
conductors. Tc enable i* tc be wound satisfac­
torily, the : aductor must be square or if it is 
rectangular, its aspect ratio :r.ust be sisall. 
Since the square shape has a poor surface to 
volute ratiot it is proposed to increase the 
ccolir.g surface by Including internal cooling 
channels. The conductor comprises four elements 
soldered together. All cf the superconducting 
filaments are contained in one element, the 
remaining thr'-e elements providing the stabi 
li::ii".g coppf-r iind cooling surface. The cooling 
.•Lionels: between the elements will be tt an angle 
cf about -r. degrees so that when combined with 
about 50? of the external surface available for 
cooling, the heat transfer characteristics should 
be largely independent of conductor orientation 
(see Fig. 5-1). It is proposed to carry out heat 
transfer measurements on this type of conductor 
in the near future. 

The '"Omega" nagnet at CEHS (5.5] is the only 
magnet of any size which has yet been built with 
hollow conductors and forced convection single-
phase coolant flow. However, the system i-
presently being studied by M.I.T. [5.6] on sub­
contract to 0P.HL with a view to using it for 
Tokaaak toroidal coils. Fig. 5.2 shows the gen­
eral design principle of the conductor. Fluid 
is forced through the tube which contains many 
small diameter strands. The large number of 

snail diameter strands presents a large surface 
for cooling and coil construction may be simpli­
fied since the coolant is contained inside the 
conductor. However, nany questions remain to be 
answered with such a system before it can be 
considered tc be developed to the degree of reli­
ability necessary for a reactor. 

It is clear that considerable research and devel­
opment is still required in the area of heat 
transfer to helium for cryostatic stabilization 
purposes. 

5.2.2 Mirror Machines. Many of the aspects 
previously discussed in relation to the Tokamak 
also apply tc the other types of magnetic con­
finement systems. Further comments are therefore 
limited tc areas of significant difference. 

Cn the credit side, the Mirror reactor, as pres­
ently envisaged, requires only a D.C. magnetic 
field. Khile the most important benefit which 
may be derived from this is probably associated 
with mechanical fatigue problems, the absence of 
A.C. or pulse losses which permits a less com­
plex conductor and low-temperature structure, is 
a welcome simplification. 

The present concept of the main confining field 
of s Mirror reactor consists of a pair of iden­
tical Yin-Tang coils which are wound separately 
and are in no way interlinked (Fig. 1.1.}. In 
contrast to t.his, the poloidal windings, (start­
up, stabilizer and divertor) for Tokamak machines 
must either be wound inside the toroidal field 
coils, thus linking them and causing many manu­
facturing and cryogenic problems, or they must 
all be situated outside the toroidal field coils. 
In ine ".atter case, as shown in UWMAK-I, the 
resulting increase in size and stored energy 
become almost untenable. 

The Yin-Yang shape of the mirror ceils ia cleurly 
on the debit jrlde. Circular coils cr "^"-shaped 
""onstant-tension" colls for Tokamnks are them­
selves capable t?f absorbing much of the magnetic 
force although some additional strengthening is 
required. 7:; contrast, very little tensile 
strength can be wound inw T Yin-Yang geometry 
coil and the majority of the electromagnetic 
force will accumulate through the coil and as a 
first approximatior. can be represented by the 
full magnetic pressure on the coil easo. The 
coil cases and inter-coil structure musi., there­
fore, be designed to take the whole of this for-'-
without exceeding the permissible deflections ai.d 
conductor strain. This situation also implies 
that the conductor bundle (i.e. complete winding) 
must be capable of transmitting this pressure to 
the coil case. At 3 T, the pressure is approxi­
mately 2o MFa (3,700 psi). If half of the con­
ductor surface is to be available as cooling sur­
face, leaving only half for load-bearing, the 
local stress is close to the allowable stress of 
annealed copper. In a reactor, the desired field 
is in the region of 16 T [5-T] 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 
cooling medium and of increasing the strength of 
the conductor without degrading its superconduc­
ting or low-normal-resistance properties. 

5-2.3 Theta-PInch Reactor. The supercon-
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.iucling and asr.oci':to:i heai-transfer problems of 
thin confinement cyst em • "* different in nnny 
anpeel :-• :'icm either nf *).«• systems previously 
discuss**.). 

ci:-'!,v ij 'c'n: ' h>*r *.huu fun capa^i". :r '..(inks 
•.r N> L---.jir;. rcri. The seccr.J j'hasi', in which the 

:-,n JI.J : vhi.-h actually G e r- l , ;' , T ' " ; *--''e magnetic 
:'j"1.d :i. 'he i li!t;nu region r.uc t s closely 
.-.-•.:r?oj -.. 'he .; Ifu-ffti .ir.d br*rBU.?e .̂ f the radin-
- : .*•;. icr: fi.r^::p, it cnnr.ct !••• nipo-'ccnducting. 
A .-;r.p"! :'ifd sequence >.:' opt'-vi* lens, for ear-!i 

r.ust "re opened te trsnr'Vr the energy intc 
'.he loft'i, ;ir.d to coir.rJe'e -.lie transfer in 
the requires " Iff*' a T^H/. voltage of 60 fcV 
is (jt'K'jrnted across tht> ir.duo*?r. Since the 
''eryegenic" switches are unable to perform 
this breaking duty, they are backed up by 
roctf-tempernture vacuum switches vhich .ipen 
.-•hortly r.f'.cr the eryegenic switches and, 
tlicrt-frre, utily carry ii.rrer.t for a short 
tL-n-r ar.d :ht*r. interrupt i t . 

*) Tin- coil :s sbortec by a "crowbar" suiteh 
to r'.'iin'.air. the current :n the coil for 

1) The "orovv ;]-" switch is opened and as aiueh 
cf the Tnagnetlc field energy as possible is 
transferred tack intc the iiiorage ocils 
where m.y losses are aade geed J'rcsi the 
charfiinfi supply Sarins the 300 seconds 
between pulnes. 

Thiii proposed t:se of superconductors poses many 
severe h..-at transfer problems. As mentioned 
r-iiriier, superconductors are only lossless under 
p.<\ conditions. One of the most difficult 
tasks, therefore, is limiting the overall losses 
in the rmplete storage and transfer system to 
an acceptable value remembering that 3 watt 
at !> K requires about 500 watts of refrigeration 

power. The very fast rate at which the energy 
is extracted from the storage units, and the 
Jimit. on losses, requires very special conductors. 
Very sma?l diameter wires aiust be rsed to reduce 
eddy currents and yet the conductor current 1B 
high, typical?.} "5 M, Tc meet these require­
ments, cany fine strands must be cabled or woven 
into a flat strip conductor. Even inside the 
ntrends, resistive barriers, usually cupro-nickel, 
must be incorporated to reduce circulating cur­
rents beiveeti .uperfonducting fila-TenTS which 
otherwise vouii produce prohibitive hear load3. 

The cor.srru-^ ic,n cf the energy storage ?oil ie 
quite different fror. those previously discussed. 
The eddy curr"n* losses the* would be generated 
in the sepper required for cryestatic stabil i ty 
would vastly exceed the permissible limit. £ome 
low-reaista!..?e normal satc-rial rust be included 
in the conductor strands *c prevent burnout in 
the ev.-i.t t;.at some portion of the superconductor 
gcer "normal". However, since the coil i s de­
signed i-c withstand rapid de-energizir.g under 
normal opera* ir.g conditions, c:.ly a Eieli cross-
section of copper is necessnry for this duty. 
Since cryecta-.ir stability ic disallowed, -hi 
system :sust le designed, built and operated in 
such a way that any transient heat pulses are 
insufficient \c raise the eupercunductar tc i ts 
cr i t ical i-enreratyre. Tf 3 local heat pulse 
were to raise the ecr.ductor temperature above 
Ua critical temperature, heat generated by the 
current fl-vlng in *he small copper section would 
be suffici.?:.' "o jouse *!;e normal region to prop­
agate and * !.e >.'oi] *p quench. Inter-turn and 
inter-cci2 s-jvenieiit s und^r the influence of the 
r.agnetic fi-?l.i rms" te -O-.Tiinated. The most 
conr;ar. urrr^a-h tc s-clving this p rob." em is tc 
i.-apreenatv *. •- coij ir. opoxy resir.. This, i.ew-
ever, trine-- -*B -~V'T' j rc t iess , such as differen­
t i a l ccr-T-'.-'i-'h i-f.tes, rracking of unfilled 
resin, and *er:pererurc gj*adients io the ccclar." . 
Kver. a sr.ull j-ropageticr. of a cracit in the cured 
resin while the ceil 1$ being stressed as it is 
energir.'d =ny easily release sufficient energy 
in thf fern •:" r.eat :c init iate a quench. As a 
re:;ui: , cei l ; for this type of duty are s t i l l 
very much ir. the development staae. 

S 3 P-otectior. and Safety. The problems asso­
ciated wi*h protect'on and safety of the super­
conducting i'oils with their enormous stored 
energy, about 10 KJ for s typical Tokaroak, are 
so nucerons and diverse that they can only be 
briefly touched upon in this paper. A certain 
amount of experience has already been accumulated 
ir. this area tut there are enormous differences 
between the size and potential };a;ard of existing 
systems a.*;d those envisaged in the future. 

The types of fault include: 
a) Sudden failure of the cryogenic vacuum, 
b) Quench of a coil, which nay be the whole 

system, or one of neny coupled coi ls , 
c) Electrical short or open circuits , 
d) Open circuit of a main lead, 
e) Failure of major ir.sulation. 

Quenching is the result of a normal zone propa­
gating through the coil . In most coi ls , i t s 
initiation can be detected readily by U3e of a 
sensitive voltage sensor connected between a 
point on the winding, ideally near i t s center, 
and a balancing position on a divider connected 



r\j-33s tV.i- coil terminals, luder normal condi­
tions and during charging of the coll, the cir­
cuit 12 balanced. If a pur* ~f the winding 

-hsir.ging as the r.ornal vegij:. Frern^oteG {three-
iir.ension&IIyJ und as the relativity varies 
•.hr>"aghou", the r.ornal regim. villi tenrornture. 
.*;p.puter programs have bet-:', written fC.?] which 
."..r. now predict, under certain credit icr.s, with 
;eti soluble acuracy how +};<? :-et.k <vil ter.pora-
tur?, internal voltages, and internal and ^xter-
r.nl energy vary with tine n; tl.e quench I roreods 
an-! the totuj energy is .iiJsJputvd. 

This presents interesting heat transfer problems 
î;:ce the velocity of prorogation ~f the "normal1 

•"rjnt along the conductor, from fur:, tc turn and 
CrcT: !uycr to layer are v.l'. !ifiVr*.:.t and vary 
vi*h temperoturt ar.d, therefore, *:r.»*. Mfc.'̂ ack 
at:: Jiur.es [^.-J' shew how -;.e ir.axim.im hot-stot 
temperature can "r-e calculate! if * :-.e current 

•|*r.ile tViis meV.od of quench detection ana energy 
•rinsforer.ee ',o an external res*step nas teen 
f.iur.d to be quite satisfactory "or many systems 
bail* tc date, it mist be studied ir. much greater 
depth Tor the large systems now envisioned. The 
.linger ;f voltage breakdown during the discharge 
r^ricd becomes an increasing hazard since volt-
*Lies -_:; general tend to increase with stored 
o:"r,jv. Helium, particularly in gaseous form 
*J:. J -•'. higher temperatures, typical of the quench 
:oni:*ic-n, has a very low breakdown strength. 
r."ta:".dd studies will be required during the 
design phase of these large machines to ensure 
that breakdown cannot occur alor.g on Insulating 
surfv.ee between adjacent turns, or layers, or 
between a conductor and the retaining case or 
reinforcing structure. From a breakdown point 
of vi->v, the conductor should ideally be sur-
ro.in.1ed by solid insulation which mist be pur.c-
tur-d before a breakdown car. occur. This, how­
ever, conflicts with the stability requirement 
of ,-tir.imuc temperature difference between the 
conductor arid coolant. Satisfactory solutions 
must be found which taeet all requirements with 
the high degree of reliability expected of a 
pewer reactor. 

uniformly In all of the cold structure rather 
than extracting it and dumping the majority in 
an external roon-temrrrature resistance. If 
this can be achieved, *he maximum tecipcrature 
even in large systens may be United tc something 
in the region of 7C K. Since there is little 
thermal expansion between - K »nd 77 K, there are 
no resulting severe Lherma'! stresses or ctraina. 
If higher temperatures are reached, differential 
thermal expansion cctild become a serious problem 
since the stru.-ture will most J ikely be falri-
cated from j-ainless steel which has a much 
longer thermal time constant than that of the 
conductor. 

Methods envisaged of causing the energy tc be 
distributed evenly In-lade: 
1) Resistance wires in close thermal eont-nc 

with *he ?oniuet5r throughout its leng'h, 
through whicn current can be paused at ".he 
onset of a quench and, thus, cause the vhoje 
ceil to heat up and quench approximately 
simultaneously. 

2) A rapid expulsion of ill of the liquid 
helium frcm the system so that the normal 
region will propagate much more rapidly due 
to the poorer cooling properties of the gaB. 
Such a system would probably need to be 
combined with (l) since in a multi-coil 3yc-
tem, propagation nigh* not spread from coil 
tc coil without ausistnnce. 

In addition to the problem cf disposing of the 
stored magnetic energy in the event of a fault, 
questions concerning tb>» behavior ^f the liquii 
helium also irise. Initio", fears that the liquid 
would be valorised so suddenly that a major ex­
plosion ve~;i -cour in a iarge system now jeem 
unlikely u- !« realised given reasonable pre­
cautions. 7:ie j,-rccegs is somewhat self-protecti:.e 
since b hot surface in contact with the liquid 
Immediately £ces into *iie filr. boiling regime sc 
that a layer cf gas ilsits the ratd at which heat 
can be transferred to ir.-e llTiH to vapcrir^ it. 
Ir. many existing jiar.tr, blow-off valves permit 
the vaporized gas to be evacuated from the tank 
to a recovery sys IT. cr to the atmosphere, Many 
recovery systems consist of low pre3Cure plastic 
bags from which the gas is later pumped to high 
pressure for storage in cylinders. In large 
systems, the sudden influx of so much cold gas 
would freeze the plastic which would then crack 
ar.d shatter as it tried to exrand. This can be 
prevented by passing the cold gas through i heat-
exchanger to warn the gas before allowing it to 
enter the bag. A long cylinder filled with 
granite stone chip3 has been found to be suit­
able for this purpose since it 13 inexpensive, 
has a high thermal capacity, low tine constant 
and a low pressure d* ip. 

As the helium inventory increases, (e.g., the 
•JWKAK-III reactor requires about 550,000 litres), 
removal £n the liquid state is probably more 
practical, but this now means that the insulation 
must withstand the discharge voltages in a gas­
eous helium environment. It also Implies that the 
exhaust lines and storage tonka nust be perma­
nently maintained at k K to prevent a back pres­
sure from being rapidly built up if the cryogenic 
fluid were allowed tc enter a warm chamber. 

An alternative protection system relies on dis­
tributing the total stored energy approximately 
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TABLE 2. i 
COMPARATIVE STUPY OF SEVERAL rBSHISI.If. t 'MUTi!' 

IN A SIMPLIFIED TOROIDAL BKACWK FOTI.JYI:IO A 
DUCTED COCLAHT DE31CS {i-'roci H.-C 2.\y) 
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Table lt.1. A Comparison of Air Liquifiers 

Work Required 
t o Liquify 1 l b 

Air L i q u i f l c a t i o n Sys em kwh J /kg 

Ideal r e v e r s i b l e process 0,0^5 (Calcu la ted) 7 .52 x ID 5 

Hupicscii or simple r.inde process 1.3 (Observed) 1.03 x 10' 

Haiapson preeooled to -1*5° C 0.7 (Observed) 5.&1. x 1 0 6 

: i igh-pressure Wilde C.6 (Observed) fi.3'i x 1 0 6 

High-pressure Linde 
precooked t o -1*5° C 0.1. (Observed) j . 5 7 x 1 0 6 

Claude 0.1* (Observed) 

Heylandt O.k (Observed) 3.35 x 1 0 6 

Los Alamos cascade (Ba l l ) O.lil (Observed) 3.25 x 10 

Cascade system of Keesom 0.30 (Calcula ted 
for H ) 2.11) x 1 0 6 



Figure l a l Principal Ci.Dip'nenta of a Magnetically-
confined Controlled Thermonuclear Reactor (MCTR) 
Powerplant (Kef, 1.1). 

Figure 1.3 Small section of a typical Theta-
Plnch plaama and coi l , (Los Alamos Scientific 
Lai).). 
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Figure 2.1 Selected combinations of possible 
fusion reactor fer t i le materials; blanket 
lioolante and power cycles (modified version, 
Ref. 2.3) . 

Figure 1.2 Typical Tokamak conceptual design. 
(Princeton Plasma Physics Lab.J. 

HlhPIOFt LEAKAQE PORT 

COOLANT PLENA 

MIRROR FUSION REACTOR 

Figure l.U lypical Mirror Machine conceptual 
design. (Lawrence Livermore Lab.). 
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Figure 2.3 typical velocity profiles in ducts 
witb tero {---) end itrong ( ) transverse 
nagnetic fields, (Bef. 2.11a.). 

(b) 

Figure 2.2 Electric Hartmann-type current path* 
in ducts due to a strong transverse magnetic 
field. The velocity 1J l.i the a direction. 
out of the pugs, (a) Ducts with 

onducUng walls, (fc) Ducts with highly 
conducting valla. (Hef. t\Ua). 

L / 2 1 

Figure 2,k End-lo«p •?«& eddy currents In a 
region of changing truaverse magnetic field 
(Sef. 2.9). 

Figure 2.5 Tradition Reynolds HSarters for Klovs 
of Conducting Fluids in Circular Pipes In 
Parallel and Transverse Magnetic Fields (Ref. 
S.9). 
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Figure 2.o Magnetohydrodynamic pressure 
gradient - theory and experiment. (Ref. 
2.23). 

^ > — * 0 t 0 ' 3 * l HE*DE"S 

Figsof* 2.7 Detail* of the lithiw-eoolad 
IMAK-I blanket (Kef. 2.2M. 

Blanket configuration 

Figure 2.£b Detail of the lithium flow turn­
around region of a mirror reactor conceptual 
design study (Ref. 2.23). 

Figure 2.8a General blanket configuration for 
a mirror reactor conceptual design study (Ref. 
2.25). 



Figure 2.9a Fusion Reactor Blanket and Magnet • 
General Arrangement o f the Culham Tokasak Con­
ceptual design (Ref. 2 . 2 6 ) , 

Flgur* 2.9b Haxacmal Call S t n c t u r e for L l t h i w 
Fusion Raaeier Uaakat or t t e Ciflfeaa Tokaaak 
fusion r t M t o r aaaMutual d M i ^ tRaf. 2 . 2 6 ) . 

Figure 2.11 Schematic d i a g r u aboving the l i t h i u n 
f.\ov through the racetrack-shaped loop in the 
blanket segaenta o f the ORHL Tokaoak reactor 
design (Kef. 2 . 3 1 ) . 

i - n . ..-

Figure 2.10 Coolant tua«a and flaw path* In the 
blanket for tha Priaeetan Poalon Reactor (Ref. 
2 . 2 7 ) . 

Figure 2 .12 Approximate l l n i t a t l o o a on cool ing 
tube dinensiona for a l l t h i u n blanket cooled 
by he l lua gaa flowing in nlobliai t i ibcs. (Ref. 
2 . 3 6 ) . 



Figure 2*19 Comparison of the pressure drops 
o f various coolants In the ducted-coolant 
blanket design of Fig. 2.1& (Ref. 2 . 1 3 ) . 

FS*nife .-'.17 Heat transfer parameter comparison 
.'IT several posBible fusion re ft c tar coolants 
(He!'. J . 1 0 ) . 

j.FtbC crtfr.aiy _ 
ton-jnsr flw 
limit 

Figure 2 .18 Ductad-coolafit reference Blanket 
design used for comparison o f various coolants 
(Hnf. 2 . 1 3 ) , 

3 4 5 6 
A. MV//m? 

^ 8 9K> 

Figure 2.20 The beat transfer parameter, 
Jt * Ku, for the ducted-coolant blanket 
deal*?) o f F ig . 2 , I S (Ref. 2 .U) . 



Figure 2.13 Conceptual design of helium-cooled 
.•t--ll for the CUUUB Mi Ion reactor. (Btf , 2 . 3 8 ) . 
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V " * * • 

— 3 0 
Figure 2.1k Detai ls of the U.L f u i l o n - f i s s i o n 
hybrid Birror reactor conceptual design (Her. 
2 . 3 9 ) . 
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Figure 2.15 Perspective view o f a 
nodule for a toroidal blanket with helluD cool ing 
( l e f , S.ItO). 

Figure 2.16 BrookhaTcn design or a he l lua-
cooled blanket aodule having an alualnus a l loy 
structure and a &olid aluainunvlithlun a l loy au 
the f e r t i l e material (Ftef. 2.1*1). 
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Figure U.8 Efficiency of direct converter vs. 
a«x power density «s influenced by thermionic 
emioalon of the negative arid wire. 
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Figure It. 15 Neutral!xatioa efficiency aa a 
fatctlon of energy of D* and D*. 

Figura U.13 Flovlns l l thiua abeat far racorary 
of divartad D and T. (Proa WNtt XX) 



DIRECT RECOVERY OR BEAM OUMP - 7 

+ U -'/A 
ION SOURCE 

"'' "••" > c 

ACCEL. 

£?=+ 
ngora l.U PRINCIPLE OF OPERATION OF A POSITIVE 

ION ACCELERATOR-INJECTOR 

- Stabilizing Cu 

12 mm 

Fig. 16. Cryogenically stabilized 
MX conductor. 

Figure 5.1 CoQftUitnr vlth bath intaimal a»d 
external cooliae mutttmwa for "pooX MOtat" 
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