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Thu rep- ●xamines detzils of the LDB collector ● spplied to ITER,

First, the ~neral contiguratmn IS presented, fdlowd by deacriptmns of
. the indwidud droplet dynamics ●nd the global size ●d hydrodyrwmlc

pmprtka of the lithium. Characteristics of the LDB ●re then summarized

●nd interim conclusions ●re gwen It IS noted that Reid, Wells, Q ~,e

of ORNL first proposed I!:kg ● bthlum ram scheme with bundle dwertms

* the TNS device, ●nd subsequently, this scheme wos proposed’s ●s

● therrd energy dump for J fteld-rewrsed mwror resctw A mmdor jet

eystem has been su~ested u J Iiquld nwtd limiter ●d has been tested

ar ● tokarrsak ●xperiment 13

ltlWIJM-DROPLE7-BEAM (LDB) CONCEPT DEVELOPNENT

SYSTEM CDNFtWRAltON

Ttse pmpoaed LDB confrgumtion, ● ●pplied to ITER, is illustrated in

Tigures 1-3, Several dfierent wews ●r. required to described ●dequately

the inherently three-dimensional rwturc of the combined LOB ●d tokamak

aystemo. The lithium beam e sketched onto drawings of ITER taken from

Ref. 1.

The lithium dmplots u. formed by forced turbulent-jet flow of liquid

lithium through ● nozzle ●rray, The lithium Iesvmg each nozzle breaks

ssp into droplets, ●d the resulting LOB ●nters the magnettc field, paaaes
through tkw tokamak diwrtor ●ccumulming diverted plasma porticles ●nd

kinetic •er~, ●nd then Ieaws the <okmmok ●nd is collected in a tank,

Tht droplet formotion ●d collection ●re done external to the tokamak

ti a rwgion of tow magnetic field so that MH D-reduced pressure drops

aaacrciated with circulating ● conducting fluid is neghgibie The collected

liquid Isswiurr is circulated through ● heat ●xchanger and ● bthium.hydride

~-rat= (e.g., moken-sdt ●xtracta) before being returned to th~ injector
uzb. Whifa only one b~am H sketched in Flsures 1-3, the follwing

dculattis ●ssume ● single-null diwrtw with tw parallel LDBs pasting

througir the diverted magrretlc freld lines A double-null configur~tmn

mld require ● LOB to pus through ●ach dwwtor Finally, n u noted

that other magnetic ●d beam configurations we possible, (c g,, vertical

LOBS with ● single-null outboard dtvertrx, ●tc )

DR~ DVNAMICS

Sdwx dsscussmt the lDB, prr W, the propen~s of ● indtvldual

lithium &@et ●ro ●sttmGted Since the shape of the besm cross sectmn

pfays ● minor rd. m the LDB concept, the plasme. LDB Interaction re~ion

M rnodefled ●s ● rectangular pardlekpiped; u IS shown m Ftgu?e 4 ~he

des of the mteractmn resmn how n Ien@h L. in the dwectton of the 1

keam velocity wrd ● he@t-H such thst the-croes-.ectlonal ores Ac = HL,

&fines the beam/plwrm mteractton ●rea The LDB width, W, IS nwded

to defirm the intersctmr volume Tlm length of ● field hrw m the beam

plume iwtemctmn retla IS gtwn by W/toe@, where @ II ●pproximately

g!wn by ttm •~ brtwaen e frcld.lme ●nd the wctw ~, Auummg thst

th~ droplets ●re ●qually sized ●d ●verily op~ced throughout tht volume,

the mteroctson xw IS dwlded mto dtffetentml volumes of kength, 1, hetght,

h, and wrdth, w, ●ach contamlnC me spherlcd droplet d dmmeter d

This vdsmse, wh,ch IS illustrated m Figure 4, IS uoed to deecribe MHD,

~rsvttatsonel, ●nd thermal effect! for s ~lwn droplet

- ~~kws: Lithwn droplets ore formed m t rqpon of low
mqrrettc field by turbulent.@ fb throqh ● kong node whtch breaks up

the hthwm mto droplets Tw. Fmg Chen md J R DOVIS14 describe jet

bresk up mto a ttrm~ of ●verily spaced droplets with ● stze about ●qual

to the nozzle bore R E Phmneyl) prowde. e fwmula for estimating

tht ●verqe br~ah-up Ien@h, b, m terms of, the rrolrle dlametw, cl, the

Ohnemrge number, i!, ●nd the Weber numbef, l!’? b x d~( I + 3Z )~.

t“he otabdrty p.rmwter, A, 10 m..surd experlnr.nt.lly ’ ●s o functwn Of

the Reynddo nu nber, Rr Volues d the other conotonts ore Ilctcd m Toble

II Fm d e 0 00.?rn ond II m ltM)w/o, then RQ w 10M end A rc 10, whtch

gIws ● breakup Ien@h of b = 2 lm

MHD ~, @fkmtkon, md ~rn: When ●n eloctrtcolly

conducting object crmoes o mogrwtlc held ●lwtrlt cur~ents OSQmducod,

which interact wtth the bockttound held Produclnl o ronlo of forces on

thq okject A Mt dlog force M prcducd which tend, to decelerotc the

object Also, curwtum terms m tht backtrwnd freld cauw the object to

deflmt otdeways Frnolly, Iocol vorlotmn m the fwcec tiotlnd lhc surf arc

of the Obp[t tend to defwm tlw object T h-w eflmts SIC &strlbed by
Walker ●nd WellI’m ●nd arQ cokulated below

F@. 1. Schematic of the L 1 heot ●nd portlcle collector drawn onto a

vww of the magnetic system ●ssembly for ITE R 1

F@. 2, Ltthlum-droplet beom projected up tntc the equotcroal plant cros~

sec!tonol wew of ITER 1 Note thot the team II actuoiiy Iocatcd bclovv thr

Oqualorlal plane
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hat UWCW, ~ . 41 WJ/kqh Wclnlty, p r. 4 u 10-4P0 - 3

thwmal caduccwcy k = 46 H’/mh drnn,cy, i, -. SM kg/m J

thrrti dfluawIIy, o = 2.2 x10- Lm2/# rwllln~ zoom, T~, = lR6”~

-(mdff)2
~,. . —, (1)

160PV)L,

(2)

azLIT(fl/l., )’
Au=

Xlpl, nl)

q Ct’llf’
.—-. , (4)

P. 64n11/ ,

O 4d
lMAV - ~q’’+A 141 + I/h (H1
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F@. 8. Tamptratwo psda m a sphere bcated m o directed umform

heat fluxl’ (a:ong the d-ter ●hgned with the direction pardkl to the

●xternal fsaat flux). Dimensiorshaa radius ●nd timevariables am used,

LDB is the extended bthium surface swikble for “@erirtC” hydmgorr

●nd impurities The total aurfacc wca of only lithium in the intwaction

zoo. of the dmpk.ts ie 69mY, whereas tf all the Irthwm in the mtwactic+

zosw were combined into a single apher~ it muld haw ● mtrfacc ●rao of

0.72ma. ftaffectad ptiicfes will primarily be bcated ●it her in the middle

of tho baam, or m the adppkwrta fbw rqioa wtd, therefwc, haw ● high

probability of being trapped Little txpwimantd wk axisto on lithium as t

pumpmg matwid, h~r, tnd important utrartawred questions rcmam,

mms of which U* kated bdow

1. Whst ta the foaaibility kv aepwetmg lithmm-hydrd~ &t the rqumd

rate ●nd te the mqssmad concwrtrationa~

2 Hydrogen m-ernmsm r-tea fw T > 650”C are not known snd this

wetrlctmn could bmit ternperatuma to wduu bwer thsn tht vapor

pressure Ilmltaticm.

3 HOW wII dots lithium pump wutral hydrogwt isotop~st
4 What n t$c ●btlrty of the droplets to wtam hahum~ If thr dropkts

retwr hehrm sufficiently Ionc to remove II from the i~~ctot chtmbof,

theneed LW addrtmrrd Ilc vacuum pumps -Id be dlaviotod

tibl PWtO@: The swrqg physical aputtwmg rtto II giwn by
S r r,? A,, wfwra ~ u 0,04 Ifihttim ●toms cputtwed p~r aawral. hundred.

●V mcdent deutwrum ●toms Ths ●wrqc hthturn wporuatbn flux rsto
,8 ~tvofi bv Dush~n,l* 1<- = 5.3G x 10’’trp[15.44( 7’/34H - 1)] . which

h a value CJ 3: x 1010/m20 d 336*C Fsx ●n aawned hot (336”C)

uu of O 2 Al, then the reho of tho wporuttm rate to the aputtwmg

rot. I, Ipq A,/( 1’K},0.2A*) -0,26 Thwdorc, wapomtson ah~ld bo lws

aertout thm aputtwmg

Tlw pas physical aputtwing rot. M 6 x lf)l$Lt/s pw beam, which

correaponsh to m ●ktlw yesrly gross ●mater rd. of 4.5mrn/yr and s

froctmrrd omaion pet dr@et of ●bout 10-o The rtet ●mawr rtte should

oe wall bab the ~roes value because of redepoamon

●EAM UIzc ANo ttV0f!oovNAMlc9
To~_ l--ti~: With n safety msr~m d 25° C, thr

mimm~.m oyttm, tortrfwmtu?o set by the meltmg porn! (l”_r* 186 “C)

se 211” C Tho ,mmtum tompersture II dctormmed ●thw by the urnpw

pressure perrmttcd so Ike plasms chambm m by hydrqm retsmakhty

rwqwrmrentl pttvmuaxy dwumeed Foc ● pQdI hthutm v-pm premur~ of 4

x 10 ‘tort, the maxtmum Irthlum twnper~tuw u 336-C Thu 10s rathw

low icmpwatum fot och~ving good thermal catwrmorr ●ffrcwmy If hl~h*r

:~tnpcrstums arQ de~nd, then s confr~urotton II needed that permltt s

d, ffwentml vacuum pumpms Kheme to d~muple the plaoma and lDEf

beam vapa pressure Fm mstmw., s dropkt Outle* ttmpwsture of 500”C

resulti in ● vapu pressure d 8 x 10-3 tort, which is ●n unacceptably

high neutral-gas pressure, if ●djacent to the core plasma,

~ %SOC@ ~ -m o~~~.: The probability of a plasma
partick drihing the first cdJmn of droplets is given by the ●rea ratio

a = u@/4htcos0 (Fig 5). Since this ratio is the prob~billty for ●

plasma particle to hit lithium in moving ● distance w/cost9, the beam

●ttenuatim can be ●pproximated ●s ● continuous functton characterized by

● macracopic ●bsorption cross section E s o/{ = rd2/4hCw, The Iithwm

volume fraction, t, is xd3/6hfw, so Z= &/2d, From photographs; s of

droplet formation, the spscmg in the direction of dropkt motion I* chosen

to bef= 1.5d The spacing in the other two directions is determined

by noxzk ●rray, which s ●ssumed to be w = h = 2d. It fallows that

c = 0.087 ●nd E = 26.2m-1. Since fiw mean free paths is sufficwnt to

colkct 99.3% of the incident energy, the ktr~h of the collection region

must be X = 5/X = 0.19 m. This value can b. controlkd througil the

dfopkt size ●nd sp~cing The ●rgk betwert a fidd line ●nd the ●rea
-.

surface vector, A, u conservatively estimated using Figure 6 to be greater

~ 423°, so ● beam width of W = X cow? =than or qual to stn-} ‘ =

0.14m results.

The baam height, H, is set by the requirement that the heat flux

●.socmted primarily with the toradal dir~ction is intercepted by the LOB,

Hence, ● field-htre that just misses the top of a t ‘:e LDB must intersect

the bottom of the next beam; t’+e follwirrg ●xpreasinn for H results,

H s 2XRTB0/(2NBB@). Fortwoboamswrd BO/B+ = 0,1 in the diverter

region, it foil-s that H = 0.Z6m.

LfthWtt M- Ffow ~ UW C@aslgtbn POWOr: Tho mass fltrw

rate is given ky M = p i ANB, whwe the ?wv ●rea is given by, A =

L)HM’ (x&/4hw), ●nd the ●verqe fluid speed, W, is given by

fi
J

IL.-
LO

t,(r)dr (11)

For ● uniform veloctty, G = w For a doubk-exponential velocity

proftle m the interaction region (t, = Vo[r-zr + r-x(x ‘*)]) which

mlnlnlizes the mass ffw rate subject to temperature Iimitationi, i =

2tI. /XA’ The mast flow rate, then, i~ M = 23.60 = 3,i’82kg/.~ for a
uniforln velocity d!strlbution (with a fsctor of O 4 reduction possible for a

double-exprment)al wbctty prdtle). The ●verage face of the beam m the

dlrectton d flow is 2.5 M Pa (with a fsctor of O 13 reduction possible)

The kmetlc p~t driving tha heat is ~ Vztit, which equals 486 Af It’ for

● uniform velocity dlstr;butlon ●nd 6,5 Afl!’ for the double. expcmentlal

prdlle Clearly, thm latter situctmn is requwed *O keep the clrculat,on
pcwer to 3% of the ITER thermal pcwer

R -37m

r

x

ii!
VECTOR “

Fh. o Geometty used (m ●ttimotlnl the angk between th? In[tdtnt

plasnla brat and particle ffun and th~ notmal to the IuIf@{o of th? 1 DB



The pmer required to circulate coolant ●gainst frictmnal bases is

giwn by Pj = flp Ave. where VC is the circulation wbcity The Darcy -
i!lWembach fwmula @ves th~ pressure drop: Apl = fl Ypv~/(2D, ),

NarQ, theDwcy-Weiabach friction fzctm is /’, the equiwknt diameter

is D. = (4 A/x)s~”, ~d Y E the piping kngth. For UC = 10m/s A is
0.047mY ●nd DC ie 0.245m. The Reynolds number, then, is Re = 3 x ld,

and fmm the Moody chattm, j’ = 0.00% for ● smooth pipe. Hence, for

Y = 30m, P . 14kW which ~onds to 0.006% of the ITER thermal

~ -d by the lithium.

SUMMARY AND coNausfDNs
Table Ill sumrrwrises the LOB diwrtor cdkctw parameters as ●pplied

to ITER for both cocsetmrt and doubla-~antid wbcity profikaa. The

esporserrtid velocity profik is desirabk, since it & the mess Row rate;

the constant-vekocity cme projects ●cceptable design vakas, except for the

h@l ckurlAon p-.

TABLE Ill. Ssr@a LDB Pwarrseters for ITER Cettditiows

V- tidoct d fithitmn in cdkction zoste, c 0.067
Beam width, W(m) 014
Beam height, H(m) 0.66
Saarsrb~h, LB(nt) 30
Length d cdkactbrt zone, L,(m) 5.5
-M diertseter, d(m) 0.005

WOcity prOfWe,w
hkkmem droptet velocity, v.(m/a)

%; (vo[e-xs + C-~ix-~)])
160 (?.60)

Am droplet vekcky, 6(m/a) 160 (64)
Jet break-up length, b(m)

~

MHD drop&t wfocii reduction, Av(m/a) 0.011
MtfD aidewwds daftactiort, Ay(m) 10-’0
kvitational dafktim, Az(m) 0.043
MHD def-matiort pmaaure drop, Ap(N/m2) 876
Lithium assrface twsaiws, pe( N/m~ ) 292
Lithium inbat tempamtum, TIAI(”C) 211
Peak lithium outlet temperature, TMAX(“~) 336
Average temperature inweaae per dropkt AT~v(”C) 28.2
Peak ktlsksrrrvepa preasurs, (tow) 4 x 10-8

Gmas Plryxial sputtering rtte, JW(mm/yr) 45
Gross ew~atiosr rat., 4cW(mm/Vr ) 1.2
Extended lithium aurfaca area, AL,( mz ) 69
Mau k rate, rn(kg/s) 3,600 (1,520)
Lithium recircubtiort power,P( M M’ ) 49 (6 5)
FrictionalPOW, kcsas,P,(A4H’) 0014
ITER Parmnaterg:

MJjOS tmidd radiu: Rr’m) 56
Fusion power, Pr(Mk4’ ) 670
Radhorr frution, jjtAD 0.3
Partick throughput, f$p(porticlt/s) 6.1x 102’

A LOB system configuration has bean described thst rquires only ●

awafl fractiord w&ma of the ITER device ●nd for NW preeent ITER base

caw mid .ppea, to fit through the magnets. Estimation of tho LDB m.

gtva raaeormble parmseters, but 2 and 30 quilibrium calculations ●nd

field Ike tracin~s are neceaut, to very the quihbrwm ●nd to ●nmsrc that

both the imboud and outbowd d,wrted field hnec are intercepted by th~

beam. A range of ●lternative anfigurstiwts can be ●nvisioned Vwtml

b+aRu would Amirwte Uravitatiorul deflection corrcwm wrd drortwr thr

beam kength such thst tir droplet speed could be permitted Additiond

ha- (rruQ than 2) ehotsld reduce the beem height, H, wsd the power

COIkcted pet droplet, which wmuld ●lso reduce beam speed requiremsntt

Btsed on irrdwtdual droplat corresdorttiorts, no M, jor fmsltt haw been

*ntified with the LDB concept Dropkts can be formed, cen trevetse
the rquirwd dinanc.a ●nd colhct heat ●nd particks The liquid-droplet

Swrcepl efiminatea thermal wtd preaaumstress ●asrciatad with e sohd pls!c

and dirrwnot~s maintenance concerns reside the ●esrtw chomber Also, the

cswvow h@ets rduca, if not ●lmun~te, ●ny probkrrss ●aaociottd With

hot apoM from uneven heat fluxes Fa ITER, howew.,, the LOB conctpt

Wordee mar ● hmit m total energy removed pw d, >plet A 160 m/s

droplet speed is larg~ Per60ps the vart,cd beam cod guratmn suggmted

~bow, which would hmrt a dtmtw wrticd psth Iatrgth mrd mow b.ams,
WId handle ● law os h@wr total power design MOW -h is rquired

.-
to ttn&retend the droplet defrxmatmn ●ff~cts caused by the J x H frxc~

The Itthlum rrwss flew rate IS lar~~, but mma8mble, ●nd could bc

reduced by some of th ●bove-rnentmrwd system confr[urtIm.nd chmgcs

It IS noted that the present work only provides an apprcmimatr LDB design

A more prectse design would require improved descriptions of the LDB

configurations, the magnetic geometry, ●nd the edge-plasma conditions,

In conclusmn, the lithium jet ●nergy-particle colkction scheme has

many distinct advantages over a solid collector plate, with no obvious

major probkms These features are summarised in Table 1. More

experimental data are needed on dr~plet formation, collection, and partick

pum~ing A lithium beam could be built today for teatmg purposes.
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