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A HIGH-SPEEED BEAM OF LITHIUM DROPLETS FOR COLLECTING DIVERTED ENERGY AND PARTICLES IN ITER!

K. A. Werley. Les Alarmos Nationsl Laberstory, Les Alamos, NM 87545

Abstract: A high-speed (360m/s) beam (0.14 x C.86m) of kquid-
kthium droplets passing through the divertor region(s) below (and sbove)
the main plaama has the potential to replace and out-perform “conven-
tional” solid diverto. plates in Loth heat ynd particle removal. in addition
10 swperior haat-collection proparties, the lithium beam would: (1) re
move impurities; (2) require low power to circulate the lithium; (3) exhibit
low-recycls divertor operation compatible with lower-hybrid current drive,
H-mode plasma confinement, and no flow reversal in the edge plasma; (4)
be insensitive to plaama shifts; and finally (5) protect solid structures from
the plasma thermal energy for those disruption: that deposit energy prefer-
entialhy io the divertor while simultanecusly being rapidly re-es!eblished
after 3 major disruption. Scoping calculations identifying the beam con-
figuration and the droplet dynamics, including formation, MHD effects,
gravitstions, affects, thermal rasponse and hydrodynamics, sre presented
Limitations and uncertainties sre also ducunsed.

INTRODUCTION.

A crticel maue for the International Thermonucles Experimental
Reactor (ITER) is the succensful removal of the high heat and particke
flunes keaving the core plasma. The base-case design' proposes theuse of »
double-null poloidal-field divertor that oparates in a low wall-density regime
n order to be consistent with the H-mode confinement and lower-hybrid
current drive. Large haat fluxes, erosion rates, and stresses require the use
of 1pecial techniques and geometims, sich as ti'.ed or rotating collector
plates and magnetically sweaping the diverted plasina across the divertor
collector plate. Even with these technique:, (ke plate heat flux (15
MW /m?)! and the gross sputtering rate (~ 2m/yr) are high ' Adding
to thess requirements the need to accommodate disruptions and edge:
localsed modes (ELMs) brings into question the feasibiity and reliabibity
of operating clean (Z,;; < 2.0). steady-state thermonuclea plasmas uung
“consntional” divertor plates.

Himtorically, auggestions to alleviate heat Aux and particle removal
problems include. (1) eliminating divertor plate erosion and streiser by
protectng it with a renewable liquid film; and (2) using hydnde-forming
surfaces (titanium for example) to remove hydrogen particles Both of
these approaches have drawbacks The residence time for renewable film,
= necessarily short 10 hrmit temperature end amsociated vapor pramure to
acceptable levels Also, surfaces become aatuiated with hydrogen and
must be replaced and regeneraied at elevated temperature (830-1000°C)
fre several houns

A suggeston whith cvtensibly combines the best features of theie
two approaches while ehirminating the drewbacks 11 that of a gravity-driven
Wthwm flow down a screen’ or flat plate®.  Lithium acty ar o getiey
material, forming Inhium-hydride and hopefully would flow suthciently
fast for adequate heat removal without seriout evaporation |lowever, the
electnc current, mnduced by moving a conducting fluid scross » magnetic

teld, producer o J x B force tnct resity the Aud motion  Welly'
concluder that gravity-drrven flow dewn o scieen or wall cannot move
sufhicntly fast to remove the heat in the presence of the MHD forces
expacted in o tohamak fuiion resctor

The thove mentioned MHD effects are greetly reduced' by dividing
the thium mto small droplet to eliminale the return path for 1lactinc
currents  The lithium droplelt would be ‘ormed by the breakup of a
hithum pet after leaving a nortle The "beam’ of acrelarated dioplens
(or “dreven ram”) that 1s forrmed by an airay of such norsles could form
the baeis of 8 ithwum-dioplet diveitor collector plate Tho resulning lnhium.

) (\n;uk nuppo;;;:--b-y US DOE, Ofhce of Fuson Ereigy

droplet collector, as described in Table |, has good anginearing features
with many ugnificant advantages over conventional divertor-plate designs
For axample, a Ithium-droplet besm (LDB) can accommodate higher
particle- and enargy-flux peaking than a solid wall while simultanecusly
eliminatmng hot spots and stresses. A .implicity in detign results, which
permits aase of maintenence and excellent reliability, particularly when
disruption effects sre considered. in addition, MHD-induced liquid-metal
pumping loases are avoided and vacuum pumping power collsumption s
lowsred. [urthermore, the LDB concept can be applied to widely varying
systems by adjusting the droplet aize, spacing, and velocity acions the
beam dimensions.

The LDB also achemae exhibits impartant, ITER(tokamak }specific
advantages, including relatrve insensitivity to plasma shifts ana an abibty
to recover and to protect solid structures from diverted energy amsociated
with disruptions snd ELMs. The LOB is also mherently a low-recycle
divertor. and, therefore, it should be compatible with (1) lower-hybnd
current drive, (2) H-mode operation. and (3) operation with no particle
flow reversal n \he edge plasma.

Limitations ae also noted in Table |. First, safety problams are
associated with working with liqguid metal) and the need for isolatior fiom
water Secondly, hmitations on the hithium temperature exist. dataily of
which are described in later sactions The LDB schema alto hay tome
unknowns astociatid with its ability to pump helium and nautral hydrogen
notopes, as wall as the faasibility and cost of Li-H \D,T) separation

TABLE |. Features of a Lit wum-Droplet Divertor Collector

Enginsering Fastures:
o Coupled particle and energy collection (e g . hydride formation)
o Small overall size with "axtended” hthum surface
~ can handle Istge particle fluxas of deuterium,
~ can handle high 1urface energy fluxes,
= can tailor spatial dutribution of hthium-droplet velocity
No thermal or presiure stress problems of a “conventioral” divertor
Elimination of hot spots
Ease of maintenance
Negligible lithium-ciculation MHD pressure drop)
Significant reduction in required vacuum pump powse!
Higher-Z ympunity removal
Lithium is o low-Z plesma impunity

Special Festures:
o Insansitve 1o Aiaima ahifts
o Can survive duruptions moving into the diverior, fast post-diruption
recovery
o Low playma-particle recycle. therefore, 1hould be compatible with
~ Lower hybiid current diive,
- H-mode plasma confinement,
~ Mo particle flow reverial in the ictape-off
o Pausive, recoverabls, self imiting pla:ma shutdown mechanim

LimHations:
e Safi.y considerations of presiured liquid metals (hmited quant.iy)
o Freaning, vaporization, and hydiogen retainability temperatures

Unanowne

Ability 10 remove helium ash and other impunities
Trntium sepat stion technologwy and conls

Fianbility of diopler collection

Pre besm je! 1tait up 1nd tiannent effect) (e g . 1pillige)



This report examines details of the LDB collector as applied to ITER.
First, the general configuration is presented, followed by descriptions of
the individual droplet dynamics and the global size and hydrodynamic
properties of the lithium. Characteristics of the LDB are then summarized
and intenm conclusions are given. It is noted that Reid, Wells, gt al..®
of DORNL first proposed 1:2ing a lithium rain scheme with bundle divertors
for the TNS device, and subsequently, this scheme was proposed’® as
a thermnal energy dump for a field-reversed mirror reactor. A similar jet
system has been suggested as a liquid metal imiter and has been ‘ested
on a tokamak experiment '3

LITHIUM-DROPLET-BEAM (LDB) CONCEPT DEVELOPMENT

SYSTEM CONFIGURATION

The proposed LDB configuration, as applied to ITER, is illustrated in
Tigures 1-3. Several different views are required to described adequately
the inherently three-dimensional nature of the combined LDB and tokamak
systems. The lithium beam u sketched onto drawings of ITER taken from
Ref. 1.

The lthium dioplets are formed by forced turbulent-jet flow of liquid
lithium through a aozzie array. The lithium leaving each ncrzle breaks
up into droplets, snd the resulting LDB enters the magnetic field, passes
through the tokamak divertor accumulating diverted plasma particles and
kinetic energy, and then leaves the cokamak and is collected in a tank.
The droplet formation and collection are done external to the tokamak
m 2 region of low magnetic field so that MHD-induced pressure drops
associated with circulating o conducting fluid is neghgible The collected
bquid lniunre is circulated through o heat exchanger and a lithium-hydride
separator (e.g., molten-salt extractor) before being returned to the injector
mozzie. While only one beam is sketched in Figures 1-3, the following
calculations assume 8 single-null divertor with two parallel LDBs passing
through the diverted magnetic field lines A double-null configuration
would require an LDB to pass through each divertor. Finally, it is noted
that other magnetic and beam configurations are possible, (e.g., vertical
LDBa with a single-null outboard divertor, etc )

DROPLET DYNAMICS

Before discusaing the LDB, per se. the properea of an individua
lithium droplet ars estimsted Since the shape of the beam cross section
plays a mwnor role in the LDB concept, the plasma-LDB interaction region
@ modelled 20 o rectangular parallelepiped, as 1s thown in Figure 4 The
mdes of the interaction region have a length L, in the direction of the
beam welocity and a height H auch that the cross sectional area A, = HL,
definea the beam/plasma interaction area The LDB width, W, 15 nesded
to define the mteraction volume The length of a field line in the beam
plasma mteraction region 1 given by W/cosf, where @ 15 approximately

g'ven by the angle between a ficld-hne and the vector A, Assuming that
the droplet: are equally sized and evenly spaced throughout the volume,
the interaction rone 1s divided into differential volumes of length, | height,
h, and wndth, v, aach containing one aphencal droptet of diameter d
This volume, which is illustrated in Figure 4, 1s used to describe MHD,
gravitational, snd thermal effects for a given droplet

Droplet Formation: Lithwm droplets sre formed in ¢ region of low
magnetic field by turbulent- et flow through a long nozzle which breaks up
the lithwm mto dropleta Tau-Fang Chen and J R Davis'* describe jet
break up tnto & atring of evenly spaced droplets with a nze about equal
to the nozzle bore K E Phinney' provides a formula for estimating
the average break-up length, b, in terms of, the norzle diameter, d, the
Ohnesotge number, 7, and the Weber number, We b~ dA(1437 W
‘Vhe stability pararmeter, A, s measured expenmentally’ as a function of
the Reynolds nunber, Re Values of the othar constants are histed in Table
Il For d = 0.00%m and t = 160 /s, then Re = 10% and A = 10, which
g'ves @ break-up length of b = 2.1m

WMHD Drag, Defiection, and Deformat.on: When an electrically
conducting object crouses a magnetic held electric currents sre induced.
which steract with the background field producing o range of forces on
the obpect A net drag lorce 8 produced which tends to decelerate the
object Also, curvature terms in the background field cause the object to
dellect eideways Finally. local variation in the forces sround the surface
of the object tend to deform the object These eflects are described by
Welker and Wells'® and are calculated below

Fig. 1. Schematic of the L 3 heat and particle collector drawn onto a
view of the magnetic syster assembly for ITER '
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Fig. 2. Lithwum-droplet beam projected up intc the equatonal plane cross
sectional view of ITER ' Note that the bcam 1s actuahy located befow the
equatonal plane
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Fig. 3. Lithurmi dioplet beam projected onta a polmdal crosy 1o tian of
1 ER ' Note thet the beans actually liey abave the plane ol the vage
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Fig. 4. Model of the LDB-plasma interaction zone and a differential
volume elamant contaming a ungle droplat

TABLE b Liqurd Lithium Properties
retfivity, n = 3.5 x 10" Tohm - m aurface trasionr, 0 = 0.365.8/m
heat capscity, ¢, v 4180J/kq K visconty, pr. 4 x L07'FPa - »
thermal conductivity, k m 48W'/mk dennty, » -. 500 kg/m?
thermal dffusivity,. @ = 2.2 x107'm?/y malting yoint, T, = 186°C

Walker and Wells® estrmate the reduciion i speed. A v, and the drag
force, Fp, experanced at a conducting sphere crosses 8 magnetic fald
T he followmg exprersions result

~(xdD)?

il L LT 1
¢ 160p1 L, (

Fp = m%} - p%d"Al'LL' . (2)
The pesk magnetic feld 13 aramed to be B = 37 and a droptel »
assumed to experence a hinear magratic field grad-ant with a scale langth
of L, = 2m Equation 2 gives & speed reduction of Ac m C011m /s, and
Frym 2RxT0° YN which 18 much lets than the surfece teniion, F, = rda
w 57 x10°°N Therefore, the MHD drag force has o neghgible effect
on droplet speed for 1mall droplets. and the droplet will not diuntegrate
because of MHD drag forces experenced long the trajectory

The sdewnrd) deflection of a droplet in the drection of the magnetic
Sald caused by the nagnetic fald curvature 1 given as follows '*

a'I!'T(R/L,Y
Ayw —4———1 (3
Hpr By

For ITER parameters. Ay & 10" 'm and 1s neghgible In additica to the
MHD defection force, droplets will charge up via the high speed electron)
formung on electroatalic shaath Tha resulting petiet gyfo-orbit deflectron
10 aleo neghgible

The magnitude of deformation of the drophet caused by J x H forces
n estimaied'’ by tehing the ratwo ol the MHD presiure drop across the
droplet surface Op to the wurface tingion p,. that tends to mantein a
spherical droplet The ra*o u gven by

P. 8401,

whihi ~30for ITER parameters This rasult auggests strong deformation
of \he droplel would occur, potsibly Lreaking up the drople.s into smaller
d-oplets with Ap/p, ~ 1 and the onginal diameter 4 reduced by Y30 t0

-~ 1.6mm Another porsibility 1 thai the J x 5 force would .nouce strong
internal flow pattern. within the droplet Further examination 11 required
to underatand the consequences of the high deformation regime

Gravitstional Detiection: For the configuration envisazed (Figure 1),
the hthium droplety move primarily horizontally with spead v The vertical
defleciion caused by grawity 1s given by 7 = 0.5gt7 + v, t + 20 , where
1 gives the vertical position of the dreplet, 1o specifies the nozzle vertical
pasition, and v, is the initial vertical speed Assuming that v, 18 postive
(upward) and that the droplet is collected at a time t. thit w greate: than
Use /9. then the highest the Jroplet reaches, 1,,,n occursat i, n = v, /¢
The low paunt, 1),, 18 sxsumed to occur at the collector where t;,, =
La/¢ The change in height s given by

H H i .
v (32 ()] (32 o

A syrnmetric trajectory with za,,» occurning ot thy flight mid-poin)
st v, /g = Lg/2v minimizas Ax = g/BiLg/v)? H the distance the
beam travels s estimated as double the sum of (a) the major diamater,
(b) the field gradient entrance distance, and (c) the braak-up langth,
Lp = 2 (2R + L, + b), then Ly x IUm, v, = 0.92mn/« and
Az = 0.042m. note that for 1peeds below » = 160 m/s, Az could grow
large for devicer as large as ITER Since both the MHD and gravitational
deflection are small, they have been neglectad at this level of dengn It s

. concenable that soma design configurations could capitalize on deflecion

forcae by (1) conforming the beam 1o the plasma surface, 'hireby
reducing the required beam croas-sectional area or (2) bending the baam
to avoid intersecting structure within the reactor

Droplet Tempersture: The thermal evolution of the drnplet and ity
abilty to remove heat rre crucial to the LDB concept  The average
temperaturs rise n the droplet. AT (v, ahter a time, t, = [ /v, spent
under the maximum haast flux, ¢’', 11 calculated from enthalpy halance to
be ATar = (3L,/2c,pd) (¢''/v). can be conirolled by chooning thy
flurd velocity The heat Rux impinging on the lithium i estimated lrom
¢ m 0281 - fmap)/2Np A, The calculation user a major radis of
the ITER Technology Phase! plasma of Ry = 55m The fusion power 1
anumed tc be Pr = 670AM 4 The radiation fract:on 11 taken as fr.; .
= 03 the number of hearms 15 Ag = 2, and the area of the source 1
A, = L,H>%50m"for L, > Ry and H= 0.9m These parameter give
q" c 47 x \O‘M'/m’

Approximating the droplet as & sohd sphers positioned in o directed
uniform heat Aux, the spatial and temporal temperaiure distrioution withm
the droplet 18 given in Figure 5'' Thi conservative model overest:mates
peak tempeiatures by ignoring radiativy loxses, droplet epinning and
internal convection Since r @ 4arl,/d’ = 4ol /d'r = 012, f(1,0.7) =
0 4, and the maxsmum droplet temperature i1s given by

Tasax -wq"+d'14\-+ I'in o (K1
2k
If the wmniet tempernture 11 chosan to be the lithium meling tempeiiture
plur 8 29°C safety margin then Tasan = 968 + 282 + 25 + .86 =
336°C which corresponds to a Iithwm vapor pressure of 4 x 10 ¢ torr
The evaporation rate assoriated with this temnerature 11 to be less than
the sputtering 1ate

Hydrogen Removel: G M McCracken and § K Erents'’ seport
expenmental resully for the tiapping of deuterium in hithium  Trapping
efliciencres in the range of 50-96% sie achievable for clean ithim surfices
over a large temperatute range The meajurement) were made for doses
uwp to 22 x 0" nma/m' and thow no ngn of a siturited hithwm-hydnde
sudice  The incident h,drogen-ton flux for 1TER 4 estunited from
I, = (nV i) /(2Npl 1) whete the particle confinement tinwe 1, 1
auuined equal to 41y = Ha For a pliama volume 1) of 700" and
=7 % 10" then r,-131?x 10 mimi/1m?s For o velooty of v -
16019 /a2 the tut 1l dose per dioplet 18 11 x 10" ! which ren be einly
accommodited by the L DB

Finm the 1ispping cutver. only about 7%% of 1he beim should be
trapped on wibiel contact  An attiachive feature astociated with the
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Fig. 8. Temperature prohle in 3 sphere located in @ directed uniform
heat flux'" (aiong the diameter aligned with the direction parallel to the
external heat flux). Dimensionless radius and time variables are used.

LDB is the extended Wthium surface available for “gettering” hydrogen
and inpunties. The total surface ares of only lithium in the interaction
zone of iha dropl.is is 69m?, whereas if all the Iithium in the interaction
2one were combined into 2 single sphere it would have a surface ares of
0.72in%. Reflected particles will primarily be located either in the middle
of the bsam, or in the edge-plasma flow ragion and, therefors, have a high
probability of being trapped. Little experimental work exists on lithium as a
pumping matenal, however, and important unanswered questions remain,
some of which are listed below:

1. What is the feasibility for separating lithwum-hydride st the required
rate and tc the required concentrations’

2. Hydrogen re-emustion rates for T > 650°C are not known and this
restriction could kimit temperatures to values lower than the vapor
pressure limitation.

3 How well doas lithium pump neutral hydrogen isotopes?

4 What i the ability of the droplets to retain helium? If the droplets
retain hesium sufficiently long to remove it from the reactor chamber,
the need (or additional He vacuum pumpa would be alleviated

Erosion FiaWws: The average physical sputtering rate 1s given by
Se I'py Ay, whare 5 = 0.04 lithium atoms aputtered per several-hundred-
eV incident deuterium atoms The average ithium vaporuzation flux rate
s given by Dushman t* I'g, = 5.36 x 10'%exp(15.44(7' /348 = 1)] . which
has a vaive ¢f 3.1 %10t /m?s at 336°C. For an assumed hot (336°C)
area of 0.2 A,, then the ratio of the vaporization rate to the sputtering
ratess I'pvA,/(T'gy0.24,) = 0.26 Therefrre, evaporation should be less
serious than sputtering

The gross physical sputtering rate is 6 x 10'*L1/» per beam, which
corresponds to an effective yearly gross erosion rate of 4. 5mm/yr and »
frectional erosion per droplet of about 10-% The net erosion rate should
o¢ well below the gross value because of redeposition
BEAM 8IZE AND HYDRODYNAMICS

Temperature Limiations: With a safety margin of 25°C. the
minim.m syatem temperature set by the melting point (1,,,= 186 *()
i 211°C The aximum temperature is determined either by the vapor
pretsure permitted wn the plasma chamber or by hydrogen retaimabibty
requuements previously discussed For o peak Iithium vapor pressure of 4
x 10 ®torr, the maximum Ithium temperature  336°C This 1s a rather
tow temperatura for acheving good therinal conversion efhiciency If higher
teinperatures are deaved. then a configuration 1a needed that permits o
differantial vacuum pumping s~heme to decouple the plasma and LDB
beam vapor pressure For mstance, a droplet outle' tempeiature of 500°(

results in & vapor pressure of 8 x 103 torr, which is an unacceptably
hgh neutral-gas pressure, if adjacent to the core plasma.

Dropiet Spacing and Beam Dimaenasions: The probability of a plasma
particle striking the first column of droplets is given by the area ratio
a = xd’/4hlcos (Fig. 5). Since this ratio is the probability for a
plasma particlke to hit lithium in moving a distanze w/cosd. the beam
attenuation can be approximated as a continuous function characterized by
8 macroscopic absorption cross section £ = a/f = xd?/4htw. Thelithium
volume fraction, ¢, is *d>/6hfw, so L= 3:/2d. From photographs'® of
droplet formation, the spacing in the direction of droplet motion iz chosen
to be £ = 1.5d The spacing in the other two directions is de‘ermined
by nozzle array, which is assumed to be w = h = 2d. It follows that
€ =0.087 and £ = 26.2m~t. Since five mean free paths is sufficient to
collect 99.3% of the incident energy, the length of the collection region
must be X = 5/ = 0.19 m. This value can be controlied througis the
droplet 1ize lnd. spacing  The angle between a field line and the area

surface vector, A, is conservatively estimated using Figure 6 to be greater
than or squal to un"H = 42.3° 30 a beam width of W = X cosf =
0.14m resuits.

The bsam height, H, is set by the requirement that the hem flux
associated primarily with the toroidal direction is intercepted by the LDB.
Hence, a field-line that just misses the top of a t e LDB must intersect
the bottom of the next beam; t'ie following expression for H results:
H ~27RrBy/(2NpB,). For two beams and By /B, = 0.1 in the diverter
region, it follows that H = 0.86m.

Lkhium Mass Flow Rate and Circulation Power: The mass flow
rate is given by h = p v ANg, where the fow area is given by, A =
DHW - (xd? /4hw), and the average fluid speed, ©, is given by

1 L
= 1’/ ll(l’)dt .
0

For a uniform velocity, © = v. For a double-exponential velocity
profile in the interaction region (v = v,le”Lf 4 ¢~ HX-5)]) which
miminizes the mass flow rate subject to temperature limitations, @ =
2v,/ZX. The mass flow rate, then, is th = 23.6¢ = 3, /82kg/s for a
unilorin velocity distribution (with a factor of 0.4 reduction possible for a
double-exponential velocity profile). The average force of the beam in the
direction of flow is 2.5 M Pa (with a factor of 0 13 reduction possible)
The kinetic power driving the heat is g«’m. which equals 48 6 M4 for
s uniform velocity distribution and 6.5 A 14’ for the double-exponential
profile  Clearly, this latter situation is required ‘o keep the circulation
power to 3% of the ITER thermal power.

(1)

TOKAMAK PLASNA
TOROIDAL BOUNDARY
PROJECTED ONTO THE

ORIZONTAL PLANE OF THE BEA

Ry, = 3Tm

PLASMA/BEAM

INTERACTION
REGION
X
FIELD IE
LINE =
VECTOR

Fig. 6. Geometry used lor estimating the angle between the incident
plasmia heat and particie Hun and the normal to the surface of the L DB



The pmr required to circulate coolant against frictional losses is
given by Py = i’oAv‘ where v, is the circulation velocity The Darcy-
Weisbach formula® (gives the pressure drop: Ap, = f'Ypr2/(2D,).
Here, the Darcy-Weisbach friction factor is f'. the equivalent diameter
w D, = (44/7)'/* and Y is the piping length. For v, = 10m/s A is
0.047m? and D, is 0.245m. The Reynolds number, then, is Re = 3 x 10°,
and from the Moody chart?®, f' = 0.0096 for a smooth pipe. Hence, for
Y = 30m, P = 14kW which corresponds to 0 006% of the ITER thermal
powes carried by the lithium.

SUMMARY AND CONCLUSIONS

Table 11l summarizes the LDB divertor collector parameters as applied
to ITER for both constant and double-exponential velocity profiles. The
exponential velocity profile is desirable, since it lowers the mass flow rate;
the constant-velocity case projects acceptable design values, except for the
high circalation powes.

TABLE NL. Sample LDB Parameters for ITER Conditions

Volurm fraction of lithium in collection zone, ¢ 0.087

Beam width, W (m) 014

Beam height, H(m) 0.86

Besrn length, Ly (m) 30

Length of collection zone, L,(m) 55

Droplet diameter, d(m) 0.00%

Velocity profile, v o) (vo[e T 4 e~ T(X 1))
Maximum droplet velocity, v,(m/s) 160 (160)
Average droplet velociky, #(m/s) 160 (64)

Jot break-up length, &(m) 2

MHD droglet velocity reduction, Av(m/s) 0.011
MHD sidewards deflection, Ay(m) 10~
Gravitational deflection, Az(m) 0.043
MHD deformation pressure drop, Ap(N/m’) 876
Lithium surface tension, p,(N/m?) 292
Lithium inlet temperature, T n(°C) 211
Peak kithium cutiet temperature, Tas4x(°C) 336

Average temperature increase per droplet AT, (°C) 28.2

Peak lithium vapor pressurs, (torr) 4 x10-°
Groas physical sputtering rate, Spp(mm/yr) 45
Groes evaporation rate, é,.(mm/yr) 1.2
Extended lithium surfacs aves, A,(m?) 69
Mass flow rate, (kg/s) 3,800 (1.520)
Lithium recirculation power, P(M ') 49 (6 5)
Frictional power loss, Py(MW') 0.014
ITER Parameters:
Major toroidal radiu: Ry'm) 58
Fusion power, Pr(MW) 670
Radis\con fraction, frap 013
Particie throughput, $,(particle/s) 6.1x10%

A LDB system configuration has been described that requires only a
small fractional volume of the ITER device and for the present ITER base
case would wppaa: to fit through the magnets. Estimation of the LDB size
Sive reasonable parameters, but 2 end 3-D equilibrium calculations and
field line tracinga are necestary to vary the equilibrium and to ensure that
both the mbosrd and outboard diverted feld lines are intercepted by the
beam. A range of alternative configurations can be envisioned. Vertical
beami would eliminate grovitations! deflection concerni and shorten the
beam length such that slower droplet speed could be permitted. Additional
beams (more than 2) should reduce the beam height, H. and the power
collected pe: droplet, which would also reduce beam speed requirements
Based on indidual droplet considerations, no m.;or faults have been
‘dentified with the LDB concept. Droplets can be formed, can traverse
the required distances and collect heat and particles  The liquid-droplet
concept eliminates thermal and pressure stress sasociated with a solid plate
and eliminates maintenance concerns inside the ~eacter chamber. Also, the
moving droplets rmduce, if not eliminate, any problems associated with
hot spots from uneven heat fiuxes Fo ITER, howeve, the LDB concept
operates near a limit in total energy removed per displet A 160 m/«
deoplet speed s large  Perhaps the vertical beam conl guration suggested
sbove, which would have s shortar vartieal path langth snd more beam:,
could handie a larger or higher total power design More work is required
to understand the droplet deformation effects caused by the J x H force

The lithium maes flow rate is large, but manageable, and could be
tmduced by some of the above-mentioned system configurational changes

1113 noted that the present work only provides an appraximate LDB design
A more precise design would require improved descriptions of the LDB
configurations, the magnetic geometry, and the edge-plasma conditions.
In conclusion, the lithium jet energy-particle collection scheme has
many distinct advantages over a solid collector plate, with no obvious
major problems  These features are summarized in Table |. More
experirnental data are needed on druplet formation, coliection, and particle
pumping. A lithium beam could be built today for testing purposes.
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