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A HIGH-SPEEED BEAM OF LITHIUM DROPLETS FOR COLLECTING OIVERTED 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 above)
the main plasma has the potentisl to replace and out-perform “conven-
tional” solid divarto. plates in Loth heat and particke removal. In addition
o swperior heat-collection propertias, the lithium besm would: (1) re
move impurities; (2) require low power to circulate the lithium; (3) exhibit
kow-recycls divertor operation compatible with lowsr-hybrid current drive,
H-mode plasma confinement, and no flow reversal in the edge plasma; (4)
be mpenutive 1o plasma shifts; and finally (5) protect solid structures from
the plasma thermal energy for those disruptions that deposit energy prefer-
entialy io the divertor whila simultanecusly being rapidly re-established
sfter 5 major diruption. Scoping calculations identifying the beam con-
fguration and the droplet dynamics, including formation, MHD effects,
gravitations. affects, thermal response and hydrodynamics, sre presented
Lsimiations and uncartainties sre also ducunrsed.

INTRODUCTION.

A orticel wsue for the International Thermonucles Experimantal
Reactar (ITER) ts the successful removal of tie high hest and particle
flunes keaving the core plasma. The base-case design’ proposes the use of a
double-null poloidal-field divertor that oparates in a low wall-density regime
n order 1o be consistent with the H-mode confinemant and lower-hybrid
current drive. Large heat fluxes, erosion rates. and mresses require the use
of 1pecial techniques and geometres, mich a8t ed or rotating collector
plates and magnetically sweaping the diverted plasna scross the divarior
collector plate. Even with these technique, the plate heat flux (15
25MW/m?)! and the gross sputtering rate (~ 2m/yr) are high ' Adding
to these requirements the need to sccommodate disruptions and edge-
localsed modes (ELMs) brings into question the feesibiity and reliability
of operating clean (Z,;; < 2.0). steady-state cthermonuclear plasmas using
“consntional’ divertor plates.

Historically, suggestions to slheviste heat Aux and particle removal
problems include (1) eliminating divertor plaie erosion and stresses by
proiectmg it with & renewable hquid film; and (2) usng hydride-forming
surfaces (titanium for example) to remove hydrogen particles  Both of
these spproaches have drawbachs The residence time for renewable films
= necessarily short 1o hrmit temperature end smociated vapor premure lo
acceptable levels Aiso, surfaces become saturated with hydrogen and
munt be replaced and regeneraied st elevated temperature (8:30-1000°C)
fxv seversl hours

A suggeston whith cvtentibly combines the best features of thase
two approaches while elirminating the drewbachs is that of a gravity-driven
Wthum flow down » screen’ or fgt plate®  Lithium acts ar & geotter
material, forming inhium-hydnde and hopefully would flow suthcrently
fast for adequate heat removal without serious evaporstion However, the
electne current, nduced by moving a conducting fluid scross & magnetic

teld, produces a J x B force tnct resints the Aud motion  Welli!
concludes that gravity-drrven flow dewn 8 screen or wall cannot move
sufhiclntly fast to remove the heat in the presence of the MHD forces
expecied in a \ohamah fusion resclor

The thove mentioned MHD effects are greatly reduced’ by dividing
the kthium inte small droplets to ehiminale the return path for elacinie
currents  The hithium droplets would be ‘ormed by the braskup of
lithwm jet stier leaving o nortle  The "beam” of acvelerated droplets
(or “dreven 1am”) that 1s formed by an srray of such nortles could form
the basis of & lithium-droplet divertor collector plate Tho resvtting hithium,

) |—\Eah luppov;;;“b-y US DOE, Othce of Fumon Ernergy

droplet collector, as described in Table |, has good engineering features
with many ugnificant advantages over conventional divertor-plate designs
For axample, a Ithium-droplet beam (LDB) can accommodate higher
particte- and enargy-flux pesking than a solid wall while simultaneously
eliminating hot spots and stresses. A simplicity in design results, which
permits ease of maintenance and excellent reliability, particularly when
disruption effects are considered. in addition, MHD-induced liquid-metal
pumping lossas are avoided snd vacuum pumping power consumption is
lowsred. [urthermore, the LDB concept can be applied to widely varying
systems by adjusting the droplet size, spacing, and velocity across the
beam dimansions.

The LDB also schame axhibits impartant, ITER(tokamak }spacific
advantages, including relative insensitivity to plasma shiftc ano an ability
to recover and to protect solid structures from diverted energy asociated
with disruptions and ELMs. The LOB is also inherently » bow-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 teversal w \he edge plasma.

Limitations are also noted in Table |. First, safety problams are
sssocisted with working with liquid metals and the need for isolatior from
water Secondly, hmitations on the lithium temperature exist, detsils of
which are described in Iater sactions. The LDB schema also has some
unknowns astociated with its ability to pumnp helium and neutral hydrogen
wotopes, a8 well a1 the feasibility and cost of Li-H \D,T) separation

TABLE |. Features of » Lit iium-Droplet Divertor Collector

Enginsering Festures:

o Coupled particle snd energy collection (e g . hydride formation)

o Small overall size with "extended” hithium surface

- can handle lorge partiche Auxes of deuterium,

= can handle high surface energy fluxes,

- can tailor spatial dwtnibution of hthium-droplet velocity
No thermal or pressure stress problems of a “conventonal” divertor
Elimination of hot spots
Ease of maintenance
Negligible Iithwm-circulation MHD pressure drop)

Significant reduction in requited vacuum pump powst
Higher-Z impurity removal
Lithium is & low-2 plasma impunity

Special Festures:
e (nsansitve 10 Aiasms shedts
o Con survive distuptions moving into the divertor, fant post-dusruption
recovery
o Low plasma-particle recycle, therefore, should be compatible with
- Lower hybrid current drive,
- H-mode plasma confinement,
~ Mo particle flow reversal mn the scrape-off
o Passiva, recuverable, sell-imiting pla:ms shutdown mechsnum

LimHations:
e Safeiy considerations of pressured liqud metals (mited quantty)
o Freening, veporizstion, snd hydrogen retainability temperstures

Unanowne

Ability 1o remove helium ash and other impunities
Tntium separition lechnologes and costs

Fiasibility of droplet coliection

Pre beam jet start up and transient effecty (e g . spillage)



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 globa! 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:zing 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 » liquid metal limiter and has been tested
on a tokamak experiment 13

LITHIUM-DROPLET-BEAM (LDB) CONCEPT DEVELOPMENT

SYSTEM CONFIGURATION

The proposed LDB configuration, as applied to ITER, is iliustrated 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 nozzie 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 3 region of low magnetic field so that MHD-induced pressure drops
associated with circulating a conducting fluid is negligible The collected
Bquid lmiune is circulated through » heat exchanger and a lithium-hydride
separator (e.g., molten-sait 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 sach divertor. Finally, it is noted
that other magnetic and beam configurations are possible, (e.g., vertical
LDBs with & single-null outboard divertor, etc )

DROPLET DYNAMICS

Before discussing the LDB, per se. the properuies of an individual
lthium droplet arc estimated Since the shape of the beam cross section
plays » mwnor role in the LDB concept, the plasma-LDB interaction region
@ modelled as a rectangular parslielepiped, as 1s shown in Figure 4 The
mdes of the interaction region have a length L, in the direction of the
beam velocity and & height H such that the cross sectional sres A, = HL,
defines the beam/plasma interaction area The LDB width. W, is nesded
to define the mteraction volume The length of a field line in the beam
plasma mteraction region u given by W/cosf, where @ s approximately

g'ven by the angle between a ficld-line and the vecto A, Assuming that
the droplets sre equally sized and evenly spaced throughout the volume,
the interaction rone 1s divided into differential volumes of length, | height,
h, and wndth, w, each containing one spherical droplet of diameter d
This volume, which is illustrated in Figure 4, s used to describe MHD,
gravitational, and thermal effects for a given droplet

Droplet Formation: Lithium droplets sre formed 1n ¢ region of low
magnetic field by turbulent- et flow through s long nozzle which breaks up
the hithwm mto droplets Tsu-Fang Chen and J R Davis'* describe jet
break up into & string of avenly spaced droplets with a size about equa!
to the nazzie bore K E Phinney!’ provides s formula for estimating
the average bresk-up length, b in terms of, the nozzle diameter, d, the
Ohnesorge number, 2, and the Weber number, We b ~ dA(1437 WH -
‘Uhe stability patarmeter, A, 1s measured experimentally’ as a function of
the Reynolds nunber, Re Values of the other constants sre listed in Table
It For de 000Mn and v = 160m/a, then Re = 10" and A = 1 0. which
g'ves o break-up length of b = 2.1m

WMHD Drag, Defiection, and Deformation: When an slectrically
conducting object crocses & magnetic held electric currents ste induced.
which mteract with the background held producing » renge of forces on
the obpect A net drag force 8 produced which tends to decelerate the
object Also. curvature terms in the background field cause the object to
deflect nideways Finally, locsl variation in the forces stound the surface
of the object tend to deform the object  These effects are described by
Walker 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 !

B

Fig. 2. Lithium-droplet beam projected up intc the equatonal plane cross
sectional view of ITER ! Note that the bcam is actuaily located below the
equatonal plane
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Fig. 3. Lithium droplel beam projected onto a poloidal cross section of
IHER ' Note that the beam actually lies sbove the plane of the vage
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Fig. 4. Model of the LDB-plasma interaction 10ne and a differential
volume elamaent contaming a ungle droplet

TABLE b Liquid Lithium Properties

retmiivity, n = 33 x 107 Tohm - m
haat capacity, ¢, « 4190J/kg K viscosity, pr. 4 x 10" Pa - 2
thermal conductivity, k m 464 /mK denmty, p -. 500 kg/m?
thermal dffusivity, @ = 2.2 x107*m? /s malting point, T, = 186°C

surface trasion, 0 = 0.365M/m

Walker and Wells® estrmate the reduction m speed. Av, and the drag
force, Fp, axperanced av 8 conducting sphare crosses & magnetic held
T he followmg exprersions result

-(xdR)?
U — (h
160pm L,
. Av " v
I'DrmA‘-pEd"AlL—' . (2)

The peak magnetic field 18 sssurmed to be B = 37 and » droplet s
assumed Lo expenence s linaar magretic field gradsant with s acale length
of L, = 2m Equation 2 gives o speed reduction of Av = 0 011m/a, wnd
Frrw 2Rx20°'N . which 1 much lets than the surfece tention, F, = rdo
= 57 x10°*N  Thereforc, the MHD dreg force has o negligible effect
on droplel speed for amali droplets. end the droplet will not diuntegrate
because of MHD drag farces experenced ilong the trajeciory

The sdewsrds deflection of o droplet 1n the drection of the magnetic
Seld caused by the magnetic feld curvature it given o follows !*

a a’l.'lT(ﬂ/l.!\’ -
ve Hpv By '

For ITER parameters. Ay & 10" '2m and 1o neghgible In additic to the
MHD deflection force, droplets will charge up via the high speed electrons
forrmeng an elecirostatic sheath The resulting peliet gyfo-orbit defleciion
19 aleo neghgibie

The magnilude of deformation of the drophet cousad by J x H forces
n estimated'® by Lohing the ratwo of the MHD presiyre drop ecross the
droplet surface Ap to the surface tanpion p,. that 1ends to maintein a
sphenical droplet The 10%0 u gven by

A d* 1
op vy (41
P. b4yl ,

Ib' ATA\- =

which s ~30 for ITER parameters This rasult suggests strong deformation
of vhe droplet would occur, potsibly Lresking up the droples into smaller
d oplets with Ap/p, ~ 1 and the onginal diameter 4 reduced by v/3U to

-~ 1.6mm Another pousibility 15 thal the _j X E force would .Aouce strong
internal flow pattern. within the droplet Further examination s required
to underatand the consequencas of the high deformation regime

Gravitstional Detiection: For the configuration envisazed (Figure 1),
the ithium droplets move primarily horizontally with speed v The vertical
deflection caused by gravity is given by z = 0.5¢t7 + v,,t + 25 , whaere
1 gives the verticai position of the dreplel, o specifies the nozzle vertical
position, and v, is the imitial vertical speed Assuming that v, 15 posilive
(vpward) and that the droplet is collected at » time 1 Lhat w greate: than
Vs, /9. then the highest the Jroplet reaches, 7,,,, occursal iy n = vy, /g
The low punt, 2,,, is assumed to occur at the collector whare t;,, =
La/v The change in haight s given by

Ex) (5
[

RO

A syramatric trajectory with z,,,4 occurnng at thy flight mid-point
at v, /g = Lg/2v minimizas Ax = g/BiLg/uv) M the distance the
beam travels s estimated as double the sum of (8) the major dismeler,
(b) the feld gradient entrance distance, and (c) the bresk-up kangth,
lp = 2 (2R + L, + b), than Ly = 3JUm,v,, = 0.92rm/s and
Az = 0.042m, note that for speeds below v = 160 m/s, A1 could grow
large for devices s Jarge a3 ITER Since both the MHD and gravitational
deflectson are small, thay have been neglected at this level of dengn It s

. concaivable that some design configurations could capitalize on deflection

forcar by (1) conforming the beam 1o the plasma surface, thereby
reducing the required beam cross-sectional srea or (2) bending the beam

to avord intersecting Ftruclure within the reactor

Droplet Tempersture: The thermal evolution of the droplet and its
ability to remove hasl tre crucial 1o the LDB concept The average
temperaturs rise n the droplet. AT 4. atter a time, \, = L, /v, spent
under the maximum heat flux, ¢, i calculated from enthalpy halance to
(3L,/2¢c,pd) (¢"/v). can be controlled by choosing the
flud velocity The heat Aux impinging on the hithium un estimated lrom
¢" = 02Pp1) - frap)/2NpA, The calculation user ¥ major radis of
the ITER Technology Phase' plasma of Ry = 5 5m The fusion power 1
assumaed tc be P w 670M " The radiation fract:on 1 taken a8 fr4q.
= 0 the number of hearms s Ag = 2, and the sres of the source 1l
A, m L,H~%50mfor L, > Ry snd H> 0.9m These parametars give
q' = 47 x lO‘H'/nI’

Approximaling the droplet as 8 sohd sphare posttioned in o directed
uniform heat Aux, the 1patial and temporal temperature distrioution within
the droplet un given in Figure 57 Thua conservative model overest'mates
pask temperatures by ignoring radiative lomses, droplet spinning and
wnternal convection Since r @ 4at,/d’ = 4al,/dv =012, f(1.0,r) =
04, and the masimum droplet lemperature is given by

TNA‘ -wq"+d'14\-+ II/N . (M
2k
If the wniet tempernture s chosen to be the Ithium melting termperature
plus 0 29°C safety margin then Tasan = 968 + 282 + 25 + 186 =
336°C which corresponds to a lithium vapor pressure of 4 x 10 * torr
The evaporstion rate associated with this temnerature s to be less than
the spulttering rate

Hydrogen Removel: G M McCrachen and S5 K Erents'® report
axperimental results for the trapping of deuterium n lithium  Trapping
efficiencies in the range of 50-96% ere achrevable for clean hithium sutfaces
over a large temperature range The mesrurements were made for dosan
up 10 22 » 1077 ona /i’ and thow no ngn of a satursted hthium-hydnde
The incident h,drogen-ton flun for (TER <4 estunated from
I, = (nVir, /12Nl ). where the particle confinement tinwe 1, 1
suumad equal to 41y = Ka For a plasms volume V), of 700" and n
= 7% 10" then T, = 32 % 107%0ne/m?s For s veloaty of v -
16071 /2 the tutal dose per droplet i 11 x 10" ! which can be eauily
sccommodated by the LDB

Ernm the apping tutves, only aboul 7%% of the beam should be
Itapped on nitiel contact

surfsce

An sitractive feature associated with the
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Fig. 8. Temperature profile in a sphere located in @ directed uniform
heat fux'" (a.ong the diameter aligned with the direction parallel to the
external heat flux). Dimensionless radius and time variables are used.

LDB is the extended hthium surface available for “gettering” hydrogen
and inpunties. The total surface area of only lithium in the interaction
zone of ihe droph.ts is 69m?, whereas if all the Ithium in the interaction
zone were combined into a single sphere it would have o surface ares of
0.72in%. Reflected particles will primarily be located either in the middle
of the beam, or in the edge-plasmas flow ragion and, therefore, have a high
probability of being trapped. Little experimental work exists on lithium as »
pumping matensl, however, and important unanswered questions remain,
some of which are listed below:

1. What is the feasibility for separating lithwm-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 bimit temperatures to values lower than the vapor
pressure hmitation.

3 How welil doas lithium pump neutral hydrogen isotopes?

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

Erosion Fiswes: The sverage physical sputtening rete is given by
$= I'pv Ay whare 5 = 0.04 lithium atoms sy uttered per sevaral-hundred.
eV incident deuterium atoms  The average hithium vaporization flux rate
is given by Dushman,'® Iy, = 5.36 x 10'Pexp[15.44(7' /348 - 1)] . which
has 2 vaive of 3.1 % 10" /m%s ot 336°C. For an assumed hot (336°C)
ares of 0.2 A,, then the ratio of the vaporuzation rate to the sputtering
roteis I pvA,/(T'xv0.24,) = 0.26 Therefrre, evaporstion should be less
serious than sputtering

The gross physical sputtaring rate is 6 x 10'*L1/a per beam, which
corresponds to an effective yearly gross erosior rete of 4.5mm/yr and »
froctional erosion per droplet of about 10-° The net erosion rate should
oe well balow the groes value because of redepomition
BEAM B8IZE AND HYDRODYNAMICS

Tempetature Limiations: With s safety margin of 25°C, the
minim.m system temperature set by the melting point (7, .= 186 *()
w 211°C The axinwm temperature is determined aither by the vapor
pretiure permitied wn the plasma chamber or by hydrogen retamnability
requeements previousty discussed For o peak lithium vapor pressure of 4
x 10 *torr, the maximum Ithium temperature w 336°C This is & rather
low Lemperatura for achieving good thernal conversion efhciency It higher
tetperatures are deawed, then » configuration is needed that permits »
differential vacuum pumping smheme to decouple the plasma and LDB
beam vapor pressure  For matance, a droplet outle® tempeisture of 500°C

results in a vapor pressure of B x 1073 torr, which is an unacceptably
high neutral-gas pressure, if adjacent to the core plasma.

Dropiet Spacing and Beam Dimenasions: The probability of a plasma
particle striking the first column of droplets is given by the area ratio
a = xd®[4hlcosh (Fig. 5). Since this ratio is the probability for a
plasma particle to hit lithium in moving a distance w/cosé. the beam
attenuation can be approximated as a continuous function characterized by
a macroscopic absorption cross section L = a/f = xd?/4htw. The lithium
volume fraction, ¢, is xd>/6hfw, so L= 3:/2d. From photographs'® of
droplet formation, the spacing in the direction of droplet motion is 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. I follows that
€ = 0.087 and T = 26.2m™!. 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/L = 0.19 m. This value can be controlled througii the
droplet size ond‘ spacing  The angle between a field line and the area

surface vector. A, is conservatively estimated using Figure 6 to be greater
than or equal to sin™' - = 42.3°, 50 a beam width of W = X cosf =
0.14m results.

The bsam height, H, is set by the reguirement that the hem flux
associated primarily with the toroidal direction is intercepted by the LDB.
Hence, & field-line that just misses the top of a t"¢ LDB must intersect
the bottom of the next beam; the following expression for H results:
H >~ 27R1rBy/(2NpB,). For two beams and By /B, = 0.1 in the diverter
region, it follows that H = 0.86m.

Lithium Mass Flow Rate and Circulation Power: The mass flow
rate is given by T = p U ANpg, where the fow area is given by, A =
DHW - (xd? [4hw), snd the average fluid speed, ©, is given by

1t
0—1/0 v(z)dr . (11)

For a uniform velocity, & = v. For a double-exponential velocity
profile in the interaction region (v = wv,[e L 4 ¢~ EHX-2)]) which
minimizes the mass flow rate subject to temperature limitations, i =
20, /EX. The mass flow rate, then, is m = 23.6¢ = 3,782kg/s for a
uniforin velocity distribution (with a factor of 0.4 reduction possible for »
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 Qv’m. which equals 48 6 A 11’ for
8 uniform velocity distribution and 6.5 A 14’ for the double-exponential
profile  Clearly, this latter situation is required *o keep the circulation
power 10 3% of the ITER thermal power.

TOKAMAK PLASNA
TOROIDAL BOUNDARY
PROJECTED ONTO THE

ORIZONTAL PLANE OF THE BEA

Ry, = 3Tm

PLASMA /BEAM

INTERACTION
REGION
x
FIELD IE
LINE =
VECTOR

Fig. 8. Geometry used for estimating the angle between the incident
plasma hest and particle Hux and the normal to the surface of the L DB



The pmv required to circulate coolant against frictional losses is
given by Py = i’oAvc' where v, is the circulation velocity. The Darcy-
Weisbach formula® (gives the pressure drop: Ap, = f'Yprl/(2D,).
Here, the Darcy-‘Weisbach friction factor is f', the equivalent diameter
D, = (4A/x)*/ 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 desirabie, since it lowers the mass flow rate;
the constant-velocity case projects acceptable design values, except for the
high circalation powes.

TABLE HL. Sample LDB Paramaeters for ITER Conditions

Voiurm 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) 0.005

Velocity profile, v vo; (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) 10-1°
Gravitational deflection, Az(m) 0.043
MHD defarmation pressure drop, Ap(N/m?) 876
Lithium surface tension, p,(N/m?) 292
Lithium inlet temperature, T N(*C) 1
Peak lithium cutlet temperature, Tarax(*C) 336

Average temperature increase per droplet AT, (°C) 28 2

Peak kthium vapor pressure, (torr) 4 x10-°
Groas physical sputtering rate, &,,(mm/yr) 45
Gross evaporation rate, é,.(mm/yr) 12
Extended lithium surfacs srea, A;,(m?) 69
Mass flow rate, m(kg/s) 3,800 (1,520)
Lithium recirculation power, P(MW') 49 (6 5)
Frictional power loss, Py(MW’) 0014
ITER Parameters:
Major toroidal radiu: Ry‘m) 58
Fusion power, Pr(M W) 670
Radis\.on fraction, frip 0.3
Partiche throughput, S,(particle/s) 6.1x10%

A LDB system configurstion has been described that requires only a
small fractional volume of the ITER device and for the present ITER base
case would Lppea: to fit through the magnets. Estimation of the LDB size
give regsonable parameters, but 2 end 3-D equilibrium calculations and
field line tracings are necessary to vary the equilibrium and to ensure that
both the mbosrd and outboard diverted feld lines are intercepted by the
beam. A range of slternative configurations can be envisioned Vertical
beami would eliminste gravitations! deflection concerns and shorten the
beam length such that siower droplet speed could be permitted. Additiona!
beams (more than 2) should reduce the beam height, 4. snd the power
collected pe: droplet, which would also reduce beam speed requiremants
Based on individual droplet considerations, no m.;or faults have been
‘dentified with the LDB concept. Droplets can be formed, can traverse
the required dintances and collect heat and particles  The liquid-droplet
concept eliminates thermal and pressure stress aasociated with a solid plate
and eliminates maintenance concerns inside the ~eacter chamber Also, the
moving droplets reduce, if not eliminate, any problems associsted with
hot spots from uneven heat fluxes. Fo ITER, howeve', the LDB concept
operates near a limit in total energy removed per displet A 160 mi/s
deoplet speed s large  Perhaps the vertical beamn cont gurstion suggested
sbove, which would have & shorter vartical path langth and more beams,
could handie » lerger or higher 1otal power design More work is required
to understand the droplet deformation effects caused by the J x H force

The lithium mass flow rate s large, but manageable, and could be
mduced by some of the above-mentioned system configurational changes

It is 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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