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Abstract ‘ |

Flowing liquid walls have been proposed as the first wall and/or divertor plates for mag-
netic fusion energy devices because they may solve a number of technological problems for
fusion power. plants. A key question for their successful use is the edge-plasma shielding
of wall-vapor impurities from the core plasma. A self-consistent analysis of the combined
hydrogen /impurity edge plasmas for distributed wall impurity sources is performed using
the two-dimension fluid transport- code UEDGE for tokamak parameters. Three regimes
" of edge-plasma response are identified. Comparisons are made between previous results for
lithium (from Li or SnLi walls) and fluorine (from the molten salt Flibe walls), and new
results for Sn (from Sn walls). Owing to its lower vapor pressure, Sn is found to have the
lowest impact on the edge and core plasma. For the Sn wall, the effects of toroidal versus slab
geometries are studied, as well as the influence of spatial variations in evaporation fluxes.

1 Introduction

The edge-plasma region of a fusion device plays the important roles of distributing
the escaping charged-particle energy from the hot core plasma to the surrounding
material surfaces, helping determine the core-edge temperature and- density values,
and shielding the core from wall impurities. Extensive theoretical and experimental
progress has been made in understanding the edge plasma properties for tokamaks
with divertor configurations utilizing solid divertors and walls, e.g., [1]. While there
have been previous work on using liquids, recently there has been renewed interest
in for using flowing. liquid walls and divertors to increase the heat-load capabilities
of surfaces, negate the material erosion problem, and reduce neutron activation of
stationary walls and supporting structures [2, 3, 4]; these references discuss work on
issues such as liquid hydrodynamic stability, Wall coverage, and thickness possible
both low and high electrical-conductivity flowing liquids in fusion devices with strong
magnetic fields. Here we analyze the 1mpact of the evaporating vapor from such a wall
on the edge and core plasmas. '

The use of liquids results in a potentially large impurity source owmg to the strongly
temperature dependent evaporating rate. We present results on the modifications to
the edge-plasma from the resulting distributed wall-impurity source, and determine the-
range of allowable surface temperatures of the liquid based on core impurity limits. We
have previously studied fluorine (F) vapor coming from the low-conductivity molten
salt Li;BeF, and lithium vapor coming from Li or SnLi walls in a simple slab model
approximating a tokamak with a uniformly distributed impurity wall source [5]. This
earlier paper also pointed out the substantial difference in core penetration expected
between low- and high-recycling divertor operation.

The present paper identifies the edge-plasma characteristics for three regimes as
the impurity source is increased, ranging from the trace impurity limit to the edge-




2 : : . Contrib. Plasma Phys. vol (year) num

collapse regimes. We extend the previous work in slab-tokamak geometry to include
tin (Sn), which because of its low vapor pressure, results in comparatively low core
contamination despite its high nuclear charge, Z = 50. Using the Sn case, we demon-
strate the effect of toroidal tokamak geometry and of the more realistic spatial profiles
for the wall evaporation rate. While wefocus on impurities from the side-wall, analysis
has also been done for the impurities from liquid divertors [6]. Owing to the larger
heat and particle fluxes to the divertor plates compared to the side wall, the impurity
vapor can often be ionized within the plasma sheath (electrostatic+magnetic) of the
divertor surface, thereby greatly reduce its migration to the core region.

The plan of the paper is as follows: The geometry and physics models are discussed
in Sec. 2. Three impurity-induced edge-plasma regimes are identified in Sec. 3, while

~ Sec. 4 presents comparisons of Sn walls with previous Flibe (F) and lithium (Li and

SnLi) results. Geometry and nonuniform vapor flux effects are illustrated in Sec. 5,

~and the conclusions are given in Sec. 6.

2 Geo.met‘ry, physics models, and parameters

~ Two related models for the tokamak geometry are used as shown in Fig. 1. The more

-tokamak edge region, and b), slab model.

complete model given on the left is based on the geometry obtained from the magnetic
field, B, via an MHD equilibrium calculation (here, a slight variant of ARIES-RS [7]
to yield a single-null divertor), and to the right is a slab approximation. We use the
slab model to make comparison with results from Ref. [5], and then compare with the
toroidal geometry in Sec. 5. »

. - - Two slab cases are considered with to-

>

4

L pc;- tal poloidal lengths of L, = 14.5 m and
£ 5 off '7.25 m; the former ‘matches previous ITER-
< layer like calculations [5], while the half-sized case
2 Core; (SOL) matches the outer half of ARIES as shown.
g0 Separatrix For the slab cases, ratio of the poloidal to
s / toroidal B-field is B,/B; = 0.17, which is be-
2,  Divertor tween the range for the toroidal case.

plate The UEDGE 2D transport code to calcu-
. PF late the spatial distribution of the hydrogen
3 0 0. and the impurities {8]. Equations are solved

Major radius (m) Radius (m) for particle continuity and parallel momen-

tum for each ion charge-state, where the par-

Fig. 1: Correspondence between a), full alle] direction is that along B. Ion inertia is
neglected for impurities in the high-recycling
cases-only. The inertialess parallel electron
, , momentum equation is used to determine the
parallel electric field, Ey, in terms of the electron pressure. Separate electron and ion
temperature equations are used, with single summed equation for all ions and neu-

Example a) is ARIES-RS, modified to a
single-null divertor.

trals. Recycling of hydrogen ions at surfaces is set to 0.99 (high) or 0.25 (low), while

there is no recycling of impurities. The hydrogen neutrals are described by a reduced

- Navier-Stokes model[9], and the impurity neutral density is calculated with a diffu-

sive model (i.e., inertia and viscosity are neglected) with a single-component neutral
temperature fixed at 1 eV. This temperature is about that expected from dissociation

~of Flibe molecules, whereas for Li or Sn it requires some plasma heating. However,

results for Li using 0.1 eV show very little difference in the maximum evaporative flux
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Fig.. 2: Core-edge Li density for 14.5 m Flg 3: Electron density, ne, for two Li
slab case with low-recycling hydrogen for wall gas—ﬁuxes with nppr =1 x 10! m~3
various npr showing the 3 regimes. showing the build up of the Li shield.

a]lowed The 1omzat10n and radiation rates for hydrogen and the impurities are taken
from Refs. [10, 11], respectively.

The parallel transport is assumed to be classical [12] with flux-limits on the viscos-
1ty, thermal force, heat conductivity terms. Flux limits are also used for the hydrogen
and impurity neutrals The cross-field transport is assumed to be diffusive owing to
plasmas turbulence, with typical values from a survey of present experimental results
[1]. We use coeffiments for density of D = 0.33 m?/s, for electron and ion energy trans-
port, Xe; = 0.5 m?/s; radial ion viscosity is also set to 0.5 m?/s. In addition, these
anomalous cross-field diffusion coefficients are not allowed to exceed the Bohm rate,
Dp = T,/16eB. The parallel energy flux of electrons and ions to the divertor plate is

taken as . ;nT, ;cs, where (5,3,z = 5 and 2.5, respectively, and ¢, = [(T. +T;)/mi]*/2.

3 Edge-plasma reglmes mduced by 1mpur1t1es

- We 1dent1ﬁed three edge—plasma reglmes observed as the source strength of the 1mpu-
 rities is increased. In addition, the hydrogen recycling at the divertor plate can play
an important role in the impurity build-up in the scrape—off layer (SOL) as dlscussed :
- in Ref. [5], and both recycling cases are considered in the next section.

The three impurity regimes are most clearly seem in a low-recycling case with Li.
We use the slab model with L, = 14.5 m and vary the uniform side-wall impurity
~ gas fluxes for three hydrogen core—boundary densities, npr. The resulting Li density
at the core boundary is shown in Fig. 2. At low flux, the impurities don’t change .
the hydrogenic edge plasmas, yielding the linear regime Wlth impurity density directly
proportional to the flux. For increased fluxes, a self-shielding regime causes the rate-of-
rise of the core density to decrease and sometimes change sign. Here, a predominately
Li plasma forms very close to the Li wall, as shown in Fig. 3 near the poloidal midplane;
sufficient n, develops to ionize Li gas near the wall, so ions can be readily lost axially
before they diffuse to the core. For higher hydrogen densities and/or higher recycling,
the self-shielding regime becomes less effective. At the highest gas fluxes, the radiation
loss becomes large, causing the width of the SOL to shrink. The resultmg reduced
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‘Fig. 4: Impurity concentration for slab model with L, =145 m versus
uniform gas flux; a) is for high-recycling divertor with np = 4x 1014 m~3
and b) has low-recycling with npr = 2 x 104 m—3,

parallel impurity loss (width x parallel-flux), leads to a radiation collapse of the SOL -
(a radiation/condensation instability).

4 Comparisdn of Sn walls ‘with other liquids

Previous impurity-intrusion results [5] focused on Li, SnLi, and Flibe liquids, for which
Li and F are the most limiting for core contammatlon (SnL1 evaporates very little Sn).
Here we compare those results of core—boundary impurity concentrations versus gas
flux with those for a pure Sn wall in Fig. 4. Both high-recycling (Rr, = 0.99) and
low-recycling (Ry = 0.25) are given. In the linear regime, the Sn concentration is
very similar to Li and F, but there an earlier up-turn from radiation collapse for
Sn owing to its higher nuclear charge. The upper endpoints of the curves in Fig. 4
represent a thermal collapse of the divertor plasma, and steady-state solutions could
not be obtained at higher fluxes. The impurity concentration limits for the different’
impurities shown in Fig. 4a are taken from a combination of core fuel dilution and
radiation loss, and are only to be consider as approximate; these assume the impurity
density (not concentratlon) is uniform within the core, and must be revised with
another assumption.

In spite of the lower limit on Sn the allowable wall temperature can in fact be
quite large, owing to its low vapor pressure. The vapor flux, J, from the wall can be
given in terms of the liquid surface temperature, T, from. vapor pressure data as {3, 5]

7.94 % 103 -3. 81 >< 104
POR XY exp [ o) (1)

. “ J = 1/2 Ts

where T} is in °K, and J is in m™2 s~!. For comparison, at a given Ty, this flux is about
a factor of 107 less than the Flibe flux [5], allowing the Sn wall to operate at much
higher temperatures. Thus, from Fig. 4a, we obtain an allowable Sn temperature of
1000 °K for high recycling, which is the expected recycling regime if Sn is also used
for the divertor surfaces.
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5 Toroidal geometry and nonuniform vapor flux

A variety of factors can influence the maximum allowable impurity flux (and thus wall -
temperature), and here we discuss two: geometry and poloidal vapor profile. For the
geometry, we keep the power flux across the core-boundary fixed to 1.4 x 10° W/m?
but shorten the poloidal length from 14. 5m to 7.25 m. There is also a small change
in npp from 4 x 10 m~3 to 5 x 10* m™3 for the 7.25 m case, but this has little effect.
The results for Sn walls are shown in Fig. 5; the 14.5 m curve is the same as in Fig. 4. -
The shorter slab has delays the thermal collapse of the divertor, giving about a factor
of 2 larger allowable flux. The nominal concentration limit is assumed to be ~ 1073,
and the endpomts of the curves denote the thermal collapse. ;

' - The next variation is to use the outer-

14.5 m slab half of the modified ARIES-RS case shown
5 / 725msab_- o in Fig. 1 with a poloidal length of 7.1 m.
g 10°¢ /; . Here, the ratio of B,/B; depends on posi-
3 ° tion, and correspondlngly, so does the flux
E \ Toroidal, tube area. The results show that the linear
9 uniform . stage is quite similar in the linear regime, but
F| gasflx | Joes not show the same rapid up-turn as the
S Toroidal, _ slab curves as the thermal collapse endpoint -
& nonuniform . . . . .
gas flux is approached. This results in an increase in
, L the allowable Sn flux of ~ 3.5 over the cor-
10'8 107 108 responding 7.25 m slab case. ' .
Sn gas flux from wall (m®s™") Finally, we consider a more realistic wall-

. : temperature, and thus, evaporative flux,
Fig. 5: Comparison ‘of core impurity influx  profile. The liquid wall is heated by
for 3 geometry variations. Points corre- Bremgstrahlung and line-radiation; the sur-
spond to strongly nonuniform evaporation face temperature T as it enters the chamber
from wall heating model. at the top of Flg 1, and heats as it flows to
the exit near the divertor. Cons1der1ng the radiation to be depos1ted uniformly at the
wall surface, and heat-flow into the liquid to be by conduction, gives a temperature
profile of Ty = Ty + AT (z/L )1/ 2 where z is the poloidal position measured from
the inlet. A value of AT = 200°K results. Because of the strong T dependence of
- J in Eq. (1), the gas flux is strongly peaked toward the outlet. The points in Fig. 5
correspond to the toroidal case with Ty varying between 860 °K and 940 °K, with the
abscissa now being the poloidally-averaged gas flux. Again, the upper- most point is
“very close to thermal collapse of the divertor plasma; now the effective temperature
giving the same flux from Eq. (1) is ~ 1100 °K, while T; ranges over 940-1140 °K.

6 Conclusions

An analysis has been presented for the impurity transport and edge-plasma modifica-
- tion in the edge region of tokamak configurations where the impurities arise from a
distributed liquid-wall vapor. A principle result is the core-boundary impurity density
as a function of the vapor flux, whose maximum allowable value then spec1ﬁes the
allowable liquid surface temperature.

Three edge-plasma regimes are identified as induced by the 1mpur1tles linear,
self-shielding, and radiation-caused condensation or’energy collapse. Each regimes is
clearly seen for low-recycling Li divertors, whereas self-shielding is generally absent
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for the high-recycling regime. Tin vapor is shov&fn to have lower allowable vapor-flux
for core contamination compared to F (from Flibe) or Li (from Li or SnLi), but Sn’s
much lower vapor pressure allows it to operate at much higher surface temperatures.
Including more detailed geometry and evaporation profile models both increase the
allowable vapor flux; for Sn in an ARIES-like configuration with a core-boundary
energy flux of 1.4x10° MW /m? yields an effective surface temperature limit of 1100 °K.

Although several parameter variations have been explored here, others need to be
considered. Some changes to the anomalous cross-field diffusion coefficients have been
made, with a fairly weak deperidence found. The core impurity profiles should be
studled The impact of possible non-diffusive edge transport needs to be considered,
as well as a more detailed treatment of long mean-free path effects in the low dens1ty,
high temperature plasmas found for the low-recycling cases. Nevertheless, the present
results indicate the a Sn wall looks promising for tokamak operation at high wall
temperature without excessive core contammatlon
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