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Summary

Coping with the ion and energy fluxes which must
be collected with a tokamak divertor is one of the
more difficult technological challenges for a power
producing reactor. Use of stationary solid surfaces
to collect ions and the attendant heat flux faces
technology feasibility questions. Calculations indi-
cate that gravity-driven flow of liquid metals having
a free surface will not move adequately fast. It is
proposed to circumvent these problems by having high
velocity lithium droplets perform the collection
functions. Droplets which are not in contact with a
wall encounter only very small retardation effects in
a magnetic field, and these droplets can be formed by
nozzles outside of the magnetic field. If they travel
at about 150 m/s, they can absorb in excess of
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1 kW/cm of projected area. The hydrogen isotope ion
fluence is well below the saturation dose which has
been achieved with lithium. This work is covered in
detail in Reference 1.

Introduction

In a steady-state, ignited deuterium-tritium (D-T)
plasma, the rate of the outward leakage of deuterium
and tritium ions from the plasma is about one thousand
times the burn rate. It follows, then, that the leak-
age predominantly involves deuterium and tritium, with
alpha particles being in the minority. If unimpeded,
these ions strike the wall and cause sputtering of
the wall material which can enter the plasma as dele-
terious impurities. If these impurity ions are in the
outermost part of the plasma (the scrape-off zone) and
magnetic field lines are diverted away from the plasma,
then these ions can move freely along the diverted
field lines. They can be collected at an appropriate
place and recirculated to the plasma or disposed of,
depending upon the chemical species involved. This
tends to prevent ions that enter the scrape-off zone
from either the wall side or the plasma from crossing
this zone.

Nearly all proposed magnetic divertor concepts
for tokamaks fall into one of two categories: (1)
poloidal divertors, which divert poioidal field lines,
or (2) bundle divertors, which divert toroidal field
lines. The action of poloidal divertors can be under-
stood in £erms of poloidal field lines. Since poloi-
dal field lines have significance only in the envelope
defined by the toroidal field coils, poloidal divertors
are confined to that region.

The bundle divertor differs from the poloidal di-
vertor in that a scrape-off zone defined largely by
toroidal field lines is established (see Figure 1).
It should be apparent from this figure that the di-
verted flux can be outside the envelope defined by the
toroidal field coils.

The ion and energy absorption requirements for
divertors can be estimated to be a substantial part of
the upper limits imposed respectively by the ion
leakage rate from the plasma and the kinetic energy
of the alpha particles at their birth in the D-T
reaction. In the Oak Ridge National Laboratory (ORNL)
The Next Step (TNS) study, these have been taken to

be 3.5 X 10" ions/s and 226 MW, The ion energy is
estimated to be in the range of 0.5-5 keV.
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Figure 1. Hydrogen Isotope Ion Collection Data

Data compiled from References 2 and 3 on the
ability of various solid metals and of liquid lithium
to retain ions of hydrogen isotopes are presented in
Figure 1. The data on solids were obtained to a
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fluence of 2 X 10 ions/cm . If one assumes the
power-on cycle to be 20 minutes long and if one sizes
the area to reach this saturation value in one cycle,

a surface area of 2100 •' results. This is an un-
reasonable area. If one takes a more realistic area

of 300 m2, then the resultant heat load is 0.75 MW/m2.
Such a heat load will require active cooling with
mechanical and thermal properties consistent with good
structural material. The number of cycles of ion

collection and heating is about 10 . These numbers
make it plain that the technology of dealing with this
ion and heat collection is a formidable task. A con-
sideration of two aspects of the use of solid metals
suggests their lack of feasibility. (1) In general,
a few atomic percent of hydrogen absorbed once in typ-
ical metals will cause degradation of mechanical prop-
erties. The expectation that a much higher concentra-
tion of hydrogen absorbed for 103 load-unload cycles
will leave an acceptable construction material seems
incredible. (2) Reference 3 contains information
on the temperatures and times required to remove
deuterium from samples subjected to ion implantation.
In general, the required time is several hours at
temperatures of 800-1000°C. This appears far from
acceptable.

There are three proposals to utilize liquid
lithium for this purpose (References 4, 5, and 6), all
involving poloidal divertor concepts. Clearly, the
ability to pump the working medium as a fluid has a
strong appeal in connection with both cooling the
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fluid and removing deuterium and tritium for recycling
to the plasma.

In order for lithium to collect ions properly,
there must be a free surface of the liquid available,
and the flow velocity must be sufficient to carry off
heat and trapped ions. Also, existing poloidal di-
vertor concepts seem to require that the necessary
collection function be done in a region of high to-
roidal magnetic field strength; such are the require-
ments of each of these three proposals. These refer-
ences propose that the lithium flow be gravity-driven
flow on stainless steel sheets or screens and LISO
have a free surface. The boundary condition of the
subject liquid metal flow driven by gravity compared
with that of Hartmann flow reveals enough similarity
to permit adequate approximation. Hartmann solved for
the flow of conductive liquid between flat plates with
a transverse magnetic field. The subject gravity-
driven flow is equivalent in boundary condition to
half of the Hartmann flow. Following this analogy and
using the equations in Reference 7 for the Hartmann
solution, we conclude (for the cases of References 4,
5, and 6) that a velocity of about 0.17 m/s is achieved
compared to the requirement of about 4 m/s which
appears to indicate infeasibility.

The Proposed Approach

These severe difficulties just described with MHD
flow tend to motivate a search for a means of avoiding
them. The following approach seems to accomplish that
objective. The essence of the proposal is to induce
high velocity flow with nozzles in a region where the
magnetic field is greatly reduced compared to the
toroidal field strength. This allows attainment of
high velocities without MHD penalties. The flow
leaves the nozzles as jets and is no longer bounded
by solid walls, eliminating the electrical current
return paths provided by metallic walls and boundary
layers. These current return paths can be clearly
identified as the source or the above flow-retardation
problems. It is expected, as supported below, that
the jets will break up into droplets a short distance
from where the jet leaves the nozzle. As the droplets
enter the magnetic field region, the velocity in each
droplet is uniform, and the only Lorentz forces that
arise are due to non-uniformity of the magnetic field.
In the region of high magnetic field strength, ions
impinge and are captured, and their kinetic energy is
converted to heat. The droplets leave the high mag-
netic field region and are collected. Then, the stream
of lithium is processed to remove heat and the col-
lected hydrogen isotopes which are recirculated to
the plasma.

This approach is dependent upon forming jets and
collecting lithium in regions that are nearly free of
magnetic field. The bundle divertor concept, intro-
duced by Culham Laboratory and developed largely by
the same group (Reference 8), provides these regions
where field can be weak because the diverted flux is
outside the toroidal field coils. Figure 2 illustrates
the concept whereby a bundle of flux lines is removed
from the plasma region to an area outside the toroidal
field coils. Figure 3 illustrates the basic droplet
cloud concept. It should be clear that the target
area can be enlarged by expanding the magnetic field
lines.

Projected Performance

Having introduced the droplet cloud concept, some
of the questions related to this concept are now
treated in detail.
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Figure 2. Concept of the Bundle Divertor
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Figure 3. Lithium Droplet Ion and Energy Collector



Estimation it Jet Breakup Length

The postulate is made chat the droplet flow is es-
tablished in a region of negligible magnetic field.
With this premise, we are free to turn to information
on incompressible flow in the absence o£ magnetic field
effects. Reference 9 summarizes empirical data dealing
with the breakup of turbulent liquid flow issuing from
round nozzles into a region containing gas with density
sufficiently low for the jet behavior to be unaffected.
Such a jet is sometimes referred to as a free jet, as
compared to a submerged jet issuing into the same
fluid. This data presentation form (Reference 9) cor-
relacas the breakup length as a function of the Weber

number. Using a jet density of 500 kg/m , a jet
velocity of 166 m/s, and a surface tension of 0.365 N/m,
this correlation yields a breakup length of 0.97 m.
It appears plausible that one should be able to place
the nozzles at least this distance from the region of
magnetic field entry.

Estimate of Required Density and Spacing of Droplets

It is assumed that all the space in the target area
is made up of cubes, each containing a 0.25-cm diameter
droplet having a volume 17. that of the volume of the
cube. This means that the cube must have an edge
dimension of 0.94 cm. For a particle (ion) traveling
in a straight line, the probability of hitting the
droplet is 0.056, which is the projected area ratio.
The probability of missing the droplets after passing

through "n" of these cubes is 0.944n. If we take 0.01
as an acceptable probability of missing, we obtain
n = 80. With the 0.94-cm cube edge distance, this
means a total droplet cloud thickness in the direction
of ion travel of 80 X 0.94 = 75 cm.

Estimate of the Effect of Lorentz Forces on the

We need to approximate the magnetic field strength
in the droplet cloud region in order to estimate the
effect of lorentz forces on the droplets. To this
end, we expand the magnetic flux lines to permit energy

2collection with a heat flux of 1 kW/cm
2

which results

in a collector area of 23 m . When the flux lines are
expanded to this area, the magnetic field strength
turns out to be 0.075 T.

The equations for approximate analysis of the effect
of the magnetic field on droplets are derived in
Reference 10. Using these equations with a droplet
velocity of 166 m/s and a diameter of 0.25-cm, we are
able to calculate that the droplet velocity is reduced

by about 10 m/s, that the change in pressure in the
droplet due to internal magnetic body forces is about
0.2/i of the pressure induced by surface tension, and
that the lateral displacement of the droplet is about

10"6 cm.

Discussion of Limits on Velocity, Temperature, Ion
Dose, and Heat Flux

The upper limit on droplet velocity is related to
supply pressure, assuming lossless acceleration from a
high pressure, negligible velocity condition. The
pressure limit is somewhat arbitrarily taken as 6.89
MPa (1000 psi), viewed as an approximate practicabi-
lity limit. Converting this pressure energy to kinetic
energy results in a velocity of 166 m/s, the figure
taken for example calculations throughout this paper.

The temperature limit can be viewed in several
ways. One can assume that the vapor pressure associ-

ated with the hottest lithium zone appears throughout

the plasma. If this limit is taken as 10~ torr, the
corresponding lithium temperature is about 340°C. In
consideration of the fact that there would be a large
area of cold surface, it is reasonably expected that
many neutral particles would be trapped thereon. This
should permit higher lithium temperature, and in con-
sideration thereof, 500°C was selected as the proper
temperature range.

The example dimensions of the collector were
arrived at by assuming that the given heat load of
226 MW has to be distributed over a projected area so

as to give 10 MW/m . This leads to an area which is
2.7 m X 4.2 m, giving a total projected area on both
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sides of the cloud of 22.6 m . With the given ion

flow of 3.5 X 1023 sec"1, the flux is 1.53 X 1018

cm s . For the velocity of 166 m/s as set above,
the flight time through the ion region is 0.016 s.

This leads to a fluence of 2.45 X 1016 ions/cm for
each pass of the droplets. This is very low compared

1 R
to the rluence of 2.2 X 10 achieved with lithium in
Reference 2.

The attainable surface heat flux into the droplet
cloud was approximated using classical transient heat
conduction analysis. The problem was taken to be that
of a sphere with a surface heat flux on one side only.
For the immediate purpose, the sphere can be approxi-
mated by a cylinder having its length and diameter
equal to the sphere diameter. This cylinder is
assumed to be heated on one flat face only. This is
the traditional slab problem. It is reasonable to
impose the requirement that the temperature rise at
any point be restricted to some predetermined value.
A limiting case for the slab problem is the semi-
infinite solid. For that case, the following relation
applies:

k&T " 2 V 3 j

q" = surface heat flux

AT = temperature rise at the heated surface

k = thermal conductivity

t = duration of heat flux

a = thermal diffusivity

The objective is to maximize q" for a specific value
of AT. This heat flux capability is assessed assuming
a droplet velocity of 166 m/s with the heat flux uni-
form over the flight distance of 2.7 m to give a
value of t of 0.016 s. In addition, to estimate the
effect of possible highly peaked heating, a value of
t = 0.0016 s was used, which is the time required to
traverse 10% of the 2.7 m flight distance. Using

numerical values of '< = 46 -j/rPC, i = ".2 X 10 " n'/s,

and o - 500 Kg/m", we obtain the following values of

0.016 s

0.0016 s

j"far = zoo0-:;

1494 W/cm2

4346 W/cm'

a "ax
2749 W/cm"

8692 W/cm2

It has been verified that the semi-infinite
is a good approximation of the slab for f
conditions.



Conclusions and Unresolved Issues

A novel approach has been identified for coping
with Che large fluxes of heat and ions to be expected
as a consequence of employing magnetic divertors in
fusion power reactors. This approach appears to have
better technical feasibility than any previously pro-
posed and involves the use of liquid lithium as the
absorbing medium. The ability to circulate a liquid
has narked superiority over the ability to transport
a solid, and a key factor in the feasibility is the
recognition that the motion of free droplets of liquid
through a strong magnetic field is impeded only a
negligible amount. A review of Che basic thermal,
fluid flow, and vacuum considerations suggests con-
siderable flexibility in these parameters. Implement-
ation of this approach needs answers in a number of
areas including the following:

(1) the ability to reduce the magnetic field in
the nozzle and droplet collector regions
to near zero and

(2) the ability of the circulating lithium to
pump helium (embedded a particles) and neutral
hydrogen isotopes.
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