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The problems associated with the replacement and
repair of the blanket of a fusion reactor are some of
the most challenging ones in the field of fusion
technology. Redundancy of the first wall may be
needed to provide a viable reactor design if the first
wall maintenance will be time consuming. Therefore,
blanket repair and replacement schemes should be
important input parameters to the system design,
rather than added on as an afterthought of a design
study. This paper presents a blanket design that
provides built-in first-wall redundancy and requires
minimum maintenance. The design is for a tokamak
geometry, but is applicable to other plasma confine-.
ment concepts.

The first wall of a fusion reactor is the area
which receives the highest radiation damage and hzaat
flux. 1t is also the region that has the most severe
thermal cycling, highest stress and reaches the
highest temperature during most accidents. In addition,
the first wall is the vacuum barrier between the plasma
and the blanket. In most designs the blanket coolant

pressure is on the order of - 103 psi, while the

plasma chamber is at 10'7 psi. This 10 order of
magnitude difference in pressure makes the plasma
vulnerable to a first wall leak; and the design com-
plication needed to prevent a first wall leak makes
first wall replacement very difficult. The severe
environment of the first wall, on the other hand, will
require its frequent repair and scheduled replacement.
The problem is further complicated by the tokamak
geometry.

The blanket maintenance scheme can be considerably
simplified if the pressure difference across the first

wall can be eliminated. Various designs]’2 have
suggested that the vacuum seal to the reactor room

be moved to the back of the blanket. The first wall,
however, is still the vacuum wall between the b]anlet
and the plasma. The pressure in the blanket is mainly
due to the pressure of the coolant. To really elim-
inate the vacuum requirement of the first wall, a

very low pressure coolant has to be found.

A recent study by Sze3’4 has proposed the use of
lithium oxide pellets flowing by gravity as the coolant.
This coolant is a good heat-transport medium, but not
a good heat-transfer medium. For this reason the
first wall has ts be separately cooled. If the first
wall can be cooled by thermal radiation, the pressure
of the blanket can be very low. To keep the first
wall at a high operating temperature, graphite is
used as the structural material. The advantages and
problems associated with such a design are discussed
in this paper.

System Description

Heat transfer problems associated with fusion
reactor blankets are very different than that of
fission reactors, especially if a lithium compound
is used as the coolant. For tritium breeding reasons,
80 to 90% of the blanket is occupied by the lithium
compound. In such a blanket, 80% of thc cnergy is
deposited within the coolant, with most of the rest
deposited on thz first wall. Therefore, with the
exception of the first wall, there is really no heat

transfer problem but rather a heat transport problem.

This idea was used by Sze3 4 to develop the concept of
lithium oxide pellets flowing by gravity as the
cooling-breeding material for a tokamak reactor.

This concept is equally applicable to laser fusion

reactors.

The flow scheme in such a design is shown on
Fig. 1. The lithium oxide introduced at the top of
the reactor flows by gravity through the blanket and
exits from the bottom of the reactor. The oxide
pellets are transported upward by a mechanical
transport system (i.e., a screw conveyor) and then
again flow by gravity through the steam gensrator. -
A steam generator with moving solid particles on the
shell side is being studied and initial heat transfer

results are favorab]e6. Another mechanical transport
system will 1ift the coolant up for re-entry into the
fusion reactor. Such a circulating system can be
operated at a low pressure. The vapor pressure of

Li,0 at 600°C is on the order of 107°

pressure in the coolant will consist of outgassing
and system leakage, as well as its partia] pressure.

1t is our opinion that a pressure of 1072 10 1073
torr can be maintained in the blanket with propnr
vacuum pumping design. .

torr7. The

The blanket structure is graphite in a modularized
design. Each module is bolted and supported to an
aluminum support plate located between the blanket
and shield. This aluminum support plate also pro-
vides the vacuum seal between the reactcor room and
the plasma. The blanket sections fit into each other
without providing a vacuum-tight seal, which is no
longer needed since the blanket itself is evacuated.
In such a design, the time consuwing process of re-
moving weld can be eliminated. First wall redundancy
is built-in since there is no pressure difference
across it. A blanket module is schematically shown in
Fig. 2. 1t should be noted that the flow velocities
through different channels are regulated to account
for the non-uniform heating rate in the different
zones.

Heat Transfer Considerations

The blanket hos no heat transfer problems except
in the first wall. The only serious problem is to
assure that the coolant will exit from blanket at a
nearly uniform high temperature. Solid particles
flowing by gravity have little lateral movement so
that close velocity control will be added to offset
the effect of non-uniform nuclear heating. The lithium
oxide at 400° is fed through an inlet tube, as shown
on Fig. 3 which is connected to a blanket module. The
blanket modules are dividied by baffles, as indicated
on Fig. 2. The velocities of the Yithium oxide
streams are controlled by louvers near the exit such
that they are inversely preportional to the nuclear
heating rate. The conlant exits at 600°C and is
routed to the steam generator.

The first wall receives a high heat flux. In the

previous dLsiqn , the first wall was separately
cooled by boiling water. If graphite is used as the



structure, the first wall can be radiatively cooled.
The first wall temperature facing the plasma is -1400°C
in such a system with a first wall thermal loading of

40 w/cmz. If the first wall thickness is 1 cm, the
temperature gradient across it will be 90°C. This
temperature gradient results in a low thermal stress.
The level of thermal stress and its implication will
be discussed later.

The steam generator design for such a system was
done by D. C. Schluderberg as discussed in Reference
3. The steam conditions obtainable are 1000°F, at
2500 psi with 1000°F reheat. A gross thermal
efficiency of 42.3% was indicated.

Vacuum Considerations

A blanket of this design would be difficult to
operate in high vacuum. Vapor pressure, water leakage
through the steam generator, outgassing and vacuum
seal leakage all contribute to maintain a certain
pressure in the coolant loop. The pressure level at
which such a Toop can be maintained is hard to decide
at this stage. It is our opinion that a pressure of
~1 torr can be maintained, while a pressure of

]0'5 torr may not be possible. A blanket pressure of

]0'2 to ]0-3 torr may be possible with proper vacuum
pumping. A more definitive statement will require
much more research.

It would be most attractive to maintain the blanket
at the same pressure as the plasma. The advantage of
applying this concept to a laser system is evident
because of the relatively high pressure in the laser
cavity. For a magnetically confined system, however,
the gas leakage rate to the plasma as a function of
the blanket pressure should be determined and compared
to the vacuum pumping capacity of the reactor.

If the blanket pressure is - 1072 to 1073 torr,
the flow is still in the viscous regime and a leak
rate can be calculated by the following equation:

2

2
V- P ch

64up*L.

the leak rate per unit area
the blanket pressure
a conversion factor

in which V is

P is
9e is

D is the diameter of a pin hole in the blanket

U is viscosity

P* is pressure where V is calculated
L is the length of a pin hole

1£ P = 1072 torr, D = 1072

rate is only 1.5 ]iter/m2~sec, which is 3 orders of

magnitude smaller than the pumping capacity of typical

tokamak reactor. Therefore, it may be concluded that

if the blanket can be mainteined in the range of

cm, L =1 cm, the leak

1021072 torr a pressure in the plasma chamber of
.
107 torr is possible.

Mechanical Considerations

The idea of using graphite as the first wall and
blanket material for a tokamac fusion reactor was

initially proposed in 19748. Althouah the idea is
very attractive in many ways it poses some very
challenging difficulties from & mechanical standpoint.

This paper proposes the use of a grephite structure
blanket in conjunction with a gravity circulated L1?O

‘to prevent that.

bed concept. For a reference design, we have chosen

the UWM/\K-III9 plasma geometry but without the
diverter. The surface wall Toading will be increased
to account for this difference. Figure 3 shows a cross
section of a blanket module.

The design assumes that LiZO microspheres enter

the blanket at the top, flow through it by gravity
and exit on the bottom. The blanket is . 83 cm thick
on the outer leg and about 50 cm thick on the inner
leg. The outer teg has 2 1 cm thick first wall,
followed by a 50 cm LiZO zone, a 20 cm thick graphite

reflector zone, another 10 ¢m thick LiZO zone and

finally a 2 cn thick graphite back wall. The initial
50 cm Li20 zone is divided into three compartments,

such that the LiZO velocity in each can be regulated

to provide an approximately equal coolant temperature
rise in each of the compartments. The inner leg of

the blanket also has a 1 cm thick graphite wall

followed by three 15 c¢m thick Li,0 zones with velocity
regulation and finally, a 2 cm tﬁick graphite back

wall. The side walls are 2 cm thick. In the toroidal
direction, the blanket is divided into 36 equal segments,
which will be called modules. Fach module is
approximately 11.5 m high, weighing . 13 tonnes, of
which . 8 tonnes is in the graphite reflector.

In UWMAK-III the outer portion of the shield swings

open on hinges to provide access to the b]anketg. How-
ever, even such a large access port would be inadequate
to allow the placement of a complete blanket module.
For this reason it will be necessary to assemble the
blanket module from several pieces, joining them to-
gether within the reactor, which might prove to be

very difficult. The joints between blanket sections
need not be vacuum tight, since the L120 will be in

an environment of - ]0_2 torr. However, the Li20

microspheres cannot be allowed to leak into the plasma
chamber and thus the joints have to be good enough

Ye have considered using a simple
close fitting mechanical coupling but decided it would
not work. Instead we have adopted the concept that
the sections can be cemented together with a carbon
cement and subsequently graphitized within the reactor.

The most 1ikely candidate graphite structure for
this application is the chopped fiber composites such
as those used for ablation shields in re-entry vehicles.
Such composites do not have the characteristic
anisotrophy with regards to such properties as thermal
conductivity and coefficient of expansion which other
bulk graphite structures display. The panels are pro-
duced by randomly orienting chopped graphite fibers,
compacting them with a carbonaceous binder and then
graphitizing the binder. This resuits in a fairly
isotropic product with good mechanical properties.
panels are then cul to size and cemented together to
form intricate shapes after which they again undergo
a heat treatment to cure the cement binder. The very
last step of joining the blanket sections inte a full
module can be performed in the reactor with a controlled
hydrogen discharge similar to that used in present day
experiments for baking out vacuum chambers.

The

For assembly within the reactor, the blanket module
will be divided into four sections as shown in Fig. 4.
The top and bottom sections are inserted first and
attached to the inlet and outlet tubes. The transition
between the qraphite blanket and the stainless steel
intet and outiet tubes is made with a mechanical joint.
A stecl colar rounted on the graphite end flange is
clamped to the supply or return tube by means of a



split yoke similar to the quick discount mechanical
flange clamps in present day use. The intermediate
sections can now be installed and Fig. 4 shows the
direction from which they are inserted. Junctions
between the sections will be made to overlap and,
perhaps, even interlock in order to have a good
mechanical as well as a cemented Jjoint.

Obviously there are many questions that have to

be answered with regards to this method of fabrication.

Is it possible to graphitize the cemented Joints in
situ? Will the graphite at the joints have the same
properties as the rest of the graphite? Can the
stresses be kept Tow enough for the joints to survive?

Properties such as porosity for example, determine
to a large degree the dimensional changes of graphite
under neutron irradiation. Initial densification
and subsequent swelling under irradiation is a strong
function of temperature and neutron fluence. Regions
of the blanket operating below 1000°C should be far
enough back in the blanket where the neutron flux has
already been attenuated.

In the proposed design, the blanket modules are
contained within a water cooled aluminum vacuum chamber
with an effective thickness of 5 cm. The reactor
itself will be in a building evacuated to a pressure
of 70 torr. The blanket and LiZO environment will be

evacuated to ~ 10"2 torr and the plasma chamber will

operate at about 10'5 torr. A1l the forces except
those of gravity have been eliminated from the first
wall and blanket. Where the gravity force is large,
namely on the Tower half of the blanket, the rein-
forced vacuum chamber wall will be used to support

the blanket. This will be accomplished by building

in insulated support points between the blanket modules
and the vacuum chamber without producing a direct
mechanical coupling. A direct coupling will introduce
high stress points due to relative expansion and con-
traction of the two different materials. The gravity
loading on the first wall itself can be minimized by
properly designed radial structure within each blanket
module. This structure can be optimized to give
maximum support while minimizing thickness.

The thermal stresses in such a graphite structure
appear to be less of a problem than in comparable
metallic structures. This is primarily due to the
fact that graphite has a relatively low coefficient
of expansion and a low modulus of elasticity. It is
estimated that with a neutron wall loading of

2 Mw/mz, the temperature gradient across the first
wall will be on the order of 100°C. Taking the
following average values for the properties of

10

graphite -,
Coefficient of expansion o =4 x 1078 o¢~]
Young's Modulus = 1.4 x 1010 N/m2
Poisson's Ratio v =0.2

the thermal stress is only * 3.5 x 106 N/m2

{~ = 500 psi). This will certainly not be the
dominant stress and consequently, fatigue does not
appear to be a problem of concern in this case.
Finally, radiation creep will tend to reduce the
mechanical stresses in the blanket and further
alleviate the problem of Jocalized stresses.

Dimensicnal Instabilities and the Effect of

High Helium Gas Content

Carbon or graphite goes through two stages
during bombardment with neutrons. The first stage is

shrinkage by different amounts in volume and the
second stage is expansion. In most of the data
reported to date on the dimensional changes of carbon
and graphite with neutron irradiation, the reversal
from shrinkage to expansion takes place at fluences

of about 1-2 x 1022 n/cm2 (5-10 dpa) at temperatures
of 800-1400°C. Above 1400°C, the bulk of the data
predicts a lower damage rate at the higher tempera-

ture]].

Due to high C]2 {(n,n') 3 He4 and C]2 {n,a) Be9
reaction cross sections at high neutron energies the
amount of helium generated in carbon first wall will

exceed 2500 appm per year per 1 MW/m2 wall loading.

It was originally thought that this much helium could
coalesce to form large bubbles and cause considerable
dimensional changes and tearing. However, some recent
experiments show that helium generated may in fact

diffuse out with almost 100% efficiency]2

Vacuum Properties of Graphite

Graphite vaporizes in a number of modes
releasing molecules with 1 or more carbon atoms.
The vapor pressures of these various species are
shown on Fig. 5. The free vaporization rate of
graphite is shown on Fig. 6. It is obvious that at
the operating temperature of the first wall, neither
the vapor pressure, nor the vaporization rate, pre-
sent any serious problems,

Outgassing of graphite was considered to be a

problem. However, recent work by Lang]3 and Beite1]3a
indicate that with proper outgassing and baking at
high temperatures the residual gas content of carbon
can be Towered drastically. The study by

also shows that the sticking probability of H

or air on graphite fiters is . 1078 - 10710, There-
fore it is anticipated that from a vacuum properties
point of view the use of carbon or graphite in
tokamaks should not present any problem,

Lang]3

Sputtering of Graphite

Sputtering of carbon in a fusion reactor
environment is a complicated problem. Both physical
sputtering and chemical sputtering take place and they
are important in different regions. However, there
have been a few recent studies utilizing hydrogen
isotopes to measure the sputtering behavious of carbon
and some results from these studies are summarized in

Figures 7]4’]5 and 8]6. The follewing conclusions
can be made from these results.
(1) The sputtering coefficients rise from a value

of ]0'2 atom/atom at room temperature to a maximum of

-8 x 1072 at 600°C. This peak has been found to be
associated with methane formation.

(2) As the temperature is increased above 600°C,
the sputtering values start to return to their low
initial values. This is accomplished by a reduced
methane formation.

(3) The sputtering coefficient from tritium is
reduced as its energy is increased from 2 to 6 keV.
However, 6 keV tritium is more effective in producing
methane than is the same encrgy deuterium.

(4) The low energy hydrogen boabardment depicted
in Figure 8 shows smaller absolute levels of methane
formation than for highar erargy hydrogen., Further-
more, the low encrgy sputtering is quite sensitive to
crystal orientation.



(5) Above 1000°C, the formation of acetylene
becomes important although the absolute values are

still Tow (<< 107° atom/atom).
(6) There appears to be a region between 800 and
1200°C where little gasification occurs.

Physica) sputtering ratioc of graphite by helium
ions is practically independent of temperature and

reported to be 0.06 for 0.4 KeV He ions]7. The self
sputtering yield of carbon in a tokamak environment
is estimated to be 0.5 ~ 0.6. The best estimate of

14 MeV neutron sputtering of carbon is - 10'4. A more
detailed analysis of sputtering of graphite can be found
in reference 21. The total sputtering calculation is
summarized in Table 1. The total sputtering loss is

1.9 x ]0]] atoms/cmz-sec, or 10'4 mm/year. Therefore
the sputtering loss is acceptable.

NEUTRONICS

The neutronics calculations have been performed
using the ANISN code,]8

cylinder geometry. The nuclear data used is the same

as in Reference 19. Two design calculations with 2

and 10% graphite structure in the 1ithium oxide zones
are completed. The neutronics results are tabulated

in Table 2. The tritium breeding ratio in these designs
is ~1.3. The total nuclear heating in these systems

is ~15 MeV per D-T neutron, among which ~13% is con-
tributed by gamma-ray heating.

with P3S8 approximation, in

The radioactivity, afterheat and biological
hazard potential (BHP) of this blanket are calculated,
with either aluminum (Design 1) or stainless steel
supporting structure (Design I*), and shown on
Figures 9, 10, 11. Those value are compared to that
of UWMMAK-1. The advantage of the graphite blanket is
obvious.

Table )

Sputtering From The Carbon First Wall Under

UAk-111¢9) gperating conditions

Incident Flux of
Mean Particle(*) Sputtered
Energy Current~ Sputt.  Atoms-
Particle keV cn? s-1 Coeff. cmls-
D+ 3 5.8x10'2 0.00 5.8x10'0
T+ 3 5.8x1012 0.01  5.8x10'0
He++ 3 6.8x10" 0.1 6.8x10'0
Het+ 100 6.8x10'0 0.05  3.4x10°
n 14.110° 4.43x10"°  107% 4.ax70°
Total ].9x10]]

(*) Adjusted to 1 MW/mZ average neutronic wall loading.

. Table 2

Summary of Neutronics Results in the Graphite
Structured Blanket Designs

Volume Percent Graphite Design I Design 11
in Breeding Zones 10% 2%
Tritium Production from 0.4512 0.4961
7Li(n,n'a) Reactions :
Tritium Production from . 0.8497 0.8660
5Li(n,a) Reactions

Tritium Breeding Ratio 1.3009 1.3621
Neutron Heating 12.9764 13.1801
Gamma-Ray Heating 1.9018  1.8474
Total Nuclear Heating 14.8782 15.0275
Energy Leakage to the Shield 0.0176 0.0478

Note: In units of tritons per D-T neutron or MeV

per D-T neutron.
Conclusions

A graphite blanket ccoled by gravitational flow
of lithium oxide is introduced. Due to the low
pressure of the blanket, the first wall is no longer
required as the vacuum boundary. The maintenance
and repairment of such a first wall will be much
simplified. Redundancy of the first wall is a built
in function. Many problems remain to be solved;
among which the most critical ones are blanket vacuum
problem, ceramic technology, vacuumn heat transfer.
Much further works are required to establish the
feasibility of this concept.
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