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Summary

The principal findings of this study are as follows:

1. The long-lived residual radioactivity in a fusion reactor
blanket using aluminum structure is very low, that is, about 6 to
7 orders of magnitude lower than the inventory if one uses nio-
bium or stainless steel structure. Short-lived activation c?.ue to
Na24 (produced by (n5a) reactions on Al

27) is on the order of 10^
curies. This isotope has a very short half life, however (15 hours).
Residual radioactivity in the blanket ten days after shutdown is
only ~20,000 curies. Most of this residual radioactivity results
from neutron activation of small amounts of impurities in the main
blanket materials: aluminum, graphite, beryllium, and aluminum
oxide. This activation may be considerably reduced through further
advances in purification technology. Assuming 3 years of reactor
operation before shutdown and removal of the blanket, the residual
radioactivity in the blanket 10 years after shutdown is only ~1000
curies, of which most is Al (740,000 years half life).

2. Most of the blanket is discarded after 3 years operation, except
for costly materials like lithium and beryllium. These are recon-
stituted and recycled into new blankets. The scrap has very low
residual radioactivity, ~1 curie/metric ton, with no afterheat
problem. It is simply compressed and stored in vaults on the re-
actor site. Release of activity to the environment from stored
scrap should be negligible.

3. No resource problems exist for the materials (aluminum, graphite,
alumina) which are discarded from the blanket. Limited resource
materials (lithium and beryllium) are recycled to the blanket, and
world reserves should be sufficient to permit a large fusion economy.
Helium for the coolant circuit can be extracted from the atmosphere
at a practical cost (i.e., ~$200/lb) for the reactor.

4. Use of solid lithium compounds (LiAl and LiAlC^) for tritium
breeding eliminates corrosion problems associated with liquid lithium
and flibe. Water is used as a coolant for the aluminum shell, but
at low temperature (400°F) and low flow velocities (2 ft./sec).
No corrosion problems are anticipated with either helium or water
coolants.
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5. The blanket inventory of tritium can be held to relatively
low levels with solid lithium compounds. With an average holdup
time of tritium of 0.5 hours in the blanket, the blanket inventory
of tritium is 140,000 curies. Tritium extraction from the solid
compound is controlled by diffusion, and much shorter holdup times
can be achieved with smaller LiAl and LiAlC>2 particles. Particle
sizes in this design are 1 mm for LiAl and 30 m for LiA102- The
tritium is released into the helium coolant stream, from which it
is absorbed in a tritium trap consisting of a bed of titanium
metal particles. The process stream, five percent of the main
helium stream, flows through the tritium trap. The trap is at
500°C, the same temperature as the process stream. After tritium
is absorbed for 5 minutes, beds are switched and tritium is de-
sorbed by cryopumping. Tritium inventory in all reactor helium
circuits totals 7200 curies. The tritium trap total inventory is
approximately 200,000 curies (these inventories could be substan-
tially lower, if desired).

6. The maximum credible accident is probably the release of all
the tritium in the reactor helium circuits at ground lavel. This
would result in relatively small exposures (~2 ran) at the site
boundary.

7. Releases of tritium during normal operation are expected to be
less than 1 curie/day.

8. One-third of the blanket is replaced every year during a shut-
down of one month. Replacement appears simple enough that this
down time can probably be reduced one to two weeks using more
working crews. Decay of Na^4 in the blanket will impose a lower
limit on downtime of ~10 days. With minor changes in design
the blanket modules should be capable of first wall loads ~5 MW(th)/
m^, or three times the value chosen for this design. Blankets would
then have to be changed more frequently, i.e., once a year, but the
downtime could be kept to a few weeks. The higher wall loads should
substantially reduce the unit cost ($/kW(e)) of the nuclear island.

9. The overall net thermal cycle efficiency is 32%. This could
be increased to ~34% with relatively minor design modifications,
and to ~36% with a graphite curtain in front of the module. Energy
deposited in the low temperature aluminum structure (T=400°F) is
used to raise steam which is then superheated by a small part of the
energy deposited in the hot zone of the module. Most of the high
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quality energy is used in a high pressure steam cycle. The over-
all net cycle efficiency using this approach is considerably
higher than if the heat from the two temperature zones were used
in separate cycles.

10. An Al-Mg-Si wrought alloy (6000 series type) is used for the
structure in this design. This alloy will be more ductile and
easier to fabricate than the SAP alloy proposed in previous de-
signs.

11. The design breeding ratio is 1.20 tritions/fusion event. This
should allow sufficient margin for beam hole leakage, data errors,
etc. If lower breeding ratios are desired, less beryllium can be
used.

12. The replacement of modules on the inner surface of the torus
in the high toroidal field regions, which would be extremely diffi-
cult, is avoided by using a high temperature graphite reflector in
the region. The reflector reradiates all the energy it receives
by neutrons, gammas, and bremsstrahlung as thermal radiation to the
remainder of the blanket. It operates at a temperature high enough
(~1800 c) that most of the radiation damage should anneal out and
cracking should not affect its performance. This region should not
have to be replaced during the life of the reactor, but could be
done relatively easily if required.

13. The use of water coolant for the aluminum module shells pro-
vides good temperature control and high heat transfer capability
in event of plasma or beam impingement on the blanket. Water cool-
ant is not mandatory, however, and helium coolant could be used in
place of water.
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1. Overview of the Low Activity Blanket Design

In all fusion reactors using the deuterium-tritium fuel cycle,

a large fraction (~80%) of the fusion energy will be released as

—14 MeV neutrons. These neutrons must be slowed down in a rela-

tively thick blanket surrounding the plasma, and their kinetic

energy converted to high temperature heat. This heat is continu-

ously removed from the blanket by a coolant system. Finally, a

portion of this heat is converted to electricity in a standard

thermal cycle, i.e., a steam or gas turbine cycle.

The fast 14 MeV neutrons seriously activate many candidate

blanket materials. Moreover, the radiation damage resulting from

these fnst neutrons is a serious problem and may necessitate

frequent replacement of the blanket- Thus, it is desirable that

the blanket be made from materials that exhibit little or no

residual radioactivity. This not only greatly eases repair, main-

tenance, and replacement operations, but also greatly reduces

the radioactivity of damaged materials that must be handled and

stored.

Prior to the blanket concept described in this study [and

preceding reports (1,2,3)] all fusion reactor reference designs

used blankets in which lithium was present as a liquid metal or

salt. (For the deuterium-tritium fuel cycle, it is necessary to

have lithium present in the blanket to breed tritium to replace

that consumed in the plasma.) If lithium is present as liquid

metal or fused salt, the only practical blanket materials that

will resist corrosion by the liquid turn out to have high residual

radioactivities (for example, stainless steel or niobium), and

many years are required for these activated materials to decay

to safe levels.
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The lifetime of a blanket for a fusion reactor operating

on DT fuel is not yet well defined, but it is clear that life-

times will be at most a few years, rather than the 30 years or

so desired for power plants. Thus the entire blanket

must be replaced a number of times during the life of a fusion

plant. If stainless steel or niobium is used as the structural

material, this inevitably results in handling billions of curies

of activated materials during each replacement. This must be

done rapidly if plant utilization factors are to be reasonably

high. Furthermore, these highly radioactive materials roust be

stored and monitored for many years after removal.

If a solid form of lithium is used in the blanket instead of

liquid lithium metal or salt, however, the choice of blanket

constructional materials is no longer limited by corrosion be-

haviour. In fact, the blanket can now have only solid com-

ponents and can be cooled by an inert gas such as helium. Con-

structional materials with very low residual activation can then

be used. These materials are limited to light elements like Al,

Mg, Si, C, O, and Be, or compounds of those elements. Hopkins (4)

has proposed using graphite and silicon carbide as structural

materials for low activity blankets? however, both materials have

low ductility, anci graphite undergoes large dimensional changes

at relatively low fluences. Thus, such materials may not be able

to reliably sustain the high stresses necessary in blanket struc-

tures. Cracks in such structures will let coolant leak into

the vacuum region, and the plasma will be quenched-

Aluminum and aluminum alloys are promising structural mater-

ials for vexy low activity blankets. A number of conceptual

blanket designs using SAP structure (aluminum strengthened by a

dispersoid of very fine aluminum oxide particles), and solid

lithium compounds for tritium breeding have been proposed and

investigated in earlier studies (1,2,3). This study concentrates
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on a specific blanket design using an Al-Mg-Si alloy as the struc-

tural material. This alloy would be similar to the 6000 series of

aluminum alloys, but without constituents that can be activated

(Fe, Cr, Ni, etc.). Such a wrought alloy will be much more ductile

than SAP, but its maximum temperature capability is not as great as

that of SAP (typically 400-500°F vs. 750°F).

The blanket is designed to fit into the UWMAK-1 reactor (5)

and to operate at the same first wall load, total thermal power,

and plasma conditions.

Because of the low temperature capability of the aluminum

structure, the blanket is designed with two temperature zones. The

cool zone is the aluminum structure which operates at 400 F and is

cooled by water. This structure is made of ~1 meter long cylindri-

cal aluminum modular shells, 64 cm in outer diameter, and 2.5 cm

thick, with internal channels for the water coolant. The ends fac-

ing the plasma are closed with elliptical dished heads.

The hot zone comprises the materials inside the modular alum-

inum shells, including graphite, beryllium, and solid lithium com-

pounds, and it is cooled by helium with an inlet temperature of

350 »", an exit temperature of 1400 F, and a pressure of 20 atm.

The two zones are thermally isolated by a low conductivity insula-

tor, i.e. low density Al_0,.

In the reference design described here, 32% of the total en-

ergy/fusion (including neutron absorption and gamma energy) is de-

posited in or leaks to the cool aluminum structure, and 68% remains

in the hot zone. With design improvements, such as cooling the

Al»0^ insulator with a radial flow of helium coolant, the portion

of fusion energy deposited in or leaking to the cool zone can be

reduced to ~15%. These improvements are discussed more fully in

a later section.
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An important finding of this study is that the thermal energy

from the cool zone can be converted to electrical energy at rela-

tively high efficiency. First, a portion (i.e., several percent)

of the water coolant is flashed to steam outside the blanket. The

cooled water is then pumped back to the aluminum modules in the

blanket, and the low pressure saturated steam (T ~375°F) is super-

heated by helium from the hot zone, and then expanded in the low

pressure stages of the turbo-generator. About 10% of the thermal

energy extracted from the hot zone is used for this superheat. The

remaining thermal energy from the hot zone is used in a conventional

high pressure steam cycle.

The net overall thermal efficiency for this combined cycle with

a one-third input into the cold zone is 32%. The overall efficiency

could be raised to approximately 34% with the same fractional input

to the cool zone by reducing overpressure on the water coolant cir-

cuit and by allowing some helium cross flow through the Al?0 insu-

lator between the hot and cool zones.

With more substantial design modifications such as a graphite

curtain that captures and re-radiates fcremsstrahlung energy to a

radiation sink with a temperature substantially greater than 400 F,

the net overall thermal cycle efficiency should approach ''jfl>. The

graphite curtain would also allow the elimination of the water cool-

ant circuit, with the module now being cooled by a single helium

coolant stream. This would simplify module connections, speed re-

pairs, and reduce module costs.

The principal blanket materials in this reference design are

aluminum (with magnesium and silicon as alloying elements, graph-

ite, aluminum oxide, lithium aluminum alloy, lithium aluminate ce-

ramic, beryllium, boron carbide, water, and helium. The available

U.S. resources of aluminum (from clays), aluminum oxide, magnesium,



silicon, graphite, water, and boron carbide can be considered

virtually unlimited.

The question of lithium resources is not addressed in this

study, except to note that the lithium inventory in this solid

blanket design is almost two orders of magnitude smaller than ,

that in blankets using liquid lithium metal or flibe. Lithium

enriched in Li is used in the solid blanket design vs. natural

lithium in liquid lithium blankets, The Li must be extracted

from natural lithium; the remaining Li can then be used in nor-

mal chemical markets. Thus the solid blanket design minimizes

impact on lithium resources, in terms of inventory, compared to

liquid lithium blankets. The consumption of Li will be essen-

tially the same for solid and liquid lithium blankets, however.

Helium from natural gas reservoirs is limited and may not

be available when fusion reactors are being constructed. The

inventory in the blanket cooling circuit is small enough (~20,000

lbs), however, that the cost of extraction from the atmosphere

is not a major part of the overall cost for the reactor. Helium

resources thus can be assumed to be virtually unlimited. The

question of He for the superconducting magnets is not addressed,

but the He inventory for magnets will be similar to UWMAK-1. :

An inventory of approximately 190 metric tons of beryllium !

is necessary for the blanket design. This corresponds to a total j

inventory of 125,000 metric tons of beryllium for an installed i

fusion reactor capacity of 10 MW(e), or approximately 20% of the

projected world reserves. However, there has been relatively lit- 1 ,

tie exploration for beryllium, and ths actual reserves may be much ]

larger than the above estimates. In addition, ores with low beryl- \

lium concentrations can be economically worked (6), and this I

should greatly increase available U.J. and world beryllium reserves. \
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Approximately 0.5 tons of Be is consumed per year of reactor oper-

ation or 0.1% of its inventory.

Beryllium is required for solid blanket designs if tritium

breeding ratios of one or greater are to be achieved. Since

virtually all tritium production is by absorption of relatively

slow neutrons in Li , enough beryllium must be present that neu-

trons produced by n,2n reactions in Be replace the neutrons lost

by parasitic reactions with aluminum, graphite, etc. A breeding

ratio of 1.20 is calculated for this reference design, which

should be sufficient margin to allow for errors in data, three-

dimensional neutronics effects, etc. In practice, the amount of

Be in the reactor would be reduced so that the breeding ratio is

only slightly greater than one, and Be inventory may, in an actual

reactor, be substantially less than 190 metric tons.

The radioactive inventory at shutdown is completely dominated

by Na . This isotope has a very short half life (15 hours),
9

however, and the initial inventory of 10 curies decays to negli-

gible levels (100 curies) in 10 days.

The principal activations resulting from the primary blanket

materials (i.e., aluminum, graphite, oxygen, beryllium, magnesium,

and silicon) are Al (740,000 years half life) and C (4,700 years

half life)• The average inventory of these isotopes is about

600 curies in the entire blanket at any given time, since one

third of the blanket is replaced every year, the average inventory

of long-lived isotopes like Al and C is approximately one half

of the inventory that would be present if the entire blanket ran

for 3 years before shutdown and removal.

Except for tritium, most of the long-lived blanket activation

(half life of one day or greater) results from activation of im-

purities (e.g., Fe, Mn, Zn, etc.) in the primary blanket materials.
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The total impurity activation in the blanket upon shutdown is on

the order of 20,000 curies. This activation will decay to negli-

gible levels within 10 years after shutdown, and can be neglected

as regards to long-term waste storage and dispersal.

The impurity levels in aluminum and aluminum oxide assumed

for this design are now achieved in aluminum production plants.

The cost of this aluminum is estimated as quite low—approximately

$l/lb. for production in amounts appropriate to fusion reactors.

Graphite of the purity level assumed in this study is currently

being produced (actually much purer graphite is currently pro-

duced) . The cost of graphite is estimated as approximately $2/lb

for full-scale production. The impurity level assumed for beryl-

lium is an order of magnitude smaller than the purest material

currently being produced in production plants. Total beryllium

production is small, however, and there is no demand for very pure

material (for fission reactor applications beryllium is satisfac-

tory with impurity levels an order of magnitude poorer than that

desired for this fusion reactor design). It seems likely that

low cost purification processes can be developed, since the allow-

able total cost for Be can be on the order of $50/lb. The most

promising \->ute for further reduction of blanket activation would

appear to be further purification of the principal blanket ma-

terials. The impurity activation in this design seems insignifi-

cant in terms of waste disposal, since the various activities

decay in a few years, and it also seems insignificant in terms of

hazards. Reduction of impurity activation may make blanket re-

pair and maintenance easier, however. Advances in materials puri-

fication technology are likely in the next few decades, and

impurity activation can probably be greatly reduced by the time

fusion reactors are being constructed.
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The scrap from this reactor will consist of aluminum, alumi-

num oxide, and graphite. The only significant long-lived activity
26

will be Al (740,000 year half life). The specific activity of

this waste will be very low, approximately 1 curie per metric

ton. The scrap can be compressed into blocks and permanently

stored in concrete vaults on the reactor site. After-heat is

completely negligible. Release to the environment should be neg-

ligible and only minimal monitoring of the stored scrap is con-

templated. During the 30-year life of the plant, approximately
26

10,000 curies of Al will be generated. Considering the vast

reservoir of natural aluminum in soil, even if one assumed wide-

spread dispersion and dilution of the Al , the resultant spe-

cific activity of soil and ground water would be many orders of

magnitude below the MPC.

Tritium is bred in the solid lithium aluminum alloy in the

beryllium neutron multiplication region, and also in solid lith-

ium aluminate in the graphite neutron moderating region. The

bred tritium then diffuses into the helium coolant stream, from

which it is trapped out by absorption in titanium beds. Five

percent of the total blanket coolant flow is circulated through
o

the absorption beds at a temperature of 500 C. This process

stream is extracted from the main coolant stream at 500 C, and

is returned to it at this temperature. No heat transfer is nec-

essary for the process stream. After absorbing tritium for ap-

proximately 5 minutes, the titanium bed is switched from the

process stream, and the absorbed tritium desorbed by cryopumping.

The cryopumped tritium is then recycled to the fuel fabrication

system, along with tritium from the plasma exhaust.

Experiments with lithium-aluminum and lithium aluminate indi-

cate that tritium bred in it by neutrons can be readily extracted
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by diffusion into helium (7). Tritium diffusion in the solid lith-

ium compound appears to be the controlling step in extraction, and

mean holdup times of a half-hour appear readily achievable. The

total tritium blanket inventory in this design is then only 140,000

curies. Smaller particle sizes for the lithium compound can reduce

tritium inventory still further, if desired.

Lithium aluminum alloy (LiAl) is used in the beryllium region,

since the local helium temperature is relatively low (400 F to

950 F), and LiAl has a high tritium diffusion coefficient at low

temperatures. The melting point of LiAl alloy is several hundred

degrees above the maximum helium temperature in this region. LiAl

particle sizes are on the order of several hundred microns and the

LiAl pellet is composed of a loosely compacted mixture of LiAl

particles and inert solids (e.g., Be or graphite). The pellet has

sufficient open porosity that tritium will quickly escape after

diffusing to the surface of a LiAl particle. If some particle at-

trition occurs, fines will be held in the region.

The helium temperature in the graphite region is high enough

(950 to 1400 F) that LiAl cannot be used. Lithium aluminate

(LiAlO_) is used in this design, though lithium silicate (LiSiO.)

would also be suitable, and is probably somewhat easier for ex-

traction of tritium. LiAlO particles (several tens of microns in

diameter) are loosely compacted with graphite particles into pel-

lets of approximately 1 cm diameter, and the pellets inserted into

graphite tubes with holes to facilitate tritium escape.

The total tritium inventory in the helium coolant circuit is

7200 curies. This can be readily reduced by a factor of two by

increasing the process stream flow to 10% of the total blanket

flow, instead of 5%. However, an inventory of 7200 curies seems

very low, both in terms of hazards and in terms of leakage during
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normal operation. Assuming a leak rate of 1% (several times smaller

than that of HTGR designs) of the helium inventory per year of op-

eration, the plant will leak 0.22 curies/day into the primary con-

tainment building. Most of this tritium leakage should be recovered

by cleanup of the containment building atmosphere, so that the leak

rate of tritium to the environment by this route will be « 1 curie/

day. The tritium leakage rate by diffusion through steam genera-

tor tubes is held to ~1 curie/day by using tubes with tritium dif-

fusion barriers (aluminum, copper, or tungsten) as proposed in other

fusion reactor reference designs. This tritium will remain in the

steam system. This system will be designed for zero blowdown. A

small fraction of the inventory can be continuously cleaned of

tritium. The tritium escape to the environment during normal op-

eration by this route will then be substantially less than 1 curie/

day.

The helium coolant system is sectionalized into twelve separ-

ate loops. If all the helium in a one-loop system was discharged

to the environment the total maximum integrated individual dose at

the site boundary would be only 0.14 rem for ground level release,

and 0.05 rem for release from a 50 meter stack, based on release

factors developed in an AI environmental study (8). This is far

less than the 25 rem maximum suggested by 10 CFR 100. Even if the

helium from all 12 blanket coolant loops were completely discharged

to the environment, the total integrated dose in the worst case,

ground release, would still be more than an order of magnitude less

than the 25 rem limit suggested by 10 CFR 100.

Release of any substantial part of the tritium in the blanket

seems unlikely, since the tritium is distributed throughout the

solid lithium compound. Reactor shutdown, and subsequent blanket

cooldown would limit diffusion of the blanket tritium into the
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helium stream to very low rates. Assuming the release of 10% of

the 140,000 curies of blanket tritium, which seems unlikely, the

total individual dose from tritium at the site boundary would be

only ~3 rem for the worst case of ground level release.

The blanket design objective has been to make replacement

and repair as easy as possible, and to minimize cost. This goal

has led to several decisions embodied in this design:

1. Use of a graphite block structure on the inner part of

the toroidal blanket surface.

2. Use of a number of flat surface segments with associated

modules to approximate the curved toroidal surface.

3. Support of surface segments from bulkheads.

4. Installation of two module types—Type A is directly re-

movable together with its associated shield plug, while

Type B is removable through the access hole left when a

Type A module is removed.

5. Use of a primary vacuum tank in which the reactor is

placed, which acts as a barrier between the reactor and

primary containment building.

The thickness of the blanket and shield on the inner part of

the toroidal blanket should be minimized, to keep "the maximum mag-

net field in the superconducting windings as low as possible (max-

imum field is proportional to R , where R is the distance from

the major axis of the torus. Thus it is virtually impossible to

provide access between the shield and magnet in this region.

One of the important results of this study is the development

of a solution to this very severe problem which is common to all

Tokamak reactors. In this region, a simple graphite block struc-

ture, approximately 1 meter thick, is placed in front of the 1

meter thick neutron shield. (Figure 5-1). Most of the neutron
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and bremsstrahlung energy deposited in the graphite structure is

re-racliated bade as thermal radiation. The; graphite surface tem-

perature is on the order of 1800 C, with internal temperatures

several hundred degrees hotter. The graphite is hot enough that

radiation damage should anneal out, but not hot enough that sur-

face evaporation poisons the plasma. The graphite block struc-

ture covers only 5% of the toroidal blanket surface. Lithium

aluminate rods for tritium breeding are placed in the cooler

(T ~1000 C) portions of the graphite blanket, approximately 0.5

meters from the first wall surface of the graphite. The effect

of the graphite region on the breeding ratio is very small, amount-

ing to a reduction of ~1%.

This graphite region should last for the full reactor life

of 30 years without replacement. Cracking and/or some loss of

the segments should not require repair, but it can be easily

carried out if necessary.

The use of flat surface segments for a blanket permits the

same size and shape blanket modules to be used everywhere in the

reactor. It would be difficult to install and replace the large

number of different module sizes and shapes if one attempted to

follow a curved toroidal blanket surface. The cylindrical mod-

ules on each flat surface are close packed on a triangular pitch.

There are gaps between the various flat surface segments since

they meet at angles as one moves around the toroidal plasma. These

gaps are filled with graphite blocks similar to those used in the

inner part of the torus so as to prevent neutron streaming and ex-

cessive energy leakage through the shield into the magnets.

The flat surface segment design proposed here essentially

forms the shield and remains in place during normal replacement

oi repair of the blanket modules. However, the segments are
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detachable and can be removed as units, if necessary, by the crane

above the reactor. It is not necessary to remove the toroidal mag-

net coils in order to remove the segments. The segments are de-

signed to be removed through the outer gaps between the TF coils.

The segments contain internal beam members made of aluminum

alloy and are supported from 24 bulkheads around the major circum-

ference of the reactor. The bulkheads are affixed on massive pads

under the reactor, with a single ring of blanket modules around

the circular opening in the bulkhead through which the plasma ring

passes.

Most modules (Type B modules) have small diameter stepped

shield plugs containing the coolant lines, and those plugs extend

through the main shield formed by flat surface segments. A frac-

tion (typically one out of seven) of the modules (Type A modules)

have removable shield plugs above them, of diameters somewhat

greater than the module. When the Type A module and its shield

plug are removed, an access hole is provided through which Type B

modules can be removed.

All module piping connections are made outside the shield.

When the reactor is shutdown every year for replacement of one-

third of the blanket modules, the reactor is first allowed to
24

cool down for ~10 days so that the Na can decay to negligible

levels. During the last 3 days of this cool-down period, the

piping connections of the modules to be removed can be discon-

nected. This can be done without auxiliary shielding for the

working crews, since the main shield should be adequate. During

the remainder of the 30-day shutdown period, ~2500 old blanket

modules are removed (the ones that, have been in the reactor for

3 years) and new ones inserted. Five work crews working around

the clock (4 shifts per crew) should be enough to remove and
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replace one Type A module and six adjacent Type B modules. Each

module will have an activity level of about 3 curies, and can be

withdrawn into a shielded cask. The low activity per module

allows the casks to have relatively minimal shielding and to be

much lighter than conventional casks.

Some shadow shielding may be required around the access hole

when the adjacent modules are being removed. It should not be

necessary to have any personnel go down the access hole into the

reactor volume. All connections are outside the shield, and the

adjacent Type B modules can be dropped onto a holder beneath them,

moved over to the access hole by external control, and then with-

drawn through the access hole.

The primary vacuum tank seems preferable to having a primary

vacuum seal outside the shield with the consequent worry about

leaks at the many penetrations caused by coolant lines. The cool-

ant line for each module can be bundled together with a small sec-

ondary vaccum container around the point where the module/header

connections are made, if desired. These can be quick disconnects

to minimize replacement time.
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2. Plasma Confinement - Same as UWMAK-1

3. Fuel Iniection - Same as UWMAK-1

4. Plasma Heating - Same as UWMAK-1
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5. Mechanical Features of the Very Low Activity Blanket and Shield

5.1 Overall Assembly

The reactor is constructed in the form of a torus with an

octagonal blanket cross section surrounding the plasma. Figure 5-1

shows the principal parts of the machine: blanket modules on the

inside of the corus facing the plasma, the shield slabs, the field

magnet coils, and the graphite reflector region on the inside of

the torus. Not shown are the divertor and transformer coils. These

would be similar to those in UWMAK-1 and would not affect the blan-

ket design. Figure 5-1 also shows standard components such as con-

crete tank-like vacuum container lined with steel, handling cranes,

passageway for removal of modules, containment dome, etc.

The blanket modules convert the bremsstrahlung and neutron en-

ergy to a useful form of heat to drive a power plant, and also breed

the makeup tritium. The shield sections reduce the neutron leakage

to tolerable levels for operation of the superconducting coils and

maintenance work.

The blanket and shield regions around the major circumference

of the torus have been divided into 24 equal sectors, each of which

is supported on both ends by a bulkhead which extends upward from

the floor. See the photograph of the reactor model in Figure 5-2.

The field magnets are supported by massive saddles at the bottom.

Each of the 24 sectors is formed from 8 flat shield slabs.

These slabs are normally left in place during the 30-year life of

the reactor, but can be detached and removed individually, if nec-

essary, using the crane inside the primary vacuum tank. Slabs would

only be removed if non-repairable damage occurred to them, or if

their associated blanket modules could not be detached and new ones

replaced.

The bulkheads connect to and support the adjacent flat segment

shield slabs. Bach bulkhead has a single row of blanket modules
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around the plasma, with a shield region outside the blanket modules.

The blanket modules are detachable and can be removed through access

holes in the adjacent flat segment shield slabs.

5.2 Module Design

A typical low activity blanket module is shown in Figure

5-3. An outer cylindrical shell of aluminum is cooled by water flow-

ing in passages in the shell wall. The aluminum wall thickness is

fixed by the pressure of the helium coolant which flows through the

interior of the module, the module diameter, and the allowable maxi-

mum stress in the aluminum.

The dished head of the aluminum shell is called the first wall,

and receives bremsstrahlung radiation from the plasma. The Al head

can be coated with a low material (e.g., Be) to reduce impurity ef-

fects in the plasma. A graphite curtain can also be used between

the Al heads and the plasma, if desired.

The fast neutrons from the DT reactions in the plasma pass

through the first wall into the interior of the module. A neutron

multiplication region is placed directly behind the dished head of

the module, with (n,2n) reactions in beryllium generating sufficient

new neutrons to compensate for neutrons lost by parasitic reactions

with module materials.

This neutron multiplication region is formed by filling the

dished head of the module with beryllium and LiAl balls. The 1-

centimeter diameter Be balls are formed by hot pressing Be powder,

while the LiAi balls are formed by pressing LiAl pellets of several

hundred micron diameter into balls of 1 centimeter diameter with

inert filler material. Sufficient porosity is retailed that trit-

ium leaving the surface of the LiAi pellets can quickly escape into

the helium coolant.

A neutron moderating region is placed directly behind the

neutron multiplying region. This moderating region is composed of
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graphite rods and small LiAlO pellets. It is divided into inner

and outer moderating regions. The principal distinction between

the two regions is that the graphite in the inner moderating zone

is replaced because of neutron damage, while the graphite in the

outer zone may not have to be replaced.

The graphite is in the form of square rods, 1 inch on a side,

with helium coolant passing up between the rods. Small diameter

lithium aluminate particles (~20|j diameter) for tritium breeding

are mixed with graphite powder and loosely compacted into pellets

which are inserted into hollow graphite rods. After reaching the

surface of the LiAlO particles, the bred tritium readily escapes

through the pores of the pellets ana through a number of holes in

the walls of the hollow graphite rods.

The water coolant passages in the aluminum shell are 0.75 cm

in diameter, and are spaced one and one-half diameters apart. The

inlet channels, connected in parallel, go down one-half of the cir-

cumference of the module, across the dished head, ajid up through

the other half of the module circumference. The water channels can

be formed either by a roll bonding process in which two layers of

aluminum are rolled together, with the passages formed by expanding

the shell with gas pressure, or by brazing an inner and outer shell

together with silicon braze. Both methods are straightforward and

inexpensive.

In previous studies of very low activity blankets, a form of

aluminum known as Sintered Aluminum Product (SAP) was used. SAP

consists of pure aluminum strengthened by a dispersoid of micron-

sized aluminum oxide particles (typically 10% by weight). It re-

tains high strength (typically 10,000 psi) at high temperatures

(e.g., 400°C), but has relatively limited ductility (e.g., 1%).

Fabrication technology is more difficult than that for conventional

wrought alloys, but should become easier with further development

work.
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For this study it has been decided to use a more conventional

form of aluminum, a wrought Al-Mg-Si alloy similar to those in the

6000 series. These alloys are strong, ductile, and among the eas-

iest to work with of the various aluminum alloys. They include

some small amounts of objectionable elements like Cr and Mn, which

are added for such purposes as grain size control. They do not

directly affect alloy strength, particularly at elevated tempera-

tures. It seems likely that a satisfactory Al-Mg-Si alloy can be

developed without objectionable additives, using non-activating

elements to control grain size (perhaps vanadium or boron). De-

velopment and characterization of such an alloy will require sev-

eral years, however (1).

The wrought alloys of aluminum have substantially lower tem-

perature capabilities than SAP, however. For purposes of this

study, we have assumed that the non-activating Al-Mg-Si alloy that

would be developed, will have properties similar to 6061. The

yield strength is taken as 14,000 psi at 400 F over the 3-year

life of the blanket modules.

With proper alloying additions, aluminum exhibits low corro-

sion rates in water up to temperatures of about 600 F (2). Unfor-

tunately, these alloying additions (copper, nickel, etc.) would

cause excessive neutron activation. It is assumed for this study

that non-objectionable alloying additives can be found which will

protect the Al-Mg-Si alloy at 400 F. The water flow velocity is

low enough, approximately two feet per second, that protective

films on the coolant passages will probably not be stripped off.

With reduction of the energy fraction going to the cool alu-

minum zone, the temperature of the aluminum shell can be lower with-

out affecting the overall cycle efficiency. Some relatively small

modifications should reduce the cold energy fraction to 15% from

the present 32%, which should permit lowering the aluminum
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temperature by 100 to 200 F. In addition, the aluminum could be

cooled either by a separate helium coolant circuit, or more prob-

ably, a single helium circuit could be used, with the inlet helium

removing energy from the aluminum shell and then circulating through

the hot interior of the modules. This option will be examined in

a subsequent section.

In the present dasign, a separate helium circuit is used to

cool the interior of the module. The inlet helium passes down

through an annular channel formed by the aluminum module shell and

a thin inner aluminum liner. The helium inlet temperature matches

the aluminum module temperature. After reaching the dished head

of the module, the inlet helium stream passes up through a porous

aluminum distributor plate just inside the dished head. The helium

then passes through the layer of Be and LiAl, through the graphite

cloth or aluminum screen that separates the neutron multiplication

and moderating regions, and then through the stack of graphite rods

that forms the inner and outer moderating regions.

A cylindrical layer of low density alumina ceramic thermally

isolates the hot and cold zones. All neutron and gamma energy di-

rectly deposited in this insulating layer is assumed to flow into

the cool aluminum zone and heat flow from the hot to cold zone is

computed assuming no heat source in the insulator. These assump-

tions overestimate the energy leaking from the insulator into the

cold zone. (Actually, since the maximum internal temperature in

the insulator is considerably higher than either the hot or cold

zone temperature, only about one-half of the energy deposited in

the Al O insulator flows to the cold zone.) A minor modification

will substantially lower the energy going to the cold zone. If

part of the helium coolant flow radially through the insulator into

the hot zone, and the local flow rate is adjusted to make the tem-

perature of the helium leaving the inner surface of the insulator
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equal to the hot zone temperature, almost all of the heat deposited

in the Al O, insulator will end up in the hot zone.

5.3 Stress Analysis of Module

Figure 5-4 shows the stress distribution in a module

shell, for an internal helium pressure of 300 psia and a water

coolant pressure of 750 psia. The analysis was carried out using

a 2-dimensional axisymmetric finite element computer code with

a 2400 element capacity. The mechanical properties of the aluminum

shell were taken as the same for 6061 alloy.

The cylindrical module shell and dished head were divided

into a large number of elements. For purposes of analysis, the

circular water coolant channels were assumed to be equivalent

to having an annular gap between the inner and outer layers of the

module shell, tied together by aluminum ligaments of the same cross

sectional area as those in the actual shell. This assumption has

relatively little effect on the final result, since the internal

helium pressure has a much larger effect on stress in the module

shell than the water pressure does.

The stresses shown in Figure 5-4 are maximum primary stresses

in the inner and outer layers of the module shell. Stresses in the

aluminum ligaments that tie the two layers together (i.e., the

a3-uminum between the water coolant channels) are not shown in the

plots. These stresses are comparable to those shown for the inner

and outer layers, however.

The module shell was assumed as isothermal at 400 F. There

will be small thermal gradients, however, due to the AT across the

water cooling circuit, and the temperature differences necessary to

drive the energy deposited by bremsstrahlung and neutrons. The ther-

mal stresses will be largest in the outer layer of the dished head

where the bremsstrahlung radiation is received. Here they are about

800 psi and will not significantly limit coolant pressures, since

- 24 -



the stresses caused by the helium and water coolant pressures are

much greater. One of the advantages of aluminum over structural

materials like stainless steel is the much smaller thermal stress

levels achievable with aluminum. Since the Tokamak will operate

in a pulsed mode, tens of thousands of accumulated cycles will be

experienced by any first wall during the life of the blanket.

The resultant cyclic thermal stresses may cause severe fatigue

problems if they are not small. With aluminum as the first wall

material, fatigue effects due to cyclic thermal stresses should

be relatively small.

The maximum stress experienced by the aluminum shell is

calculated to be 7000 psi or about 50% of the yield strength.

This is probably sufficient safety factor considering the elevated

operating temperature. If a larger safety factor is desired, it

can be achieved by either operating the aluminum shell at a lower

temperature, decreasing module diameter, increasing module wall

thickness, or decreasing the helium coolant pressure, or by some

combination of the above. If design modifications to reduce the

energy fraction going to the cool aluminum zone are made, then the

optimum course is probably to reduce the module wall temperature.

5.4 Module Damage From Radiation and Sputtering

There is no data to indicate how serious the long-term

neutron damage effects will be for aluminum alloys in fusion

reactors. The total displacements per atom will be comparable to

those in fission reactors, for the same fluences^ but the production

of H and He atoms by (n,p) , (n,d) , (n,a) , etc reactions will be much

greater in fusion reactors. The helium production appears to be the

most troublesome effect, since it cannot diffuse out of the aluminum

alloy, and will probably collect at various dislocation sites, causing

embrittlement. Total helium concentration in the first wall after 3

years of operation will be ~1000 ppm. The helium embrittlement will
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probably result in higher strength and lower ductility for the

aluminum. Displacement damage is not expected to be as serious a
22

problem. The fast neutron fluence (E > 0.1 MeV) is about 2 x 10

n/cm after 3 years operation (80% load factor).

Damage to other blanket components will occur, but these are

only filler materials inside the aluminim module shell, and crack-

ing or swelling should not cause any serious problems. The graph-

ite rods will initially shrink, causing a small increase in the

helium flow area. This in turn will slightly lower the heat trans-

fer coefficient and increase the temperature of the graphite rods,

but this effect is essentially negligible. The rods will start to

expand beyond their original volume at a fluence of ~3 x 10 n/cm ,

but will be replaced by that time. Cracking of the graphite rods

will have no effect on module performance.

The Be balls will swell because of the neutron induced helium

production in them; however, the bed is very shallow (average height/

diameter ratio is ~l/6, and it should readily expand to compensate

for the relatively small amount of swelling, which should be on the

order of a few percent.

Sputtering appears to be no particular problem with aluminum
— 2

modules. With no divertor and a sputtering yield of 10 per plasma

ion, only 3% of the outer layer (i.e., the layer between the plasma

and the water coolant channel) of the aluminum dished head would be

sputtered away during the 3-year life of the module. With a 90%

effective divertor, the amount sputtered would be an order of mag-

nitude less. Aluminum has a relatively low Z, and the bremsstrah-

lung enhancement from aluminum impurities in the plasma will be

several times less than from a niobium or stainless steel first

wall. A woven graphite curtain in front of the structural wall, as

proposed by the UWMAK-2 design (3), will result in even lower im-

purity effects.
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5.5 Use of a Graphite Reflector Region for the Inner Part

of the Toroidal Blanket

Access to the inner part of the toroidal blanket surface

is very difficult, if not impossible. If adequate access space,

say 1-meter long the major radius, were provided behind the shield

at this point, the maximum magnetic field experienced by the

toroidal field coils would be increased by 20%. This would

greatly increase the magnet cost, and necessitate either operating

the NbTi superconductor at ~2°K, or using Nb.Sn conductor or cryo-

genic aluminum for part of the coil. This problem is common to

all tokamak reactors unless their size is much larger than that

now contemplated.

A way out of this problem has been proposed previously (4),

and is incorporated in this design. The inner part of the toroidal

blanket surface, in this case the blanket thet would be attached

to the inner one of the 8 flat shield slabs forming the octagonal

structure shown in Figure 5-1, is made of a single segmented

structure of graphite blocks (typically 15 cm square and about one

meter long} attached to the innermost shield slab. Most of the

energy deposited by neutrons and gammas in the graphite structure

is thermally radiated back across the plasma (which is virtually

transparent) to the rest of the blanket. The graphite surface

temperature is -1800 C at the wall loading in this design. This

is well below the limit of -2000 c set by evaporation (above this

temperature, graphite evaporation results in excessive breir.sstrah-

lung losses). The maximum internal graphite temperature is

~2200°C.

The rear third of the 1 m thick graphite block structure (near

the shield) contains passages for aluminum alloy coolant tubes,

and operates at lower temperatures (e.g. ~1000 C) than the front
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two thirds of the graphite structure. Heat is radiantly trans-

ferred from the rear third of the graphite structure to the

coolant tubes. Solid lithium compounds are used for tritium

breeding in this rear third of the graphite structure. This

probably would take the form of LiAlO. pellets inserted into

holes in the graphite, or alternatively, LiAl pellets inside

the coolant tubes. In the first case, the bred tritium could

enter the vacuum region between the first wall and the plasma,

and would be recovered with the plasma exhaust. In the second

case, the bred tritium would be recovered from the helium coolant

in the tubes, in a manner similar to that from the main helium

stream.

The front two thirds of the graphite structure operates at

a high enough temperature that radiation damage effects should

anneal out. The rear third operates at too low a temperature

for annealing, but the fluences in this region are low enough to

permit operation for 30 years without replacement (similarly,

the coolant tubes should not need replacement). Cracking or di-

mensional changes in this graphite reflector region should not

normally require removal of the graphite, and it is expected that

only a small amount of graphite will have to be replaced during

the life of the reactor. Stresses in the graphite are expected

to be very low, and cracks will not result in coolant leaks to

the plasma. If it is necessary, replacement of damaged graphite

blocks could be accomplished by a simple pullout of the old block

and a simple push-in of the new one.

The graphite reflector region comprises only about 5% of the

total blanket area and will have a negligible effect on overall

breeding ratio (about a 1% reduction). Overall net thermal effi-

ciency will be slightly reduced, for example, from 32% to 31.75%.
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5.6 Shapes and Weights of Blanket Shield Components

Figure 5-5 is a drawing again showing the octagonal

shape of the torus. It also contains a table of weights of parts

and amounts of various materials required for construction of a

low activity blanket and shield.

5.7 Maintenance Operations

The principal maintenance operation considered in this

preliminary design is removal and replacement of modules. No de-

finitive information is available concerning the effect of radia-

tion on the aluminum module. This preliminary design assumes the

life of a module to be three years, and replaces one third of the

modules each year. Some parts may be reconditionable and

reusable.

There are two cases to consider: (a) removal and replacement

of an occasional failed module; and (b) annual replacement of one

third of the blanket, some 2000 to 2500 modules.

Reference to Figure 5-6 will indicate the plan which has

been developed. Two modules are shown, one on the left labeled,

"ACCESS BLANKET MODULE" and one on the right labeled, "BLANKET

MODULE." Also shown are shield plugs and an indication of the

extensive water and helium cooling manifolds.

Some suitable small fraction (about 1 in 7, depending on

further study) of the modules will be access modules. These are

termed Type A modules. In order to replace a damaged module,

or a number of modules scheduled for replacement, the nearest

Type A module is located, the piping disconnected, the shield

plugs pulled out, and the module pulled out. The shield plug

weigh about 2500 lb., the module about 1100 lb. If the Type A

module is not to be replaced, it is simply put aside and returned

after the other modules have been replaced. If it must be
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replaced, it is sent first to removed module storage and then to

the reprocessing plant as described in Section 11. To remove

blanket modules adjacent (Type B modules) to the Type A module,

the piping must be disconnected; a tool then is levered through

the Type A module opening. This tool seizes and holds the Type

B module, which is then lowered towards the plasma axis. Another

tool then grasps the Type B blanket module and draws it out

through the access opening. After this, it can re sent to re-

moval storage and reprocessed, as described in Section 11.

Both Type A and B modules are supported by ring type supports

on the inner part of the shield in a low flux zone. They can be

detached from these supports by a simple rotation and pull-out,

once the piping connections outside the shield have been broken.

As has been noted, the Type A modules can be pulled directly out

through the shield, once their shield plug is removed, while the

Type B modules must first be lowered towards the plasma center-

line, moved laterally to the nearest access hole, and then pulled

out through the access hole.

For the case of replacement of several damaged modules, the

reactor downtime will be on che order of 1 week. It will require
24

several days for the Na activity to cool down to the point where

work crews can gain access to the external shield area, and one

to two days to remove the damaged modules. Local shielding will

be needed when the access hole is opened and the damaged modules

withdrawn.

One-month downtime is estimated for the scheduled yearly re-

placement of one third of the blanket modules. The cool-down time

will then be on the order of 10 days. Five work crews, with 4

shifts per crew, should be sufficient to remove the 2500 modules in

20 days. Each shift will have to remove one access module plus
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its six adjacent modules. The cost of such crews, assuming

5 men/crew and 4 shifts, and $100/man shift, is still minimal,

on the order of $300,000. This is much less than the interest

on capital investment (which will be on the order of $8 million)

for the same period, and considerable savings could be expected

if shorter periods are used. We cannot go into this question in

more detail, but it appears that a shorter period should be more

optimum, and in fact, it may pay to replace the whole blanket

at once. In addition, a higher first wall load may be more op-

timum with shorter blanket lifetimes, since reactor costs in §/kW

should be smaller.

It would appear that the aluminum modules described in this

design would be capable of at least 3 times the wall loading

assumed here, that is, they could be used at 5 MW(th)/m . The

pressure drop of the water and He coolants through the blanket

modules is very low, and flow velocities of 3 times the present

design values would cause no problem.
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Figure 5-2
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6. Neutron Activation and Breeding

The blanket module is displayed in Figure 5-3. Each zone in

the module is homogenized for the one-dimensional ANISN calcula-

tions, (see Figure 6-1) The compositions, volume fractions, di-

mensions, and homogenized atomic densities for each zone are

given in Table 6-1. The impurity concentrations which were in-

cluded are listed in Table 6-2.

The cross sections used in the ANISN calculations are based

on ENDF/B-III (1). The cross sections were processed into a multi-

group set at Oak Ridge National Laboratory using the SUPERTOG pro-

gram (2) and distributed through the Radiation Shielding Informa-

tion Center as RSIC Data Library DLC-2/100g (3). This set repre-

sents up to a Po approximation to elastic scattering angular dis-

cs

tribution, and a 100-group structure with energy boundaries iden-

tical to those in the GAM-II library (4). Only down scattering is

allowed, and group 100 is a thermal group with cross section

values based on a Maxwellian average at 0.0253 eV. Retrieval pro-

grams were used to generate a P cross section library tape for

the ANISN program (5) from these cross section sets.

The neutron flux distributions are calculated using the ANISN

program. The geometry is represented as an infinite cylinder with

a vacuum boundary condition at the outer radius. A P_ option is

used for the order of anisotropic scattering, and an S option for
o

the angular quadrature. The 14.1 MeV source neutrons are taken to

have a uniform spatial distribution in the plasma region. In the

GAM-II group structure, this energy falls within the boundaries of

the highest energy group (13.5-14.918 MeV). For the neutronics

calculations, the magnitude of the source is normalized to one

neutron per linear centimeter along the axis of the cylinder.

For the purpose of obtaining reaction rates, the ENDF/B-III

data tapes are processed to provide group averaged cross sections
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within the GAM-II energy groups structure, for all reactions for

which data was available, for each of the nuclides present in the

system. A neutron balance is obtained using those cross sections,

the approximate nuclide abundance, and the flux distributions com-

puted by the ANISN program. The resulting neutron balance is given

in Table 6-3.

The breeding ratio was found to be 1.2 tritons produced per

fusion neutron.

Tne energy escaping from the shield is several eV per fusion.

For 14 MeV neutrons, the ratio of the flux at the outside edge of

the shield to the flux at the inside edge of the first wall is

~10~ . Consequently the leakage energy is small enough that its

input to the superconducting magnets will be tolerable. The total

and 14 MeV neutron flux are shown in Figure 6-2. The flux shown

corresponds to 5000 MW(th) total fusion power (including blanket

multiplication).

The burn-up rates (in per cent of the original material for

a one-year period) are:

Li6 10.13

Be .16

Thus, after 30 years of operation, 4 . ^ of the Be will be destroyed.

In this activation analysis, only those nuclides with a half-

life of more than 12 hours were included. The activations were

calculated using cross sections obtained from ENDF/B-III, where

available. Other cross sections were obtained from the National

Neutron Cross Section Center, Brookhaven National Laboratory. These

cross sections were calculated by the nuclear model computer program

THRESH,(6) and are: Fe54, Fe56, Mn55, Ni58, Ni60, Sn118, Sn120,
.48 _ 64 -.66 90 , _ 96

Tx , Zn , Zn , Zr , and Zr

In addition, the cross sections for the two reactions C
14 17 14(n,Y) C and O (n,a) C were approximated by using the thermal
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cross section and assuming a 1/v dependence of the cross section

ssun
24

25 24
on the velocity. The cross section for Mg (n,d) Na was assumed

to be 100 nib for all energy groups. The cross sections for Mg
24

(n,p) Na were approximated by those for natural Mg.

The major contributor.3 to the activation are listed in Table

6-4 and a graph of the activity as a function of time after reac-

tor shutdown is shown in Figure 6-3.

The heating calculations were broken up into three parts:

bremsstrahlung, neutron, and gamma heating. All the bremsstrah-

lung energy was assumed to be absorbed by the first wall. The neu-

tron heating was calculated using the KERMA factors contained in

MACKLIB (7), a data tape containing the values of neutron kinetic

energy absorbed in materials. The gamma heating was calculated

by assuming that the gamma energy absorbed per unit length has an

exponential dependence on distance into the material (8). Specif-

ically, the derivation of absorbed gamma eneny, E , with respect

to length, , is:

d EG
— — = Ae , where A is a normalization constant

d

and

|j. = .03 p, where p is the density of the absorbing

material.

The results of these calculations are listed in Table 6-5.
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Table 6-1

BLANKET COMPOSITIONS

Region
8 10

Thickness (cm)

Compositions and Density
Material
(Volume Fraction)
Al 6061 (2.75 g/cc)
H2O (.8 g/cc)
Be (1.7 g/cc)
LiAl (1.545 g/cc)
A1 2O 3 (4.0 g/cc)
G (1.9 g/cc)
LiAlO2 (2.5 g/cc)
B4C (2.52 g/cc)

Atomic Densities
(x 10 2 2 atms/cc)
1. Mg
2. Li 6

3. Li 7

4. H 2

5. O
6. Al
7. H 1

8. Si
9. Be

10. B 1 0

11. B
12.

11

2.46

.8

.2

.31

1.00

.001090 .001363

.005349

.047145 .058931

.010699

.000944 .001179

8.00 20.00 50.00 10.00 110.00

.10

.60

.05

.1009

.0220

.0744

.5070

.009506

.1009

.0220

.14201

.4166

.005208

.20

.05

.15

.40

.000137
,001265 .000198
,000141 .000022

.006302
.001406 .009682

.001177

.000119
.068170

.000137 .000273

.000108

.000012

.010896

.012778

.001177

.000119

.75

.000136

.011970

.018875

.002675

.000236

.048305 .039692 .038111

.005893

. OOOli.8

.016355

.066050

.020601

6 7
Note: The Li in LiAl and LiAlO2 is 90 a/o Li and 10 a/o Li

Al 6061 is 96 w/o Al +2w/o Mg + 2 w/o Si



Table 6-2

IMPURITY CONCENTRATIONS

Material

Al

Graphite

Be

Impurities

Fe

Mn

Sn

Ti

Zn

Zr

Fe

Mn

Ti

Zn

Zr

Fe

Mn

Ni

Ti

Sn

Zn

Zr

Concentrations of Impurities
(ppin. weight)

1.

1.

1.

2.

1.

4.

.5

.01

.2

oOl

.01

2.

2.

1.

2.

3.

2.

1.
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!

Nuclide and
Reaction

Li (n,2n)

abs

(n,T)

(n, 2n)

abs

(n.T)

(n/Y)

Li

o
16

Al 27

Si

(n.d)

(n,a)

(n,2n)

(n,Y)

(n.p)

(n.d)

(n.T)

(n,a)

(n, Y)

(n,2n)

(n.n)P

(n,Y)

(n,P)

(n.d)

(n.a)

Table 6-3

NEUTRON BALANCE

Region
8 10

.00000

=00098

.00034

.00359

.00910

.01222

.02061

.00556

.00003

.02775

.00345

.00004

.00010

.00005

.00123

.00008

.00127

.00106

.00124

.00267

.00066

.00000

.00342

.00000

.00001

.00001

.00016

.00001

.00016

.00071

.00022

.62200

.00006

.00001

.00057

.00040

.00033

.00124

.00027

.00000

.00149

.00009

.00005

.31260

.00001

.00000

.00009

.00000

.00159

•00052

.00820

.00198

.00540

.00831

.00148

.00001

.00902

.00065

.00001

.00002

.00003

.00029

.00001

.00028

.00001

.00002

.24960

.00000

.00000

.00002

.00000

.00073

.00023

.00468

.00059

.00845

.00359

.00050

.00000

.00341

.00096

.00000

.00000

.00003

.00009

.00000

.00009

.00000

.00001

.00000

.00009

.00001

.00091

.00009

.00001

.00000

.00007

.00018

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.00000

.00002

.00000

.00000

.00001

.00000

.00000

.00000

.00000

.00000

.00000



Nuclide and
Reaction

Be

B10

B11

C

Mg

(n,2n)

(n.y)

(n.p)

(n.d)

(n.T)

(n.a)

(n.d)

(n.T)

(n.a)

(n, Y)

(n.P)

(n.T)

(n.a)

(n, v)

(n.a)

(n.p)

Table 6-3

NEUTRON BALANCE (Cont'd)

Region

.47170

=00067

.00004

.00890

•03892

10

.00070 .00009

.00027

.05681

.00014

.00033

.01352

.00004

.00003

.00018

.00000

.00003

.00016

.02463

.00000

.00000

.00001

.00003

.00000

.00006

.00000

Breeding ratio = 1.19 tritons/fusion neutron.



Table 6-4

MAJOR CONTRIBUTORS TO ACTIVATION
(Activation in Curies)

Ul

I

Nuclide

Na24

Mn 5 4

_ 89Zr
„ 119Sn

Sn 1 1 7

Pe55

Zn65

CO58

Sc48

Cu64

Zr96

Al26

0

1.95xlO9

7070.

6370.

4740.

3420.

3350.

2130.

1680.

1670.

1210.

926.

785.

Days After

1

6.47xlO8

7050.

5160.

4720.

3260.

3350.

2130.

1660.

1440.

329.

916.

785.

Shutdown

10

2.94xlO5

6910.

766.

4610.

2090.

3330.

2070.

1520.

37.

0.

833.

785.

100

0.

5660.

0.

3570.

24.

3120.

1610.

634.

0.

0.

321.

785.

1.000

0.

770.

0.

280.

0.

1660.

124.

0.

0.

0.

0.

785.

10.000

0.

0.

0.

0.

0.

3.

0.

0.

0.

0.

0.

785.



Table 6-5

BLANKET AND SHIELD HEATING

Listed below are the Bremsstrahlung (E ), neutron (E ),
oreni n

gamma (E ), and total heating (E -) in units of MeV/fusion.
G TotaJ.

The "cold" volume consists of the aluminum shell, the water,

\1 0 and the sides of the dist

volume consists of everything else.

the Al2°3
 a n d t*ie sides °f t n e distributor plate. The "hot"

Region 4 is the helium cooling gap which does not contribute to

the heating.

Reqion #

3

5

6

7

8

9

10

Reqion Name

First Wall - hot
- cold

Distributor Plate - hot
- cold

Beryllium - hot
- cold

Inner Graphite - hot
- cold

Outer Graphite - hot
- cold

Transition Zone - hot
- cold

Shield - hot
- cold

Brero

0.
2.55*

0.
0.

0.
0.

0.
0.

0.
0.

0.
0o

0.
0.

E

0
1

0

5
0

3

1

0

n

•
.51

.12

.94
•

.08

.67

.52

.33

.01

.01

.09
•

0

0

0

0
0

0
0

EG

•
.21

.03

.65

.75

.44

.72

.54

•

•

ETotal

0.
4.

•
0.

6.
0.

3.
1.

2.

•
•

0.

27

15

59

83
11

24
87

01
01

09

Total 2.55 13.28 3.34 19.17

*The bremsstrahlung losses plus the kE of plasma leaving through
the divertor total 3.5 MeV, i.e., equal to the a particle energy/
fusion.
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7. Blanket Cooling

Two coolants, i.e., water and helium, are employed in the

module design. In essence, the water coolant ducts are used to

cool the Al module shell while the helium cools the hot neutron

multiplying zone of Be balls and LiAl pellets as well as the stacked

graphite rod region. In addition, the bred tritium diffuses into

the helium coolant stream. The water and helium coolant circuits

may be found in Figure 5-3.

For the water coolant circuit the outlet temperature of the

water is 400 F with water pressure of 750 psi. This is a consid-

erable overpressure, designed to prevent boiling in the passages.

It is probably much higher than needed for the very low power den-

sity. Cycle efficiency could be substantially increased by reduc-

ing this overpressure. The AT across the module is 30 F. All

water coolant passages in the module shell are in parallel. Flow

is down one-half of the module shell, across the dished head, and

up the other half of the module shell. All told there are 84 in-

let and 84 outlet passages. Figure 7-1 depicts the water pres-

sure drop in the various regions as well as the mixed-mean or

bulk water temperatures. For the given design condition, the

flow is found to be turbulent, i.e., the Reynolds number is

31,000. In addition, the volume rate of flow per coolant pass-

age is 0.485 gallons/min. The convective heat transfer coeffi-

cient, is 1,411 Btu/hr. ft F so that the difference between the

"solid" surface temperature and water is small—approximately

26 F in tie cold structure region of the Al module shell.

For the helium coolant circuit the inlet temperature is 350 F

while the outlet is 1400°F. The inlet pressure is 20 atm (absolute).

Flow is down an annular channel on the inside of the module shell,

through another annular gap between the dished head in the module

shell and a dished flow distribution head, and then up through the
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inside of the module. Figure 7-2 depicts the helium pressure

drops as well as bulk helium temperatures. In calculating these

temperatures the heat leak from the hot to the cold region has

been accounted for.

The helium flow down the annular channel on the inside of

the module shell is found to be in the transition zone between

laminar and turbulent flow, i.e., the Reynolds number is 6000.

The flow up the inside of the module is laminar (N ~ 1000)

since the velocity decreases as a consequence of increased flow

area relative to the flow down the annular channel and the kine-

matic viscosity increases with increasing helium temperatures.

While this manifests itself in lower convective heat transfer co-

efficients compared with a fully turbulent case, the coefficients

could be increased by inducing turbulence by some irregularities

or projections along the graphite rods. This may not be neces-

sary, since no thermal problems, in the sense of undue high tem-

peratures in the graphite, seem to be present.

In the case when every sixth graphite rod or tube contains

the LiAlO«—graphite pellets, it is estimated that typical maxi-

mum "fuel" temperatures in the inner and outer breeding zones are

1860°F and 2012°F, respectively. {Actually slightly lower or

higher values will be obtained depending on the radial position

in the zones.) It might be noted that the maximum "fuel" temper-

atures decrease when the pellets are placed in more of the graph-

ite rods, for example, every fourth or fifth rod, since the volu-

metric heat generation in the rod is then reduced.

The thermal balance for a module including the shield region

is shown in Table 7-1. For both the helium and water circuits,

pressure drops in the module and external circuits are shown in

Table 7-1.
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Table 7-1

Thermal Balance for Module and Shield

Parameter

Module Diameter, cm 64

Total Module Power, KW(th) 657

Deposited Power in Cold structure, KW(th) 199.1

Deposited Power in Hot Structure, KW(th) 457.9

Power Removed from Cold Structure? KW(th) 204.6

Power Removed from Hot Strucuture, KW(th) 452.4

Power Deposited in Transition and Shield Zone/
Module, KW (th) 3.6

Water Flow Rate, lbs/sec per module 4,99

Helium Flow Rate, lbs/sec per module .349

o
Inlet Water Temperature, F 370

©
Outlet Water Temperature, F 400

©
Inlet Be Temperature, F - 350
Outlet He Temperature, °F 1400

Pressure Drops/Module and External circuits

Module

Water, pressure drop through module*, psi 0.434

Helium, pressure drop through module*, psi 0.275
External Circuit

Total, psi 21

1. Cold Structure refers to the inner and outer breeding zones:
Al module shell, water, Al distributor plate, Al 0 insulator;
hot structure refers.to the neutron multiplying
zone, etc.

2. Includes heat leak from hot to cold region.
* For detailed pressure drop distribution see Figs. 7-1 and 7-2.
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He IN
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H20 CIRCUIT

Figure 7-1
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Figure 7-2

- 54 -



8. Electricity Generation

The CTR described in this report has two separate cooling

systems, one for the first wall and another for the remainder of

the blanket. The first wall cooling system involves pressurized

water limited in temperatures to about 400 F and is nominally

designed to absorb approximately 1/3 of the total CTR heat out-

put. The blanket cooling system uses helium gas at high tempera-

ture and is nominally designed to absorb the remaining 2/3 of

the CTR heat output.

Figure 8-1 is a flow sheet of the power cycle designed to

convert the heat picked up in the water and in the helium to

electricity for the nominal design. This flow sheet represents

a combination ot the process conditions reported for the Summit

Power Station of the Delmarva Power and Light Co. (1) (which

involves a helium cooled fission reactor) and the Comanche

Ifeak Station of the Texas Utilities Generating Co. (2) (which

involves a PWR). Figure 8-1 shows approximately 9 million

pounds/hr of helium being used to recover heat from the CTR

blanket. The bulk of this helium which leaves the blanket at
o o

1400 F is used to raise steam at 950 F and 2400 psia and to
o

reheat the steam to 1000 F. The steam conditions are identical

to those of the Delmarva Plant. They are essentially the same

as the steam conditions employed in many fossil fueled power

plants. From the helium-steam boiler on to the steam condenser,

only state-of-the-art technology is employed. The high tempera-

ture steam cycle operates at a net thermal efficiency of 37.4%

with a condenser back pressure of 2.5" Hg. This is a relatively

high turbine back pressure. A turbine back pressure of 1" Hg or

1*5" Hg would result in an improved cycle efficiency but would

probably make dry cooling towers with reduced thermal pollution

too expensive.
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First wall cooling as shown on Figure 8-1 is accomplished

by approximately 169 million pounds per hour of water which
o o

enters at 370 F and leaves at 400 F and 750 psi pressure. This

relatively low temperature water is flashed at a temperature of

370 F to produce approximately 6 million lbs/hr of saturated

steam at 173 psi pressure. The liquid leaving the flash drum

is recycled to the first wall. The saturated steam leaving

the flash drum is superheated to 500 F using approximately 380

thousand lbs/hr of hot helium which is only about 5% of the

hot helium from the blanket cooling circuit. This superheated

steam drives a low pressure turbine to produce a net generation

of 400 MW of electricity at a net thermal efficiency of 22.2%

for this portion of the cycle. From the exit of the superheater

to the steam condenser, the process conditions are roughly equiv-

alent to those of the Comanche Peak plant. Here too, only state-

of-the-art technology is employed.

The overall thermal efficiency of the combined cycle is 32%

for the nominal design (1/3 of fusion energy to low temperature

region).

Table 8-1 shows a summary of the salient features of this

combined high temperature-low temperature power cycle, for the

nominal design.
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From the point of view of one interested in extracting

useful power from a CTR, there are several important design

parameters-some of which are dictated by considerations such

as physics, metallurgy, etc., while others of which may be

varied within limits so as to optimize selected characteristics,

such as cycle efficiency.

The fraction of the total fusion energy that is picked up

by the water circuit is the most important parameter affecting

cycl. efficiency. For a given design, neutronics dictates how

such heat is deposited in the water circuit and how much is

deposited in the remainder of the blanket. Thus the cycle

efficiency will vary with design. Figure 8-2 shows how the

overall cycle efficiency depends on the heat split between the

water circuit and the remainder of the blanket, based on all

other cycle parameters being held constant. It can be seen from

this figure that a 5% reduction in the heat deposited in the

water circuit represents about a 1% improvement in the overall

cycle efficiency. This proportionality holds over the entire

range of interest for this concept.

There are several blanket design modifications that can

raise overall net cycle efficiency from the 32% for the nominal

design. (It should be noted, however, that the best cycle

efficiency that could possibly be expected is the ~38%

characteristic of HTGR's with steam tubines. Benefits in

efficiency resulting from design changes must, of course, be

weighed against increases in cost and/or decreases in

reliability, if such occur.) Such blanket design modification

include:

1. Thinner aluminum module shells.

2. Cooling of Al^O, insulating layers inside the modules
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with a portion of the helium coolant stream.

3. Placement of graphite curtain between the modules and

the plasma, and re-radiation of the deposited bremsstrah-

lung energy to a non-water-cooled sink.

Thinner module shells can substantially increase overall

cycle efficiency by reducing the amount of energy deposited

in the shell. However, then either operating stress in the

aluminum must become larger, or helium coolant pressure must

drop and/or module diameter must decrease, if operating stress

remains fixed. Some improvement in this direction appears

possible, but better knowledge of material limits is necessary,

together with more investigation of various alternate designs.

In the present design, all of the helium fiow is channeled

down the annular space between the aluminum module shell and

the inner region which contains the A1_O, insulators and

graphite. All energy deposited in the Al 0 insulator by neu-

trons and gamma rays, as well as all thermal leakage through

the insulator, ends up in the water circuit. It would be

relatively simple to have part of the helium flow radially

through the Al 0 insulators into the hot graphite zone. In

the present design, this would decrease the fraction of fusion

energy removed by the water circuit from 32% to 25%, increasing

the overall cycle efficiency to ~33.5%.

The third design modification involves placing a graphite

curtain (typically 1-2 in. thick) between the plasma and the

aluminum module structure. Such a curtain, essentially a

woven cloth of small diameter graphite fibers, has been pro-

posed by the University of Wisconsin for their UWMAK-2 design (3).

Besides protecting the first wall from plasma ion bombardment,

the curtain substantially decreases the effect of impurities
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from the first wall on plasma performance. In the UWMAK-2

design, bremsstrahlung energy deposited in the surface of the

curtain is radially conducted through the curtain and thermally

radiated to the first wall. The curtain can be constructed to

have a very low thermal conductivity in this radial direction,

however, by using small diameter graphite yarns (e.g., 10 cm),

loose weaves, and having the fibers predominantly lie in a

plane normal to the radial direction. In this application,

vie would minimize radial conductivity, (a much easier task)

while in the UWMAK-2 design, it would be maximized. A small

portion (e.g., 15%) of the blanket on the outer surface of

the torus would then serve as a radiation sink, to receive

thermally radiated energy from the inner surface of the graphite

curtain. Over 90% of the bremsstrahlung energy could then be

transferred to this radiation sink (a high tempeature tube

bank, for example, using small diameter SAP tubes). This

modification could reduce the fractional input to the water

circuit to approximately 20%.

With such design modifications in combination,it is

expected that the overall fraction of the fusion energy de-

posited in the water circuit can ultimately be reached to

somewhere in the range of 10-15%.

Further improvements in overall cycle efficiency can also

be realized by improvements in process conditions. These

include:

1. Higher exit temperature in water circuit.

2. Reduction of pressure in water circuit. (Total pres-

sure is now assumed as 750 psia, giving an overpressure

of almost 600 psia.

3. Higher superheater temperature in low pressure part

of combined cycle.
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The exit water temperature for the water leaving the

first wall represents a parameter whose upper limit is

determined by materials considerations. In the design chosen

for this study we have assumed that the use of aluminum alloys

of the 6061 type (sans the objectional alloying elements Cr,

Fe, etc.) would limit the maximum water temperature in the
o

first wall to about 400 F. Use of improved alloys or SAP

should permit us to go to 475 F (perhaps even higher). In

addition we have elected to operate with a water pressure

of 750 psia to inhibit incipient boiling any place in the

first wall. (This pressure may be much higher than necessary.

Reduction would increase overall efficiency. This point is

discussed more fully later.) Increasing the water discharge
o o

temperature from 400 F to 475 F results in more than tripling

the heat pick up per pound of water circulated which permits

a corresponding reduction in the amount of water circulated

and the pumping power to achieve the circulation. As shown

in Table 8 -1, roughly 20% of the gross electrical output of

the low temperature cycle is consumed in the two condensate

feed pumps. Reducing the water circulation rate by a factor

of 3 has a very beneficial influence on the overall cycle

efficiency. In one such case studied in detail, the overall

cycle efficiency was as high as 33.6%. Two other parameters

which have a significant influence on the efficiency of the

low temperature cycle are the amount of pressurization required

to suppress incipient boiling and the amount of superheat em-

ployed. For the design shown in Figure 8-1, some 500 psi over-

pressure have been assumed which requires some 112 MW of elec-

tricity at the boiler feed pump. If the overpressure was
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reduced to 50 psi, i.e., a discharge pressure of 300 psia of 25

MW electricity would be required at the boiler feed pump. The

87 MW of electricity saved represents an increase in efficiency

of the low pressure cycle to 27% and of the overall cycle to

34%. We believe that with the relatively low heat fluxes in-

volved in the water circuit, that the use of more thsn 50 psi

overpressure is being too conservative. Subsequent designs

will use much less overpressure.

Increasing the superheat temperature will also improve

the cycle efficiency. In the reference design shown in Figure

8-1, the flash steam is shown being superheated to only 5C0 F.

The helium used to superheat this steam was available at 1340 F,

hence the hot enti temperature difference in the superheater is
o

760 F. This could be reduced 100 or more degrees without greatly

effecting the size of the superheater while at the same time

exerting a very beneficial effect on turbine efficiency (assumed

at only 85% isentropic) in the present design. Quantitative

evaluation of this effect mus.f await more detailed calculations

based on more reliable turbine expansion lines than those used

in our preliminary st-tidies. The graphs to follow are based on

475 F water. Thf••-'"trends they show with changes in process
y' o

parameters ar,« also valid for 400 F exit water, as evidenced,-y

by a number of spot-check calculations.

She remaining process parameters can for the most part

bg-̂ 'set arbitrarily at values selected to optimise cycle

/^ efficiency. One of the most significant parameters was found

to be the pressure selected for the flash drum. Lowering

the pressure increased the pounds of steam obtained per pound

of water circulated; however, the steam obtained was worth

less in the power cycle. Increasing the flash pressure gave

better steam conditions but resulted in less steam and a

- 61 -



higher water circulation rate. Figure 8-3 shows the effect

of flash drum temperature (pressure) on various cycle para-

meters contributing to cycle efficiency. The upper graph of

Figure 8-3 shows an initial small increase in the overall

cycle efficiency as the flash drum temperature is increased

after which the cycle efficiency falls quite rapidly, with

the low temperature cycle efficiency showing the most marked

change.

The second graph of Figure 8-3 shows quite clearly how

fhe total water circulation rate climbs, slowly at first and

then very rapidly as the flash drum temperature approaches

the temperature of the water leaving the first wall. The

total vapor flow to the steam turbine varies only slightly.

The lowest graph which shows the difference between the gross

and net kW output as the shaded region labeled pump power

clearly reflects this rapid rise in flow rate as the AT in

the flash drum vanishes and furthermore indicates why the

cycle efficiency falls as it does.

The third graph on Figure 8-3 shows the superheater

duty falling at first as the flash drum temperature is in-

creased and then finally rising quite steeply. This effect

is quite significant since the superheat duty represents

thermal energy taken from the high temperature portion of the

cycle where its conversion to kilowatts is effected at higher

efficiency. We would therefore expect optimum overall plant

performance to occur near the minimum in this curve.

Figure 8-4 is similar to the upper graph of Figure 8-3,

and shows in addition the effect of the first wall exit tem-

perature. The need to operate the first wall cooling system

at as high a temperature as is practical is clearly evident

- 62 -



from this figure. Again it should be noted that this effect

assumes reduced importance as the fraction of the total heat

deposited in the first wall is reduced.

In summary, it appears that there are a number of promis-

ing routes that can substantially increase overall cycle net

efficiency from the 32% calculated for the design shown in this

study. It appears quite possible to achieve an overall net

efficiency of 35%, and with detailed design and optimization,

perhaps 36%.
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Table 8-1

Summary of Power Cycle Process
Conditions

Nominal Design (1/3 Input to Low Temperature)

CTR Thermal Output

First Wall
Blanket region

Total Thermal Output

5.63 x 10 BTU/Hr
11.49 x 10 BTU/Hr

9
17.12 x 10 BTU/Hr

Steam flow, lbs/Hr

Steam temperature, °F

Steam Pressure, psia

Gross Turbine Output, BTU/Hr

HP Turbine

High
Temperature Circuit

8.5 x 106

950/1000

2515/586

8.1 x 10

Helium Circulation Turbine 2.4 x 10

LP Turbine 1.2 x 10'

Boiler Feed Pump Turbine 1.0 x 10
c

LP Turbine 1.8 x 10"

Gross Electrical Generation, MW 1208.5

Boiler Feed Pumps, MW 0.5

Net Electrical Generation, MW 1208

Total " " MW

Total Fusion Thermal Power

Overall efficiency

8

Low
Temperature Circuit

6.2 x 106

500

ISO

1.8 x 10

510.6

113.6*
397

1605 (both circuits)

5000 MW(th)

32%

*This power loss is due to high overpressure in the water
coolant circuit. It should be possible to reduce this term
to ~30 MW.
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9. Recovery of Spent Fuel and Plasma Exhaust

The partially burned fuel, consisting of deutorons, tritons,
4

He particles, and impurity ions is exhausted through the upper

and lower divertor slots. In the UWMAK-1 design (1) the hot ions

(T~10 KeV) strike a series of liquid lithium films and are trapped

(except for He) and recovered by circulation and processing of the

liquid lithium. The presence of liquid lithium in a reactor with

water cooled aluminum modules is not desirable.

The divertor surfaces in this design are assumed to be similar

to the first walls considered for the FERF design (2). The plasma

ions strike solid tubes (e.g. SAP) giving up their energy to a

coolant inside the tubes. The surface of the tube is coated with

a substance with high diffusivity for hydrogen, e.g., palladium,

so that they may rapidly diffuse out. The required vacuum is main-

tained by having high capacity cryopumps behind the divertor sur-

faces to trap the neutral gases as they leave the tube surface.

The cryopumps are essentially black, i.e., absorb all incident

atoms and molecules, so that the pumping speed of the divertor

region is very high. The thermal load on the cryopump due to
-4

absorption of the spent fuel is very small (i.e., about 10 %

of the reactor thermal output), since virtually all of the ion

energy is deposited as heat on the divertor surfaces. Divertor

surfaces may have to be periodically replaced in a manner similar

to the blanket modules.
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10. Recovery of Bred Tritium

There are three modes of tritium recovery from solid lithium

compounds:

(a) Letting the bred tritium diffuse into the helium cool-

ant stream, from which it is trapped out.

(b) Letting the bred tritium diffuse into the vacuum region

between the plasma and the first wall, and recovering

it along with the plasma exhaust.

(c) Letting the bred tritium diffuse into a separate tritium

recovery stream which is not part of the coolant circuit.

Mode (a) is chosen for this design. Its chief advantages are:

simplicity of blanket design, as contrasted with mode (c); and

higher thermal conversion efficiency, since the 4.8 MeV per neu-

tron absorption in Li can be deposited into the high temperature

helium coolant, as contrasted to mode (b) where the 4.8 MeV must

be deposited in the cool aluminum structure. The chief disadvan-

tages are the burden of tritium in the circulating helium coolant,

and the tritium diffusion into steam circuits through steam gener-

ator tubes. However, these problems can be overcome by suitable

design, while the benefits of increased thermal efficiency and

greater blanket simplicity with mode (a) are important. Figure

10-1 illustrates the overall flow sheet for tritium release to

and recovery from the helium coolant circuit. At steady state,

the release rate from the blanket equals the breeding rate and

also equals the recovery rate in the tritium trap. The tritium

concentration in the helium coolant is given by

vtT \ - — 2 - -!§.
2 - N H e fpd-R)

where 1-R, the fractional recovery of the tritium trap, is given

by
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y(T ) exit
1-R = 1 - (10-2)

y(T2) inlet

with R expected to be much « 1 (very efficient trap). We define:

y,m > = atom fraction of tritium in the helium coolant

= # of g moles in the helium coolant circuit

T = mean circulation time for helium in coolant circuit,
seconds

£j = fraction of helium coolant stream sent to tritium
trap

N = breeding rate of tritium in blanket, g moles/sec.
2

Tritium lost to the reactor containment building can be ne-

glected in this balance, since the loss corresponding to one curie/

day leakage is ~10 % of the bred tritium.

For a fixed blanket coolant circuit design, tritium breeding

ratio, and reactor power level, the tritium inventory in the helium

coolant circuit is only a function of fp , the processing fraction.

For this study, the helium inventory is ~20,000 lbs, the mean cir-

culation time is ~5 seconds, the tritium breeding ratio is 1.00

(assumed to be spoiled to this value from the estimated value of

1.20), the breeding rate of tritium in the blanket is 1.3 x 10

g moles/sec, and R = 0. The tritium inventory in the helium cir-

cuit is then given by

C(T2) = f^ curies. (10-3)
P

For the design value for processing fraction of 0.05 (5% of the

coolant stream is sent to the tritium trap), the total blanket in-

ventory is only 7200 curies. This could be reduced to 3600 curies

with a processing fraction of 10%, which should be achievable with

not too much difficulty.

The helium coolant system is divided into 12 separate circuits,

one for each magnet sector. The tritium inventory in the helium in
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each circuit is then only 60 0 curies.

The tritium inventory in the blanket is given by

N/m \ „•• , = N. . 6xlO4 T,, (10-4)
(T ) Blanket (T ) B

where x is the mean holdup time of tritum in the blanket, in

seconds. T_ will depend on many factors, such as the composition

of the solid lithium compound and its temperature, which affects

the equilibrium pressure of tritium above the solid as well as the

diffusion rate of tritium through the solid; the solid lithium

compound particles size and porosity, which affects the diffusion

rate; the presence or absence of added protium (H ) or deuterium

(D ) in the helium coolant, which effects the equilibrium pressure

of tritium above the solid (the presence of H_ or D increases the

equilibrium pressure of tritium); and the amount of solid lithium

compound in the blanket, which affects the tritium inventory if T
B

is controlled by equilibrium processes.

A substantial number of experiments have been carried out at

BNL (1) on the extraction of tritium from solid lithium compounds

as a function of composition, temperature, particle size, helium

flow rate, and amount of added H „ The tritium is produced in-situ

in the solid lithium compounds by neutron irradiation of a sample

to about the same concentration as would exist in the reactor and

is then batch extracted by flowing helium under known conditions.

Extraction from LiAl is readily accomplished at temperatures

of 400-500°C from 10-20 mesh particles with a mean holdup time of

-0.5 hour. The extraction seems to be controlled by diffusion of

tritium in the LiAl particles, since smaller particle sizes result

in faster extraction at the same temperature. The equilibrium

pressure of tritium above solid lithium compounds is generally many

orders of magnitude greater than that above liquid lithium at the

same temperature. A lower limit for the Sievert's constant for
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LiAl can be derived from the experiments; on the basis of this limit

(kg> 1.2x10 torr / /atom fraction at 500°C} a mean tritium hold-

up time of 0.5 hour for the blanket design described in this study

is well within the diffusion controlled domain for tritium ex-

traction „ We take the mean tritium holdup time in LiAl to be 0.5

hour, which then corresponds to a LiAl particle size on the order

of 1 millimeter.

The LiAl balls in the neutron multiplication region are 1

centimeter in diameter. The balls will be formed by compacting

LiAl particles of ~1 millimeter diameter with an inert binder, prob-

ably beryllium particles. A porous structure will be retained

throughout the ball. Diffusion of tritium in the gas phase is

rapid enough (characteristic diffusion times are a few seconds)

that tritium will quickly escape to the main coolant stream once

it leaves the LiAl particles. Fines from particle abrasion are

retained in the module.

Fewer results are available with high temperature lithium

ceramics (LiAlO LiSO ), but the controlling process for tritium

release again appears to be diffusion, not equilibrium. However,

the particle temperature must be higher than that necessary for

LiAl and/or the particle size must be smaller, A mean tritium

holdup time of 0.5 hour is again assumed for the LiAlO . The par-

ticle size is then determined by the temperature, which will vary

from ~500°C to 800°C in the graphite region. (Though we have

specified LiAlO as the solid lithium breeding material in the

graphite region, it seems likely that LiAl would actually be used

in the cooler parts of the region, with LiAlO in the hotter parts

(>600 C)). Particle diameters of ~30 microns appear satisfactory.

The LiAlO particles would be mixed with an inert material, prob-

ably graphite powder, and compacted into porous pellets, which

would then be inserted into hollow graphite tubes with holes in

their walls. As with the LiAl balls, the gas phase diffusion
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rates are sufficiently fast that tritium holdup time in the holes

and cracks is short compared to holdup time in the LiAlO particles.

LiSiO_ appears to be a satisfactory breeding material and could

be used in place of LiAlO_. It has a considerably shorter holdup

time for equivalent particle sizes and temperature.

For a mean tritium holdup time of 0.5 hour, the total tritium

blanket inventory is 140,000 curies. This can probably be reduced

by a factor of 3 or 4 using smaller particles. However, an inven-

tory of 140,000 curies seems acceptable, since the tritium is in

solid material, and it would be released extremely slowly in a ma-

jor accident. The diffusion coefficient of tritium in a solid

lithium compound will be many orders of magnitude smaller at am-

bient temperature.

There are at least three practical methods of recovering trit-

ium from the helium coolant stream:

(a) Absorption of tritium gas in a metal hydride,

(b) Conversion of tritium to T_0 through controlled additions

of oxygen, with subsequent absorption or cold trapping,

(c) Cryopumping T 2 out of the helium stream.

Method (a) has been selected for this design since it does not raise

questions about the effect of T O or 0 on blanket materials, and

should result in cheaper and smaller trapping units than method (c).

(Method (c) can be made energy efficient by regenerative heat ex-

change, but substantial heat exchange surface is needed.)

Figure 10-2 illustrates how hydride beds would be used to re-

cover tritium from the helium process stream, which has a flow rate

of 5% of the total helium flow. The helium process streams go

through the hydride beds at 500 C where T is absorbed and then are

returned to the main coolant circuits by He circulators. (There

are 12 helium circuits for the reactor, each with its own process-

ing loop.) Absorption takes place for 5 minutes, and the bed is
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then desorbed for 5 minutes of T2 by cryopumping. The He process

stream is isothermal—it enters and leaves at 500°C.

Two beds are provided for each of the 12 circuits. There will

be a number of backup bed circuits able to take over in case of fail-

ure o The number of backup circuits is not determined, but probably

will be on the order of six.

The total volume of the absorbing bed (metal hydride particles

plus voids) is given by

VA = [v_ ]_T = !>„ ]f T (10-5)
A He A c He p c

where

V = volume of absorbing bed

f = process stream fraction of main flow (f = 0.05)
P P
T = superficial contact time in absorbing bed, seconds

3
V = flow rate of main helium coolant stream, m /sec

(l/12th of reactor).

Specification of T is sufficient to fix the absorbing bed volume,

while specification of one other variable (flow area, flow velocity,

or contact length) is sufficient to fix the other bed variables

through the relations
V = [VHeVAf = T- (10"6)

c

The actual contact time, x , is less than the superficial contact

time, by the relation
* _ void volume . .
c ~ c total bed volume

where the total bed volume includes the voids between particles, and

v = superficial COntact velocity, m/sec
2

A = superficial flow area, m

Az = bed thickness, m
*

Generally T will be about 40% of T .
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The next step is to select a particular metal hydride for the

absorbing-desorbing beds. Figure 10-3 shows how some of the possi-

ble choices meet the process requirements. For a 5% process flow,

the partial pressure of T in the entering process stream is 10

torr, assuming that the exit stream partial pressure is zero.

It is evident that cerium and yttrium hydride are too stable

to be suitable for a tritium absorbing bed, while zirconium and

titanium appear to be good choices. The metal hydride not only has

to readily absorb tritium, but also has to release it when cryo-

pumped. Thus the ideal hydride has an equilibrium pressure of T

above it which is not too far below the partial pressure of T in

the helium process stream.

The vertical dashed lines in Figure 10-3 represents the aver-

age concentration of tritium present in the titanium or zirconium

bed. This can be derived from the following relationships

2(NT )Tft x 100

A C = 12 O O f (P/A) x 10<>Am m

AC
C = (AC/C>design

where

Ac = concentration change of tritium in absorbing metal
hydride, atom %

T = length of time that metal hydride bed absorbs tritium,
seconds

N = total breeding rate of tritium in reactor (all 12
2 circuits), g mole/sec

V = volume of absorbing bed, m (including voids)

(p/A) = density (g/cc)/atomic weight for metal hydride

Ac/C , . = fractional change of concentration of T in
esign metal hydride during absorption cycle.

f = volume fraction of metal hydride particles.
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For the dashed lines in Figure 10-3,the following representative

values were used:

T =0.5 seconds (this is discussed later)
c

t, = 300 secondsA
-3

N = 1.3x10 g moles/sec

2

(P/A) =0.1 (titanium)

V = 3.0 m3 (T = 0.5 sec, p = 20 atm, T = 500°C, f = 0.05,

and VL. = 4.5 x 10 g moles/sec)

Under these conditions and with the bed composed wholly of titanium

particles (f = 0.4)
c m

AC = 5.4 x 10~5 atom %

— _ _4

choosing AC/C = 0.27, then C = 2 x 10 atom % which appears to be

too low for easy T recovery from the hydride bed.

The right-hand dashed line shows C = 2 x 10~ atom percent, which

is achieved by if 99% of the particles in the bed are inert ballast

(e.g., Al O ) while the remaining 1% are metal hydride in an inti-

mate mixture. The inert particles serve to thicken the bed and

achieve the desired contact time, which appears to be controlled

by gas phase diffusion rates for tritium in He, rather than by re-

action rates at the solid metal hydride. This would appear to be

the best design approach for a tritium absorbing bed with titanium.

A wide variety of desirable combinations is possible, however,

with different Ac/C and different amounts of inert material. The

point that should be noted is that the concentration swing of T

in the metal hydride should be small (<0.3, for example) and the

resultant maximum equilibrium pressure of T above the metal hydride

somewhat below the minimum partial pressure desired for T in

helium,,
For purposes of this design, the hydride bed particles are
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assumed to be 99% inert material and 1% titanium, with an overall

void fraction of 40%,
_2

Because of the small particle size (typically 2x10 cm), and

the low helium flow velocities (superficial velocity is ~10 cm/sec),

the flow in the bed is laminar (N ~io ). Assuming gas phase

Re

diffusion controls absorption rate, the characteristic diffusion

time for tritium in the gas film is approximated by
D2

where

TD ~ £- (10-10)

D = particle diameter, cm
2

D = diffusion coefficient of T in He, cm /second
—2 ~ 2

Taking D = 2x10 cm and D = 0.2 cm /second (p = 20 atm, T =
o -3 *

500 C), x ~ 0.5x10 second, the actual contact time, T , is

0.4x0.5 or 0.2 seconds, which is 400 times x_. It thus appears

that the assumption of T =0.5 second is quite conservative, and
c

that the absorbing beds in an actual reactor will probably be con-

siderably smaller than shown in this design.

The absorption of T_ in titanium is exothermic and the desorp-

tion endothermic, with a heat of reaction of ~20 Kcal/g atom of

H. Because of the very small concentration change during absorp-

tion and desorption, however, the bed temperature change is very

small, i.e., on the order of 0.01 °K. This will have no effect on

the kinetic or equilibrium properties of the bed,.

Gulbransen and Andrew (2) have measured the kinetics of hydrid-

ing of H2 for 15 mil titanium sheets as a function of H_ pres-

sure and hydriding temperature. As with the equilibrium pres-

sures of H_ above metal hydrides, we assume that kinetics of T_

and H. hydriding are essentially the same. Even at 300 C, 15 mil
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titanium sheet could absorb tritium substantially more rapidly

than would be required in the absorbing bed (P(T-) = 10~ torr,

T = 300 sec, 99% inert solids). Extrapolated to 500°C, the
A

absorbing rate would be orders of magnitude faster. In addition,

the titanium particles in the bed will be smaller spheres (~8

mils diameter), and this will further increase hydriding rate.

It thus appears that gas phase diffusion of T_ in helium will be

controlling, and not the reaction of T- with titanium.

Bed parameters are summarized in Table 10-1 and a drawing of

a typical absorbing bed is shown in Figure 10-4. Note that the

helium flows in parallel through a number of horizontal trays hold-

ing the absorbing titanium and the inert solids.

Figure 10-5 shows an overall tritium map for the reactor. I

represents the inventory of tritium in curies, and Q the tritium

flux in curies/day. The inventories in the solid blanket, helium

circuit, hydride beds, and cryopump, are relatively small and can

be reduced by perhaps a factor of two or three. The methods of

reduction would include: smaller particles of solid lithium com-

pound in the blanket, to reduce blanket holdup time by two or

three times; shorter absorption times and smaller hydride beds;

and larger processing flow rate (10% instead of 5%)*

However, the main concern will be with the divertor inventory

and flux of tritium, and it is here that the most gains will prob-

ably be made in reduction of tritium hazards.
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Parameters for Hydride Absorption/Desorption

Beds for Tritium Recovery

Table 10-1

Reactor Power

Fraction of He Coolant Stream Processed

Number of Hg Circuits in Reactor

He Flow Rate through Processing Bed,
Each Circuit

Tritium Inlet Partial Pressure

Tritium Outlet Partial Pressure

Bed Flow Area

Bed Thickness

He Superficial Velocity in Bed (no solids)

Fraction of Titanium in Bed Solids

Fraction of Inerts in Bed Solids

Bed Void Fraction

Bed Volume (total, including voids)
per Circuit

Contact Time, -

Bed Particle Size

Bed Cycle Time, Absorption

Desorption

Tritium Inventory in Beds (12 circuits)

Average Tritium Concentration in Ti

AC/C

AT During Absorption and Desorption Step

5000 MW(th)

5%

12

6.0

1 X

5 x

m /sec

10~3 Torr

10~5 Torr

60 m

5 cm

10 cm/sec

1%

40%

3.0 m3

0.5 sec

0.2 sec

2 x 10~ cm

5 minutes

5 minutes

170,000 curies

2 x 10 atom %

0.27

+ 0.01 °K
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11. Blanket Replacement and Processing

The very low activity CTR contains a blanket made up of about

6000 to 7000 cylindrical modules, each about 100 centimeters over-

all length and 64 cm OD. Each module consists of an outer alumi-

num cylindrical shell with a top and bottom elliptical head. The

aluminum shell and heads contain appropriate holes for passage of

c oling water. The bottom head, facing the plasma, is called the

first wall.

Each module (see Figure 5-3) contains a neutron multiplying

and breeding region of beryllium balls and LiAl pellets, the lat-

ter possibly with an aluminum core, an inner graphite plus LiAlO?

region, an outer graphite plus LiAlO_ region, aluminum oxide insu-

lators, aluminum distributor plates, and an aluminum inner shell

to direct helium coolant inward along the outer and inner shells,

then outward through the neutron multiplying region and the inner

and outer graphite structures. The helium and the water circuits

remove the useful heat generated by the device and direct this

heat to the power plant described elsewhere. The heat results pri-

marily from plasma radiation, high speed neutron slowing down and

capture, and gamma radiation.

11.1 Continuous Tritium Removal

The tritium which is continually generated by the action

of neutrons on the lithium in the LiAl and the LiAlO. diffuses into

the helium coolant. About 5% of the total helium stream is circu-

lated continuously through titanium beds where titanium tritide is

formed. Periodically, these titanium beds are freed of tritium by

pumping under reduced pressure and the tritium is recovered and

stored as fuel for the CTR, along with natural deuterium. This is

a completely closed system and no tritium containing purge gases

are released to the atmosphere. A portion of the recovered trit-

ium stream will be sent to an isotope separation process (e.g.,
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liquid hydrogen distillation) to reject protium. This can be com-

bined with the same process for the spent fuel from the divertor.

11.2 Blanket Module Processing

Because of uncertainty in the effect of the high speed

neutrons on material damage of the aluminum shell of the blanket

modules, it is assumed that three years of life is all that can be

expected until further research on material damage is carried out.

To avoid lengthy shutdowns, we assume replacement of one third of

the blanket modules each year, or about 2000 to 2500 per year.

If the blanket module processing plant can achieve an onstream ef-

ficiency of about 80%, it can keep up by processing about 8 modules/

day, but to disconnect and remove 2000 to 2500 modules in any rea-

sonable time, and replace and reconnect a like number, is another

problem. We assume a 30-day shutdown. After the 10-day cooling
24

off period for Na , we will have to be. able to remove about 115

modules/day and reinstall a like number of new ones in the same

period; that is to say, that as one, two, or more modules are re-

moved, a like number of new or reconstituted modules must go back

in place at once. This will require an activity level, from the

standpoint of manpower, of about 5 modules out and 5 in per hour.

This can be achieved by using 5 work crews spaced around the ring,

thus allowing each crew one hour to remove a module and install a

new one, all crews working around the clock.

During the 10-day decay period, water can be blown or pumped

out. The helium can continue to circulate to remove residual trit-

ium in the module. With a mean holdup time of only an hour or so

for tritium in the module, 10 days should reduce tritium inventory

in a module to negligible levels (i.e., much less than a millicurie).

There are several ways in which to handle the pulling of mod-

ules and replacement thereof, and a suitable program will have to

be set up to accomplish a complete change in three years. Because
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of the complex system of water and helium piping above the rows

of modules, it would appear that such a program would envisage re-

placement of rows of modules so that fairly long lengths of piping

could be removed first from in front of the row.

In the case of occasional failure of a single module, as shown

by failure detectors which will be part of the complete plant, the

reactor will be shut down. Water and gas lines will be sectional-

ized as much as possible to isolate the failed module. The failed

module (and adjacent ones, if it cannot be completely isolated) is

then pumped or blown out and piping cut away which is blocking

access to the failed module. The water vapor and helium pumped

from the module(s) are sent to contaminated storage. These may be

safety released after the tritium is extracted from the helium by

titanium beds, and the contamination level made sufficiently small.

The failed module(s) are extracted into sealed casks and new ones

installed.

11.3 Elements of Processing Plant

As mentioned previously, the processing plant should be

able to process about 8 modules/day. However, it is likely that

considerably more than 8 modules may be in residence in the various

parts of the plant at any one time. Furthermore, 2000 to 2500 mod-

ules, which it is proposed to remove in a 20-day period during a

shutdown, will have to be stored in tight casks awaiting transfer

to the processing plant. Since the activity is very low, and de-

cay heat is negligible, these casks could be stored in an area

which might consist of a large number of cased 30-inch diameter

holes in the grounci, say 100 feet deep, each holding 30 modules.

Eighty to 100 such holes would suffice for such storage, but if

one wanted to provide for storage of all 7000 modules some 300

such holes would be needed, and the plot plan (Figure 11-1) re-

flects storage for 7500 modules.
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A first operation on processing a module would be to place

it in a chamber, and remove the temporary caps which had been pre-

viously installed on the helium inlet and outlet nozzles. It would

then be warmed up to some suitable temperature, 600 to 800°F, while

under a high vacuum to extract any residual tritium. In the ab-

sence of any better data, it is assumed that this operation would

take about one day; accordingly, either eight or ten chambers would

be needed, or a single chamber large enough to hold 8 modules could

be used. The helium and tritium pumped out would be passed through

titanium beds to absorb the tritium. The helium, if pure enough,

can be pumped to storage.

After cooling, a module is now ready for recovery and recon-

stitition of the beryllium pellets, the LiAl, and the LiAlO , and

replacement of graphite.

At this point it should be remarked that whether it will be

economically justified to take damaged modules apart and reconsti-

tute or repair the internals sufficiently to justify reuse inside

a new outer aluminum shell, is not certain. The following assump-

tions are made as to the probable condition of a module after

three years of service, and what parts could probably be reclaimed

and/or reconstituted.

1. The outer aluminum shell must be discarded to waste.

2. The inner aluminum shell, because it is subjected only

to the very small pressure drop from the coolant inlet

to outlet, might be reusable. However, because it must

have the top head cut off and a new one welded on, it

would be folly at this time to assume that such welding

could be successful.

3. The beryllium and LiAl pellets are so damaged as to re-

quire separation and reconstitution. The lithium burn-

up requires addition of new lithium.

- 89 -



4. The inner separator plate is discarded to waste.

5. The graphite in the inner breeding zone, with LiAlO

filling in certain elements, is assumed to be so damaged

that it must be consigned to waste. However, the LiAlO^

may be reclaimed and reconstituted.

6. The graphite in the outer breeding zone is assumed reus-

able, after the LiAlO , is emptied out, reconstituted,

and enriched in lithium which has burned out.

7. The Al 0., insulator in the outer breeding zone is assumed

reusable, the insulator in the inner breeding zone is not.

After the heating, evacuation, and cooling referred to above,

the modules will be transferred to a disassembly cell. Since the

activity level will be very low, only minimal shielding (possibly

none) will be required. However, because of the possibility of

residual tritium, workmen in the vicinity will doubtless need

clean air masks, and all ventilation air must be monitored. How-

ever, it is expected that the heating and evacuation will essen-

tially remove all of the residual tritium, and the remnants would

not constitute an environmental hazard.

11.4 Steps to be Done on Each Module After Evacuation

In the discussion below, it is assumed that only dry

materials handling chemistry will be used. However, there follows

later a short discussion related to wet (aqueous) chemistry if

used in certain of the steps. As will be noted many of the steps

required in handling a module are purely mechanical.

1. Cut off top head of outer shell and inner shell.

2. Remove upper mechanical support plate. It is assumed

this is held by some kind of mechanical latch.

3. Remove upper graphite rods (50 cm) including the hollow

rods containing LiAlO^. Set aside for new module.
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4. Remove upper Al 0 insulator and set aside for new module

(if reusable). (It should be noted at this point that

graphite growth or warping of some kind may take place in

both the rods and the Al 0 , which could preclude reuse

in a new module.)

5. Remove lower graphite rods (20 cm), separate out the

graphite for disposal, reclaim LiAlO, for recycle.

6. Remove lower Al O insulator and send to disposal. Sub-

stantial damage is assumed.

7. Remove distributor plate, and send to disposal.

8. Pour out the Be and LiAl pellets and separate. Vacuum

clean dust at all steps and separate broken or damaged

pellets and consign all dust and broken pellets to the

reconstitution plant. Since the burnup of Be is quite

small, the majority of the pellets may be reusable, pro-

vided their structural integrity is still judged satis-

factory. Be broken pellets and fines are sent to a re-

constitution plant. The LiAl pellets are sent to a re-

constitution plant.

Separation of the Be from the LiAl may be a problem, and

may necessitate wet or aqueous chemistry. For the mo-

ment, it will be assumed that these may be separated by

melting the LiAl, which has the lower melting point.

The melt can then be enriched in the lithium which has

burned out, solidified, and repeiletized. The beryllium

can be enriched by the amount which has burned out, and

by powder metallurgy techniques, sintered and repellet-

ized for reuse.

9. Mix Be and LiAl pellets to make up a proper charge, and

pour into the bottom of a new module can. Level off and

settle.
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10. Install new lower distributor plate and lock in place.

11. Install new lower Al O insulator on top of lower dis-

tributor plate.

12. Meantime, the LiA102 and graphite pellets reclaimed from

the lower discarded graphite rods, as well as the same

material from the upper graphite rods should be examined

for reclamation and reconstitution. Some Li will have

been burned out, therefore the LiAlO will tend to become

depleted in lithium if LiAlO only is used as makeup.

Some means of adding lithium separately will have to be

found. For the time being it is assumed that this can

be done with wet chemistry, or possibly with dry metal-

lurgical chemistry such as adding LiCO, which would sub-

sequently decompose on firing leaving Lio0 or LioC as

the lithium enrichment component. All of the LiAlO2

and graphite pellets may be ground up, additional LiAlO-

and graphite powder added, as well as some pitch to

assist in pelletizing. The properly constituted mixture

may be pelletized and fired lightly to compact the pel-

lets, which can then be inserted into the lower and

upper hollow graphite rods and the ends thereof closed

with a screwed plug. It would appear that this whole

operation could be carried out with only a dust hazard,

which by proper vacuum cleaning and filtration could be j

readily controlled. There might be a slight tritium i

hazard accompanying the grinding, but this would appear j

to be minimal. j

13. The lower graphite region may now be packed with new . j

rods and reclaimed LiAlO0. I

14. Install the old upper Al«O insulator. \
IS s

|
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15. Install the upper reclaimed graphite rods and re-

claimed LiAlO .

16. install the upper holddown plate and lock in place.

17. Weld on the inner upper head and the outer upper head

containing the water and helium inlets and outlets,

and put temporary caps on the water and helium

18. Pressure test both fluid sets.

19. Transfer to new module storage.

20. Remove from new module storage and install in CTR.

21. Reconnect water and helium manifolds and pressure

test.

A plot plan of the entire complex, showing facilities

needed for reprocessing and storage, as well as other

parts is given in Figure 11-1.
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The foregoing discussion of the elements of a processing

plant and the steps to be carried out are based mostly on "dry"

or "metallurgical" type processes and do not involve any steps

requiring the handling of the slightly active materials in chemi-

cal processes involving water acids, or other liquids. The pro-

cesses envisaged admittedly may pose dust and fume hazards, but

it is believed these can be made acceptable.

Chemical processing with liquids is likely to produce quan-

tities of liquid waste which will have to be stored, thus bring-

ing on tha usual problems of storage liquids—at least until such

liquids can be discharged as meeting toxicity or radiation re-

quirements. However, even if wet chemistry is used, the activity

of the solutions will be so low that above ground, easily inspect-

ed storage tanks could be used to hold liquid waste.

In the previous descriptions, it was noted that lithium will

be incorporated into the graphite structure in the form of LiAlO«

plus graphite pellets in certain of the graphite rods which are

hollow. It is believed that the lithium might also be incorpora-

ted into the graphite by a wet impregnation process.

Such a process might be accomplished by impregnating the

graphite rods with a water solution of lithium carbonate, then

firing the graphite to drive out the water and decompose the

lithium carbonate into CO and lithium oxide. This process

could be repeated until the desired content of lithium was

achieved.

Conceivably, reclaimed graphite rods from a replaced module

could be enriched in lithium for further service by a similar

process. It does not appear that this simple operation would

result in any appreciable chemical waste, and may be very advan-

tageous compared to the manufacture and reprocessing of solid

LiAlO2.
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The graphite rods in the inner section of a module are assumed

to be so damaged that they must be discarded, so re-enrichment of

these rods would not be attempted.

11.5 Reprocessing the Helium Coolant

Impurities in the helium coolant are present as a re-

sult of residual air during initial start-up or air inleakage dur-

ing module replacement, desorption of absorbed impurities from

module components, and inleakage of water from the first wall cool-

ing system or from the steam generator cycle.

Inleakage of small quantities of water can generate correspond-

ing quantities of CO, CO , CH., and B. by reaction with the hot

blanket graphite. The helium purification system should be able

to cope with minor leakage. More serious leakage will probably

trigger shutdown for repair.

11.6 Storage Facilities for Modules

Adequate storage facilities will be needed for both re-

moved modules, and reclaimed or new modules. It will be assumed

that facilities sufficient to accommodate 7500 of each will be

needed.

Since the modules are cylindrical, the idea of dropping them

into cased holes in the ground is appealing. Holes 30-inches in

diameter and 100-feet deep would be easy to drill, case, and the

casing could be cemented in with standard oil well drilling prac-

tices. This was mentioned briefly previously.

Each such hole could hold 25 modules, so 300 holes would be

required. An array 18 holes by 18 holes would do. If the holes

were located at 6-foot centers, an area of 108 feet by 108 feet

would suffice—only about 1/4 acre for a storage field. Lowering

and retrieving the modules would be a simple matter. A weather-

proof building would be installed over the field. Obviously, the

casing would be closed at the bottom and water tight, and anchored
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so as not to float upward due to ground water pressure.

Figure 11-2 shows a typical storage well.

11.7 Composition of a Module and Materials That Must Be

Consigned to Waste Storage

Table 11-1 shows the composition of a single module,

the amounts of materials that are reclaimable, lost (i.e., con-

signed to waste storage) new materials required, the amount con-

signed to storage per module, the total amount per year, and an

estimate of the physical volume of encapsulated waste including

concrete encapsulation. It should be noted that the quantities

given in this table may not agree exactly with corresponding

quantities given in the engineering drawings. However, they give

a sufficiently accurate picture of the volumes of waste and pounds

of material to be processed.

While one would not encapsulate all waste into a single cube,

as postulated in the table, the figures show that probably 1/4

acre of space per year will suffice for waste storage. This need

not be buried—it can be above ground on a concrete slab.
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Table 11-1

MATERIAL FLOWS IN MODULE REPROCESSING PLANT

1

-J

1

MATERIALS
PER MODULE

ALUMINUM

UPPER AI2O3

LOWER AI2O3

BERYLLIUM BALLS

LiAl BALLS

LOWER GRAPHITE

UPPER GRAPHITE

LOWER LiAIO 2

UPPER Li AIO2

TOTAL (EX H2O)

EQUIVALENT CUBE

ORIGINAL
COMPOSITION

LBS

250

225

47.1

45.7

3.50

158.5

3267

4.17

4.27

1064.9

EQUIVALENT WITH 2 FT
CONCRETE ENCAPSULATION

RECLAlMABLE

NONE

225

NONE

45.0

3.45

NONE

284

NONE

4.23

BURNUP a
PROCESSING

LOSS, LBS

—

—

—

0.7

.05

—

32.7

—

.04

REPLACEMENT
LBS

REQ'O

250

—

47.1

07

.05

158.5

32.7

4.17

.04

WASTE
PER MODULE

LBS

250

—

47.1

0.7

.05

158.5

32.7

4.17

.04

WASTE PER YEAR
( 2 0 0 0 MODULES)

500,000

—

94,200

1400

100

317,000

65,400

8340

80

STORAGE
DENSITY

LBS PER FT 3

50
(BALED)

—

200

65

60

100

100

100

100

ESTIMATED
VOLUME

PER YEAR
FT3

10,000

—

471

22

2

3170

654

84

1

14,404 FT3

25x25x25 FT

2 9 x 2 9 x 2 9 FT



APPROX. 600 METER SITE BOUNDARY

I

00

1 CTR MACHINE 6 POWER PLANT

2 STORAGE FOR REMOVED MODULES
EVACUATjCN 8 BAKING OF REMOVED MODULES
TiT ABSORPTION BEDS (REMOVED MODULES ONLY)
H« STORAGE
RESIDUAL T STORAGE FROM REMOVED MODULES
REPROCESSING PLANT
RECONSTITUTED MOOULE STORAGE
WASTE VAULT (ALL SOLIDS)
PUMPHOUSE
COOLING TOWERS
WATER TANK FARM

CTR LOW ACTIVITY BLANKET SITE PLAN

Figure 11-1



TRITIUM EVACUATION

CONCRETE DECK

NEXT STORAGE
WELL

EARTH

CONCRETE

WIRE LINE RETRIEVAL SUPPORTS

- CASING 36" 0 0 STAINLESS

MODULES

TYPICAL MODULE STORAGE WELL
25 MODULES PER WELL

Figure 11-2
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12. Effluents During Normal Operation and Emergency Containment

It should be recognized that this discussion of normal and

emergency containment is based on a preliminary concept of the

arrangement of the very low activity blanket on a CTR, and is

therefore necessarily sketchy and brief. As the design is further

refined, it is to be expected that this section will expand con-

siderably, with appropriate graphs and backup tables of possible

activity releases. At the moment, such releases appear minimal.

Analysis of the environmental impact of normal and acciden-

tal releases from very low activity fusion blankets are described

in an Atomic International Study (1). The design considered in

the AI study is an early one, but the results are representative.

(a) Normal Operation

During normal operation of the CTR with a minimum ac-

tivity blanket, release of radioactive material should be very

low. The tritium which is bred as fuel will diffuse into the

helium from which it is extreicted by the hydride beds. This is

a closed system and no effluent can escape the environment except

a small amount of tritium (< 1 curie/day) by normal leaks from the

helium coolant circuit.

The very small amount of residual tritium in the blanket mod-

ules would be recovered as was described in the processing descrip-

tion in Section 10.

There may of course be slight diffusion of tritium into the

primary vacuum tank (see Figure 5-1), but this is held at a high

vacuum and the output of the vacuum pumps is scrubbed. Any trit-

ium that is recovered would be returned to the process stream.

Some tritium will diffuse into the steam systems, but these

will be designed for zero blowdown, Blowdown necessary for water

chemistry control will be held in closed tanks until cleaned up

- 100 -



of tritiunw In case of a turbine loss of load event, the steam

would be condensed and held in closed tanks after the plant is

down.

The rate of tritium leakage from the helium coolant into the

steam system would be unacceptably high if conventional steel

steam generator tubes were used. Tritium barriers of the types

considered in other fusion reactor reference designs can be used.

These include either making the steam generator tubes with inter-

nal layers of a metal (copper or aluminum) with very low tritium

permeability (2,3) or spraying an external layer of material with

very low tritium permeability layers (tungsten or alumina) on the

gas side surface of the tube, assuming no cracks. The tritium

leakage into the steam circuit can then be held at ~ 1 curie/day.

It may be possible to recover a substantial fraction of this

leakage from the steam circuit by tritium cleanup of the water in

the closed tanks. This would then result in an amount less than

1 curie/day to be discharged to the environment through leaks,

and this should have minimal environmental impact.

The helium system will require circulators and compressors,

which will likely be equipped with seals, unless the units can be

motor drive canned rotor type. Whi-e there may be a great devel-

opment of st=ate-of-the-art designs in these respects before a CTR

unit is constructed, there will probably still exist the necessity

of seals where a helium circulator, for example, is to be driven

by a steam turbine. Nevertheless, it is believed that such seals,

of a mechanical gas lubricated type, could be so contrived as to

accept a high pressure flushing stream of clean helium thus keep-

ing tritium inside while clean helium leaks out. Moreover, even

leakage can be gathered up and processed for removal of tritium.
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Approximately 1%/year of the helium in the closed helium

circuit can be assumed to leak into the primary containment

building. The tritium leak through this route is then 0.22

curie/day. Most of this leakage tritium can be recovered by

cleaning of the containment building atmosphere, and the result-

ant tritium leakage to the environment should be « 1 curie/day,

which is well below the guideline limit of 1 curie/day.
24

All other radioactive materials produced (principally Na

in the aluminum) are locked up solids in the solid blanket mate-

rials and release of any substantial amount appears very unlikely.

In addition to the circulators and compressors mentioned

above, the water, steam, and helium systems will require a multi-

tude of valves. It would appear that these need all be single

or double bellows sealed, to prevent leakage at stuffing boxes.

(b) Emergency Accident Containment

Since the low activity blanket considered herein contains

some 6000 to 7500 individual blanket modules, the most likely

accident is failure of a module or group of modules, particularly

since each module must look at the direct radiation from the

plasma as well as be exposed to the flux of 14 MeV neutrons re-

sulting from the DT reaction.

Failure of a module can release both high pressure hot water

and high pressure hot helium into the torus. This will instantly

extinguish the plasma, and other failure detectors will call for

an immediate shutdown of all normal operation functions. Since

there is no fission product accumulation, and only minimum decay

heat, unlike a fission reactor, emergency cooling will be minimum

if required at all.

To the extent that helium and water piping can be equipped

with emergency isolation valves, failure of a module or group of

modules can be isolated to minimize the leakage into the torus.
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A failure such as described above would release tritium

bearing gases into the torus and primary vacuum tank. These con-

stitute radiological hazards if released, but they could be pumped

to contaminated storage for cleanup and safe release. Failure of

a module or group of modules could scatter aluminum, beryllium,

lithium aluminum, graphite, lithium aluminate, and aluminum oxide

into the torus in broken pieces and these might act as missiles,

also. However, all radioactivity in these parts, which is very

small anyway, is locked up in solids and cannot spread around.
24

After a suitable cooling off period for the Na , the broken

materials could be retrieved and sent to chemical processing and

waste storage..

There are other types of failures which would have to be

considered. For instance, a large helium line could fail, allow-

ing high pressure and possibly hot helium to fill the primary

vacuum tank. It should be noted, in passing, that the overall

assembly must be so designed that failure of both s':eam and hel-

ium systems into the primary vacuum tank cannot generate a pres-

sure which would rupture the tank. This is a mattsr of matching

relative volumes.

Failures of water lines could introduce hot or cold water

into the vacuum tank. Failure of the steam generator tubes in

the helium circuit could release high pressure water or steam

into the helium system, with possible damage to the circulators„

Isolation valves can be employed to mitigate some of these

effects.

In general, however, it appears that releases of water,

steam, or helium into the primary vacuum tank can be handled with

conventional pumping, vacuum cleaning, and drying operations,

followed by cleanup of the reclaimed fluids. Most of the radio-
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activity would be as tritium, although small quantities of radio-

active liquid waste might result, necessitating ion exchange beds,

evaporation, or the like. The absence of liquid metals and of

fission products after heat mitigates the cleanup problem greatly.

Upper limits to the radioactive effluents during accident

conditions can be estimated by examining the maximum credible ac-

cident, and assuming that the containment system does not func-

tion. The solid blanket design should ensure that the failure of

the containment system is very unlikely, however, since there are

no chances of a lithium fire, or water-lithium reactions.

The total inventory of tritium in the helium coolant circuit

is 7200 curies. If all this tritium were released at ground level,

the worst possible case, the integrated dose from tritium at the

site boundary would be only 1.7 rem, well within the 25 rem limit

suggested by 10 CFR 100. (The estimated dose is based on factors

developed by the AI environmental study of minimum activity blan-

kets.) (1) If 10% (14,000 curies) of the total blanket tritium

were released, an unlikely event because the tritium is locked in

solid compounds, the dose at the site boundary would be only ~ 3

rem. Release of any substantial fraction of the tritium in the

titanium trapping beds is even less likely, since this part of

the reactor complex is small, and can be easily sectionalized and

protected in isolation cells with thick walls.
24Na is the only radioisotope with significant biological

hazard potential if an accident should occur during reactor oper-

ation, since the inventory of the other isotopes is very small.
24

Release of any significant fraction of the Na to the environ-

ment is virtually impossible, since it is dispersed throughout

a very large mass of aluminum and aluminum oxide in the blanket.

If some pieces of the blanket are dispersed inside the containment
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24building, the contained Na will decay away in a few days and

should not leak out to the environment.

It is believed that a CTR with very low activity blanket, as

described in this study, would have a very small impact on the en-

vironment from the standpoint of radioactive releases.
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