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SECTION A
A BRIEF TECHNICAL SUMMARY

This report examines, for technical merit, the combination of a fusion

reactor driver and a thermochemical plant as a means for producing synthetic

fuel in the basic form of hydrogen.

We studied:

One reactor type--the Tandem Mirror Reactor--wishing to use to
advantage its simple central cell geometry and its direct electrical
output.
Two reactor blanket module types--a 1iquid metal cauldron design and
a flowing Li,0 solid microsphere pelliet design so as to ccmpare
the technology, the thermal-hydraulics, neutronics and tritium
control in a high-temperature operating mode (~1200 K).

Three thermochemical cycles--processes in which water is used as a
feedstock along with a high-temperature heat source to produce H2
and 02. The water splitting process is a closed loop sedquence of
chemical reactions in which the reagents (HZSD4, I and Br in the
cases studied) are continuously recy:led. The cycles are: the
General Atomic Sulfur-Iodine; the Westinghouse Sulfur; and the
Ispra, Italy, Sulfur Bromine cycles. Only these three cycles, of
approximately 30 studied world-wide, have been developed to
laboratory model levels and produced demonstration quantities of

hydrogen.

A.1



Major Conclusions

We are satisfied that the production of hydrogen using

thermochemical cycles has a demonstrated experimental base and

potential for commercial exploration.

There are only three drivers for the processes:

(a) the fusion reactor

(b} the HTGR or VHTR

{¢} solar

As drivers the fusion reactor and the HTGR have an edge over solar

because the thermochemical cycle cannot be interrupted by diurnal

effects.

Generic fusion reactors and the HTGR are both good candidates for

synfuel drivers.

By fusion reactor type, the TMR has an advantage over the Tokamak,

both topologically and due to ensrgy output form.

The TMR confinement pﬁysics for synfuels is substantially the same

as it would be for electrical production.

The key problem in the reactor is designing a high-temperature

(1200 K) blanket module.

- Particle sintering, extreme temperatures in the zone dividers
and complicated heat transfer preclude ihe use of the L120

pellet design.
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- The cauldraon goal bailer design fares quite well structurally,
mechanically, neutronically, for assembly/disassembly, for
isolation, for sarety by modularization, for low residual
activity, as a low stress structure and as a good module for
Yow tritium inventories and integral tritium production. It
requires experimental verification of MHD effects and energy
transfer within the pool.

- For either blanket design the gquantity of process heat
delivered to the chemical plant at 1200 K was excellent, ~90%.

- Materials problems at 1200 K and in corrosive atmospheres are
difficult, However, we are encouraged in having found a set of
contemporary materials believed adequate for the
temperature/environment situations.

- We believe we have introduced an improved design for the 503
decomposer--the most difficult unit in the chemical plant--by
using a fluidized bed process rather than the packed bed used

heretofore.

Conclusion and Recommendations

We conclude that the Fission/Synfuel tie is a good one with a high
eventual payoff. The problems are difficult but the study is in its infancy.
Even during this short study period, we have begun to resolve some of the
probiems and see possible solutions for others. The program needs and

deserves support.



We recommend this follow-on work:

1. Exploration of an aiternative to the basic cauldron blanket
module--the cauldron with heat pipes.

2. The use of surplus dc and thermal energy from the direct convertor
(at Q >11) to joule heat the process fluid driving the 503
decomposer. This may allow relaxation of blanket temperatures and

transport piping tempsratures by several hundred degrees. It also
allows reconsideration of the solid Li,0 blanket.
These two major steps can serve to decrease materiails temperature
requirements of the blanket, isolate ithe high temperatures to the 503

decomposer unit and decrease the process chemistry complexity of the sulphuric

acid section of the process.
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WHY NOW FOR FUSION AND SYNFUELS

introduction

ihe research and development program for controlled nuclear
fusion has from the beginning been directed toward central
station electrical power plants as the ultimate applicatior.
The original basis for this choice was sound and rested on
several assumptions regarding the various alternative forms
of energy in the U.S.

Tne most important assumptions regarding electricity were
the following:

a. Lost

Electricity has been the most expensive of the large-
scale forms of energy in the U.S. It therefore offered
a promising market for new energy technologies.

b. Growth Rate

For many years the annual growth in the production and
consuaption of electricity in the U.S. was approximately
7 percent. This is a high rate of growth, and it has
lorg been clear that important new sources of electrical
power would have to be developed in order to maintain
such a rate for the long term,

c. Centra) Station Compatipility

There are important economies of scale associated with
large central station electrical power plants, and elec-
trical utilities have botn distribution grids and opera-
tional systems whicnh incorporate such plants. Most of
the magnetic fusion confinement concepts tend to be

L=
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large, at least comparable in size to plants now being
built; therefore, they are compatible with the central
station plant theme.

The alternative energies which are relevant to this
discussion are those derived frem fluid fuels, oil, and
natural gas. The more important assumptions about them
were complementary tg those regarding electrical energy.
Untii very recently, these portavle fuels have, for a
variety of reasons, been comparatively inexpensive in the
U.S. Similarly, availability was not an issue, at least in
the minds of most people. The U.S. was am exporter of oil
until tie mid-1960's. Finally, tnere were serious technical
questions regarding the feasibility of synthetic production
of fluid fuels.

Changes in U.S. Energy Posture

Dramatic changes in the U.S. energy posture have occurred

in the last few years. Some of these changes may have a
large and direct impact on the potential applications of
fusion energy. T7ne U.S. is now heavily dependent (about
50%) upon imports for oil. These imports come at rapidly
increasing prices and to a great extent from politically
unstable regions. Furthermore, these imports are reguired,
to a large extent, to satisfy the increasing demand for
partable fuals in the transportation, industrial, residen-
tial, and commercial areas, while the demand for electricity
has leveled off with a growth rate lower than our economic
growth. Qur average national generating capacity is ade-
quate. There may remain local shortages of electrical
generating capacity, but becoming more dominant is the need
for fuel to drive them, It is evident that the U.S. must
have domestic sources of energy, both to fuel our electrical
plants and to respond tg our other areas of energy flow.

1-3
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Fusion and the Nationmal Energy Plan

The nation has finally started on a national energy plan
and a substantial synthetic fuel program. Studies on fusion
reactors for synfuel production should become part of this
energy plan and part of the synfuel veiture now, not later,
even though our reactor may be 20 or 25 years in the future.
It 1s time to actively include synthetic fuel production in
the fusion praogram.

Energy Areas Where Fusion Can Impact

“ne thow o Tne various Torms ot energy n the U.S. tor

1979 is given in Fig. 1.1. A similar set of data predicted
for the year 2000 is shown in Fig, 1.2. The areas wher€ we
believe fusion/synfuel can impact are shown in black, It

is instructive to comare tne magnitude of this potential
application with that involving only electricity. In terms
of end-use, the poteniial market for synfuel is greater than
that for electricity by approximately a factor of 5. In
terms of total produciion, the ratio is a factor of about 3.

The background far the fusion/synfuel study being undertaken
by this project can ttus be simply stated. Can fusion reac-
tor technology be made to pe compatible with the economically
TOMPETTLIVE Product.or of synthetic tue’? 1t Tthe answer 1O
this question is in tie affirmative, then the potential mar-
ket for fusion power is increased by a substantial factPr,
perhaps 200 per.ent. Furihermore, by producing a direct
substitute for a more strategic form of energy, the poten-
tial contribution of {usion to the natiunal interest could
be multipiied by an ewen greater factor.

The progress reported here is of a study of the above
cuestion by a project team consisting of personnel from
Lawrence Livermore Ralional Laboratory, the University of
Washington, and Exxon Nuclear Co., Inc.
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STUNY METHOD AND ORGANIZATION

Technical Approach

The project team has defined four major plant components
that must be designed and interfaced in a seif-consistent
manner to constitute a total fusion/synfuel plant. As shown
in Fig. 2.1, these components are: (1) the Tandem Mirror
Reactor (TMR), with its associated physics; (2) the reactor
blanket/shield and direct convertor, source of the process
energy; (3) the energy transport and conversion system; and
{4) the synfuel plant, producer of the hydrogen fuel,

In order to perform r:asonably detailed technical analyses,
it was been necessary to select specific types of compo-
nents. Insofar as possible, the options which are most
attractive and suitable for the overall design have been
identified. Whether or not the choices made are indeed
optimal in every case, it is reasonable to expect that the
major problem areas can be identified and meaningful feasi-
bility assessments performed. Furthermore, much of the work
related to the fusion driver--reactor physics, the blanket,
the direct convertor, the energy transport and conversion
system--is also directly relevant to the development of
fusion reactor technology for electrical production.

The specific types of components selected for the study,
after preliminary screening, were the following:

(1) Fusion Driver--Tandem Mirror Reactor

{2) Reactor Bianket--two different types: (a) a Li-Na
cauldron and {b) a flowing L120 microsphere design

(3) Transport and Convarsion System--five differeat gp-
tions: (a) single series sodium, {b) helium series/

?-2
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ELECTRICITY FOR FUSION DRIVER
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5.
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.

Fig, 2.1
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parallel, (c) potassium series/parallel, (d) potassium
parallel, and (e) sodium witn hydrogen recycle

(4) Synfuel Plant--the General Atomic Sulfur lodine Cycle
for hydrogen production. The Ispra Sulphur Zromine
Cycle provides a backup.

The project was conducted by personnel from the Lawrence
Livermore National Laboratory, the University of Washington,
and Exxon Nuclear Company, Inc. The individuals involved
represented several different complementary scientific and
engineering disciplines. Assignments were made for specific
areas, with subsequent critiques and interfacing efforts
performed by the entire group. In general, the plan was
organized as follows to produce the scoping design described
in this report.

The Lawrence Livermore National Laboratory provided:

-Mana ment and Coordination R. Werner. jointly with
F. Ribe, UW
-Fusion Reactor Physics Staff
-Fusion Engineering/Technology R. Werner/M.Hoffman*
-Physical Chemistry/Materials 0. Krikorian
-Chemical Process Engineering T. Galloway
and Design
-Cauldron Module Design R. Werner
-Transport System T. Galloway/R. Werner
-Thermal Hydraulics R. Werner

*professor, Mechanical Engineering, UC Davis

2-4
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University of Washington provided:

-Physics

~Computer Sciences
-Neutronics
-Energy Balance

Exxon provided:
-Chem Process Engineering
-Thermal Hydraulics

-Flawing Microsphere Module
Design

-Lizo Mech/Cnem Properties

F. Ribe/Students

K. Audenaerde

G. Woodruff/Students
F. Rise/Students

B. Fryer
0. Rowe
{of Rowe and Associates,

subccntractor to Exxon)
D. Rowe

R. Busch

This organizational setup is shuwn in Figure 2.2.
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3.1

EXECUTIVE SUMMARY

Summary of Qur Findings

We report on a scoping design study of a fusion reactor based
on tandem mirror physics coupled to thermochemical processes
for the aroduction of hydrogen. The work is a result of a col-
laboration between the Lawrence Livermore National Laboratory,
the University of Washington, and the Exxon Nuclear Company,
Inc.

This study was accomplished between Qctouver 1, 1979, aad
September 30, 1980, under the auspices of the QOffice of Fusion
Energy, U.S. Department of Energy.

In summary form, our findings were as follows:

8 The production of hydrogen using thermochemical cycles has
a2 demonstrated experimental base at the laboratory level.
Production rates of 100 liters/hour are being achieved.
Potential drivers for these processes, producing a vital
energy source, are limited. There are only three:

(a) The fusion reactcr
(b) Tne HTGR or VHTR
(c} Solar

e Of the three drivers, the fusion reactor and the HTGR would

appear to have an edge over solar concantrators, due to the
diurnal nature of soiar and the need for thermocnemical cy-
cle production to be on a continuous 24-nour basis.

@ The reasons for using a fusion reactor in preference to

an HTGR for synfuel production were not obvious within the
context of this study. Either could do the job. Both may

3-6
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be appropriate. [f fusion/electrical eventually supersedes
or makes unnecessary HTGR/electrical, then it would seem
that fusion/synfuel would follow,

Relative tc fusion reactor types selected for synfuels, the
Tandem Mirror Reactor has an advantage over the Tokamak,
duz to the Tandem's energy outpui ~ n ae> Lherial and dc
electrical.

1f, in the first place, fusion makes sense for electrical
energy production, then it is our finding that it is a
reasonable extension that it be used for fuel production.

Taken collectively the design of a synfuel plant is ex-
tremely complicated. It is large--like an 0il refinery--
and has many difficult units to design. Where we werg
encouraged was ir looking at the individual parts, ratrer
than the whole, and concluding that the parts perceived to
be the most difficult--the 503 decomposer, the HZSO4
boiler, and the fusion reactor blanket--all have good
design possibilities. It is an exciting area and one just
beginning tu be explored. Even in the short time of a
one-year scopying study at fairly modest funding, we nhave
made good progress on component design,

The Fusion Reactor/Synfuel Plant complex is substantially
more difficult to analy2ze than a Fusion Reactor/Electrical
Plant Lomnlex. With fusion/synfuels virtually all paraa-
eters are interactive and closely coupled. With fusion/
electrical nne need cniy Se concerned with the nuclear is-
land, since the technology for the balance o~ plant exists.

High temperature is the principal distinguisning parameter
vis-a-vis hydrogen or electrical production. The thermo-

chemical (Hz) processes studied reguired the delivery

3-7



of process heat ~1100 K to 1200 K, compared to fusion/
electric at ~750 K.

To relax the temperature demands in the reactor area and
in tnhe transport area (for reductions of several hundred
degrees) it is possible to burn or oxidize a portion of
the hydrogen product in-situ at the 503 decomposer, the
highest temperature process umnit. This hydrogen recycle
decreases efficiency, but this 105s may be more than com-
pensated for by resolution of critical, high temperature
materials problems.

A similar result to the hydrogen recycle may be accom-
plished by using excess dc electricity (a unigue feature

of the Tandem Mirror Reactor with its direct convertor) to
Joule heat the 503 decomposer to the required high tem-
perature. This is an extremely interesting possibility for
the TMR/Synfuel tie and could be used jndependently or in
conjunction with some hydrogen recycle,

Tandem Mirrar Reactor confinement physics for synfuel/hy-
drogen production is substantially the same as that for
electrical production. There is some gain in reactor ¢
(the reactor figure of merit defined as fusion power pro-
duced divided by injected power), and some economies of
size to pe realized with synfuels. This is because of the
larger reactor required for the synfuel plant,

The key engineering problem in the reactor (without re-
sorting to the Joule heating or the hydrogen recycle) is
the ability to design a high temperature (~1200 K) blanket
module. We studied two types:

(a) a binary, Li-Na iiquid metal Cauldron module
(b) a flowing Yithium oxide microsphere blanket.

3-8
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Sintering of particles, high temperatures in the zone
dividers, and complicated heat transfer preclude the use of
the flowing microspnere blanket at this temperature. The
highly-modularized, low-stress Cauldron desigr. hes many
positive attributes, but requires experimental verificatjon
of MHD effects and a clearer understanding of energy trans-
fer within the pool.

Integral tritium production, control, and removal at oup
elevated 1200 K temperature appears achievable in eithap
blanket design, as compared with previous reports by others
where tritium production nad to be done in a separate,
lower temperature region of the blanket,

The percentage of process heat delivered at high temper,-
ture (1200 K) turned out to be excellent, —90%, for either
blanket design. This represents a very effective use of
the reactor as a heat source.

Transporting tne process heat to the thermochemical plant
using sodium as the heat transport fluid presents severe
corrosion and safety problems, but is a gond option congjd-
ering stresses (pressures can be balanced) and temperatyre
retention (film temperature drops are low). The technolegy
would be an extension of LMFBR technoiogy.

Transporting the process heat using helium has the great
advantige of safety and inertness. The price paid is
higher pumping power, higher stresses (pressures cannot pe
balanced), and some additional lass of temperature {filp
temperature drops are high).

The materials problems at high temperature and in corrogive
atmospheres are difficult. However, we are encouraged by

our findings summarized in the following Table 3.1.
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TABLE 3.1

CURRENT MATERIALS CONSIDERATLONS

Material Application Pros_and Cons
v Alloys e First Wall ® Good resistance to radiation damage
® Feltmetal Insulator o Low Activation
o T Permeation Membrane @ Good corrosion resistance to liguid Li, Na, K
e High T permeation rates
Nb Alloys o T Permeaiion Membrane ¢ Good corrosion resistance
& High T permeation rates
B-Ti Alloys First Wall e Kesistance to radiation damage is probably good
and Feltmetal Insulator ¢ Low activation
Ti«V Alloys Cauldron Wall ® Good corrosion resistance to liguid Li, Na, K
& High T diffusion rates
Mo Alloys ¢ Heat Piges ¢ Very nign strength
(TIM) Heat Exchangers e Excellent heat conductivity
e Excellent corrosion resistance to liguid Li, Na, K
e Good small-scale fabricability
e Problems in large-scale fabrications
In-890 ¢ Transport giping far & Good creep otrength ta 1100 K
Liquid La, K Good corrosion resistance to 1iquid Na, K
In-B00H ¢ Heat Exchangers ® Aluminide-coated In-800H shows good corrosion resistance
to 503
Siliconized e Heat Exchanger for ® Excellent compatibility with boiling H2$04 at 673 K
SiC goiler o Compatibility with liquid Na or K
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3.2

3.2.1

g y CEMTAAL CECL
S - 2008

The Technical Choice of the TMR

The Confinement Physics

A primary technical (topological) reason for choosing the
tandem mirror was its highly favorable reactor configuration.
As shown schematically in Fig. 3.1 from a physics perspective,
the reactor consists of a long central cell in which the power-
producing high-beta (0.4) D-T plasma is confined by straight
magnetic field lines that are produced by simple, circular
Nb-Ti superconducting coi? modules. [In our design study, these
coils are about four meters apart and the central cell Jength
is 213 meters.

,_>,~—\Q'::'>‘

CIRGULMRITEN CON

OWRICT CONVERTER

Fig. 3.1 Tandem mirror reactor with thermal barriers.

Tne power producing plasme of the central cell s electrostat-
ically confined at its ends by the plasma in the yin-yang end
“plugs”, each of which is a minimum-B stabilized wirror.
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Figure 3.2 illustrates the axial variation of both the magnetic
field and electrostatic potential in a tandem mirror with
thermal barriers, corresponding to the magnet arrangement of
fig. 3.1. The vacuum magnetic field Bop of the plug is

larger than the magnetic field Boc of the central-cell in

order to provide magnetic-mirror confinement of the central-
cell plasma. The plugs themselves are magnetic mirrors, as
indicated by the dips in their magnetic field profiles. Plasma
electrons, because of their higher thermal velocity, escape the
central cell faster than the ions. This tendency charges the
central cell positively by an amount 0o+ This ambipolar
potential then holds the electrons back. Similarly the plugs
charge positively to a potential Pp = 0o * P This is

the b.sic idea of tandem-mirror. It makes use of the positive
potential e of the plugs with respect to the central-cell to
repel and prevent escape of central cell ions.

An improvement to the basic tandem mirror was the addition of
what are called thermal barriers. The thermal barriers at each
end petween the central celi and the end plugs are formed by
NDSSn barrier coils which apply large magnetic mirrors at the
ends of the central cell, but inside the end plugs. In our
synfuel study, these barrier coils were 12 Tesla. The central-
cell plasma spreads out along the radially expanding magnetic
lines as it leaves the magnetic barrier field, and its density
is thereby reduced in the barrier regions. Since the electrons
are in thermal equilibrium, the electrostatic poteniial ¢ and
the electron number density n are connected by the relation
n=n, exp e(e - ¢D)kTe . Therefore, a dip 2y in
electrostatic potentiat is induced in the barrier region, as
shown in Fig. 3.2. This dip is a rise in potential energy for
electrons and separates the plug and central-cell electron
populations, thereby allowing them to have different tempera-
tures. The ion density of the barrier is kept low by neutral
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beams directed into the barrier region inside the central-cell
loss cone. Trapped barrier ions are neutralized and escape,
while the injected neutrals fuel the central-cell as charge-
exchange fast jons. Electron-cyclotron heating is applied to
the inside of each plug, thereby raising Te and allowing the
plug potential to rise as shown in Fig. 3.2. This provides the
potential barrier for central-cell jons without excessive plug
density and without requiriag high values of central-cell Te.

END PLUG CENTRAL CELL

MAGNETIC FIELD

ELECTROSTATIC
POVENTIAL

AXIAL DISTANGE. T

Fig. 3.2 Axial magnetic field and electrostatic profiles in
the Tandem Mirror with thermal barriers
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3.2.2

3.3

The Engineered Reactor Topolagy

As an engineered reactor, the topology created by confinement
physics of the TMR not only allows the design of relatively
simple blanket modules, that are the principal source of the
process heat used for hydrogen production, but permits putting
all the modules together into a workable package along the
central cell leagth.

The sequence of figures thai follow, Figs. 3.3 A, v, C, D,
and E; illustrates how the blanket modules, tailored for the
synfuel thermochemical cycle use, may be assembled into a
serviceable, accessible reactor for producing energy.

The Tandem Mirror Reactors Energy Forms

The Tandem {(TMR) is a steady-state, driven fusion device.
Energy from the reactor is produced in two primary forms, as
evidenced by equation 3.1.

D+T—n (15.1 MeV) + a(3.5 MeV) (3.7)

Deuterium + Tritium — Energetic heutron
+ charged particle

The first energy form, the kinetic energy of the neutron, is
captured in the moderating blanket surrounding the reacting
plasma, and thermal energy is produced. The neutrons, as they
are moderated in the blanket, produce some additiona)l energy by
exothermic neutron-litnium reactions.

The second energy form produced by the reactor is that con-
tained in the charged alpha particle. fin forming, the alpha
begins to lose some of its 3.5 MeV energy by heating the plasma



Baaic geomctry of &
Cauldron blanket module.

SOLENCIOCON

CAULORON MODULE

ASSEMBLY CART

Frar midules and a <olenca!
vl assenbled 1820 2 untt
cell,

Fig. 3.3 A, B, and L Assembly of Blanket Modules
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CROSS SECTION THRU 2 UNIT CELLS

TRITIUM RECOVERY -

I MODULE

! , o VERTICAL MID PLANE
HEAT PIPES - ( ' , .
(OPTIONAL) ! v :

CONDENSING VAPOR
HEAT EXCHANGER -

COOLANT IN - — (=

COOLANT QuT —~

SOLENOIDMAGNET

& SHIELDING

LiN{SO-50) WORKING FLUID

PLASMA

REFLECTOR

[ER cotron tntonch teo gt ol b al the MR
Pl oL conet b 0t toue bl ket moduly -
ey o benoa bl coale the unit el are peaned
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el eebanc e Between ool g
ooy o,

Fig. 3.3 Db assembly of Blanket Modules

ot the renctor,
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UNIT CELL

~ INJECTORS
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Fig. 2.3 E Assembly of Blanket Modules

END PLUG

A highly simplified illustration
[ how the TMR would he assembled
end plugs, injectors. unit cells,
he dire:t convertor is not
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through a series of collisions with electrons and ions. Fin-
ally, at some degraded energy, the alpha particle leaves the
system (the central cell) through the ends as do the deuterium
and tritium ions that did aot react with cne another. All the
alpha particle energy may now be accounted for as the sum of
its residual energy plus the enhanced energy of the exitin.
deuterium and tritium ions. Tnis energy is recovered as dc
electricity in a direct convertor located beyond the end cells,
as suggested in Fig. 3.1. The girect convertor actually pro-
duces two forms of energy: the electrical dc component, which
we use in this particular scopiny design to drive the reactor,
and a thermal component which, for our thermochemical cycle,
supplements the planket emergy tnat is used for the process
chemistry to produce gur hydrogen product.

The availability of both of these eqergy forms, thermal emergy
and dc electricity, is unique to open-ended fusion machines, as
compared with closed topology svstems such as the tokomak.

This availab1lity can be of distinct advantage in synfuel pro-

duction via thermochemical cycles and will be discussed subse-

quently.

The Energy Needs of the Thermochemical Cycles

In this stucy we investig-ied and considered three thermochemi-
cal cycles, shown in Table 3.2, wnose chenistry and closed loop
operation had been verified in the laboratory.

We have selected one of the three, the General Atomic sulfur
iodine cycle, fo- our initial scoping design study.

The current electrical and thermal requirements for these thre:
cycles are shown in Table 3.3. It is to be noted that all three
of these cycles have substantial electrical! demands, although



TABLE 3.2

THERKOCHEMICAL CYCLES WHOSE CHEMISTRY AND CLOSED LOOP
OPERATION HAVE BEEN VERIFIED IN THE LABORATORY

SuLrur-Topine CycLE

2’120 + SOZ + X ]2 AQDEQU&—) HzSOq + 2 HIX

E53K 5 o I, + Hy GENERAL

Z Hl Atomic

X
Hysg, SUHK S wo 4+ so, + 122 0,

Swrur Cvere  (PART ELECTROCHEMICAL)

- _ARUEQUS s
2 1y0 + 50y —E'I_ECrT\R()EgSlS > H2 ¥ HZSOH
HESTINGHOUSE
hyShy 1S T> o+ 50, + 1720,
Sut Fur-BroMINE Cycte (PART ELECTROCHEMICAL)
_AQUEQUS.
210 + SOy + Bry SR> HpSO, + 2 HBR
__.._AQUEOUS URATOM
2 HBr F_LE"émo(L,YSIS"_> Brg + Hy SPRA

-1100
Hys0, -AM0-L00K_5 o + so, + 120,
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TABLE 3.3 ELECTRICAL AND THERMAL REQUIREMENTS FOR VARIQUS CYCLES
BASED ON HTGR HEAT SOURCES
Thermo- Thermal Process Tnermal energy used to generate
chemical £ff. Heat electricity or snaft work
lycle
High Intermed., Electrolytic Process
Temg. Tenp. Demand Shaft Work
General 47% 24% 51% 0 25%
Atomic
Sulfur 1250 % 842 K
Todine
West inghouse 47% 23% 20% 57% 0%
Sulfur 1280 K 1108 K
Cycle
[SPRA 46% 27% 52% 21% 0%
pelow
Mark-13 1083 K 773 K
the processes are generally described as thermochemical. The
GA cycle, although it does not have an electrolysis step,
nevertheless requires roughly 27% of its energy in electrical
form. This electrical requirement will be seen to be an advan-
tage for nign Q tandem wmirrgr reactors with their inherent dc
electrical output, particularly with advanced fuel cycles,
3.5 The Tandem Mirror Reactur Energy Balance, Tnermal and Electric

For the thermochemical cycles, as Tanle 3.3 indicates, tnere is

a need for poth electrical power proguction and tie productian

of process heat from the fus.on reactor. We nave 1ndicated that
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3.6

two regions of the tandem =irror fysion reactor provide this
process heat: ()) the blanket and ’2) the thermal part of the
direct convertor, wnile surpius electrical energy out of the
girect convertor over and above that reguired to drive the
reactor can be used to satisfy the electrical demands. This
surplus begins to occur at a reactor Q of about 11 for the
reqctor parameters we have chasea,

The Influence of Q on the TMR's Uniqueness

To fully appreciate the TMR as a unique energy source compared
to otner sources {Fig. 3.4) for synfuel (HZ) production, one
myst examine the fusion gain, Q, of the reactor as a parameter
associated with the energy balance of Fig., 3.5. The Q i

def ined as fusion power produced divided by the injected power
Lo produce it. We have stipulated for our scoping study that
the dc electrical energy component B"dc of the direct con-
vertor will be used in the first place, to exactly satisfy the
circulating power and the auxiliary needs of the reactor it-
self. This meant simply that the dc component of the direct
convertor drives the reactor and the ancillary equipment. No
other energy input is required. As can be Surmised, tnere will
be a specific value of § at wnhich this demand is exactly satis-
fied. For higher Q values, there will then be a surplus of dc
electrical energy that will then be used by the thermochemical
piant. For lesser values of (Q, some thermal energy from the
reactor blanket or from the thermal part of the direct con-
vertor would have to be converted to electrical energy to help
drive the reactor. Fig. 3.0 is a plot of now this electrical
surplus or deficiency, Pdc'(Paux + Pcirc)' varies as a

function of Q. It may be seen from Fig. 3.6 that when the Q
value is about 1) pr higher, there begins to be a dc electrical
component that can be used to drive such things as pumps, mo-
tors, etc. in the synfuel plant or possibly Joule heat the high

temperature 503 decomposer.
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OVERALL EFFICTENCY POTENTIAL OF DIFFERENT ENERGY SOURCES

o Tandem D-T cycle

Thet = 0.8 T + 0.2 [ndc + (1-730) nth]

Thet ~ 0.32 + 0.146 _ 47%

] Tandem D-D Cvcle

nnet = 0.5 th + O.S[ndc + ‘l-ﬂdc) nth]

Thet ~ 0.20 + 0.365 . 57.5%

o) Tokamak D~T Cycle or D-D cycle, the

HTGR or a Solar Concentrator

Tnet = Tth

Thet

0.40 ~ 40%

Fig. 3.4 The tandem mirror reactor energy source compared with
other energy sources
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POWER BALANCE-MIRROR REACTOR
WITH DIRECT CONVERSION PROCESS
HEAT PRODUCTION FOR SYNFUELS
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Fig. 3.5 Energy balance--Tandem Mirror Reactor
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UNITS OF dC ELEC ENERGY AVAILABLE TO THE THEAMOCHEMICAL PLANT

UNITS OF SURPLUS ELECTRICAL ENERGY
VS Q. TANDEM MIRROR REACTOR

Pswwlus = [ P nc'( pAu:”’cmc)]

Play=10

Fig. 3.6 Units of surplus electrical energy vs Q for the TMR
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NET D.C. POWERAVAILABLE TO THE PROCESS
PLANT ASAPERCENTAGE OF TOTAL PROCESS HEAT
IN CONSTANT UNITS.

Fig. 3.7 Net dc power available to the Process Plant as a
percentage of total process heat
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3.7

Relative to the total energy that the reactor has created for
synfuel purposes, the fraction that is dc tends to a limit R,
where R is defined as surplus dc (expressed in units of equiva-
lent tnermal energy) divided by the total energy available to
the process chemistry. Tnis limit is indicated in Fig. 3.7,
vhere we see that as Q gets larger and larger, the dc percent-
age of the reactor's output available for process chemistry
tends to a limit of about 13% for the D-T cycle. More advanced
cycles, such as D-D, D-He3, have higher limits on direct

electrical energy producticn.

Conciusions on the Tandem as an Energy Source for Synfuels

From Figs. 3.6 and 3.7 some conclusions can be reached.

1)

2)

3)

4)

At a Q value ~11, the TMR dc electrical output is just
large enough to feed back and drive the reactor, leaving
the thermal fraction of the direct convertor and the
blanket thermal energy available for process chemistry.

As Q values exceed 11, there is some surplus dc electrical
power available faor process chemistry.

As Q increases, the direct current electrica) energy that
is available for process chemistry tends to a limit of
apout 13% of the reactor us:ful output.

The availability of this direct current electrical energy
from the TMR is an asset that other erergy producing
machines do not have. The HTGR, the Tokamak, the LWR, the
FBR -- all of these machines must go through the thermal
conversion step to produce this electricity at a penalty
that is directly proportional to the thermal efficiency.
The tandem begins to avoids the thermal step when values of
Q exceed 11.
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3.9

5) Advanced cycles have even a greater potential for direct
electrical energy production.

TMR Design Parameters - Thermochemical Hydrogen vs Electrical

Production

Table 3.4 provides a comparison between our scoping conceptual
reactor design for fuel production and one for electrical pro-
duction,

7LE 3.4 DESIGN PARAMETERS FOR THE TANDEM MIRROR REACTOR
(CF. SECTION 4.4.3) AS A DRIVER FQR THE HYDROGEN
SYNFUEL PLANT AND AS AN ELECTRICITY PRODUCER

Synfuel Electricity

Fusion Power (MWf) 3850 3500
Thermal Power (MWt} 3485 3360
First-Wal) Loading {MWn/mc) 1.5 2.6
ECRH Power (MW) 248 260
Neutral-Beam Power

Central-Cell (MW) 0 0

Barrier Cell (MW) 73 58

Plugs (M) 7.4 48
Central-Cell Leangth (m) 213 125
Central Cell Firsi Wall Radius (m) 1.6 1.7
Central-Cell Beta 0.4 0.5
Reactor ( Value 11.6 9.6

Synfuel Influence on Reactor Design

[t can pe stated that the main and very significart influence
synfuel production appears to have on reactor design has to do
with blanket modules (and their associated heat exchangers,
transport piping, etc.), those units surrounding the plasma
that convert the neutron's kinetic energy to thermal energy,
and in the case of the D-T cycle also produce the tritium part
of the fuel by neutron-lithium reactions. 8lanket moderating
fluids (or solids) appropriate Lo nydrogen fuel praduction must
run hot--1200 K is representative; whereas, blankets for elec-
trical production could run hot, but need not--750 K is typical.
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Materials problems arise as a consequence of the higher blanket
temperature. Tne Dulk of the other engineering elements of tne
reactor: neutral beam injectors, magnets, electron cyclotron
resonance neating, shields, etc. remain the same as they would
be for electrical production. The reactor physics faor synfuels
may pe slightly easier due to the basic size difference of a
fusion reactor driving a synfuel plant compared to a reactor
for electrical production., A synfuel plant is likely to be
larger, by pernaps a factor of 2, than an eijectrical plant.
Thus the reactor (, the figure of merit, can become higher
because it is a function of length. Economics of scale are
also implied by the larger size.

The Reactor 8lanket Designs

Two basic high temperature blanket module concepts were con-
siderec in this study. One is the Li-Na Cauldron blanket. The
other is the flowing microsphere design.

The Operating Principle of the Cauldron Blanket Module

A cross-sectional) view and an isometric view of the Cauldron
modu le are shown in Fig, 3.8 A & B, Notice the module's resem-
blance to a pool boiler, [t is, nowever, substantially more
complicated tnan a pool boiler due to geometric effects, due to
the exponential energy generation in the fluid contained within
tne module and, last, but not least, due to MHD effects on the
convective mixing of tne two 1iquid metals, l1ithium and sodium,
we have chosen to use in the pool. The two liquids in this
Cauldron module act as neutron moderator heat transfer fluid

and tritium producer. Heat is removed by vaporizing the sodium.
The sodium vapor, traveling at vapor velocities roughly 8-10 m/s
at 1200 K, condenses on the neat exchanger tubes in the dome
(tne condensing vapor heat exchanger CVHX) and returns as liquid
droplets to the pool, thus completing the cycle. In the dome,
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THE CAULDRON CONCEPT-HOUSING A HOT FLUID IN A COOL CONTAINER

COND. VAPORHEAT EXCHANGER (CVHX)

(OUTSIDE B FIELD)
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Fig. 3.8A Cross section and izometric view of the cauldron
blanket module
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Fig. 3.88 Cross section and isometric view of the cauldron
blanket module
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the EVHX transfers the therma) energy out of the module to var-
jous chemical processors located some distance from the reactor.

Litnium and sodium are miscible, and tritium production with a
50-50 mix 15 greater than 1. LiK, LiRb or LiCs are other mixes
or compounds that may be of future interest,

Success of this Cauldron concept depended in part upon our
ability to contain the very hot fluid (1200 K) in a cool con~
tainer. This was accomplished by establishing a steep temper-
ature gradient across a thickness of material intervening
between the hot fluid and the structural container itself.

The material chosen was a commercial product called FELTMETAL,
which can pe fabricated to have an effective therm?1 con-
ductivity kg tailored to the needs of the problem. For our
particular case the ke was 0.175 w/mk, An important feature
of the FELTMETAL is its substantial compressive strength and
its low snhear strength. Qur Cauldron application loads the
material in compression, due to the hydrostatic head of fluid
and due to the sodium vapor pressure. The 500 K temperature
gradient across the material, with the differential expansion
it creates, is accommodated by allowing the FELTMETAL fibers to
slide on one another, To establish the temperature gradient,
in addition to controlling the FELTMETAL conductivity, we con-
trol the coolant flow in the first wall neat exchanger (FWHX)
wnich is integral witn the first wall structure, as may be seen
from Fig. 3.8 A and B.

Materials Selections for the Cauldron

We have made initial selections of materials for the most crit-
ical elements in the Cauldron design, i.e., for tne following:

¢ Cooled first wall portion of the structural envelope
¢ FELTMETAL insulator
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® Cauldron wall (membrane)
e Condensing \apor heat axchanger
® Tritium permeation membranes

In selecting the materials, we have given major emphasis to
neutron activation and radiation damage effects in materials
close to the plasma and have further considered other factors
such as corrosion, long-term creep streangth, fabrication tech-
nology, and costs.

From the standpoint of low neutron activation combined with
good radiation damage resistance, V and Ti alloys present the
best materials prospects for the region near the plasma. Qur
current best choices for tne first wall are V-10% Ti and V-20%
Ti, since both of these alloys have been shown to suppress
helium gas bubble formation. Further, triton impact should

not cause proolems of localized tritium buildup and blistering,
since tritium is known to permeate very rapidly tnrough V and
its alloys. The technology of producing ¥ alioy sneet and tup-
ing and fabrication by electron beam welding is well estab-
Jished and presents no problems as long as interstitial O, N,
and H are kept at low levels. The current cost of ¥ is high
($200/1b.), but ¥ resources are extensive and cost reductions
can be expected for quantity use. Even at $200/1n., the cost
is not excessive for thne TMR first wall (~$10M). Corrosion
should not be a problem if liquid Na or helium is used as a
coolant. If organic liquids (polyphenyls) are used, the
coolant would need tc be continuously purified to avoid carbon
deposition in the tube passages due to radiation damage.

We are considering beta-Ti alloys as a backup material for the
first wail. Although radiation damage information is sparce
on these alloys, it is encouraging that hydrogen diffusivity
has been shown to be substantially higher than in the alpha-Ti
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alloys. For the cooled structural wall outside of the first
wall region, a broad range of conventional low-cost alloys
(e.g., Fe-Ni based alloys) are available, but have not been
specified in this initial scoping.

For the FELTMETAL insulator, the peta-Ti alloys, Ti-13V-11
Cr-3Al, Ti-2.5 Al-16V, and Ti-7 Al-4 Mo are our current selec-
tions, based on existing commercial alloys. Improved Ti alloys
or use of a Nb alloy layer next to the Cauldron wall may be
necessary to avoid creep at the highest temperatures. It is
envisioned that a nelium sweep gas would be used to remove tri-
tium from the poraus FELTMETAL channel. Th's does not present
a corrosion problem.

For the material of the Cauldron wali which is in contact with
the liguid Li-Na pool and the resultant vapors, neutron activa-
tion remains of major importance; radiation damage effects are
somewhat reduced (no triton impact) in the region near the
plasma. Corirosion resistance becomes of critical concern
throughout the Cauldron wall, and long-term creep (in spite of
the low loading stresses) needs to be considered. We have
selected the same commercial beta-Ti alloys for the Cauldron
wall as for the FELTMETAL insulator. The corrosion resistance
of pure Ti and of al) of the alloying constituents except Al
are known to be excellant in liquid Li, and the corrosion of Al
is believed to be negligible because of its low diffusion rate
through Ti. Also liquid L. is generally more corrosive than
Na, so that we fully expect tne peta-Ti alloys to have good
corrosion resistance. We cannot give a definitive statement on
the long-term creep strengths of beta-Ti alloys, due to lack of
any direct data under the low-stress, high-temperature condi-
tions encountered here. We are optimistic, however, in view of
the fact that short-term tensile yield strengths (0.2% deforma-
tion) are guite high {33,000 psi) for Ti alloys such as MST 881

3-32



and Ti-8 Al-8 Zr-1 (Npb & Ta) at 1200 K. Fabrication and
welding of both alpna- ana peta-Ti alloys into large complex
structures using electron beam welding techniques is a well-
established technolagy in the aerospace industries.

The condensing vapor heat excnanger is sufficiently removed
from the plasma region that neutron activation and radiation
damage are no longer significant. The important materials
considerations here are long-ierm creep resistance, high
thermal conductivity, corrosion resistance to the Cauldron
vapors and circulating heat exchange fluids, and ease of fab-
rication. The molybdenum alloy, TZM, is selected becavse of
its outstanding behavior for the first three criteria above.
Small-scale (up to 3 ¢m in dia.) welding of TZM for heat pipes
and laboratory test capsules is well established and should be
directly translatable to heat exchanger fabrication, although a
larger scale technology has not yet been established. Certain
develapmental grades of Nb and Ta alloys would also be suitaole
for tne heat exchanger, if the alloys were to go into commer-
cial production. [n-800 and Iw-800H also become acceptable if
use temperatures are neld to vbelow 1100 K.

Tritium permeation membranes can be applied in several places
depending upon the design cspecifics of the Cauldron and tne
heat transport loop, i.e., tritium needs to be removed directly
from the Cauldron dome, from a pracessing slip-stream off the
Cauldron dome, from the FELTMETAL channel, and from a liquid
Na, liquid K, or gaseous helium neat transport logp. The vana-
dium, Nb, and beta-Ti alloys are selected as the preferred
membrane materials because of a cambination of high hydrogen
permeability and good corrosion resistance to a Li-Na environ-
ment. Nb alloys are preferred at the highest temperatures
wnere high strengths and low creep rates are reguired.
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3.10.3 Conclusions and Observations on the Cauldron

1. The relatively simple configuration of the blanket module
with its integ-:! heat exchanger provides full plasma
coverage when assempbled into unit celis composed of one
solenoidal coil and four blanket modules. The unit celis
provide an attractive means for assemblv/disassembly.

Z. MNeutranically, the Li-Na "boiler” portion of the module
provides integral tritium generation and tritium recovery
at the desired process temperature of 1200 K, rather thar
having to resort to a discrete but lower temperature zone
in which the tritium is produced. This is an impressive
feature of this design and makes it possible to achieve
values for the energy fraction recovered at high tempera-
ture which are considerably greater than those typically
reported previously,

The neutronics studies to date have assumed a Li-Na bath
that is homogeneous and uniform. The heat transfer
pracesses that occur, boiling in the bath and subsegent
condensing on the integral heat excnanger will influence
neutronics by bubble voids, temperature variations, etc.,
sa that more elaborate, two-dimensional calculations will
have to be performed.

3. The "cool “container" concept of theClauldron module appears
to work nuite wel) using the comme:. “al FELTMETAL to
estabiish the desired temperature gradient., The benefits
are at least threefold:

e The container need not be made from super alloys; we
recommend that it be made from materials with a low
residual activity, such as vanadium and titanium, as an
environmental safety feature,
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¢ The porous FELTMETAL allows gas sweep circuits that
become part of the tritium removal and control.

e The division of total blanket energy between the cool
structural container (FWHX) and the hot CVYHX in the dome
was found to be ~8%, 92%. Thus the energy partitioning
is excellent.

The difficulty with the "cool ccntainer” concept is in
selecting adequate materials for the membrane which sep-
arates the batn from the FELTMETAL and the structural
envelope. Although the stresses are low in this membrane,
it is subjected to tne 1200 K bath temperature. The
problems of long term creep on materials such as beta-
titanium at this temperature must be assessed. This con-
cern about membrane material and long term creep strength
also applies to some fraction of the FELTMETAL immediately
next to the membrane.

faprication and welding of large structural units such as
the Cauldron model using electron beam welding has been
establisned as a technology by the aerospace indust-ies,

In the "cool container," which doubles as a first wall heat
exchanger (FWHX) there is as yet no clear cut choice of a
coolant, With sodium there is an MHD pressure drop induced
of ~10 atm due to B field effects. Some degradation of
blanket neutronics also occurs because of the sodium volume
in the FWHX tubes. Fortunately, coolant tube diameters of
2 centimeters, required for other reasons, keep this sadium
volume low. For helium as the coolant, the neutronics is
better and helium is attractive as relatively inert gas.
However, working pressures must be high, of the order of

50 atms; and stresses (diametral), created by large film
temperature drops characteristic of gas flow, must be
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6.

watched carefully. Tne organic coolants (the terphenyls),
not subjected to MHD effectts and capable of operating at
low pressure, have stability problems in a radiation field.
The cure against instability may be more difficult than
simply resorting to helium or sodium. The coolant choice
for this FWHX needs further study and will certainly be
influenced by coolants we use elsewhere, particularly in
thz condensing vapor heat exchanger, where the bulk of the
flow occurs,

The condensing vapor heat exchanger (CVHX), located in the
dome of the Cauldron module, is a fairly straightforward
design problem. If sodiun is the coolant, then pressures
can be substantially balanced between condensate and cool-
ars, and stresses will be low. The 1200 K process tempera-
ture level is also highly conserved for delivery to the
chemical process equipment because of low film temperature
drops br .h in the flowing coolant and in the condensate
film. However, delivering large volumes of high tempera-
ture sodium {(or potassium) to the process chemistry plant
poses a difficult safety problem. Distances are likely to
be long, ~100 m, and volumetric flow rates are high. Fur-
thermora, bringing together in close proximity (separated
only by a barrier wall) the sodium and the chemical process
fluids and vapors, such as 503, may preclude the use of
sodium. It is difficult to find a single metal container
that con exist in both a sodium and a SO3 environment.

If helium is used as the ©: -at in the CYHX, then there
are pressure penalties and pumping power penalties one must
accept.

The operational safety of the Cauldron module as a unit has
been given seriuus attentiin since the handling of high
temperature liquid metals is very difficult, even when there
is no external flow. In tae Cauldron module the binary
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liquid metal, Li-Na, is well isolated within the module
itself. QOne isolation barrier is the condensing vapor heat
exchanger located in the dome. This heat exchanger can
provide further isalation by the use of heat pipes between
the condensate and the coolant flow. The "cool container”
enveloping the boilirg Li-Na fluid provides isolation via
the membrane plus the tube wall itself. A1l the modules in
the reactor are coatained within a vacuum envelope. The
exterior structure in which the total reactor is housed is
imagined to be a steel-iined, two-meter thick, reinfovced,
concrete buildng, also under vacuum. Other safety features
include quick-acting, gravity-activated dump valves for
liquid metal removal from a module. Temperature and pres-
sure sensors are provided in the dome and elsewhere to
continuously monitor performance. The vapor dome jtself
provides a good buffer against inadvertant overpressuring,

Neutron/lithium produced helium can be removed from the
Cauldron using a vapor dome processor.

Tritium produced in the blanket can be removed using cata-
1ytic oxidation and mole-sieve absorber processes operating
on the blanket vapor dome, holding the total combined blan-
ket tritium inventory te 1 kg. A slip-stream processor can
hold the tritium loss through the CVHX into the thermochem-
ical plant to 5 ci/d.

How well the Cauldron idea will work as 4 boiling heat
transfer device is key to the success of this particular
part of the fusian/synfuel study. Thare are insufficient
data, both analytical and experimental, in this area of
bulk fluid heating and bailing by internal heat generation
from the neutrons. This is complicated further by the MHD
effects of the B-field on the volume of the fluid and the
MHD effects on the movement of the vapor bubbles within
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3.10.4

it. Experimental verification of tne Cauldron module
performance is clearly essential before one could actually
design an advanced pool-boiling fusion reactor blanket with
high confidence. We have begun the design of a scale model
which we plan to test in FY 81.

Flowing Microsphere Blanket and Module Heat Exchanger

The flowing Lizo microsphere planket concept is an alterna-
tive to the Li-Na boiling Cauldron concegt. The basic idea is
to generate heat and breed tritium in the microspheres as they
flow through the blanket. The hot microspheres then iransfer
their heat to a process working fluid in the module heat ex-
changer.

The numerous advantages of such an approach to blanket design
have been well documented in many earlier studies: simplicity,
low gperating pressures, high tritium breeding ratios, no MHD
pressure drops, and shifting the bulk of the heat transfer to a
region external to the blanket.

In the simple baffled design the microspheres flow by gravity
through radial zones where the flow velocity is controlled to
produce a uniform average outlet temperature. A schematic
descriplion of a ten-zone design of this type is snown in
Fig. 3.9 and additional modular detail, including a LiZOINa
heat exchanger, is given in Fig. 3.10.

The radial gradient of the power density is approximately
exponential. The variation in flow velocities required to
achieve uniform average outlet temperatures in the ten zones
range from 2.0 to 0.1 cm/sec. Such velocities should be
achievable in a gravity-driven design by orificing at the
exits, The radial dependence of the power density and the
outlet temperatures are plotted in Fig. 3.11.
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[f the baffle structure of this design is not cooled sepa-
rately, the internal heat generation will produce local tem-
perture peaking. The temperature distributions in the first
set of baffles outside the first wall are shown in Fig. 3.12.
The magnitude of the peaking in the remaining baffles is
reduced because the power density in the structure decreases
with radius.

The peak temperatures shown in Fig. 3.12 are too high for the
use of conventional structural materials. Graphite is a pos-
sible candidate, but it is not clear that a crediple design
can he achieved. For this reason, a second Lizo microsphere
planket configuration, the “"cooled-tube," design, was also
studied in some detail. In this design, the Lizo f lows
through separately orificed insulated tubes, The neat gone-
rated in the structural material is removed by a separat: Ya.
cooling system. The results of the analyses of the cooled-tube
design were not encouraging. The amount of structu-~e required
was large, about 40X. As a consequence, tritium breeding
ratios were marginal, and the fraction of the heat recovered
at high temperatures was substantially reduced, as compared
with the simple baffled design. The cooled-tube design would
also be much more expensive to build anc more susceptible to
radiation damage.

Detailed analyses of potential materials problems revealed
several serious issues associated with operation at Lizo
temperatures at 1200 K in either of the blanket configura-
tions., Siatering of the microspheres is probable at this
temperature and almost certain to occur in hot spot regions.
Vapor transport of lizo and Li-OH (or Li-0T)} is also an issue
where such vapors could condense on cocler surfaces. Vapor
transport could start at 1200 K and be quite active at 1400 K.
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The heat exchange of the LiZO microspheres to the working
fluid of the synfuel process is accomplished in a shell and
tube heat exchanger. In one version, sodium is on the tube
side and is heated from 615 K to 1160 K. Lizo flows by
gravity on the shell side and is cooled from 1210 K to 665 K.
An alternative to the Li,0 heat exchanger would be one using
helium.

The following conclusions can be drawn regarding the studies
of the Li20 flowing microsphere blanket designs:

1. A simple baffled design is very attractive in terms of
structural simpiicity, relatively uniform outlet tempera-
ture, high tritium breeding ratfos, low operating pres-
sures, and absence of MHD effects.

2. The baffled design involves temperature peaking in the baf-
fle structure which may or may not be acceptable, depending
on the L120 operating temperature.

3. The cooled-tube design is not an acceptable alternative
for alleviating the temperature peaking problem because
the large amount of structure reguired significantly re-
duces the fraction of the heat wnich can be recovered at
high temperatures and makes tritium breeding marginal.

4. Qperation with Li20 microsphere temperatures at 1200 K
does not appear to be feasible due to potentially severe
problems of sintering and material transport. Operation
at temperatures below 900 K is a feasible option.

3.11 Heat Transport System, Reactor to Thermochemical Process

We have considered both helium and sodium as candidates for the
heat transfer medium delivering process heat from the reactor
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to the thermochemical process. Either choice has pros and cons.
The key features which should be highlignted in this executive
summary are the provlems of supplying this high grade heat over
a substantial distance from the fusion reactor to the thermo-
chemical plant and the associated operational costs and safety
issues that result,

Sodium is thermal-hydravlically superior to helium when the
sodium is outside of the influence of MHD effects caused by
magnetic fields. Piping and pumping costs can be low. The use
of hot liquid sodium piped throughout a thermochemical plant as
one might pipe steam for process heat seemed to us to be mar-
ginally acceptaole from a safety standpoint, since the working
fluid for the thermochemical cycle is sulfuric acid. To alle-
viate this problem, we located the most heat demanding unit,
the 503 decomposer chemical reactor, and some steam generators
adjacent to the fusion reactor, but in a separately isolated
building. This is a partial solution. We were still left with
safety issues, the most important of which involves a tube
failure within the 503 decomposer that could intermix the

Ox and HZO contained in the 503 process stream with the

liquid sodium. This could result in a fire or explosion.
Similar safety problems with sodium-driven LMFBR designs have
been studied. Application of LMFBR technology, such as the

use of duplex tubes with annular gaps filled with helium,
serves to isolate the two fluids and also provides a means of
monitoring for leaks, This further minimizes the problem,

Helium was our alternate coolant to avoid the sodium problems.
In excnange for offering safety from fires and explosions,
nelium presented problems of large pumping power demands and
the need to operate at high pressure (i.e., 30 to 60 atm).
Locating the 503 decomposer and some steam generatorZ in

close proximity to the fusion reactor was helpful in keeping
the pumping pawer under 5% of the reactor thermal output. The
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high operating pressure of 39-50 atm appears to be manageable
in the SO3 decomposer using the alloy Incoloy-800H, the same
tube material used with sodium. Thicker tude walls and the
need for twice as many tubes would add to the cost.

Thermochemical Plant Process

Basic Principles of Thermochemical Cycles

A thermochemical cycle for hydrogen production is a process in
which water is used as a feedstock along with a non-fossil high
temperature heat source to produce H2 and 02 as product

gases, The water spiitting process is accomplished through a
closed loop sequence of chemical reaction steps in which the
chemical reagents are continuously recyclea and reused in the
process with essentially no loss of material. Practical ther-
mochemical cycles, as currently envisioned, reguire input
temperatures of ~i1200 K for the nighest temperature chemical
step and operate at a thermal efficiency of ~45%. The thermal
efficiency is defined as the higher heating value of the H,
produced, 286 kJ/g mol H2 {combustion enthalpy of the H2 to
give liquid water at 298.15 K} divided by thermal heat
delivered by the heat source.

Of tne approximately 30 cycles under study world-wide, only

three cycles have thus far been developed to the stage where

closed loop table-top models have been built and tested in the

laboratory, and tnese are the cycles that we are cansidering

for magnetic fusion applications. Tney were previously illus-

trated in terms of their principal chemical steps and reaction

temperatures in Tabie 3.2. The main effort on the aevelopment !
of the Sulfur lodine Cycle is underway at the General Atomic
Company; for the Sulfur Cycle, at che Westinghouse Electric
Corporation; and for the Sulfur-Bromine Cycle, at the
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3.12.2

Commission of European Communities Joint Research Centre [Spra
Establishment.

We comparec these leading candidate thermochemical cycles and
concluded that the G.A. cycle offered the Yogical first oppor-
tunity for our effort at coupling tne cycle to our TMR since it
did not utilize an electrolytic step, had relatively low elec-
trical demands, and involved simple cnemical engineering unit
operation,

Chnemica) Description of the General Atomic Cycle

The Sulfur-lodine Cycle being developec by tne General Atomic
Company is a pure thermochemical ¢ycle operating in an all
liquid-gaseous environment and is described by the following
major reaction steps:

2H,0 + S0, + X1, 1,50, + 2H], (270-290 K) (1)
2HL, ~ H, + x1, (393 K) (2)
HpS0y — H,0 + S0, + 1/2 0, ~1144 K) (3)

Major parts of the process are associated with separation and
purification of the reaction products. A critical aspect for
the successful operation of the process is in the separation of
the aqueous reaction products in reaction (1). Workers at tne
General Atomic Company have solved this problem by using an
excess of 12, which leads to separation of the products into

a luwer density pnase, containing HZSO and HZD, and a

nigher density phase containing HI, 12 ana HZO'

Reaction (2) snows the catalytic decomposition of HI, which is
in the purified liquid form (50 atm). Lavoratory decomposi-

tions are around 30% per pass; therefore, a recycle step is
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3.12.3

necessary. The unreacted H] is condensed out of the HZ and

I, products. Pure H2 is opta.ned by scrubbing out 12

with H,0. Thne equiliorium for reaction (3) lies to the right
at temperatures &'.>ve 1000 K, but catalysts are needed to
attain sufficiently rapid decomposition rates. Catalysts are
available for this process, but careful consiceration needs to
be given to their costs versus effectiveness. Reaction 3, the
HZSO4 decompositicn step, accomplished in a SO3 gecompaos1-

tion reactor, is a challenging unit to design owing to the high
temperature and corrosive products involved. It snould be
noted that each of the three cycles shown in Table 3.2 regquires
this step. We have spent substantial time in this scoping
study on a conceptual design of a fluidized bed 503 decom-
poser, which we believe may be superior to previous designs.

The Fluidized 8ed S0, Decompgser

The 503 decomoposer is a critical process unit in nearly all

of the viaple thermochemical plants that produce HZ' These
plants can be driven by hign-temperature gas-cooled reactors,
solar collectors or fusion reactors with sodium, potassium,

or helijum. These heat transfer fluids supply the large heat
demand of the 503 decomposer by means of heat exchangers that
are an integral part of the decomposer. Catalysts are required
in tnis decowposer to keep the required temperature down to
levels of ~1050 to 1150 K.

The background chemistry on the SO3 decomposition reaction
includes work at Westinghouse, at the Nuclear Research Centre
in Julich, Germany, General Atomic in San Diego, and the Joint
Research Centre at Ispra, Jtaly. The theoretical effect of
temperature and pressure on the 5031502 equilibrium in the
presence of water vapor is available. At around 5 atm reactor
exit tota) pressure and 1050 K, the fraction 503 converted to
502 is around 55%. We have picked 5 atm and 1050 K for the
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503 decomposer chemistry to reduce materials' problems in the
decomposer and in the TMR blanket as much as possible. This
55% compares to G.A.'s 74% conversion at 1144 K.

A sensitivity study was done showing the tradeoff between
equipment size and this level of 503 decomposition selected

as a design basis. In reducing the conversion from G.A.'s 74%
to our 55%, the volumetric vapor load only increases 7.4%,
which has a very small impact on the size of the expensive
multi-effect evaporator train.

Perhaps the most detailed studies of SO3 reaction kinetics
with varying residence time were done on the Fe203 cata-
lyzed system by the Commission of the European Comrunities,
JRC-Ispra Establishment, Italy. Their results are reproduced
in Fig. 3.13. They show percent conversion versus residence
time defined as the catalyst volume divided by the volumetric
flow at 273 K and 1 atm.

Conversion (%)

teooot | | ]
G.A., 1073 K
Catalyst: F
20 1 yst: Fe, 04 o
(HARSHAW) o
60 - ISPRA, 1073 K
Catalyst: Fe, O, (PUK)
Volume 70 ¢cmS
50 | |
0 1 2 3

S.T.P. residence time (s}

Fig. 3.13 Hydrogen production by decomposition of 95% H,50,
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For economic reasons we selected a low residence time, but
consistent with nigh conversion. Ispra selected around 1 s at
64% conversion. Although residence times down to around 0.7 s
appear feasible from Fig. 3.13, the steepness of the [spra
curve causes the conversion to be uncertain,

In G.A.'s studies, the residence time was varied from 0.2 s
on up, and catalysts such as Fe203, Cu0, and Pt sppeared

to pe attractive for our proposed conditions uf~5 atm and

1050 K. We assume that the G.A. Fe203 catalyst is superior
to Ispra’s Fe203 catalyst. Some GA data are plotted on the
Ispra Fig. 3.13.

We have selected 0.5 s as the residence time for the 504
decomposer as bz2ing safely on the high, flat portion of the
conversign-residence time plct based on G.A.'s work, We have
reviewed carefully the G.A. work at 1050 K and found that we
could eliminate the expensive platinum catalysts by suostitut-
ing the much cheaper Cu0Q or Fe203 catalysts. These latter
catalysts perform nearly identically; nowever, they are both
deactivated by a sulfation reaction involving the substrate on
which the active metal oxide is placed. We have selected Cu0
as preferable on the basis of a deactivation temperature around
950 K, as compared to Fe203 at 1000 k.

Packing information and the definition of the residence time,
t, used by G.A. was used to estimate the catalyst requirements
for a fluidized bed decomposer. The decomposer maximum total
volumetric flow (inciuding HZO’ SO3 and recycle) for our

plant whan driven by a 5,000 MWt TMR with a process heat demand
of 608.85 kJ/gmol Hy was calculated to be 437 m3/s at 1050 K
an¢ 6.5 atm, The latter pressure was selected as an average of
tne SO3 decomposer inlet and outlet conditions. We estimated
tne volume of required catalyst to be 560 m3, assuming the

same cathlyst geometry as was used in the experimental work of
G.A.
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A Flyidized Bed 503 Decomposer Design

The design of chemical reactors with fast kinetics and large
associated heat effects is one of the toughest problems in the
chiemical process industries. HWe spent a substantial effort
examining different types of chemical reactors to try to estab-
1ish a design of least cost and greatest simplicity.

The analysis for a plug-flow, packed bed reactor shows this not to
be practical because of large temperature gradients (i.e.,

68 °C) between the heat exchanger fluid supplying the heat and
the packed bed.

This problem has led us to fluidized bed designs. Using a cata-
Tyst particle size of 0.5 mm the minimum fluidization velocity,
Unes We estimated as I.lmf = 0.0428 m/s. This velocity is well
below the entrainment velocity, U, = 3.67 m/s. We have selected
the velocity to be Uf = 1 m/s. At this velocity, we estimated
the bed expansion to be € = 0.8. Consequently, the new bed volume
was 1627 m3 total, which we divided up into seven units of
reasonable but large size: 8 m high by 6 m in diameter. The
fluidized bed catalytic 503 decomposer is illustratad in Fig.

3.14.

For such decomposer vessels, we estimated a 2 = 1.66 atm. We
also allowed about T atm pressure drop across the distributor
plate; thus P = 2,6 atm total. The pumping work for fluidiz-
ing the seven units would be 51.4 Mwe. This work requirement ic
for 6.3 kJ/gmol H2 per unit HZ production. We consider this

to be an attractively small value.

Varying the Decomposer Temperature

A parametric study was done on varying the decomposer tempera-
ture. The mass balances were done for 160 K higher and 100 K
lower temperature than the 1050 K reference. The flow vessel
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Fig. 3.14 Fluidized Bed Catalytic 503 Decomposer
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sizes and costs and pumping power are shown in Table 3.5. There
is a clear tradeoff beiween lower temperature and increased
evaporator and decomposer vessel size, pumping power, and costs.

TABLE 3.5
A PARAMETRIC STUDY ON VARYING DECOMPOSER TEMPERATURE

DECOMPOSER TEMPERATURE

1134 K 1050 K 950 K

S03 Conversion, SO3  S0p 0.735 0.55 0.29
Total Molar Flow in Evaporators, gmols/s 27,530 35,560 61,292
Volumetric Flow in Evaporators, m3/s 397 437 735
Volume Decemposer Catalyst, m 466 560 942
Number of Cctalytic Decomposers in Use 6 7 12
Fluidization Pumping Power, kJd/gmc} Hp 5.5 6.3 10.9
Liquid Sodium Pumping Power, kJ/gmol Hp 2.5 2.9 5.0

Arproximate Decomposer Installed Costs
Incoloy-800, M$ 45 50 90

The choice of material for a sodium-driven 303 decomposer
wauld involve, on the sodium side, a 0.5 mm steel clad (Fe,
2-1/4% Cr, 1% Mo} on the inside of the Incaloy 800H heat
exchanger tubes. On the 503 process side, the Incoloy 800H
would be coated with an aluminide layer, 100 m or so thick.

Helium as an Increased Safety Option

We repeated the design procedure, replacing the liquid sodium by
helium as the heat transfer medium to carry the blanket heat out
to the H2 thermochemical plant. e used a AT = 50 O¢ across

3-53




the 503 decomposer and operated helium at 30 atm total pres-
sure in order to minimize the stresses on the SO3 decomposer
internal tubes. The helium mass flow required was 1200 kg/s per
bed or 120 m/s velocity for a decomposer with 18,000 tubes per
bed (twice the number and twice the cost as in the sodium unit).
The film AT for helium to the inside of these tubes was 18

O, thus raising the overall AT to about 30 Oc, very little
above the sodium unit's 22 °C. The pressure drop was 1.0 atm
across the decomposer, creating a pumping power of 8.1 kJ/gme!
H2 for all seven beds. Thus, from the decomposer standpoint,

He is a viable candidate and achieves greatly improved safety
isolation. High helium pressures (i.e., 60 atm) would allow
reducing the number of tubes back to 9,000, and reduce pumping
power; but the added pressure would force us to double the tube
thickness from 3 mm to about 6 mm. The materials we have
selected for the He-driven 503 decomposer would involve
IncoToy-800H at 72 mm thick wall, 20 mm diameter 0.D., under our
conditions of 30 atm. The st~ess level would be around 7.15 MPa
(1100 psi).

Pracess Chemistry Structural Materials

In interfacing the Cauldron blanket design with the G.A.
Sulfur-lodine Cycle, our most critical materials needs involve
the following components:

] Transport piping
] Heat exchanger - 303 decomposer
[ Heat exchanger - H2504 boiler

Materials requirements for these components invo've
considerations of corrosion resistance, good creep strength, low
cost, and ease of fabrication.
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For the transport piping between the Cauldron and the SO3
decomposer, we have selected the alloys In-800 and In-800H as
best meeting the various materials needs when either liguid Na
or potassium is used for heat transport. Corrosion is of
dominant concern here, and temperatures have to be maintained
at ~1100 K or less in order to provide adequate lifetimes. If
high pressure helium is uysed as the heat transport fluid,
corrosion is no longer a problem, but long-term creep strength
becomes of major concern. The ailoys In-800 (or In-800H),
In-617, and In-625 are selected for use with helium, with In-617
having the best creep strength (~3600 psi for 1% creep in
100,000h at 1150 K).

The 503 decomposer requires the highest process temperature
input of the G.A. Sulfur-lodine Cycle at ~1100 K. On the heat
delivery side of the process heat exchanger {which is envisioned
to have tubes 2 cm in diameter and 2-3 mm wall thickmness), creep
is the main problem. On the chemical process side, corrosion by
decomposing 503 gas is of major concern. In view of the
experiences gained at Ispra and at the General Atomic Company,
we select In-800H, that has been coated with aluminide on the
process side, as the heat exchanger alloy. Lifetime is expected
to be of the order of 20 years.

The heat exchanger for the H250q boiler presents the most
critical corrosion problem in the G.A. Sulfur-iodine Cycle. The
boiling is carried out at~673 K and 10 atm pressure for the
water-H,50, azeotrope {equivalent 1iquid and vapor

compositions) that occurs at 97 wt % HZSOQ. Ordinary

metallic materials are severely corroded under these

conditions. A ceramic heat exchanger made of siliconized SiC (a
2-phase mixture of SiC and Si) offers us the best prospect for
this component. Such heat exchangers have only been made in a
developmental mode, but show attributes such as: being
impervious to gases, high thermal conductivity, high strength,
good thermal shock resistance, excellent corrosion resistance,
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and they can be fabricated in complex shapes and banded together
to form heat exchanger assemblies. In spite of the
developmental nature of a siliconized SiC heat exchanger, we
select it as our best choice.

The best commercial material available for the H2504 boiler

is Durichler-51, which is a high silicon cast iron intermetallic
with an approximate composition of Feasi. Considerable care
needs to be exercised in the manufacture and fabrication of this
material because of porosity in the structure and poor
ductility. We estimate a lifetime of the order of S5y for
DurichTor-51 in this application. Yet another prospective
develgpmental material for the H2504 boiler is CrSi2

coated In-800.

Coupling the Fusion Reactor to the Thermachemical Hydrogen

Production Process

The objective of this present study was to assess the
feasibility of producing hyd~ogen by utilizing a Tandem Mirror
Reactor (TMR) and one of three promising thermochemical or
thermo-electro-chemical cycles. The complete system consists of
four sub-systems as illustrated in Fig. 3.15. The energy
conversion and transport system couples the fusion reactor to
the thermochemical plant. This subsystem consists of the heat
exchangers and cooiants required to transport thermal energy
from the fusion reactor blanket to the thermochemical process.
It also includes the energy conversion equipment, associated
thermodynamic cycle, and working fluids utilized to convert
thermal energy into mechanica® work or electricity.

Of the three cycles reviewed, the G.A. Sulfur Cycle wes selected
for preliminary evaluation of: (a} the various options
available for coupling a fusion reactor to these types of
cycles; and (b) the problems associated with each option. The
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thermal and work (or electrical) input requirements for the

three different cycles are similar in many respects. Although
the utilization of these energy forms within the different

cycles differs significantly in some cases, the energy
conversion and transport systems could possibly be quite similar.

The primary results of this aspect of the study are summarized
below.

(3} From a system arrangement standpoint, the simplest means
for meeting the energy conversion and transport needs of
the G.A. thermochemical cycle as develioped by G.A.,
utilizing state-of-the-art equipment as much as possible,
is through the use of a single sodium transport loop
between the fusion reactor blanket {either LiZO or Li/Na)
and the thermochemical cycle. Process heat exchangers and
a steam generator are arranged in series. Process heat
would be transferred from the high temperature portion of
the loop, and a bottoming steam cycle operating at
conditions typical of LMFBR technology would utilize the
lower temperature energy for generating electricity. The
sodium loop would isolate the thermochemical cycle from
activation products and tritium. The concept is
illustrated in Fig. 3.16.

(b} The two basic energy requirements are for process heat and
shaft work or electricity. The fractional division of
energy together with the four primary heat exchangers
required follow:
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Sodium Temp. Process Temp.

Heat Exchanger % Heat Process Media High Low High Low
Decomposer 19 503,502,072 MN59 K 1056 K 1144 K 713 K
Beiler 22 Hy 504, Ha0 1056 935 N3 685
Evaporator 18 Hp504, Hp0 935 838 685 475
LMFBR Type Steam 41 Steam for 838 615 758 515
Senerator Electricity

Generation

(c} Limitations in the technology base center around the
blanket design, the intermediate heat exchanger (Li,0/Na
or Na/Na), the transport of sodium between the intermediate
heat exchanger and the process, and subseguently the
transport of heat from the sodium to the process streams.

The combination of temperatures and fluids involved
requires a new assessment of available materials for piping
and heat exchangers in terms of their mechanical properties
and chemical compatibility. Possibly the dovelopment of
new materials will be required. Clearly no similar
commercial state-of-the-art appiication exisis; however,
there has been some work done for the space p-ogram cnd
recent reviews for the fossil energy program on the
operation of alkalai metal vapor cycles for generating
power at similar operating temperatures, which may be
applicable to some extent.

{d) Transport and conversion systems based on the use of
helium, or potassium (vapor and ligquid}, are possibilities
for coupling the TMR to the BA thermochemical cycle. Both
of these options appear to be capable of higher efficiency
than the simplie series sodium loop option. The helium
option has a technology base stemming from high temperature
gas cooled reactors (HTGR's). However, high pressures
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(50-70 atmospheres) and high parasitic pumping power
requirements would have to be dealt with in both the blanket and
transport and conversion system. The technology base for
potassium appears to be less developed than for either sodium or
helium. Potassium system pressures at vapor locations would b«
4-5 atmospheres. This is significantly lower than the helira
option, but also significantly higher than an atrospheric
pressure sodium system. Potential helium and po.assium based
systems are illustrated in Figs. 3.17 and 3.18, respectively.

(e) The high temperatures at which process heat from tne fusion
reactor js required can be significantl: reduced from that
required by the cycle developed by GA bty a simple
modification. The modification involvus recycling part of
the hydrogen product stream and utilizing the heat of
oxidation in the decomposer. The h:irogen could be
combusted external to the decompos ‘- heat exchanger or
oxidized in situ in a reaction vessel.

There is a significant reduction in overall efficiency as a
result of hydrogen recycle--on the other hand, it
significantly reduces the temp:rature/materials issues
associated with {(a) the blankzt, (b) the transport of the
thermal energy from the blanket to the thermochemical
process, and {c) the heat exchanger between the reactor
coolant and the high tempe-ature process media.

{f) System efficiencies can vary widely (from 27 to 48%) for
the options evaluated depending on the approach utilized
(see Table 3.6). Sincz there is no input of feedstocks to
the combined fusion/hydrogen plant, plant efficiency is
only important in terms of its indirect effect on hydrogen
production costs which does not necessarily imply
maximizing efficiency is the criterion upon which this
plant system should be based. Attempting to obtain very
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TABLE 3.6

COMPARISON OF CONVERSION AND TRANSPORT OPTIONS

Options

Single Series
Sodium

Heljum Series/
Parallel

K Series/Parallel
Kk parallel

Sodium With
Hydrogen
Recycle

Maximum TMR

Blanket Outlet

Temperature

Considered

1159 K

1255 K

1163 K

1163 K

838 K
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Efficiency
%

37

46

48

43

27

Remarks

Underdeveloped
at Wigh
Temperature,
Technology Base
Below 800 K

High Pressure,
High Pumping
Power,
Technolagy Under
Development

Limited Technology
Base

Limited Technology
Base

Least Technological
Development
Required
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high efficiency utilizing extremely high temperatures may result
in high material costs, excessive down time, and higher
production costs than the economic optimum. Clearly an
optimization of production costs is beyond the scope of this
preliminary assessment; however, it must be the basic criterion
for zny meaningful plant engineering design study conducted
beyond this preliminary technological assessment,

Integrated TR - Synfuel Plant Energy Balance

As discussed in Section 3.4, the primary use of the thermal
power generated by the Tandem Mirror Reactor is for the
synthesis of hydrogen gas. However, a portion of this power
must be distributed to various plant facilities in the form of
electricity. In Figs. 3.19 and 3.20 we show power fTow diagrams
for the overall system consisting of the TMR, its blanket and
direct converter, the power distribution system and the synfuel
plant. In Fig. 3.19 the power distribution system is takem to
be the single series Na loop of Fig. 3.16, and the TMR blanket
has the characteristics of the baffled L120 blanket. In Fig.
3.20 the power distribution system corresponds to the combined
series-parallel system of Fig. 3.18 with a potassium-vapor
topping turbine whose thermoelectric efficiency iSIIT = 0.20.
The ratio of electrical and thermal powers of the synfuel plant
(600 Mie/2641 Mie) is the same as the ratio of the total work
plus electricity and thermal input per g-mole Hy (113 KJ/452
Kd).

In Figs. 3.19 and 3.20 are shown the fusion, thermal and
electric processes corresponding to a synfuel piant output of
1671 M, (1.13 » 1010 liter/day). For the particular cases
shown the gain Q = Pp /P; (= 11.6) has been adjusted so
that the external recirculating power PRC is zero.
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Figure 3.21 shows PFus and PRc as functions of Q for a fixed
synfuel plant output of 1671 MHHZ. For Q = 11.6, PFus =

4600 MWf and 3850 MWf for the bottoming and topping cases,
respectively. The topping case corresponds to the TMR
parameters listed in Table 3.1. The overall thermal efficiency
n - PHZ/PFus is 0.36 and 0.43 for the two cases. The
efficiencies of converting blanket thermal energy to hydrogen
chemical energy are 0.39 and 0.47, comparable to the values 0.37
and 0.48 given in Figs. 3.16 and 3.18.

In Fig. 3.21, the arrows on the right indicate the limiting
values of PFus and Py as reactor gain Q {or length) becomes
very large. For both the topping and bottoming cycles

PRC (u)/PFus (x) = 0.11. This corresponds to the limit

[Poc - (Paux - Petec)]/Pyer = 012 shown in Fig. 3.%.

Looking to the Future - The iMR and the DD or D-He3 Cycle

When we consider only the D-T fuel cycle, there is a limit for
the charged particle energy out of the TMR that canmot exceed
20% of the total energy output, i.e., 3.5 Mev alphas (14.1 Mev
neutrons + 3.5 Mev alphas).

If a D-D fuel cycle were to be considered the picture changes
significantly, With the D-D0 cycle, it is possible to have
approximately 50% of the raw energy output of the TMR in charged
particle form and convertible to electricity directly. It is
interesting to compare the two cycles {the DT and the DD) for
their overall plant efficiency potential and also to compare the
TMR with the tokamak, the HTGR or a solar concentrator under
these circumstances. This comparison is shown in Fig. 3.22.
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We are of the opinion that the D-D cycle, although difficult
from a physics standpoint, may be significantly superior to D-T
from an engineering/technology viewpoint. The economics may be
in question because of poorer reiction cross-section. However,
the environmental/political influences and pressures that will
ingvitably be brought to bear on fusion's acceptabitity tc the
community cannot be ignored. The inexhaustible energy
advantages and safety advantages of deuterium fuel over tritium
fuel are also important and particularly interesting when
canpled, ta the pradiuction of budragea..
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