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PRESENT AND FUTURE STATUS OF THERMOCHEMICAL CYCLES
APPLIED TO FUSTION ENERGY SGURCES

L. A, Booth, X. £, Cox,
R. A. Krakowski, and J. H. Pencergrass
Los Alamos Scientific Laborstory

Los Alamos,

Abstract

This paper reviews th? status of current
research on thermochemical hydrogen production
cycles and identif:2s the needs for advanced
cycles and materials research. The Los Alamas
Scientific Laboratory (LASL) bismuth sulfate
thermocherical cycle is characterized, and fusion
reactor blanket corcepts for both inertial and
magnetic confinement schemes are presented as
therma) energy snurces for process heat
applications,

Introduction

Since the advent of the industrial revn'ution
‘n the late nminet=enth century, the US 1ndustrial
econaty has relied on the use of hydrocarbon
fuels and, as a resu't of this reliance, our end-
use energy ccnsumption has evolved to the peint
that 76" of our consumption is 1n energy forms
supplied by o1) and natural gas. Until the past
decade we have hag an atwundance of these cuaap,
natur ally occurr'ng energy Sources Availatle;
however, through the unabated use of these
sources, we now find ourselves faced w'th an
“energy crisis." This crisis i3 particularly
wCute becaJse of the certainty that we cannot
maintain pur historical growth 1n demand for
these fuels, and that eventually the supply of
tnese fuels (specificatly o1) and natural gas!
will be exhausted to the point tha, their use
w1l be economically urattractive,

Thermonuc ear fusion has the potential advan-
tage of high power densitv and high temperaturc,
and current program plans are directed Loward
demonstration of commercial feasibility near the
end of this century. Ttherefore, fusion energy
sources may becote commercially svailable during
the crucial period of projected energy source
deficiency. The major problem wilh the use of
fusion iy that technology development 1s directed
toward electric power generation, noi toward the
replacement of oil and natural gas a' sources for
the important areas of high temper.lure process
heat and transportation fuels.

Therefore, 1t beromes essential to develcp
subst itute hydrncarton-ba.ed fuels for o1 and
natural gas ‘n maintain gur energy economy
through this crucial transition period. Because
of our extensive supply of coal, the most feasi-
ble means of providing this substitute is the
production of synthetic fuels from this abundant
resource, Production of synthetic fucls from
cosl is receiving great attention; however, the
approaches poorly usc the coa! and require mas-
sive supplies of hydrogen.

The competition for producing hydrogen from
fusfon enerqy (aside from using other inexhaust-
1ble sour.es as primary ene:gy) will be from the
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standard coal gasification processes or from
standard low-temperature electrolysis. The po-
tential advantage over the standard gas gasifica-
tion processes is the savings in coal of 50t so
that av coa! prices increase, the savings in
operat .ng costs can be made up by increased can-
tal i.vestment for the fusfion/hydroger production
processes.

Even though the electrical efficiency of cur-
rent low-temperature electrolysis processes are
high (~70%), the overall efficiency is limited by
the efficiency of electric power generation,
Therefore, the efficiency of this method 15 ).
1ted to perhaps 30-35 . The most wmportant fa.
tor in uring electrolys1s, however, 15 that tr-
kydrogen production cost is primarily deterrire:
by electric power cost (and always mnst be highee
on an energy basis), Therefore, any method nf
hydragen production with overall efficiencies
greater than by standard electrolysis will hawr
importart eronomic advantages.

The prama-y source of hydrogen today 15 thne
reformirg of methane or naphtha, which 15 an es-
amp.le of an open-ended thermozhemical cyrle,

Both heat and a chemical feed stoch are reguires
n addition to water. Electrolysis of water,
which has been used 'n the past to produce hviv..
gen, can be considereu a closed cycle v the
sense thal praimary heat and water are lhe on.y
feeds required.

The total energy value of the hydrogen use:
in the US {s about 10 of the erergy conte: . ¢
the methane that is used. Approximately 4% ¥
the hydrogen 1% used for ammonia production, &F
for the refining of petroleumn, and tne re~a1n'ng
100 for a variety of minor issues. For cvery

allon of liqunid fur) produced from . sal, at

east one gallon of water is required for the
hydrogen content. If the coal 15 to be qavifan,
to high Btu gas, then two mrlecules of water arc
needed to supply the hydrogen fur the methane,
(learly, production of hvdrogen becwnes an es.rn
ti1a) part of any synthetic fuel program,

We have focused our attention on hvdrogen
produrtion by rlosed thermochemical (ycles by
cause thy require only water and a heat Sourcr.
We have considered the status of current reseav.®
on thermochemical cycles, which require tempera
tures 1n the range of 1100-1200 k; the need fo
resvarch o advanced cycles at temperatures of
1500 N or higher; the need for high-temperature
materials research; process characterization of
the 1ASl bismuth sulfate cycle; and prelimina-y
desigrs nf fusion reactor blanket concepts.

Status of Current Research
Therce arc a number of thermochemical water-

splitting processes under development in the US
and abroad, The funding ‘or these processes v



the US is presently provided bty Department of
Energy (DOE) and private organizations: three
major processes are based on sulfuric acid decom-
position and their therma) efficiencies are in
the range of 40-50%. The development for these
processes has progressed to the bench-scale level
and engineering flow sheets have been designed
for all three processes. There are other thermo-
themical processes under development in this
Country that are at a somewhat earlier stage of
development. These processes involve the use of
solids.

The ANL-4 process, developed at Argonne
National Laboratory, is one of the few processes
that has been identified as successful in split-
ting water. The process steps are as follows:

2NH, + 2C02 + 2H,0 ¢+ 2K!

3 2

* 2KHC03+ 2NH, 1 (200 K)

2KHLO4 » K, (O (550 K)

2005 * HZO + 0

2

?NH41 * Hg » Hg?z * ZNH3 * H, (600 K)

Mg, + K,Cly » 2K1 + Mg + €O, + 137 0,

This cycle is not being actively pursued,
primarily because of projected low efficiencies
and the requiremen! for recirculation of a large
variety of reagents i1ncluding mercury, which 1%
highly toxic.

The prouess presentiy ynder developmert at
Gereral Atomic Company .6A) requires only therra)
enerqv and 1§ described by the folloming reaction
sequence.

2H ¢+ ]

2 2 SO

2 ZHIl + H?SO4 (370 +}

sto4 » HZO * 502 s )2 02 (Maop )

ZHl » H2 1, (390w

In this pure the muchemical process, hydrogen-
10d1de and Hp504 are produced in a low-tenm-
perature reaction from water, iodinc, and A,
The rerulting sulfuric acid is decnmposed in a
high-temperature step to the S0, fur recycle

and the hydrogen-iodide is decomposed n a low.
temperature step to yteld hydri..ipn 3nd regain
fodine for recycle. The process 13 being demon-
strated at the bench-scale leve!' with a hydrogen
production rate of 4 //min. The presently quoted
efficiency is 471%.

A process presently being developed by
EURATOM in Ispra, Italy 1y a hybrid prucess ra.
quiring thermal and electrical energy. Il s
described as follows,

Brz * ?Nzﬂ * 502 » 2HBr * HESOA (=350 x;j

(Qnf

H_S0, » H,0 + SO
¢ 4

2 2 + /2 02

(1170 ¥)

2HBr » H2 + Br2 (electrolysis)

This hybrid prucess has hbeen demonstrated at a
production ratc of 4 i of hydrogen per minyte a®
the bench-scale leve!. A sulfuric acid aecompi-
sition loop at a scale of 1 ton HySOg/day is
planned for FY 1980. Presertly quoted process
efficiency is 402. The high-temperature step 1§
the HpSO4 decomposition step, which requires
a marimum temperature of 1140 K. The process
also requires a significant amount of electrica®
energy fcr the electrolytic decomposition of Ki-,
A process presently under development at
Westinghouse is anather hybrid cycle and s
described as follows.

ZH?O . SO? » stod . H2 (electrolysis)

H SO4 » H (14

2 0+ 502 +1/20

2 2

In this hykr1d process, hydrogan s prod,res?
a low-temprrature electrocne~ tcal Steo where
sulfuric ac1d and hydvogen are praduies v'ertr o
‘ylicaily anc¢ a high-te~perature ste; wh-ve ir-
. acd s decorporest to 1egitn tee O
for recylce to the first rcact:on. The pro:e
is being demonstrated at the bencr-scale lrye!
at a hydrngen producticn rate of 2. 1in, The
presently quoted process efficiency 18 4.,

The LASL bicmyth sulfate prococe ¢as b de-
scribed as follows,

.. n_cn n [ ) U T
B 0550, H‘.S\4 > ;l?O(SF; L L

B1a0(S0, ), » Bia0,50, * 80, « 1/7 ¢ (i1,

502 + ?”?C ) HCSCG(F']) 4 H: felerivy 'y

This hybrid process 1% 1n the lahoralnry deye!
ment stagr. The sclid decorposition Step Pa
teen demnnstrated to be rapid, but the elect. .
s1s step requires aduitional developrent, ‘v
presently quoted efficiency for the provess e
50t . Tn: potential advantages are: (1! ac* i,
1ng Jower voltages for the electrocherival stie;,
(" minimi2ing encrgy required for dry-ng & '
tions, and (3) mimimizing corros.or prables. o
the dry swvitem vs sylfuric acrd cvcles, [eae
vantagrs are pram.cily those 1nhprent An pos i,
and transfrrring heat to solids,  This eage, s
represents a family of potential solig saital.
processes using Other metals,

The Need for Advanced (ycles
and Mate ‘141 Rescareh

We helieve that an nhabiting inf luence v
the search for effective cycles has been the ab
sence of & high-temperature heat source that
could be matched to the chemistry, Recanse the
GA, Westinghouse, and lspra Cytles require 4



thermal decomposition of S03 to SO and oxy-

gen, efficient decomposition calls for a tempera-
ture of 1100-1200 K which is 200-300" higher than
can be obtained from high-temperature gas-cooled
reactors. The developing interest of the fusion
program in synthetic fuels gives an impe.us to
the search for simpler, more effective cycles,
and places the cur-ent S02-303 cycles on a
sounder footing.

With current work in thermucher -al cycles,
the materials problems mainly are concerned with
suYfuric acid evaporation and decomposition,
Sulfuric acid is produced at ~50 wti and needs to
be concentrated to 98 wt% to avoid recycle of
large quantities of water, Boiling H 50,4
solutions are highly corrosive and 1agoratory
experiments have used quartz for containment.
Current work involves SiC and other materials at
temperatures of 500-800 K.

The problem with sulfuric acid decomposition
is one of SO contact with a high-temperature
heat transfer surface. Here, & concerted mater-
ials research program is being conducted. Avoid-
ance of the problem by direct contact heat ex-
change of the decomposing SOy with air in a
ceranic tube may be a possible solution at tem-
peratures in the range of 1000-1300 K.

Other problems at lower temperature ir.olve
containment of acidic solutions (H] HBr, aud
Hp50;) at moderate temperatures of 300-500 K.
Here plastics may be of use. Solid sulfate or
other solid systems may avoid certain of these
problems but have the possible disadvantage of
having to handle solids at aigh temperatures.

Although current engineering materials could
not cope with 1500 K in the type o~ systems ur-
der discussion, it is within the reaim of credi-
bility to believe that materials and techniques
can be developed to function reliably at 150D N,

The principal reascn for research on higher
temperature (>1500 K) cycles is the potentially
higher efficiencies attainable. An exar.-le of
such a cycle has been proposed by LAYL as
follows.

Cd + H0 - (0, » CdCO3 * H, (low temperature)

o

CdCO3 » CdO + C02 (575 K)
Cd0 » Cd + 1/2 02 (1750-1800 ¥)

This process has not been demonstrated in the
Taboratory, although the second two steps are
known to proceed at reasnnable rates. The first
stcy may require catalysis to proceed at a rea-
sonable rate. The 1deal efficiency ¢ 7B3.

Process Characterization of the
Bismuih sulfate Tycle

A conceptual thermochemical process design
has been deve1op$d for the bismuth sulfate cycle
described above,' For ease of analysis, the
cyc le was spli‘ into two portions, one including
Tow-temperature operation and a high-temperature
portion as shown in Fig. 1. A parametric analy-
sit of the energy balance was done to determine
the performance of the cycle and sensitivity of
key prucess parameters over a wide range of oper-
ating conditions, For the reference paramstert

indicated in Fig. 1, the overall efficiency,
given by AHH;II Qrprs 1S 0.5.

Results Trom a sensitivity analysis to eval-
uate the effect of the three major system vari.
ables are shown in Fig. 2. These variables are
the electrolyzer cell voltage, the endothermic
heat requirement in the high-temperature por-
tion, and the maxi~um stream temperature in the
cycle. Held constant were the system pressure
at 3 MPa, the mols of SO3 removed at 1.0, and
the mols of water entering the high-tempei-ature
portion at 5.0. 1In the case of the variatidn of
cell voltage, the temperature was kept constant
at 1475 K, and the endothermic heat at 785 k.
mol Hp. In the other two cases considered,
the cel) voltage was kept at 0.45 v (228 kJ/moi,
heat equivalent),

The results show that the mcst importat
variables bearing on the cycie's efficiency a-e
the electrolyzer voltage and the endotherr ¢
heat reqrirement. The effect of maximum strea
temperature variation is important primarily
because it varies the equilibrium yield in the
S0y = SO + 1/7 0, reaction and hence
changes the composition of the gas mixture l2ay-
ing the high-temperature portion of tae Zycle
and the endothermic heat requirement,

Qur earlior look at th- variatian n cveva'’
system pressure showed sma:l changes in (U
with nressure over the range 20-5) atm ang th.:
not much variation from the point of efiicier...
The major effect of virying Syster pressure 1
gaseous system would Lo to change equipment
sizes and structural requirements, thus 1nflyu-
encing the capital costs of the cycle,

To obtain a cycle with high overa!l the na!l
efficiency, it iy important to choose operaiing
crditions that minimize therma! enerQy exfe -
ture. In the case of the bismutn sulfate cvile,
these conditons are fuifilled by the choice of
a reasnnably high maximum stream temperature
{1474 K), high system pressure (3 MPal, lom
electrolyzer voltage (0.4% V), 1 mol of Sy
removed per entering B1503°2503, and a luw
numbec of mols of water entering the high-tet-
pet ature portion of the cvcle (<5 melsh,

The high-tem; -ature portion of the w ‘e 18
charactertz+d by the flow sheet shown in Fig, 3,
Thas port.on of the cycle 1ncludes the hrs v
sulfate drying step, the t:smuth sulfate decuo.
pnsitior., and the sulfur trioxide decompes:.
tion steps. The fusion enerqy source sup: )iwes
heat for endothermic decomposition of sulf.-
trioxide. When the 503/50,/0a mixture
decreases to a lower tomperature, the equ!th.
rium shifts causing the bick reactton, which
gives off hoat for the endothermic decompre:? ron
of Bi;03:2509 'n & "chemical heat pipe”
mechanism, n thiy manner, primary heat frae
the fusion reactor 's coupled to tmis portioe o
the cycle 'n a s'rale heay exchanger. 1lhe ot
heat exchanorry shown an the flow Shest are for
internal heat recovery, that is, prehcating an
coming “cold” streams with exiting "hot' streame,

Entering B:503° 2504 15 mechanically
"dewatered” t.» B? wtl solrdp and then v doape
ty direct and then 1nuirect contact with g
warmer stream of quenched 502/02/503,

Additional 1ndirect heatiny is provided ny a-
internal recyrlc stream of oxypen, by an
503/50/0, «tream, and by wate: vapm de-
compression, Leaving the bottom of the drier,
we havy a vapor stream composed mainly of 50
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and 0, and a liquid stream containing water

and sulfuric acid. The dry solids exit the tof
of the drier vessel where they contact direct'y
a quenched S02/07/503 stream that comes
directly from th. S03 decomposer (primary heat
exchanger) and is essentially unchanged in com-
position from its equilibrium at 1500 K and

3 MPa (30 atm). Heat exchange occurs between
these streams raising the temperature of the
vried Bi203-2503 to -800 K. Additional

heat to raise the temperature of the solids is
obtained from a recvcle S0,/0,/503 stream

and frcm the recy:te oxygen. The dried and
heated BiyC;+2503 solids now are intro-

duced into a series cf decompositicn reactors
{two are shown in Fig. 3) where they come into
direct contact with a S0,/02/503 9as mix-

ture from the primary heat exchanger., We have
assumed equilibrium conditions at the inlet and
outlet temperatures of these decompuser vessels
for the gas phase. In the decownposers, the
solids are heated by two mechanisms- sensible
heat exchange with the hotter gases and by thy
heat of reaction given up as some of the 50;
and 0, present shifts towards SO3. This

forms the heat recovery portion of the chemica)
heat pipe mechanism described e.rlier. This
process dramatically reduces the gas “lows from
what they would have to be if only n.nsible hea?
were exchanged., As stated earlier, 'he decompo-
sitiun reactors o-e solid-gas contacting de-
vices, These units could have several configur-
ations: fluidized beds, moving beds, or rotary
kilns, etz,

In our design, we have considered the re-
moval of 1 mol of 503 per mo) of entering
B\€03'250 as well as the removal of 1.33
mols of 58 to yield a product of Bi,03' 503
or Biy03 (5/3) S03, respectiveiy, The
exiting solid material is cooled by the inter-
nally recycling oxygen stream before its d1s-
charge, This materia) is returned to the low-
temperature portion of the cycle for suhsequent
contact with s«)furic acid and regenerat on to
the Bipd3:2%'y starting material,

The Tow- temperature portion cof the cycle is
characterized in Fag, 4, Three major components
of the process . e included. the $.1fur dioxide
oxidation electrolyzers, the bismuth oxysulfate
precipitation .eactors and the units for sepa-
rating Sti; trom 0, and the extraction of
enerqy from the oxygen stream by expaniion to
ambient conditions. In the electrolytic siep,
sulfurous acnl 15 oxidized with the s¢multaneous
formation of hydrogen at the cathoade, In ou
design, we have assumed 8 slightly semiperme-
able, ion-conducting membrane that reduces sul-
furous acid migration into the cathode compart.
ment of the electralytic cell, The elactrolylc
cell design parameters have been chosen at;

Fel)l Voltage: 0.45 v, Cu-rent Densaty: 200U
~im?; Temperaturp: 35C K; Pressure: 3 MPa (30
atm); and Acid Concentration: 10-20' wti. The
effluent acid stream at 20 wty 1y cooler by heat
exchange before being reacted with the biremath
vrysulfate (B1,04:2503) efflient fram the

dec omposer vesso?s. hese reactors produre 4
wet 31,03'2503 precipitate that iy re-

turned to the high-temperature portion of the
cycle., Some heat 1s liherated at low temprra.
ture in the recction of Bia035803 witn

sulfuric scid. We estimatr ehis amount of heat
to be 38 kJ/mo), which iy roughly half the heat
release for the reaction of bismuth oxide with

sulfuric acid to form Biy03°5S03. This

heat serves to raise the temperature of the acid
ef{luent from the bismuth oxysulfate reactors.
The acid effluent then 15 introduced into a
series of gas absorbers where it is used to sep-
arate SO, from the S0,/0; stream leaving

the deromposers. This operation recovers S0p,
which then is recycled with the acid back to the
electrolyzers. The oxygen stream from the ab-
sorbers contains trace amounts of >0, which

is further reduced by contact with the incoTt'nq
water to the cycle. After final scrubbing, the
orygen stream is heated, expanded to recover
useful work, and vented at close to ambient co-
ditions to the atmosphere.

The principal choice of materials in the
low-temperature portion of the cycle for com-
ponents in contact with 350-400 K H-50,4
would be plastic-lined steel, At temperatures
of 400-800 K, an acid brick may be used to linn
equipmen!, For the high-temperature portion of
the cycle, we have to contain bismuth oxysul-
fates as well as dry S03, S0,, and 0.

The high-temperature form of Si0p or a recent-
ly announced oxidation-resistant SiC sponge:

has capabilities to 1870 K. These problems,
however, will require more detailed i1nvetligatinn,

High-Temperature Process Heat F.sipn
reactur Blanket (oncepts

A promising high-temperature pracess heat
blanket system concept is illustrated schemat.
ically ir Fig. 5.3 Fusion neutron energy d-
posited in boiling lithiym is transported by
vapor flow to and condensation on primary hea!
er-nanger transfer surfaces Lithium contain.
ment is achieved with th.n refractory meta)
liners suppoarted by actively cnoled stee) sirut-
tural walls, with heat leakage from the borl'ng
Tithoum to the steel structure Namited ty luar.
bearing insytation or by 1ns-lation pressuri2yg
with an 1nert gas to support .he liner, Mate:.
.als (T2':, & gettered molybdenum alloy, or tuva-
cten for the liner and carbor |.am, (eram i
foams, or mu.tiple metal foils tor the 1nsata.
tion) with 3n£ necessary properties have bogn
tdent1fied.%v7 Detailed neutronics studies
Inaicate that traitium breeding ratics « 1.5 con
bined with delivery of up to -7% of total
fusion reactor energy release as heat at 1500.
2000 K are possible with this conce,’.

The lithium boiler concept has mary attrac-
tive characteristics 1n addition to tratiun
self.sufficiency comtiined with delivery o' a
larqge majority of tota) reactor energy ®elease
as high. temperature therma)l energy, Some cof
them gre:
thermal energv delivery as latent heat,
low operating pressures,
mechanical samplicaty,
efficient therma® energy transpart,
few geomctrical constraints and compe:-
tbr)ity with other reactor functions,
self-punping with gravity return of
condensate,

(] efficrent disstpation by vapnr bubhles
of shork wave overpressures resulting
from nonuniform neutron energy defns .
tion characte: tstic of inertia) cgnA
finement fusion by vapor bubhles,

) temperature unifarmity within the blan.
ket that reduces material transport and
easves design for therma) expansion,



C = tooling water strean OfT = oxyqen expanston turtine, AC = acld cooler

W * witer strean EL = electrnly2er, AR = anolyte reservotr, Wy » .

A s actd stresr mintng vessel, Fiy » flaih drum, GC » gas compres:or,
O * oaygen stresm G{C + gat couler-condenser. AT = abscrption tower

S » 5011dr stresr Sk = s¢lidy reator, OC = o;/q9en cleanup tower

H v hydrogen strese AS + acid separator, N[ « mechanical e:pressor:

COw » centrifuaal desaterer, ST v surge tank

Fig. 4 Process flow sheet of low-temperatur2 portion of the bismith sulfate cycle.
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) recuirement of only modest amounts cof
exotic materials of construction witn
no serious resource himitation, and

) no massive brittle components exposed
to neutron irradiation.

Delivery of therma) energy as latent heat, that
is, isothermally at maximum temperature, pro-
vides greater flexibility in satisfying process
heat requirements, Lithium vapor pressures
range from 1 atm at -1640 K to 5 atm at ~2000 K,
but can be adjusted up or down by adding, re-
spectively, for example, other alkali metals or
high atomic number neutron-multiplying metallic
substances such as lead.

One potential drawback of the concept is
that vapor volume fractions in the upper por-
tions of MCF reactor lithium blankets may be so
large that substantial and expensive increases
in magnet bore may be necessary to provide room
for condensed-phase lithium thicknesses adequate
to intercept enough radiant energy that super-
conducting magnet shielding does not become a
problem. However, our present understanding of
boiling of liquid metals with volumetric energy
deposition, as opposed to the more familiar
boiling induced by heat transfer through sur-
faces, seems to be inadequate for accurate p-e-
diction of vapor volume fractions as a function
of positinn n Nathium boiler blankets. Our
idenitification of this possible problem, which
is not nearly so significant for ICF versions of
the lithium boiler, i5 based on a relatively
crude mode) of the boiling,

To circumvent this potential) problem with
MCF versions of the lithium boiler blanket cou-
cept, we have developed a nonboiling pressurized
lithium L)anket with many of the same design
featuvres.’ The principal differences betweer
cur pressurized concept, depicted schematically
in Fig, 6 in a version adapted for incorporation
into central solenordal region modules of tandem
mirror reactors (TMR), are:

] operation at pressures higher than the
vapur pressure by an amount sufficient-
ly great to ensure that boiling 15 sup-
pressed everywhere in the loop,

) delivery of smailer amounts of tota)
fusion reactor energy release at high
temperature as sensible heat,

] requirement of mechanical pumping of
hiquid metals across magnetic ficld

lines,

. interna) structure required to dictr
bute the liquid properiy in the blan.
“et, and

] lower volumetric flow rates but higher

mass flow rates,

Operation at higher pressures means increased
structural requirements for the blanket and pri-
mary _oolant loop piping, However, freedom to
select operating pressure levels above the boil-
ing point means that pressure loading on primary
heat exchanger transfer surfaces can be reduced
by tlose matching of blanket operating pressure
level to process operating pressure level. Our
tandem mirror reactor version of this concept is
calculated to deliver -61% of tota) fusion reac-
tor energy rrlease as sensible heat of liquid
lithium at a maximum temperature 21500 K with 3
200'C temperature drop around the primary loop
and to achfeve 3 tritium breeding ratio of
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tig, 6 The pressurized lithium blanket corcep!
designed as a TMR process heat module.

1.46. Generous sizing of flow passages reduces
required electromagnetic pumping powe- to on'y
ahout 0.5 Mwe. The internal flow-directing
structure is made of refractory metal alloy-' Jad
ceramic,

In some respects, design of high-temperature
primary heat exchangers represents a more ferm:.
dahle challenge than does blanket design becau:
any loading on heat transfer surfaces must be
born by materials at high temperature, Ac part
of a study of fusion-driven thermochemical hy-
drogen production, we have developed a prom:sing
heat exchanger concept for heat transfer from
lithium to oxidizing proge 5 Qas streams at te:-
peratures over 1500 K.7-8.9 A discussion of
this concept, depicted 1n Fig. 7, wil!l be uses
to 11lustrate some potential solutionsy to hign.
temperature heat exchanger design,

The crossflow plate-type design permits lo.
cation of seals outside the high-temperature
zone, ready assemtily and ¢isassemhly for marn.
tenance, and easier sccomnodation of differen
tial thermal expansion. The lithium side 1=
protected ty thin refractory metal liners and
ceramic structura) material is an oxide far re
sistance to attack by the process gas. The o
1de ceramic plus the helium-swept Qap proviu. av
effective barrier %o tritium permeation. The
helium gap can be pressurized to distribu'e
loading on transfer surfaces if equalization of
sressures on blanket and process sides 1% not
possible. Double-walied construction can Le
used to provide additional protection against
catastrophic failure and monitoring of th: space
betwzen wille can provide edrly detection of
leaky. Open cell ceramic foams in process qa
patsaqges tvportedly also can provide sigmificant
addiiiongt structural support. (omposite metal.
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Details of high-temperature plate-type

Fig. 7
process heat exchanger,

ceramic heat exchangers and ceramic foam haas
exchangers are presently being deve1oped.‘ 11
Close coupling of primary heat exchanger:
with high-temperature fusion reartor hlankets
reduces the amount of relatively expensive pip-
ing required for heat transport, but must be
weighed against reduced flexibility in coupling
to processes. In addition, baffling to reduce
neutron streaming into process fluids may be
necessary with close-coupled exchangers.

Conclysions

Although the level of effort in thermo-
chemical cycle research is low, several cycles
based on sulfur trioxide decomposition show
promise and will soon enter the pilot plant de-
velopment stage. The use of solid sulfates can
mitigate problems of handling highly-corrosSive
sulfuric acid at high temperatures, a'd the in-
corporation of electrolysis of dilute sulfuric
aci? (to produce hydrogen) increases the overal)
efficiency of the cycle. Although temperatures
are lim‘ted to 1100-1200 K by current materials
techrology, we believe materials can be devel-
oped for oxidi2ing process streams at tempera-
tures up to 1500 K., Availability of high tem.
peratures (>1500 K) can ':ad to development of
simpler and more efficient cycles.

Conceptual designs o, fusion reactor blan-
kets applicable to both magnetic and inertial
conf inement fusion have been developed to match
the thermal requirements for any proposed Cycle
and to provide self-sufficiency in tritium
breeding. These concepts appear feasible for
circulation of Yithium at temperatures >1500 K
td a process heat exchanger,
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