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PRESENT AND FUTURE STATUS OF THERMDCHEMICAL CYCLES
APPLTED TQ FUSION ENERGY SOURCES

L. A. Booth, X. E. Cox,
R. A. Krakowski, and J. H. Pencergrass
Los Alamos Scientific Laberatory
Los Alamos, New Mexico B7545

Abstract

This paper reviews th2 status of current
research on thermochemical hydrogen production
cycles and identif 2s the needs for advanced
cycles and materials research. The Los Alamds
Scientyfic Laboratory (LASL) bismuth sulfate
thermocherical cycle is characterized, and fusion
reactor blanket corcepts for both inertial and
magnetic confinement schemes dre presented as
thermal energy Snurces for process heat
applications.,

Introduction

Since the advent of the industrial reveolution
*n the late nineteenth century, the US industriai
econdTy has relieg on the use of hydrocardon
fuels and, as a resu't of this relrance, our end-
use enerqy ccnsumption has evolved to the peint
that 767 of our consumption is 1n energy forms
suprlied by o) and natural gas. Until the past
decade we have hag an atwundance of these Cheap,
natur ally occurring energy sources Availabtle;
however, through the unabated use of these
sources, we now find gurselves faced with an
"energy crisis.” Thig crisis i3 particularly
wCute because of the certainty that we cannot
maintasn pur Mistorical growth n demand for
these fuels, and that eventually the supply of
trese fuels (specifically o1 and natural gas)
will be exhausted to the point tha:, their use
w11l be economically urattractive,

Thermonuc Year fusion has the potential advan-
tage of high power density and high temperature,
and current program plans are directed loward
demonstration of commercial feasibility near the
end of this century. Therefore, fusion energy
sourcey may becote commercially available during
the cruchal period of projected energy source
deficiency. The major problem with the use of
fusion 1y 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.iure process
heat and transportation fuels.

Therefore, 1t beromes essential to develcp
substitute hydracarbon-based fuels for oyl and
natural gas tn maintain pur energy economy
through this crucial transition period. Because
of our extensive supply of coal, the most feast-
ble means of providing this substitute is the
production of synthetic fuels {rom this abundant
resource. Production of synthetic fucls from
cosl {3 receiving great attention; however, the
approaches poorly usc the coa) and require mas-
sive supplies of hydrogen.

The competition for producing hydrogen from
fuston cnerngy (aside from using other inexhaust-
ible soui.es as primary energy) will be from the

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 a: coa! prices increase, the savings in
operat .ng costs can be made up by increased can-
tal ivwvestment for the fusion/hydroger. production
proresses.

Even though the electrical efficiency of cur-
rent low-temperature electrolysis processes are
high (~70%), the overall efficiency is limited ty
the efficiency of electric power generation,
Therefore, the efficiency of this method 15 lin-
1ted to perhaps 30-35i. The most 'mpo-tant fa..
tor in uring electrolysts, however, 15 that tn.
kydrogen production cost is primarily deterrires
by electric power cost (and almays mist be highss
on an energy basis). Therefore, any method of
hydrogen production with overall efficienties
greater than by standard electrolysis will have
wmportanrt eronomic advantages,

The prama-y source of hydrogen today 15 the
reformirg of methane or naphtha, which 15 an e»-
ample of an open-ended thermozhemical cycle,

Both heat and a chemical feed stock are required
\n addition to water, Electrolysis of water,
whick has been used 'n the past to produce hyiro.
gen, can be considered a closed cycle 1 the
sense that primary heat and water are the on.y
feeds required.

The total energy value of the hydrogen use:
in the US is about V0% of the energy conter . !
the methane that is used. Approximately 4%
the hydrogen 1% used for ammonia produttron, &F
for the refining of petroleum, and the re~ain'ng
10 for a variety of minor issues. For cvery
?allon of liquid furl produced from . al, at

east one qallon of water is required for the
hydrogen content. If the coal 15 to he gavifiv,
to high Btu gas, then two mnlecules of water are
needed to supply the hydrogen fur the methyne,
(learly, production of hydrogen becunes an es.en
ti1al part of any synthetic fuel program,

We have focused our attention on hvdrogen
produrtion by closed thermochemical (ycles by
cause they require only water and a8 heat Sourcc,
We have considered the status of current resear.®
on thermochemica! cycles, which require tempera
tures wn the range of 1100-1200 K; the need fu»
rescarch on advanced cycles at temperatures of
1500 A or higher; the need for high-temperatury
materials research: process characterization of
the LASL basmuth sultate cycle; and prelimina-y
desigrs nf fusion reactor blanket concepts.

Status of Current Research
There are a number of thermochemical water.

splitting processes under development in the US
and abroad., 1lhe funding "or these processes n



the US is presently provided ty Department of
Energy (DOE) and private organizations: three
major processes are based on sulfuric acid decom-
position and their thermal 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:

2NH3 + 2C0, + 2H,0 + 2K]

2 2

+ 2KHCO,+ 2NH41 (200 K)

3

ZKHLO3 » K00, *+ H,0 ¢+ (0, (550 K)

2773 2 Z

?NH4I * Hg » Hg}z + 2NH, * H, (600 K)

3 2

Hg', ¢ K,CUy » 2K1 * Mg + €0, + 1i7 0, (900 K,

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

The prouess presentiy ynder developmert at
Gereral Atomic Company (GA) requires only therral
enerqyv and 15 described by the folloming reaction
sequence.,

2H?0 . 11? + 502 » 2Hll + H;.S-o4 (370 )
sto4 > HZO * 502 s 12 02 (1140 1)
cHl » H, * 1, (390 )

2

In this pure the'imuchemical process, hydrogen-
10d1de and Hp504 are produced in a low-tem-
perature reaction from water, iodine, and ;.
The rerulting sulfuric acid is decnmposed in a
high-temperature step to the S0; fur recvcle

and the hydrogen-iodide is decomposed n a 'ow.
temperature step to yield hydrigen and regair
fodine for recycle. The process 1 being demon-
strated at the bench-scale leve' with a hydrogen
production rate of 4 f/min, The presently quoted
efficiency is 471%.

A process presently being developed by
EURATOM 1in lspra, Italy 1y a hybrid prucess re.
quiring thermal and electrical energy. It '
described as follows,

Br2 + 2N20 * 502 » 2HBr * HESO‘ (~350 x;j

HZSO4 » K0+ S0, +1/2 02

1 (
2 2 (1170 x)

ZHBr » H2 + Br2 (electrplysis)

This hybrid process has hbeen demonstrated a*t a
production ratc of 4 / of hydrogen per minute at
the bench-scale level. A sulfuric acid aecompe-
sitfon loop at a scale of 1 ton HpS0a/day is
planned for FY 1980. Presertly quoted process
efficiency is 40%. The high-temperature step 15
the Hy504 decomposition step, which requires
a marimum temperature of 1140 K. The process
also requires a significant amount of electrica!l
enerqy fcr the electrolytic decomposition of KEi-.
A process presently under development at
Westinghouse is another hybrid cycle and s
described as follows.

ZH?O * SO? » H2504 . H2 (eiectrolysis)

HZSOd > H20 * 502 +1/2 02 (147 v

In this hybrid process, hydrpgen s proz,-o2
a low-temparature electrocne~ical Stel whore
sulfuric acid and hydrogern are produies vlertr -
lyticaily and a high-terperature step wh-ve v
Mo achd s decorpored to regatn tre §
for recylce to the first reactior. The proce
is being demonstrated at the bencr-scale lry:!
at & hydr~gen producticn rate of 2.1, The
present 1y quoted process efficiency 15 4",

The LASL biemuth sulfate procece car be dr-
scribed as foilows.

B0S0, ¢ HS0, » B1.0050,0 b e k0 3

5120(504)2 » Bi_..O:,SOd - 50? adiR PO U RN

S0, ¢ 20 8 M504 n )

Ha (electrd sy

This hybrid process 1 1n the lahoratory deve! d
ment stagr, The scolid decorposaition step ha
teen demnnstrated to be raprd, but the electr. ',
s18 step requires adurtional developrent, 'm
presently quoted efficiency for the procesy
50i. Tn: potential advantaqes are: (1) ac’ 1e,
ng lower voltages for the electrochemical ste; |
(") minimi21ng envrqy required for dry'ng & ',
tions, and (3) mimimizing corros or probles -
the dry system ve sylfurac ac1d cycles. [Mivar
vantaqes are primatily those i1nherent an haeetong
and transfereing heat to sohigs,  Thoo eagey s
represents a family of potuntial solnd sytrat.
processes using other metals,

The Need for Advanced Cycles
T and ot “ia]< Researcy

We believe that an anhabiting influence
the sesrch for effective cycles has been the ab
sence nf 8 high-temperature heat source that
could be matched to the chemystry, Pecause the
GA, Westinghouse, and Ispra cycles require &



thermal decomposition of S03 to S0, and oxy-

gen, efficient decomposition calls fgr d 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 S03->03 cycles on 2
sounger footing.

With current work in thermucher -al cycles,
the materials problems mainly are concerned with
sulfuric acid evaporation and decomposition.
Sulfyric acid is produced at ~50 wti and needs to
be concentrated to 98 wt% to avoid recycle of
large quantities of water. Boiling H 504
solutions are highly corrosive and laboratory
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
15 one of SO» contact with & high-temperature
heat transfer surface. Here, a 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 &
ceranic tube may be a possible solutiorn at tem-
peratures in the range of 1000-1300 K.

Other problems at lower temperature ir.clve
containment of acidic solutions (K], HBr, and
H250;) 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 nigh temperatures.

Although current engineering materials could
not cope with 1500 K in the type o“ systems un-
der discussion, it is within the reaim of credi-
bility to believe that materials and techniques
can be developed to function reliably at 15ud &,

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

Ca HZO . CO2 » CdCO3 *+ H, (low temperature)
CdCO, » Cdo + €0, (575 K)

Cd0 » Cd + V)2 02 (1750-1800 ¥)

This process has not been demonstrated i1n the
laboratory, although the second two steps are
known to proceed at reasnnable rates. The first
stciy may require catalysis to proceed at a rea-
sonable rate. The ideal efficiency s 78).

Process Characterization of the
Bismufh SuTTate TycTe

A conceptual thermochemical process design
has been developﬁd for the bismuth sulfate cycle
described above.' For ease of analysis, the
cycle was 1pli' into two portions, one including
low-temperature operation and a high-temperature
portfon as shown in Fig. 1. A parametric analy-
tit of the energy baltance was done to determine
the performance of the cycle and sensitivity of
key prucess parameters over 2 wide range of oper-
ating conditions. For the reference paramsters

indicated in Fig. 1, the overall efficiency,
given bY AH'_?/: QTOT' is 0.5,

Results Trom a sensitivity analysis to eval-
uate the effect of the three major system vara.
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 503 removed at 1.0, and
the mols of water entering the high-tempe:iature
portion at 5.0. In the case of the variatiin ¢of
cell voltage, the temperature was kept constant
at 1475 K, and the endothermic heat at 285 k.
md) Hy. In the other two cases considered,
the cell voltage was kept at 0.45 vV (228 kJ/moi,
heat equivalent).

The results show that the mcst importart
variables bearing on the cycie's efficiency a-e
the electrolyzer voltage and the endotherm ¢
heat requirement. The effect of maximum strea-
temperature variation is important primarily
becavse it varies the equilibrium yield in the
S0y = SO *+ 1/7 0p reaction and hence
changes the composition of the gas mixture l2av-
ing the high-temperature portion of tne ~“ycle
and the endothermic heat reauirement,

OQur earli~r look at tk- variatinn in cveva'’
system pressure showed smail changes in Qu
with nressure over the ranae 20-50 atm ang tnu:
not much variation from the point of efficrer:..
The major effect of virying Syster pressure ir.
gaseous system would Lo to change equipment
sizes and structural reguirements, thus i1nflu-
encing the capital costs of the cycle.

To ubtain a cycle with high overal) the nal
efficrency, it iy important to choose operating
crditions that minimize therma! enerqy exfe -
ture. In the cese of the bismutn sulfate cytle,
these conditrons are fuifilled by the choice of
2 reasnnably high maximum stream temperature
{1474 K), high system pressure (3 MPal, lom
electrolyzer voltage (0.4% V), 1 mol of S04
removed per entering B103°2503, and a low
number of mols of water entering the hign-ten.
per ature portion of the cvcle {cb molsh,

The high-tem; —ature portion of the Iy '+ e
characteriz=d by the flow sheet shown in Fig, 3,
This porti.on of the Cycle wncludes the brst ,tn
sulfate drying step, the tismuth sulfate deco -
pnsition, and the sulfur trioxide decompes:'-
tion steps. The fusion eneray source Sup: lies
heat for endothermic decomposition of sulf.»
trioxide. When the 503/505/05 mixture
decreases to a lower temperature, the equ)lib-
rium shifts causing the bick reactron. which
qives off hoat for the endothermic decomprcition
of Bi;03:2509 'n a "chemical heat pipe”
mec hanism, n thiy manner, praimary heat froe
the fusion reactor s coupled to tmis portioe of
the cycle 'n & s'rale heal exchanger, The othe
heat exchanos ry shown on the flow shert are for
tnternal heat recovery, that is, prehesdting n
coming “cold" streams with exiting "hot' streams,

Entering B-507°2507 15 mechanically
"dewatered" (. E7 wil solids and then 1o e
ty direct any then 1nurrect contact with a
warmer stream of quenched 507/07/505,

Additional indirect heatiny is provided oy a
internal recyrlc stream of oxyoen, by an
503750570, <tream, and by wate: vapm dv.
compression, Leaving the bottom of the drier,
we havd 8 vapor stream composed mainly of S0
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and 0, and 2 liquid stream containing water

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

3 MPa (30 atm). Heat exchange occurs between
these streams raising the temperature of the
criea Bij03-2503 to =800 K. Aaditional

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

and frcm the recyc e oxygen. The dried and
heated BioC;+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 S02/02/503 gas 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 decomposers, the
solids are heated by two mechanisms- sensible
heat exchange with the hotter gases and by the
heat of reaction given up as some of the S0p
and 0, present shifts towards S03. This

forms the heat recovery portion of the chemical
heat pipe mechanism described e.rlier. This
process dramatically reduces the gas ~lows from
what they would have to be if only «vnsible heat
were exchanged, As stated earlier, ‘he decompo-
s1ten reactors oce solid-gas contacting de-
vices, These units could have several configur-
atrons: flyidized beds, moving beds, or rotary
kilns, etc,

In our design, we have coniidered the re-
moval of 1 mo) of S03 per mo! of entering
B1€03'250 as well as the removal of 1.33
mols of SC3 to yield a product of B1503' 503
or B1,03 (3/3) 503, respectively. The
exiting solid material is cooled by the inter-
nally recycling oxygen stream before its drs-
charge. This material i¢ returned to the low-
temperature portion of the cycle for subsequent
contact with sulfuric acid and regeneration tu
the BipD3°2813 starting material,

The Tow- temperature portion of the cycle i
characterized in Fag, 4, Threc major components
of the process . e included. the s 1fur dioxide
oxidation electrolyzers, the biysmuth oxysulfate
precipitation reactors And the units for sepa-
rating SUy trom 0y, &nd the rxtraction of
energy from the oxygen stream hy expansion to
ambient conditions, In the electrolytic siep,
sulfurous acid 15 oxidized with the s‘multaneous
formation of hydrogen at the cathede., In our
designh, we have assuned 8 slightly semiperme-
able, ion-conducting membrane that reduces sul-
furous acid migration into the cathode compart.
mant of the electralytic cell, The eloctrolytac
cell design parameters have been choszen at:

Fel] voltage: 0.45 v; Cu-rent Densrty: 2000
~im?; Temperaturc: 350 K; Pressure: 3 MPa (30
atm); and Acid Concentration: 10-20 wti. The
aftluent acid stream at 20 wty 1y coolet by heat
exchange before being reacted with the bremuth
vrysulfate (B1,04:2503) efflient from the
decomposer vesso?s. hese reactors preoduce a
wet B81503°250y precipitate that iy re-

turned to the high-temperature portion of the
cycle. Some heat ts Viherated st low temprra.
ture in the recction of Bia03:5803 wity

sulfuric acid. We estimatr ehts amount of heat
to be 38 kJ/mo}, which 13 rpoughly half the heat
relesse for the reaction of bismuth oxide with

sulfuric acid to form Biz03°S03. This

heat serves to raise the temperature of the acid
ef{luent from the bismuth oxysulfate reactors,
The acid effluent then s introduced into a
series of gas absorbers where it is used to sep-
arate 50, from the 50,/0p stream leaving

the decomposers, 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 >0y, which

is further reduced by contact with the incoring
water to the cycle. After final scrubbing, the
oxygen stream is heated, expanded to recover
useful work, and vented at close to ambient cor.-
ditions to the atmosphere.

The principal choice of materials in the
Tow-temperature portion of the cycle for com-
ponents in contact with 350-400 K H:S0,
would be plastic-lined steel, At temperatures
of A00-800 K, an acid brick may be used to line
equipment, For the high-temperature portion of
the cycle, we have to contain bismuth oxysul-
fates as well as dry S03, S0y, and Oj.

The high-temperature form of 5i0y or a recent-
ly annourced oxidation-resistant SiC sponge:

has capabilities to 18N"0 K. These problems,
however, will require more detailed 1nvestigatinn,

High-Temperatyre Process Heat F sipn
reactor Blanket foncepts

A promising high-temperature process heat
blanket system concept is illustrated schemat-
ically ir Fig, 5.3 Fusion neutron energy d:
posited in borling litnium s transported b,
vapor flow to and condensation on prinary hed:
er-nanger transfer surfaces. Lithium contain-
ment is achieved with th.n refractory metal
liners supported by actively cnoled steel stryc-
tural walls, with heat leakage from the borisng
Iithium to the steel Structure lmmited by Toar.
bearing insulation or by 1ns.iation pressurized
with an nert gas to support .ne liner, Mater.
.als (12", & gettered molybdenum alloy, or tuna-
cten foar the liner and carbor f.am, (eramig
foams, or muitiple metal foils ftar the wnyuta.
tion) with 3n£ necessary properties have heoen
identified. % Detailed neutronics studies
inaicate that tritium breeding ratios « 1.5 con
bined with delivery of up to =75 of total
fusion reactor energy release as heat at 1500
2000 K are possible with this conce, !,

The 1ithaum boiler concept has many attrac-
tive characteristics 1n addrtion to tratun
self-sufficiency combined with delivery 0f a
large majority of tota) reactor energy 'elease
as high. temperature therma! energy, Some of
them gre:
therma! energy delivery as latent heat,
low operating pressures,
mechanical simplicoity,
efficient therma' energy transport,
few geometrical constraints and compo:-
1b1lity with other reactor functions,

) self-punping with gravity return of
condensate,

() efficient dissipation by vapor bubhles
of shocrk wave overpressures resulting
from nonuniform neutron energy depos).
tion character istic of inertial Cg“‘
finement fusion by vapor bubbles,

. temperature uniformity within the blan-
ket that reduces materis) transport and
eases design for thermal expansion,



C = cooling water strean OfT = oxyqen expansior turtine, AC » acid cooler

W s witer strean EL v electralyzer, AR = anolyte reservoir, ¥y '

A = acid strear mixing vessel, Fli » flach drum, GC = gas compres:or
0 = oaygen stream GCC » gas couler-condenser, AT * abscrption tower '
$ = 30}{de stresr Sk r solidy reactor, OC » o;/gen ¢leanup tower '
K ® hydrogen stress AT » acid separator, M[ e mechanical eypressor:

COw » centrifuaal desaterer, ST « surge tank

Fig., 4 Process flow sheet of low-temperature portion of the bismuth sulfate cycle.
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[ recquirement 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 thermal 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 positinon n Tithium boiler blankets, Our
identification of this possible problem, which
is nct 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 con-
cept, we have developed a nonboiling pressurized
Tithium L]lanket with many of the same design
fratures.’ The principal differences between
cur pressurized concept, depicted schematically
in Fig, 6 in a version adapted for incorporation
into central solenoirdal region modules of tandem
mirror reactors (TMR), are:

[} operation at pressures higher than the
vapor pressure by an amount sufficient-
1y great to ensure that boiling 15 sup-
pressed everywhere in the loop,

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

. requirement of mechanical pumping of
liquid metals across magnetic field

lines,

’ interna) structure required to dietr
bute the liqutd properiy in the blan.
"et, and

. lower volumetric flow rates but higher

mass flow rates.

Operation at h:gher 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. OQur
tandem mirror reactor version of this concept is
calculated to deliver ~61% of tota) fusion reac-
tor energy r-lease as sensible heat of liquid
Iit?ium at & maximum temperature 21500 K with 3
{00 C temperature dryp around the primary loop
and to achteve 3 trityum breeding ratio of

TZw im0 COR ¢ COM(
ATERImaNGIR
u(;v:m-: CIRCuLATING

P, £ 7Y, MO AL L
R " L Ny

” [ALUNSIR N
. flaxivee s

O L
7 mie. 4 On

Tl N (3]
Mo VOUTLET —

LS XL UL 6%
L RLRI )
SwllPings

Nuwwr
CERAV( FOAW MROC 1SS —
6AS PassaL /

watER L3017
/— B ATIEBTY
{\ /— TN TUBl Sat [

. -T2 D e
LT

tig. 6 The pressurized lithium blanket concCep!
designed as a TMR process heat module.

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

In some respects, design of high-temperature
primary heat exchangers represents a more formi-
dable challenge than does blanket design becau:.-
any loading on heat transfer surfaces must be
born by materials at high temperature. A« part
of a study of fusion-driven thermochemical hyv-
drogen production, we have developed & promising
heat exchanger concept for heat transfer from
Tithium to oxidiziny proge 5 gas streams at ten-
peratures over 1500 K.7.8, A discussion of
this concept, depicted 1n Fig. 7, will be used
to 11lystrate some potential solutions to hian.
temperature heat exchanger design,

The crossflow plate-type design permits lo.
cation of seals outside the high-temperature
20ne, ready assembly and cisassembly for main.
tenance, and easier sccommodation of differen
tial thermal expansion, The lithium side 1
protected ty thin refractory metal hiners and
ce-amic Structura) material is an oxide for re
sistance to attack by the process gas. The ox.
1de ceramic plus the helium.swept Qap proviue av
effective barrier *o tritium permeation. The
helium gap can be pressurized to distribute
loading on transfer surfaces if equalization of
sressures on blanket and procecs sides ¢ not
possible. Double-walied construction can be
used to provide additional protection against
catastrophic failure and menitoring of th- space
betwzen walle can provide early detection of
leaks. Open cell ceramic foams in process gan
pastsages teportedly also can provide significant
addiiions! structural support. (omposite metal-



craamic FOmu
PRI 5SS GAS
Coadiel L

Sy
POR YRiTH
el

7

Details of high-temperature plate-type

Fig. 7
process heat exchanger.

ceramic heat exchangers and ceramic foam haas
exchangers are presently being deve]oped.] 11
Close coupling of primary heat exchanger:
with high-temperature fusion reartor blankets
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.

Conclusions

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-corrosive
sulfuric acid at high temperatures, a-d the in-
corporation of electrolysis of dilute sulfuric
acid (to produce hydrogen) increases the overall
efficiency of the cycle. Although temperatures
are limited 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 “aad to development of
simpler and more efficient cycles.

Conceptual designs 0. fusion reactor blan-
kets applicable to both magnetic and inertial
confinement 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 lithium at temperatures >1500 K
td a process heat exchanger.
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