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StnguaRy
The decreasing availabilicy of fossil fuels emphasizas the need to develop systems which
will produca aynthetis fuels to substitute for and supplement the natural supply. A naces-
asry f£irac otep in ths synthesis of liquid and gaseous fuels is the producticn of hydrogen.
Thermonuclear fusion cffers an inexhaustible source of energy for the productiom of hydrogen
from water. A
The most yromising process, high temperature alectrolysis (HTE) of steam at temperatures
of 21000°C is examined, In HTE, a large fraction (up o A50%) of the energy input %o splis
vater to hydrogen and oxygen comes from thermsl enevrgy. Tor cthe projected operating condi-
tions achiaved Sy high temparaturs fusim blanketa, overall affictencles for hydrogen produc—
tion should be on the order of 60%, The design, tharmal-hydraulica, and materials ot such
blankecs are discussed.
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1. Incroduction

Enargy from fusion can help meet Unitad States (U.S,) enargy needs chrough chree major
applicacions; 1) aleccrical generaticn, 2) synfuels/chemical production, and 3) flasile
fual production.

Whila electric genaration has heen the traditional role for fusion anergy, the use of
fusion in synfuels snd chemical production has recently begun to e examined in detail (Fillo,
Booth) {1,2,3). Fusion energy can split vatar into hydrogen and oxygen. Hydrogen has many
potancial :nergy related uses—directly as a fuel for induscrial processes, as a fesdsrock
for chems.:al production (e.g., amzonis) or mectal refining (e.g., H-irom), as a dlend with
natural). gas for space heat, or as feedstock for the production of synchatic hydrocarbon fuels.
Ultinately, synfuel production may be the most important application of fuslon energy.

Of the potential hydrogen production proc uging fusion energy, HTZ appesars attrac-
tiva. HTE should have the highest fusion to hydrogen efficiency, +50-65%, depending on
operacing conditions and power cycla. HTE cells have operated satiafactorily for thousands
of hours at v1000°C; while engineering development of large systems would be necessary, no
fundamental problems are foreseen,

Srookhaven National lLahoratory (3NL) has been engeged in carrying out a scoping design
study called HIFTIE (F2llo) [4). HYFIRE is similar to the commercial fusion Tokamak reactor,
STANTIRE, except that it has an HYE system to produce hydrogen and oxygen and a different
blankac and sower cycle system,

Tha electrochemical decompoaition of water inte hydrogen and oxygen i3 an endothermic
seaction zequiring both heat and alectricity. In additiom to generating hign Tamperature
scean which provides the tharmal energy for wvater decomposition, YYFLRE also generates elec-~
tricity which {9 usad in the HTE cells (and for operaticn of fuaion reaczor systems like
=agnets and RF heating) to zake hydrogen., Two blanket types are necessary; the first type
heats gsteam to high temperatures (TV1400°C) faor delivery zo the HTE cells, while che second
heata a working fluid for che thermal pover cycle and electrinity gensrzation as vell as for
criciun breeding., The TYTIRE hlankets are thus fundamentally different from the STARFIREZ
blankat,

Fourteen MeV neutrons have a long range in matter and will deposit their energy deep ine
side reactor blankets, This unique featuyrs of fusim neutrons can be used Lo generata very
h1igh temperatures for high-efficlemcy hydrogen procssses. The interior of the blanket can
be kept at aueh higher temperatures than tha first vell and module structure 12 the latter (s
cthermally insuylated from the interior and cooled by a separate coolant circuir,

Studiea of such "two-temperature zoma' blankets (Powell) [5] indicate that the equiva-
lent of approximacely 50Z of the total fusion enargy can appesar as high-grade heat in the
blanket ‘nrerior. Hén: leakage from the hot interior will be only a few percent of thac
depoaired in the inte~iog. The energy degosited in the hot interior cam then be directly
cransferred to high :-mperature process steam which flows %o the high temperature electroly=-
91y cella. This aveiis cthe need for high tamperacure heat exchangers which would de very
difficult to develop,

The design scpocts of fusion aynfuel blankets are examined in cthis paper. Such blankets
(both those supplying steam to electrolyzera and thoae supplying heat to the power cycle)
mudt meet a number of lmpurtant sriteria:



ve rOWeLL N2/4
[-] Aversge tritium breeding ratio for the reactor must axceed one,

Seaccnable preseura drapa,

High fracticon of fueion cnergy in insulated hot interior,

Lov thermal leakage from hot intarior,

Rezsunable electrical gensration efficiency (401 or grester), snd

o 0 o o

) Good material properties and stressas.

Studies of synfuel blankets indicace that chese criteris can be met and cthat practical
blankets can be designed.
2. HTE Synfual Process

The electrochemical decomposition of vater into hydrogen and oxygen {3 an endothermic re~
action requiring both heat and electricity. The afficiency of preduction of electricity frem
fusion resctor heat is limited by the Carnot relationship and various irreversibilities &
the power cycle. With conventional stesm pover cycles, electrical generation sfficiency will
be on the ordar of 40Z. Since tha heat input component for wacter decomposition s used
directly st essentislly 100% efficiency, there i3 & definite advantage to making the ratio of
che direct heat input to the electrical energy input as lerge as possidble.

As temperature increases, the reaction enthalpy remaing virtually constanc. The elee-
trical energy input, however, decreases with increasing cempersture while the thermal energy
input ircreases. The increasing fraction of thermal energy as electrolysis teaperature ine
creases results in a higher pracess esfficiency, so that more hydrogen can be produced for a
given fuaion uetgy input. At the projected WTT temperature of 1400°C in HYFIRE, “ydrogen
efficiencies of 557 (fusion energy to nydrogen chemizal energy can be achieved,

For the HTE operating conditfons (T ~ 1400°C, 10% conversion of steam %o hydrogen.

5

HYFIRE, approximately half of the input enerzy =5 the 372 cells comes as chermal energy

5

cthe sensaible heat of che atean and hald as electricity.

Conventional slectrolysis of wvater %3 carcied out at near amblient Cemperatures with
fquid water as the elactrolyte, In HTZ, ateam 13 electrolyzed yaing & aolid ceramic elec-
trolyta. The electrodes can Ye high-temperature mectallic or ceramic caterials.

Extensive work has been done on the use of sclid electrolytes for the high temperature
elactrolysis of steam. Major developoents 2n high temperature solid oxide electrochemical
cells hava resulted from atudies of 20lid oxide fuel cells ac Westinghouse Research
Development laboratorias (Isenberg) [6]. The Westinghouse fuel call design %3 based on a
thin layer eleccrochemical cell supported on a thick caramic porous base, hia apareoach per~
mits significant reductions in electrolyte thiciness. In earller designs where the electro-
lyte was self~-supporting, electrolyte thicknesses were large and performance relatively aaor.
A schematic of cha Westinghouse fuel cell is ghown in Figurel, This design also serves as
the baeis Zor che high temperacura electrolyzer since an electrolyzer s a Zuel cell in re-
versae,

For 1000°C operation, ths cellp sare composed of a porous nickel cerzat hydrogen eslectrode,
a doped indium oxide oxygen electrode, and a ZrOz—Y203 electrolyte which 24 vapor grown to a
thickness of several tens of microns. Typizally, current densities in the electrolyte are on
the order of 500 mA/cm?. The call is adaptable £o mass producticnm, with each component laid
down successivaly in a manner similar to the production of integrated semiconductor circuits,

In order to keep electrode currents within acceptable limi%g, succesaive cells along

3
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° each alectrolyzar tube are connectad in series. A large number of electrolyzer tubas are
then connected in psrallel in 2 large pressure veasal,

Srown Baveri, in tha Federal Republic of Germany, has tested solid oxide fuel cella for
axtanded pericds of tims. Single cells have oparated for over 34,000 hours (Rohr) (7], and
lifetimes of mors than fiva years are expescted, This rall uses nickel ancdea, a lanth
nickel oxide cathode, and a 1.2 mm thick electrolyta.

3. HIE Synfuel Blanket Desian
Synfuel applications are dependent cn blanket and msterials development. The fusion

blanket provides chrae functions: 1) convert neutron energy to high-temperature process heat,
e.g., stean for electrolysis, 1) convert neutron energr to high-temperature thermal energy for
inpyt to an alectrical powver cycle, and 3) breed tcritium. The latter two functions have been
extensively studied in Zfusion elsctric generation designs (Sadgar) [8].

Figure 2 {llustrates s 'tuo-tewparaturs zone” blanket module that supplies high-tempera-
ture process stean to the electrolyzers. This type of blankec was :irst proposed as a wey
of using an aluminue structure In fusion blankets to achieve extremely low radicactive invan-~
tories. The low-temperature structural shell of the module has a separate coolant circuit
and {s thermslly Insulated from the hot interior. The nautron and gamma energy deposited in
the hot interior ceramic bed heats the high-temperature steam flowing through it.

for a fusion/HTE reactor, tha blanket would be divided into two regioms—-tha £irst would
supply steam and process heat to the electrolyzers whils the second would provide heat for
the powar cycla that generated electricisy for the electrolyzers. Secause of the necessary
very high internal Zemperatures, e.g., 1500°C in the steam-cooled process heat zodules, the
blanket modulas in zhe first reglon must Ye of the two temperature zone type. They would
have water-cooled mezal shells (e.g., of stainless steel) at a zelatively low cemperature,
a.g., ~300°C. The Incerior of each modula would have steam-cooled refractory oxide rods
operating at a much higher temperature, e.g,, "V1400°C.

Approximacely 40Z of the reactor would )e covered by process hest zodules; modulas in
the remaining 602 of the blankeat would provide heat for the electrical power cycle and would
breed zritium. Of the fusion energy captured by ths HTE process “eat modules, most (“50-60%)
would appear in the high-temparacure sceam coolant. The remainder would be removed by the
coolant for che low temperaturs shell end used for electrical powesr generation.

The modulas for the electric generation cycle can be of the single-temperature or two-
temperatura <yrea. In the INL HTZ designs, they have generally be of the lacter typne lwwever,
with a He coolad interior (SiC, Ja, and LL&J.OZ) at “800°C and water coacled module shalls
stainless steel) ac ~300°2. The two-tempars.ure zofie comstruction permits ome 20 achieve
good thermal cycle efficiencies, on the order ¢f 40%, while keeping the atainless structure
at temperacures which enhance its resistnnce ty radiation damage.

The hreeding blanket uses 3e as a neutron multiplier in the front of che hot interilor,
followed by a neutren zwoderacing region {ZrC or SiC) in the rear. LL.\J.OZ i3 the absorbing
naterial for tricium breeding, About 702 of the Zotal fuaion energy (V24 MeV/fusimm) is de-
posited as hest iu the hot iaterzor.

The breeding ractio achieved in the breeding blanket musc be bigh, >1.5, in order zo have
the average breeding ratio for the fuaion reactor as a vhole excead one, In faect, Lt appestrs
necedsary that soms partial breeding be carried cut in 3 back breeding zine dehind the pro-
ceas steam modulea. In order to allow sufficienc margin for neutron losses <o penetrations
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'_ (for example, pumping and beam lines) as wall as errors in neutron cross gections, the aver-
age of T/n for the reactor should bz on the order of 1.1, For a breading ratio of 1.55 in
the breading modules, this requires that the breeding zone behind the process steam modules
achieve s breeding ratio of 0.4 or greater.

Neutronic analyses of process steam modules have also been carried out. For optimized
designs, & breeding ratio of 0.50 can be achieved while retaining s high fractlon (M451) of
fusion energy deposited in the steam cooled interior and reasonably good Q values (22 ¥a¥/f
fusion).

4. HIE Svnfual 3lanket Thermal Hydraulics

Thermal hydraulic snalyses have been carried guc for e wide range of conditions, with

numerical values for the psrameters chosen to determine the dominant effects on blanket

design from s thermal hydraulics point of view. Both HTE and powar/tritium modules have been
analyzed. The pressure of tha helium coolant for the hot interior is typlcally on the order
of 30 atm, AT on che order of 400°C, and tha pumping powar on the ordez of 1-2% of the blan-
ket chermal pawer. In effect, the helium coolant circuit conditions are roughly comparable
to that in the HTGR, with the principal difference baing the somewhat lowar pressure for the
primary circuit than tha HTGR.

The wvater coolant conditlona for the tubes in the module shells will approximace rhose
in PWR's with a pressure of 2000 psi, & top temperature of “300°C, and peak heating fluxes
of 1 !H/nz. The Bremstrahlung surface heaticg on tha sides of the tuhes facing the plasma
(FLlgure 2) 1s of the same order as the heating In the module shell. This tenda to flatten
the azimuthal heat flux discribution arownd each tube, The aressure drop {n the water cir-
cuit can be xept co less than one atn.

Dapending on the HTZ process design, the thermal hydraulic conditions in the steam-cooled
porcion of the HTZ process hesat modules can be more limiting than chose in the He or :-120
coolant circuits for several reascna: 1) tha coolant is a gas (steam) at a relaclvely low
pressure, e.g., 10-20 atm (comparsd with He at V40 atm), 2) the temperature rise of the
coclant in the blarket can ha as low as 1150°C (compared with the He circult where AT is
A400°C) 4f it is pegged to the temperature drop in the electrolyzer uniz, and 3) the coolant
can maike a large number of passes, on the order of 10, through the Ylanket Lf it passes in
series through a corresponding number of proceass heat modules,

Typical reasulta for thermal hydraulic analyses for the HTE process heat modules are
surmarized Iin Pigurs 3, Tha intarior of tha hot sceawm module is composed of a packed bed of
zirconia roda, 1l ca in diamatar, with tha rod length varying from a minimum of 3 m 20 a maxi-
oum of 5 =

In the pressura drop plot of Pigure 3, the effects of varying independent perameters
such as maximym steam temperatura, sceam pressure, and so on, are ghown inm a unique way.
lowar, averags, and higher on the abcissa ref-.r to the independent paramaters at the specific
values Indicated on the plots. For example, the plenum height {8 varied from 3 cm (lower),

5 cm (averaga), to 7 ¢a (higher). To calculate ths pressure drop for plenum heights of 3 cm
and 7 cnm, average values of all other paramaters ars used. This will also be the case when
tha stean temperature and other parametera are varied. Values of the presaure drop at in-

termadiace values may be found by Znterpolstion as well as extrapolation. The pressure drgp
increases by increasing the moduls dlamater for the same sat of Independent parameters. Ix-

cept for x 3 cm plenum height, the pressure drop may be kept %o less than 1 atm throughout

5
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: the blanket madule, The psrameter values are represencative of expected blanket design
figures #c that tha vange of pressura drops are, indead, a good cross section of blanket
performanca.

Changing the maximum steam tesperature, rod length, and heating fraction of the hot in-
terior bed have lictle effect on the prassure drop. On the other hand, changing the plenum
height, void fraction in the hot interior, temperaturas increase in the bed, and steam pres-
sure have g more pronounced eaffect on the pressure drop. Floweein thage uses-—-has been
acrose the blanket bed, resulting in lower pressurs drops since the flow path is less than a
mater compared with J=3 m for longitudinal flow.

Bight paedes in gseries would result 4in a total pressure drop of V1.2 atm for ths 25 em
diapacer module which i3 probebly acceptable. For larger dlameter modules, e.g., 40 cm,
the pressure drop i3 2.4 atm. This ia probably somewhat too high. These results are based
on avarage valuas. There are ways, thaugh, to reducs the pressure drop as indicatec in Figure
3, although soms options may result in other advarse effects., Tor example, increasing the
steam pressure to 40 atm reduces the pressure drop 302, but the wall structurs thickness
would have to increase. More neutron energy is then deposited in the thicker structure
rather than in the high-temperature intarior. Comnseguently, any design change to reduce pres=
sure drop must ba carefully exanined for its affects on neutronics and structral aspects.

The ball bed or rods will be semewhat hotter than the local steam temperature., The total
surface area in the hed 1s very large, however, so that even with a relatively low 2{lm co=-
efficlent, the peak temperature difference between the bed and steam i3 estimated to de only
\50-100°C,

In summary, both pressure drop and film temperature droo appear Teasonable wizh stesm
coolant Zor the UTE blanket modules. Optimum parameters and/or dasigns may Se somewhat dif=
ferent rhon shown here, but not signiflcantly so.

5. HTE Synfuel Blanket Materisls

The feasibility of any fusion blanket primarily relates to materials, The modular
blanket structure mset maintain vacuum intcegrity in the highly damaging neutron envizonment
for years. Thermal cyeling and aputtering effects will alse be iocportant. Most designs poa-
tulate periodic blanket replacement, but a lifetime 02 several years or more ts needed for
practical reactors. This problem will be comron to all bhlankets, regardless of whether they
are used to genarate aynfuels or electrizity. Materials research and development 2£S0rts in
tha fusion program are expected to lead to satisfactory materials for Zipst walls and bHlanket
structural shalls.

Questione velated to the spacial {ncerior materials for an HTE Ylanket, however, need %o
be invegtigated. The stability of refractory oxides, such as Zr:O,2 or AlZOJ, in che interior
region of tha blanket is cruclal. Theaa materials will be exposed to high-tempersture steam
or steam/hydrogen procaes streams and will be subject to neutron damaga, radiation, and cycl-
ing, The oxide refrectories in the HIE blanket intarior will be in the form of rods or balls,
with the thermal insulation betwasn the high-temparatura intarior and the gstructural shall
bYeing a low-daneity block or 2ibrous oae,

Theee materiale must not cruable and Inject large amounts of fines into the process
stream and muet maintain thermal insulation capability during the life of the bHlanket.
Macerials compatibility tests in che steam and stean/hiyarogen mixtures have been carried
out at BNL (Horn) (9], These indicate that 2ro; and al,0, have negligible weight lcea up to

&
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the maximua temperaturss s:udied, %1300°C (Figure 4). The effec:s of radiation exposure have
not been invastigsted, hovever, and should be examined as part of cthe fusion materials develop-
ment program.

s Critlcal to the successful operation of the BNL two temperatura zone blanket is the per-
formance of the Insulator separacing zhe two tamperature Zones, In addizion to lov thermal
conductivity, tha insulating material shoyld have high resistance to radtation damage,

should maintain its structural intagrity in the coolant/radiation environment, and should have
low density to minimize total intarnal heat generatioa within ig. It should also be com-~
patible with its gasecus envircumente——steam for the process. heat modules, helium for the elec-
tric generation modules.

Table I summarizes the results of the materials <ested in air, argon, hellum, and atean
in a non-radiation environment. The thermal conductivity teats in helium were linfted <o
teuparatures on the order of S00°C dua to the power requirements of the heatsr, so that the
data shown at 1000°C are extrapolated values, At zhis temperature thers appears to be not
much d1ffarence between the five inaulations tested. The zirconia fel: has the louast con-
ductivity (0.40 W/o-K) and che alumina-silca mat the higheat (0,54 %/m=K).

In aunzary, the zirconia felt haa the lowest tharmal conduccivity at 1000°C Suc ity dso-~
sity i{s thres times that of the carbon felt and two times the alumina-silca mat density. The
graphita felt would have equal Iasulating performance in helium as that of zirconia fel:z but
252 thicker. The increase in vaight would 3till nagke It one of the lightest of the Insula~
tions; therefore, at chis point, graphite felt would be the preferred insulation for tne
heliup-cooled electric generation zmodules, Of the materials tesred, though, all have approxi-
zately che same thermal conductivicty values in the temperature range of interest; ave all
compatible with helium; and all would be accperabdble Zor the elecvuric generation blankes
sodules.

The cholee is not so clear for Iinsulating the steam=cooled wmodules. Graphite has been
tested in steam at “900°C and appenrs satisfactory up to this zeuperature; however, it does
not appear likely that it would bYa suitable all che way up co 1400°C. The best insularar
from the standpoint of compatibility with Zr0O, hot interiots would be Zr0, felc, perhaps with
some graphite felt in the cgoler regions adja;en: to the first wall and sx—:rur.:ural. shell,

6. Summarv and Conclusions

Fusiecn i1s a promising source for synchetic fuels. The unique ability of fusion energy o
generate very high procaess temperatures should result in efficient procesges for the zenera-
tion of hydrogen from water decomposition., Hydrogen can be directly used as a fuel or com=-
bined with carbon to produce portable liquid ot gaseous carboenaceous ‘uelg,

Of che many potential processes for hydrogen production, HTE of steam app2ars %o bSe
che most promising. HTE cells have operated at high temgeratures for long perieds. The
proceds steam would be supplied from high-temperature, two zone fusion Slankets. The overall
efficiency, fusion-to-hydrogen chemical energy, 13 projected to he in the range of 50-70%,
depending on the process conditions and type of power cycle. Large~gcale HTE technology can
probably be developed by the tims cthat the first commercial fusion reactors would be operat-
ing.

3lankets for HTE fusion reactor:s appear practical: tritium breeding 13 adequate, thermal

sal-hydraulic performance is good, aud che reguired matarial performance achievable.
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ELECTAOLYTE / INTERCONNECTION OXIDE
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FIGURE 1 HTE Cell for high temperature electrolysis (Wese-
inghouse Design).

TIGURE 2 HTEZ proceas zodule, S000 M4 reaczor.
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TABLE I
SUMMARY OF MATERIALS TESTED

Thermal Conductivity of Insulators in cths Temperzture Ranga of 300-1000°C

, Watzs/m-K

. Alx ) Argon ' Helium ' Stean
! 300%c 1aco°c  300°C 1000°C | 300°C 1000°C | 500°C 100¢°C

Alumina-silica mat,

I

Nty ©o.06 .22} L0728 .26 56 eme - '
_f“z:‘/“_,‘:ﬁel" L e SA .11 .29 26 LSL o o.2s

0 ]

Graphite felt .

" 1b/fe3 * — NA : L1l .27 .26 .51 .25 .45
Zizconia flbrous Soard, . i - 3 ’
24 1n/ecd . .07 L4 . .97 Ll ‘ L1300 69 | L1400 (16 )

. 1
Zirconia_ felct, , ' ! !
14 1n/8c3 .08 17 ‘ .08 .17 .18 .0 07 .26
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