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Process Step for the Tandem Mirror Reactor 

Terry R- Galloway 
Lawrence Livernore National Laboratory 
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ABSTRACT 

In joint program between University of 
Washington, thp General Atomic Company and ourselves, 
we are developing a cf ic tvtual "point design" for a 
Tandeir Mirror Reactor^drtven thermochenucal hydrogen 
plant. 

Tliis paper ldp^tifies the s j l fur ic a>:id step as 
the c r i t i ca l part of the th»rmochemical cycle in dic­
tating rrie thermal demands and temperature rtqjirements 
ol try h( z: sirjrne. we co-vl" the General A-0*1': 
SUAf jr-Iodine Cyci^ to a Tandem Mirror Reactor. 

He focus sp^ci finally in 'he sulfuric acid decora-
position process jf. 'p sine*1 th is step can usr the high 
eft'ici^nrry e lect r ica l powet uf the direct converter 
toqetner with i-ther tiiermal-prodoueri e l ec t r i c i t y to 
Joule-heat d non-catj lyt ic SO3 decomposer to appiox-
lma^ly 1250 fc. t h i s approach uses concepts or iginal ly 
suggested by Di<* Werntr jnri oscar Kniiorijn. The 
blanltei temper a u t e can be lowered to about 9D0 K. 
greatly ar.eviat ing materials problems, *he levei of 
technology required, safety pi.-Mens, and costs . 

Wt havf jsed 3 moderate degree of heat integration 
to *eep the cycle efficiency afuir.i 464, nut 1 ixited 
the nunoer of heat exchanger: in order '<> keep hydrogen 
p r o d u c t s coBtii uitr.in reasonable bounds. 

INTHOPiiCTlilN 

A piojecti^n ot the enetqy '..upply and demand 
pw.tui'e beyond Mie Mm jf The • entury shows ( l | a 
c,jr,5t3rtt iai .'"ip for f ja ; j t Ijnr!-. in the jenerattor. and 
ir: the prodjrtiir. -)( synthetic fuels—starring with 
hydrngr". 

iij-.ir ig*'.-1., <i..-pady 1 vaiuabi* raw materia', for our 
ianjt U.a. p°ti eum and petrochemuai nd-jsi! ips. by 
parly 2000 is expected to become an important 
renewable-h^sed transportable f ie l by i t se l f or m some 
hydiocarbjn form, such as methanol. Hydrogen can be 
produced through decomposition of water by means of 
thermochenncal cycles, which reduce the high temper­
ature 3000 K requi.ements •'f the straight thuiaial 
decoBposition process to thermal levels that can be 
generated in nuclear fission or ruai j i reactors, JI in 
high-intensi ty, focused solar col lectors . 

vfe have been sudying the interfacing of our Tanderr. 
Mirror Fusion Reactor [TMRJ TO Several e,rierfflo<:hemical 
cycles under a DOE contract at tXI. en t i t l ed ; "Synfuels 
from Fusion" (21. In t ^ l s program we u h e advantage of 
the favorable engineering features of the THH configu 
ration. The TMR consists ot a cyl.ndrical solenoidal, 
energy-producing section between, end ce l l s that provide 
tlte conUinroep-; the solenoid contains modular blanket 
sections with simple piping jnd e lec t r ica l connections. 
The blanket produces heat. The direct converter pro­
duces W>th e l ec t r i c i t y and heat as the result of ion 
leakage out of the platna into the end ce l l* . The 

required t r ' i ium to fuel rh» DT n . i u o r , 
ated in the blanket modules. Materials , 
s t ructural problems dfp "inimizt'd by the 
geometry, the steady ."tate maqnp' 1 ' •'•,,\ 
p e r a t u r o . 

The chemica l « n g i n f * r inq r-.jiM)i'. .t 
p l an on t h i s p r ^ i e r t i-; tr- level-*; 1 pr•-'• 
which i s s imple and c r . - J i M ' - , t> *,->'i- u.t 
p e r a t u r e r e q u t e m e i t a;. Iriw a.i p v - i r . i e , 
on the un ique advj.i t a^-'s r r : j t t . i ' - . *i f 1. 
driver!", to thpnri0^h ' , ff iwi . Y/diQfl'-" m i , 

In b i s p-vrti ' ir. "I ''!<• :,t idy, 'M 'K W<-t 
t(u ^ p r o x i m a t e l y *0D K rji .i .frori :• [,•<.-', 
l l ^ t i l d m e t a l "-'irh f. 1 .1 l b . im-r' Tui»...ir* . 
a l a r g e number ol imal l itityl'ili-:! -'•• ' " n 
l i n d r i c a " ; p i isitia, md ' i e i t p ipe . ; , -'• i •• 
heat from t h e l i j i . - l in.-M! ( l j * >r,' v.i ; 

The r,i"]her quo 1 *' ^^1 p n^--'lf : • - r r " 
a t - i r ? SOi >lfr*rimpn. ;> ; 1 \ii>)C".v: ' •-, > 1: 
: s Huppliod r.'it fmr . r rw- r.;.n*..*» • • • • •1 .1 . 
b ' l t , as iP.lt i d U ; p i . ' p - r . e ] :•. H. M - : r - : 
c o n v e r s i o n «'f! i<-..-»vy >•;" ' I I - : I " - " I V I . I J ; 
v j u a n t i t l " ' l i "•• '."' TMh l :•- ." !,•-.' : 
c a l i y he-it t;t«- : : j j (Je.-.vnpii^i-! . it . 1: 
I J) we d>VP\>ped t 'i» i'-.n.'rpt a , ;. : )-. f 
bed SOj dec impose r , l i , the tiej- : w:., 
ent i re ly fi'jm f he rMank»t; i:u'-,, . • ' in] 
temppratiire up *.•• .JdO K. Tt .'• ;- -
J o u l e h e d . C ' i ' • ! ' ' t r h ' j - • • ! Tie-. ' 1 . iw 

the i i iankPl tempei i t . i f * .il »;' ' c:. 

The s u i t J T - 1 ^ , ' H - - , ^ [ . - :-•;:!•; i - - v . t . 
Generoi Atorni*: 'Jompin/ -1 ,'. i p 1 T'..••• 
":'•" i« :)pe( a! ir.'j ; -. *r. \'. . . . .^.i. i- . i -• i , 

T!-(i PR:je*itiiil ; ' e ^ •: ",• -\\ , : : . : . 

j l . n ' r n 
e n g l r C ' 1 

. jr jl !• 
-, i ; dp ' 

2H n ' ^» 

2 HI • d„ 

*ri.:i 

" : S 0 4 ' K J n/> 
em y.JVe . ie.-n 7u i l l . - 1 .-> t h p 

• ! ' • ha. ; - • •en •• iemi^nsv^: : i t P 1 m 

- ; c a ) - > 1' •nw>n: ; t r-.it > i . H o n ' 1 

< " ' i m p l e * . n n ; T l i - r - t - >r<\ >' 1 

". . "W p t ' j d i L - t ! ; ! rncr ' ! he r r j l c -
1 p n t c p s r - J f f j . ; s o c i 3 t * - d w i t h 

m o f t h e reaction pi • ;sduc t -. 

•ThJfl work wai petforied under the auspices of the 
U.fi, Oepart»nt o« Biwtqy V̂ U^cence Llvtiaoc* 
«»ati»al Laboratory under contract Ho. w-7405-Eng-4a. 

All reacti'iiv in ' hi- ,^ f > 
" i b o r a t o r y d.id t t^ 'a^ f ITV • 
a c l o s e d loop (-yr>*' "SRiI-
of these rpactinn.; •]'*•", f'. 
necessary to separat" r e j ; 
tants . Major part^ ol rhp 
separation and punl icat i ->i 
A key to the sjccessf^l operatiori J1 thf- process 1? the 
liquid-Liquid phase separation o£ the ri*jction ^roduct.i 
nf reacti'-i UJ. The5e solutions are separated into a 
lower density phase, containing Ĥ SÔ  and H^O, ar.u a 
higher density phase containing HI, l 2 , and H^Q. This 
important advancement wai developed at General Atomic. 

figure 1 ia J schematic flow diaqrao of the sulfur-
lodine cycle showing product mass flow? and the recycle 
streams. The features shown in the conceptual hlock 
d i a g r u in Fig. 1, ire adequate for th i s paper. 

In general, flowsheets of Section I involve MjSÔ  
and HI Production and Separation; Section I I , HjUÔ  

«v '. 1 ;• •(••: , 3 U t l ! , Ilk, '<" 
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f»r^ in'jt io :$*• \f>) . '!•€• NJC>ai the TW t " :ri» 
•*frii^r.v " . i cn f : a ] At'%"ii * i nr f L <~s ;' * v 

i , v* ; .- - i! ••'*. i V n : i " ^t i o s i ^ n *«:. v [ • . 
• : * - t i r ( , . ' f : • • (• ' f l t r m p r v j * to -jnt SCh .in.! 
', SOT ""Jul ' L t l> | , J B 1 ' •' ' n r .Joulr-hpa*'"' ••: 
a v a ' U M ' - f 'Ol and u*. shown .nte i nal I'M" < 

i jrtph**rv ' i *M r ' , ' j r i'xt t t i . i d l - '•.LimjiP^ L-uj /* 

in i -.r-Kiy :-:-
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Pig. 2. New concept 'o r coupl ing the G.A. cyc le to 
the THR, 

a- i-' 1 • ^ • ' ^ ^ f -^ ' b"> *-"• , t l f ' 
['• J. 4 m". •. u Lt.i - '; - \ i , 

aUmiriJ i l i'w -.jn jv! i j . r t • •• -r . ' M ' . - . i - •. : i 
area, thJ t no f u f t r i f ! i'l'M . ...• , " V i i or m*-t >xi 1-
ca ta l ys l ftomi !»• • • . f i . . i i i .i ' . " i t i n . ] -• • •.* wi 
saqiostod ny Gs.-n M K I I H I ! - I . In 'Mr ,)••,;! j n , i' 
w*- r h A l I s ^ ' l i t - - : , w- is - iTti" t \ i' r • I? I '"-.it ..>• i .' 
* i . l !•>• • ' I ^ j i i y •-! I '--•• .:•*- J -'"• j , , r . i . j . . 'K 'W. . " 
F i ; . 1 . and -\i-<Hi n.-l >- .'3t«i'./• »•. 

TfVre io J ! . - • th-; pi >i.\<'m A -..-• l.a n i f j i " t i . x i • 
SO; and ) i tn SOj at . J i . : K, i '. 
Rovn^r l i t ) , i". F i j , "J. A- t rn iMn 
•.alien f fir ,i 200C h Si), k.'.tunp'ia. i i »- ;«»j..'ti "" w 
bel ieve U2| I hat h i ; i . - ' . i i l ts car : ^ u.-,.-.l r^ i - i i t inai--
c j r 1250 K ^ 0 . dt':om^*^i t i'tn '.'0.;<\ is .«iwr, :>y *1.P 
dashed eui ?*•• in F q . >. Wi> cxpf?i;t the i ' jnv«-'ainn to 
decrease to diound 77* nmrm tt d t^cn n j c L i o n I P S U U -
ing f ree a guenchinq i .uo af at > a ;t 100 K..,pc tn the 
cool ing h ta t exchdn^er io l l « jw i ! , j t i n 1 cl^cunposer. We 
w i l l J l f* :uss t h i s quenchinq t q t . la ter m t h i r paper. 

H2-V4 f r a c e d S s.tej) Cqnt_i^itat^qri 
We have eondqured the ^2^^4 process step in 

SL T n way as to keep rhe blanket At 1round 900 K and 
supply a l l of the thermal energy derodnd above 900 K 
f ron the e l e c t r i c a l h e i t i n g . As shown in F ig . 6 the 
B u l t i - f l l f e c t dvapor.-'tot t i a i n is op^tated between 500 
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Fig. f). Configuring the Sulfur 
Joule-Boosts SO] Decomposer. 

' Arid Section fir t*. 

Fiq. 4- Su.{ jr ;-
sobst lat •• Air )?. 
Company -

..) ric-nirposition on gljmina 
-i 4 *!. > iCou, !-f:sy funeral A^orair 

and 680 K t\v H>S0q ir. boilr-rt r ^80 K, * rr .lo-m-
poser prelieater IS op*>r.U**d I run SHO t>- ISfl K jnri r 1. 
SOj decomposer at 12S0 K, 

For Lms process conl l-jurat i y tr»- thrrmod1, ri.iT., -
ieii t;< i'.T'r'dtt 

F n 7 (1 ii . 
'00 *»» U w " r> 

u.. ,. ^ , ; - d i i .^ 
tftf .iiTj iliir'»mpi)f i t : . 
ttft'- j> 1 -*•--- r i ri* j t 
fie nin^tii. 'Lit) w. 

i TO .it I \ ,li .•' 

for the 1*2^4 ^ 1 ^ 2 f ' s y s l f ' m •<"1 k *" 
enthalpy-tempp:ature curve a? >lviwri 
Note that in th" tr-mpetat •:;*» lany- • 
SOi decomposi t. i on s assumed t. 
whereas at 10SQ K, d£ I nc pmrr 
the prehejter to *Jie d«"*.>nip',:<*jr 
in the decomposer ib presumed t 
is heated : rom 1UV) t ) . 'W K. Th 
Plq, 4 help support thi.j r.uppiv.jTi 
IO'J 'T = O.tS i . 10 J0 K), .inly ihn.it U -i \n» SM, . 
converted rn a o t . 

Our challenge now is to proven l e u it thr re­
quired temper'.'.ire to the evdpurjt >r*i, b<>;>r~ and 1*" 
composer preheater, and decomposer as sin . - in Fig. h. 
using thermal and e lec t r ica l energy from tn- ' i i f c t 
c n nvert°r and fi'm the blanker and f i rs t wall. The 
fraction energy oitput available for pr.yw,^ cntffli-it:/ 
^s well as the dis t i irsui ion Nt-t-icn the-na! ^nrj * > ? -
t n c a l eneLgy from the direct converter :s r.f-.owr ir. 
Table 1 | 2 ) . We desirf *.he lowest vaue if the TMR j 
(ratio ot fusion power »ui t* injected power in, r - r. 
that we can mate* the ene: iy demands .if tn*» complex 
thermocheinical eye If withn.it raising me nlantet r^T-
perature above 900 K. Thir- va I n- nf v r,f 1", give, i 
total £u5ion power nut pot !.'ve; .if 1(0U0 HWt trim the 
THR. After y . e c t r i d t y i-, used lor neutral r̂ eam i m -
torS and ion cyclotron re;>onjnce heatmi , 26ri8 MWt is 
available f.jt the I'hemic.il proc^Sn. 

Table 2 iiimmar izes the '-neray sjppl/ and demand. 
For this case, the overall rvrU- efficiency ( >r pro­
ducing H2 is calculdt^d a;* 48.Hi. Pa/ametr 1 • ^tadi<*s 
stioi* Significant improvement" in ^cle ef f ici^ncifr 
with higher TMK Q a ^ hijhor input temperatu' '^ to ft,p 
decomposer, 

•s 

IH 100 l9o 100 )so in *So 
ENTHALPY, Kj /gr fOl H-. 

Plq. 5. Back gonverc.TO of SO2 to SO] during c U 
down. Fig. n . Enthalpy heatiny curve lor H2SO4/H2.O syatea. 
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Table 1. Direct Converter Energy Output Available for 
Process Chenistry (Injector and Direct Converter 
n * 0.60) Percentage of MWp u s. 

THR 

C 
Blanket 
Thermal 

5 
10 
15 
20 
25 
30 
35 
40 
50 

95.09 
6a. 36 
86. Jj 
85.32 
94.74 
84.35 
84.08 
83.87 
83.59 

D.C. D.C. Elect. 
Thermal To Synfuel 

16.00 -11.09 
11.21 0.43 
9.75 3.93 
9.04 5.63 
8,6) 6.63 
8.35 7.30 
8.16 7.76 
8.01 ».U 
7,81 8.60 

A longer term fjs'.on goal is to tiltimately operate 
on DD, in which case the par t ic le flux -nto the direct 
converter .ncreases '.(ma 20* to about '<Q\i thus in­
creasing substantial ly the dc e lec t r i ca l power avail-
ahle to the process from 4% to around 30*. This, would 
be sufficient to s-ipply al l of the e lec t r ica l needs of 
the Joul-*'.ion tiled rv: jmposer instead of converting 
thermal energy to if (JOW-I with o loss in cycle 
•* I f i. i enc,. 

Joule-Baost^d _$Qy Dejumposer 
L^3t yea^ * dev».oped conceptual designs for the 

SCj decompose involving a cata lyt ic packed bed reac­
tor (14-15), a f l j id;zed ca ta ly t ic bed reactor 111, and 
rht* ca ta ly t ic partridge heat pipe design ( 1 | . AU of 
these design concepts made us*_ of the higher tempera­
ture 1200 K l,i-na cauldron blanket design and made no 
special JS*> oi L,hf> unique properties of the d u e t t 
converter. 

The J O J > - : , j n s ' o a decomposer is therefore unique, 
in that at jses e le r -mcal enetT/ to heat Sic heating 
cements (sjggested by Kri».orijn (3) to be commercially 
available and widel) ospd today and believed by him to 
w compatLb.c witn the decomposing sQj vapors). Such 
a decomposer design is depicted jfl F*g. 8. Large SiC 
heating elements, rj, '« cm in diamet-H and 3.04 m long 
arp arranged v » r u - a . . y with *,h* process gases fed in 
-rrjssM %, '*'• i j . i i . . ) [ t-~> cximmercial zrossflov shell 
arid 'jrw n»Mt <.tic:.an.jtM s. The ends of these heating 
elements ar* passed via insulators through the headei 
sheets and are fooled >>y a coolant gas down to 600 K. 
Thtfa* ends mujt be ci>i>d in -..rder to provide for the 
conmpr-ul, pre&ent-d,.' j.uminair impregnated e lect r ica l 
feed connection. Tht neat lost; oat the ends of the 
elements is negl igihiy s ta l l at aro.nd 11. 

In dev-ljp.nq rtiis design concept, we have sized 
the- vessel arid compnnents. The Sir rvating elements 
are pr^posci K. tw- formed with small corrugations m 
the sjrface a:; shown in Fig. 9, to benefit the gas-
solid heat transfer coefficient 3r> we will discuss 

C O O ' i N t - » , . _ 
"1 

- r 

" * r OO,. A rc 

Fig. Jou! •"-IJoontcd aOi Dec^jnpo^pr, 

la ter . Thesr elements at" .:onfigur^ri ir. a Ivxjgondi 
array with a 6.L cm spacing norm.il *o the flow JTJ ",. 
cm spacing in fhe firm- dirf-. t u n JC shown in Fi , . 9 

These elements cm no uji'Tjt'.d dp t« 130 «W rri-
•;80 W/ln2) at 12W K. H .^ .p r , r , lcm-we trw '.'-tv;. ; 
l i t e , beyond f >•-• ri-vi '•) ;,ratP-\ !;ma'<'i ..v, <il:i;, 
havo selectuJ J . *••':'; '••> «.*i, m' ';'. /, r . ' i . r*? :.ow 
to achieve a ifl y ^ t « iff 
arourd 17,000 •* laments wi 
ar«a of 14,liu rr2 i(M4 a 

transfer; cot f l a t m n s Mr 
114 ,l5l , Mr find t licit **• 
gas to elemfnt 'mrfjcv '.1 
used. For thi . juri! i-j irnf 1 11 
the process gases flnwing cr, 
elements, ca'.cjlaied it ri.o r, 

ftt rlii " ! 1 ix, uh net'tl 
, a tot J ! nxt'•nrieti Tjr fact-
pc: -•'li-'Bifnt). i-'iji.iq heat 
T^gqiTfl tufj»-i; in -ro^s l U ^ 
'i Ji iv- t i n - lec'imjKir.pi jt .1 
7?0r\. Eignt vessi-ls « ' • 

i<- keynolds njmhi.'r fm 
t low to the Sir neatin] 
tTijm fUiu cross sectmr. 

is Re = IDOrJOn, the Nnsselt numbf-r 15 Na = ^Ifl, and 
heat tiansfet cc^tf ici^nt is ti = \10 cal/m-.s-K 
(93 Btu/h-ft z*Cl. At thr; rJ tr ••! flow thmugh 

Energy Supply and Demand Basis 1,000 HHt THB. 

Unit Tenp Process Process TMR Supply THR Supply 
!K| Denand Supplied Direct Conv ter Blanker. 

SO3 DeconpoBer 'J50-1250 571 HWt 0 94 .5 mt 168 MW,, 
Decmp, Preheati- 680-950 720 0 0 0 
H2S04 Boiler 660 536 242 0 260 
HpSOj Evap. 180-680 773 664 0 L09 
Deco^, Recuperator 1250-800 0 720 0 0 
Decoap. CooUr 800-41B 0 1241 0 0 
Heaaining Uniu 418-680 702 0 0 702 
Puaping Power - 517 0 0 0 

H2 Product Chesicil Energy Produced as Higher 
leat ing Value • 265.2 KJ/ciol 8 2 . 
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Fiy. 9. Silicon carbide heating elements for the 
SÔ  Decomposer. 

thesfi eight vessels ( i . e . , 217 n r / s ) , the pressure drop 
hn-out) would be 10.l *Pa (u.l atm) and the pumping 
power is calculated at 23 MWe to ta l or 60 MWt for 
Manket hi-a*. converted to e l ec t r i c i t y at 38% to run the 
blower. 

We have selected th i s cross flow geometry for the 
decomposer heating elements because of significant heat 
transfer advantages. Cr^ss flow around the 5.5 cm 
diameter elements is more effective ( i . e . , higher 
Heynolds and Nuaselt number at a l*wer process veloc­
ity) owing to reformation and growth of the boundary 
layer and the separation and wake format ion aft cf the 
cylinder. These wakes provide turbulence which enhance 
the heat transfer- This heat transfer observation is 
based on on extorsive experimental study 113) of stag­
gered tubes in cross flow and we believe i t is re l iab le . 

One approach to estimating the S0 2/02 quencn rate 
i& to take the residence tirae of the process gas in the 
cooler. We ass Mine the gas leaves the decomposer at 
1170 K ( i . e . 79 K below the 1250 K SiC element temper­
ature) and no back reaction had tine to occur as the 
SC>2 &nd O2 i s transported away from the Sic surface, 
through the thermal boundary layer into the gas. The 
recuperator heat exchanger immediately following the 
decomposer, we have designed as follows: six 
croisf lc* U-tube heat exchangers 2.6 n in d iwe te r , 
5 in in height. Operating at an LHTD • 139 K, with *n 
overall heat transfer coefficient of h • 614 W/m -̂K 
{102 Btu/h-f t^F) and a tube surface are* of 4500 m2. 
There are about 480 U-tubes per unit whicn together 
handle the required 386 Hd t, Pot th is design the 
quench t s t e would be U0C K/» at a cegidence tin.-? of 

0.36 s. According to ftovner's Fig. 5, t h i s rapid 
quench rate would not cause a significant back 
reaction. 

The eight SO3 decomposer vessels lined inside 
with insulation can be fabricated out of Incoloy 800H 
to withstand the 0.7 MPa (7 atm) process pressure at a 
wall temperature of 1050 H and the corrosive H 2 S0 4 / 
SO3/H2O gases. Using the c r i t e r i a of Mori (161, 
adequate creep rupture strength (<1% creep in 20 years) 
at 12 MPa (1760 psi) can be provided using a 5 on wall. 

The cost af the SiC heating elements would be 
around $17 million. The cost of these vessels can be 
estimated, using the Peters and Timmerhaus method (l?) 
and based on a bare reactor vessel weight of 15 Mg 
(33,000 lb ) . The cost was estimated at $100,000 each, 
fabricated out oE Incoloy 800 [similar to 304 SS). 
Ins ta l la t ion of floating headers and the SiC heating 
elements are expected to double the hare vessel COST: to 
51.7 million, bringing the total to §18.7 mil l ion. 
Using the "Lang method" (IB) we a n i v e at a fixed capi­
ta l investment of S80 million including ins ta l l a t ion , 
instrumentation, piping, e l e c t r i c a l , services, e t c . ; 
and engineering, ™ontingencies, fees, etc- This is 
equivalent to around 21C/GJ of delivered energy. 

Comparisons to our other SO3 decomposer designs 
on the same economic basis are shown in Table 3. He 
have used the "Lang Method" (17) where the fixed 
capital investment is around 4.28 times the purchase 
price of the equipment. 

Impact on Cycle Efficiency 
Although we have not finished the complete heat 

integration of the Ĥ SOji section L>T the cycle witn 
the other sections of the cycle, we can put together a 
rough power systems flow diagram as in Fig. 10. The 
major heat demand process uni*s am faund in trw H ŜO^ 
section, and the heat demands and e lec t r i ca l loads are 
consistent with our most current design concepts. The 
loads for the other sections are ta*en as ident ical "IO 
those presented on the i979 G.A. cycle Flowsheet i-l), 
with the exception of the H:/1^ nisei! lat ion which i ~. 
based on their very recent G.A. adv ices in procer.i 
chemistry, Thern will be further ..nifts in the he-jr 

Table 3. Cost Comparison with Our other 50^ 
Decomposer Concepts. a 

Investments Contribution 
Fabricated of Pixed to Energy 

Cost Capital Cost 
Concept MS MS e/GJ 

Packed Bed 150 642 225 
Fluidized Bed 

Sodium 32.8 140 49 
Helium 52.1 224 78 

Ca ta ly t i : Cartr i lgs 
Hxial-.'low 46 197 69 
Cross-Flow 2e 111 39 

Joule-Boosted IB.7 80 28 

a 8 a s i s : 8^1 stream factor, 12% interest ( I ) , zero 
equity, 20 year p u n t l i f e |L). 3000 HWt TKR, H2 

production at 4927 gmol Hj/s or 110 SHVs or 
397,000 ShO/h, energy production rate • 1.404 GJ/s 
at 471 cycle efficiency. 

,L 
Annualized cost , A • 111*1) 

( l * i ) 1 -1 
* Fined Capital Inveptnent 

Coi.-lbution to energy cost ' 

Accuracy ot Costs: tW» 

Energy Produced Over Life 
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Fig. LD. Power systems configuration. 

loads at several locations in the process, out they 
atti exp<jct**d to « minor. We have also assumed that 
around 320 K "n-vqy is rejected as lev grade heat from 
the r / c l e . Thee-1 arc- around *.5% PITOH- in closing 
th is firot cut h*at balance. 

Por the base case we have assumed a TMR Q of 15 and 
a decomposer input temperature of 950 K. We can make 
a rough prediction of the cycle efficiency Erom these 
heat and e lec t r i ca l power flows in Fig. 10. The to ta l 
energy supplied to the process by the TMR is taken as 
the sum of the d i rec t converter dc and the thermal out­
put from the f u s t wall, d i rect converter and blanket 
heat exchangers and is found to be 2668 m . The H2 
production higher heating value is 265.2 kJ/gmol K2 
or 1305 W t at 4580 gmol H2/B thus, the cycle e f f i ­
ciency 16 calculated at around 48.91. This i s the 
highest cycle efficiency obtained foe th is base case 
after a large number of efforts to configure the power 
&yflte»s with the alniOKia number of heat exchangers. I t 
i s apparent f n n th is diagram that an effort Jas Bade 
to catch up the temperature levels wherever possible 
and cascade the heat down to the lowest teaperature 
levels in the process. Undoubtedly with further 
insight* n a i l Laproveaents can be nade on th is base 
case* 

Me have also done s o u parametric sens i t iv i ty case 
studies to oxaaine opportunities for further reductions 
In cost. Some of the moat significant cases ace sua-
• i r ized in Pig. 11. Clearly the nost important paran-
et«r is the TMR Q. since an increase from Q - 15 to 

0 = 25 increases cycle efficiency about H. Ir easing 
the decomposer feed fro... 950 K to U50 K increases the 
cycle efficiency about 21 We selected the lover tem­
perature of 950 K as a "base case" si.ice we feel the 
recuperating heat economizers on the decomposer can 
conservatively he made froi Incoloy 900H, which may 
tolerate an 1100 K wall with corrosive process gases 
at 7 atm. Some innovativt design techniques may allow 
us to raise the temperature. 

Fig. 11, Effect of TMR Q on cyrle efficiency. 
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Also shown in Pig* 11 is the effect of removing the 
freon bottoming cycle and varying the blanket tempera­
ture. We have not as yet coated Out the bottoming 
cycle, but suspect that the minimum cost plant may be 
achieved by operating the blanket helium at LOGO K and 
eliminating the bottoming cycle. 

Also explored were cases for the regeneration of 
Hj and e l ec t r i c i t y for the grid. Cogeneration 
capital izing on the unique features of the THR di rec t 
converter appears really s iqnUicant , 

CONCLUSIONS 

1. T*" Joule-heated SO3 decomposer can be operated 
at L250 K from available ac power from the l i rec t 
converter and the blanket. 

2. Silicon carbide beating elements are economically 
a t t rac t ive and are believed to have compatible 
material properties for the HJSO^/HJO system. 
They need noi- be ca ta ly t ica l ly active. 

3. The Joule-boosted decomposer i s a more conpact and 
less expensive unit than any of the earl ier con­
cepts of packed bed, Eluidized bed, or ca ta ly t ic 
cartridge decomposer reactors. 

4. The Joule-boosted decomposer offers the '«est possi-
ble safety isolation of the SOjA^/lljO frocess 
gases ["ran the l iqj id metal-containing t;lanket. 

ej. We have been able to develop a power-flow system 
layout that provides for 'J t iHzation of various 
heat supplies and demands in order to obtain a 
cycle efficiency r»f jr^und 49% with a low INK Q 
= L5, 900 K helium from the blanket, d decomposer 
feed s t rear at 950 K, and a freon bottoming cycle. 

6 Increasing Q to 25 raises cycle efficiency to 
around 5U. 

ACKNOWLEDGEMENTS 

Much of t h i s work would not be p o s s i b l e w i t h o u t my 
c o l l e a g u e s Dick Werner and Oscar K r i k o r i a n , Lawrence 
Livermore N a t i o n a l L a b o r a t o r y ; P r o f e s s o r Hike Hoffman, 
U n i v e r s i t y of C a l i f o r n i a a t D a v i s ; Don Rowe of Rowe 
A s s o c i a t e s ; and P r o f e s s o r s Fred Ribe and Gene Woodruff 
of University of Washington. 

We gratelul ly r.cknowledgp the wonderfully coopera­
tive efforts of Gottfried Besenbruch, John Normani Ken 
McCorkle, Ken Scnuitz, Paul Trester and Lloyd Brown of 
General Atomic Company. 

REFERENCES 

1. T. R. Galloway and R. W. Werner, "Some Chemical 
Engineering Challenges On Driving Thermochemical 
Hydrogen Processes with the Tandem Mirror 
Reactor," 73ed Meeting of the ftroencan Ins t i tu t e 
of Chemical Engineers,.Chicago, I l l i n o i s , 
November 10-20, 1980, and Lawence Livermore 
National Laboratory, Tech. Rept. UCRI.-B4632, 
November 10, 1900. 

1. R. W. Wern?r, Editor, "Synfuels from Fusion-
Producing Hydrogen with the Tandem Mirror Reactor 
— and Therftochemical Cycles," Lawrence Livermore 

National Laboratory, Rept. UClD-18909, Vols. I 
and I I , Jan, 21, 1981; plus private communications 
with Dick Wetner and Oscar Krikorian, February 
19B1, Lawrence Livermore National Laboratory, 

i . T. R. GaUoway* "Some Process Aspects of Hydrogen 
Production Using the Tandem Mirror Reactor." 4t.h 
American Nuclear Society Topical Meeting, King of 
Prussia, PA, October 14-17, 19B0, and Lawrence 
Livermore National Laboratory, Rept. UCRL-84285, 
October 8, 1980. 

4. K. McCorkle, et a l . , "Development of a Sulfur-
Iodine Thermochemical Water-Splitting Cycle for 
Hydrogen Reduction," 14th_Intej:society Energy 
Conversion Engineering Conference, Proceedings, 
pp. 737-742, American Chemical Society, August 
1979. 

5. T. R. Ga»;oway, "Interfacing the Tandem Mirror 
Reactor to the Sulfur-Iodine Process for Hydrogen 
Production," 15th Intersociety Ene_n)y__Conversion 
Engineering Conference, August 8-2 2 f L98Q_L 
Sea t t le , Washington, and Lawrence Livermoro 
National Laboratory, Rept- UCRL-84212, Juno 2, 
L980. 

6. J . F. P i e r r e and R. L. Ammon, Weut inghouse C o . , 
P i t t s b u r g h , PA, p r i v a t e communica t ion , December, 
1979. 

7. H„ Feddeis, K. Haraneke, and E. Savvidis, Ins t i tu te 
for Reactor Studies, Jul ich, Germany, private 
communication, December, 1579. 

8. D. R. O 'Keefe , J . H. Norman, and D. G. W i l l i a m s o n , 
" C a t a l y s i s Resea rch in Thermo-Chemicat Wate r -
S p l i t t i n g P r o c e s s e s , " Rept- GA-A15722, G e n e r a l 
Atomic Company, J a n u a r y , 1980. 

9. J. H. Norman, K. J. Mysels, R. Srr.rp, and D. 
Williamson, "Studies of the Sulfur-Iodine Thermo-
Chemical Water-Splitting Cycle," Rept. GA-A15757, 
General Atomic Company, February, 1980. 

10* K, R. Schultz, "Lee Rovner's Back-Reaction Calcu­
la t ions ," General Atomic Company (private commun­
ication, FD&T/80-37, May 8, 1980). 

11. D. Van Velien, H. Langenkamp, G. Schuetz. D, 
Lalonde, J. Flamm, and P. Fiebelmann, "Development 
and Design of a Continuous Laboratory-Scale Plant 
for Hydrogen Production by the Mark-13 cycle," 
Int-J-Hydrogen Energy \, po. 131-139 (1980). 

12. L. Brown, Genera l Atomic C o . , p r i v a t e communica­
t i o n , December 22, 1980. 

13- O. K. K r i k o r i a n , Lawrence L ive rmoie N a t i o n a l 
L a b o r a t o r y , p r i v a t e communica t ion , December 24 , 
19B0. 

14. E. R. G» E c k e r t and fl. H, Drake , ' H e a t and Mass 
T r a n s f e r , " McGraw-Hil l , New York, 1959. 

1 5 . E, R. G, E c k e r t and R- M. Drake , " A n a l y s i s 31 
Heat and Mass T r a n s f e r , " McGraw-Hill Book C o . , 
1972. 

16. Y. Mori, "Performance of Heat Exchangers on HTGR 
Application," ASHE prep . in t . B0-HT-39, Nat ' l Heat 
Transfer Conference, OUando, Florida, July 27-30, 
1980. 

1 7 . M. S. P e t e r s , K. D. Timmerhaus, " P l a n t Design and 
Economics fo r Chemical E n g i n e e r s , " McGraw-Hil l , 
Book C o . , 1980. 

7 


