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Confiquring the Thermochemical Hydzngen Sulfuric Acid
Process Step for the Tandem Mirror Reactor

Terry R. Galloway
Lawrence Livermore National Laboratoty
lavermore, California 94550

ABSTRACT

In  joint pwqram' between University of
Washit:jton, the General Atomic Company and ourselves,
we are developing a criteptual "point design® for a
Tande® Miztor Reactor-driven therMochemical hydeogen
plant.

This paper 1dertifies the salfuric amid step as
the critical part of the thermochemical cycle in dic~
tatiny *he thoermai desands and temperature teqiirements
of the hea' sirurre,  We 2nugle the General Acowun
Syifar-indine Cycis to a Tandem Mirror Reactor.

we [ncus specaf:cally an the sulfuric acid decom-
pnsition process Jtep Since this step can use the high
efficienty electrycal power of the direct converter
togetner with other thetmal-produced electfiCity to
Joule-heat a non-catalytic 50; Jecomposer to appiox-
imately 1250 K. Thie approach uges concepts originaily
suggested by Dick Werner and Oscar Keikorian.,  The
bianket temperatiie can he .owered to abost 900 K,
greatly ai'eviating materials probiems, “he levelr of
technolog: raguired, safety pi.~lems, and costs.

We have ssed a3 moderate degrze of heat integration
tn keep the cycie effiriency arnund 463, nut linited
the numper »f neat =xchangers in order o keep hydrogen
production costs witrin reasonable bounds,

INTRODUCT [ON

A projection of the enerqy tupply and demand
piletyce beyond the ‘arn of the «antury shows (1) a
s stantial r~je for [Ssion Unthoap the jeneration and
1 the product, oh of synthatic fuels--starting with
hydrogen.

dydr gen, a.ceady 3 valgabis raw material far nur
iarge U.2. petr  eum and petrochemicar indust:irs, by
early 2000 15 nxpected tu herome an 1mpurtant
renewable-based transportabie fuel by itseif ar in some
hydrocartian form, Ruch as methanol, Hydrogen can be
produced through deconnositinn of water by means of
thermochemical cycles, which reduce the high temper-
ature 1000 K requi.ements ~f the straight thermal
decomposition process to thermal levels that can he
generated 1n nuclear fission or fusi.n reactars, o1 in
high- intensity, focused solar collectors.

We have hoan studying the interfacing ol our Tanderm
Mircor Fusaon Reactnr [TMR) to several cherfiochemical
cycles under a DUE contract at LLL entitled: “Synfuels
from Fustn” (2t. In this program we take advantage of
the favorable engineering features of the THR confiyu
tation. The TMR consists of a cyl.ndrical solencidal,
energy-producing section between end cells that provide
tie containmepr*; the solenoid cuntaips modular blanket
sections with simple piping and electrical connections.
The blanket produces heat. The direct converter pro-
duccs both electricit; and heat as the result of ion
leakage out of the plasta into the end cella. The

*this work wam performed under the auapicee of the
0.7, department of Pnergy by Lawrence Livermore
Ngtiona) Laboratory under contract No, W-J1405-Eng-48.

required tr-zium to fuel the DT reattor 45 i joner-
ated in the blanket modules. Matrrials und emqirenring
structaral problems are ~imimized by the (avoral b
geometry, the steady ~“tate maganti: fiell ard tue *or
perature,
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All reactian in thio  stem tave aeen seril et oo the
“iporatory dand tetal eeey c1e has feen demonstratal in
a closed Yoop ¢ycie, SRal.-snale emonstrat . None
of these reactions 4oes fo ~mplet ol theretore, o 1°
necessary tO separate re2:1.on prodicts from the raac-
tants, Majar parts of the pracest are aisxciated with
separation and purilicat.on »f she reaction product .,
A kuy to the saccessiul aperation f the proness 1S the
liquid-l1quid phase geparation of the reaction products
of reactis. (1). These solutions are separatad 1ntn a
lower density phase, containing Hy504 and H30, and a
higher density phase cantaining HI, I3, and HIO. This
important advancement was developed at General Atomic.

Pigure L ia 1 schematic flow diagram of the sulfuc-
10d1ne cycle snowing product mass flow: and the recycle
stroams, The features shown jn the conceptual hlock
diagram in Pig. 1, we adeguate for this paper.

in gennral, flewsheets of Section I involve lleO‘
and HI Production and Separation; Section 11, Hyb0,
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caken for a X0 Rk 59, Roompos. .t e edctsr we
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car 1250 K 50y deoomposition case, gy ahown oy the
dashed cutw 1n Fig. 3. We expect the Sonverilon o
decrease to around 77% nwing T g back riaciton result-
ing frar a quenching rate of at .east 30 K..ec in the
cooling heat exchanger follawing the decomposer. We
will u.77uss this guenching rate later in thir paper.
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Hp804 Pracess Step Contigueation

We have configured the 4,50, process step in
8L 7 a4 way as to keep the hlanket at arnund 900 K and
supp'y all of the thermal energy demand above 900 K
fram the electricai hesting. As showm in Fig. 6 the
pulti-effect evaparstor train is operated between 500
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Fig. 6. Configquring the Sulfuric Arid Section for ths-
Joule-Bonsted 60}y Decamposer.,

and 600 K the HySUg 15 hoiled 40 680 K, *ne decom-
poser preheater 15 aparated trom R0 te ISN K and rb,
S0y decomposer at 1250 K.

For tnis pracess contiqurati f the thermod, num, °
for the Hy30y S0y Ha® system =an ‘e used to
enthalpy-tempe:ature curve az hewn 1n Fia
Note that in the temperatiie ranje ot 700 to 1300 ¥ m
503 decomposition s atsumed t. nave taken powe,
whereas at 1030 K, as (ne pro

as o paased 1w

the preheater to the de~ompr.:

4, thet S0 decompor 1t

in the decomposer ib prasumed ¢ -

takr pla

17 othe g

15 heated from 1USJd to 'S K.

The

wineti dats

it

?v’;. 4 Delp Support ThLs Suppnsition 3iace ab 4 s 3. o
10°/T = .95 (. 1050 Ky, only aboat 3e o tne Sy
converted to §0,.

Our challenge row 15 to provide neat at the re-
quired temper:'Jre to the evaporat:rs, hoylers and de-
composer preheater, and decomposer as sho.~ ain Fig. 5,
using therma! and electrical pnrrgy from the direct
converter and from the blanket and [1rst wals. The
fraction enmeryy oitput availabie for process cnemistsy
49 well as the Jdistrioution betwesn thesmal and #lec-
trical energy from the direct convecter :3 showd in
Table L (2). We desire the lowest vacue f the TMR 4
(ratio ol fusion PoWer Hul 5 I1njected power tn, © .ol
that we can mat<h the ener iy demands of tne compiete
thermochemical cycle withoat raising tre blanket reT-
perature above 900 K. This vaiw of y ot 15 quve.
total fusion power output level of 1,000 MW, from the
THR. After v.ectric.iy 15 used 1or neutral heam iny-
tors and 1or cyciotron resunance heating, 2668 i, Ls
avatlavle for the chemical pracess.

Table 2 summarizes the e¢nerjy suppl; and demand.
For this case, the averall cyele efficiency o pro-
ducang Hy 1s calculated au 48.93. Parametri” ntudies
show significant improvelMents in  ycle efficiencier
with higher TMR G axd hijher iaput temperatu’es to 't
decomposer,
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Table 1. Direct Converter Energy Output Available for
Process Chemistry (Injector and Direct Converter
n = 0.60) Percentage of Mwp,e.

THR Blanket D.C. D.C. Elect.
Q Thermal Thermal To Synfuel
5 9%.05 16.00 ~i1.09

10 83.36 it. 21 0.43
15 B6. 31 9,75 1,93

20 85,32 9.04 5.63
25 84,74 8,61 6.63
30 84,15 8.1% T30
35 84.08 8.1% 7.7

40 83.87 8.01 3.11

50 43.59 7.81 8.60

A longer term fus:on goai 15 to uitimately operate
on DD, 1n which case the particie flux .nto the direct
converter increases eom 208 to about 0%, thus in-
creasing substantially the dr electrical pows: avail-
ahle to the process from 4% to around 308. This wouid
be sufficient to supply all of the rlactrical needs of
the Jouls-joon'ed necomposer instead of converting
thermal energy ta ac pows with a loss in cycle
wif1ency.

Joule-Bosted 5§33 De.umposer

Last yea. & deve.oped conceptasi designs for the
5Cy decomposer invoiving a catalytic packed bed reac-
tor (14-15), a fiund:zed catalytic bed reactor (1), and
the catalytic vartridge reat pipe design (1), All of
these design concepts made use of the higher tempera-
tyre 1200 ¥ Li-Na cauldron blapket design and made no
spacial Jse oI Lhe unique properties of the diject
“onvetter,

The Joa.e-%sted decompoger 15 thecefore unique,
in that .t Jses elertiical eneryy to heat 51C heating
t.aments (suggested by Kriworian {3) to be comsercially
avaiiacle and wideiy used today and believed by him to
e compatib.e witn the decomposing 503 vapors). Such
& decomposes d251gn 15 depicted «n Frq. 8. Large 5i€
neat)v] elements, 5.°4 ¢m in diameter and 3,04 m long
are arranged w-rti-ally with Il process gases fed in
crass! ! w, fely 5.7, U comteccial crossilow sheil
and tube neat exznangets.  fhe ends of these heatinq
element s are passed v1a insulators through the heade:
sheets and are rooled by a coolant gas down to 600 XK.
These ends must be conled in yrder to provide for the
comme: 21al, present-de’ s.uminum impregnated electrical
{eed conpection. Thy aeat loss out the ends of the
eiements 15 neqligihiy snall at aro.nd I8,

in develp.ng this design ouncept, we have sized
the vessel ard rompanents. The S1C nrating elements
are proposed 1 te formed with small enrrujations in
the carface as shown 1n F1q9. 9, to benefit the gas-
s0l1d heat transfer coefficlent a5 we will discuss

A( POWER

COMaNT —» 15%

Mg

[RR1- A

won
CaTapyTe,
HOL S

Cuen ART - COduarc

-

Fig. 8. Joula-Boostad 30, Decempner,

later. These ¢lements are configured if. a hexajons:
array with a 6.1 cm spacing normal =0 the flw 1 .4
m spacing in the flew dire tion a2 Shown in Fi,. 3
These elements cin ne wperatid up to 110 <W m*

80 Wiand) al 1200 K. Howeor, 15 scnisve the Lo
Lite, beyond rlectricn’ iy :'.nagr-l tirng
have selected o . (ST LR PR A N T E
to achiewn 3 i0 year ife, At N1 1], we need
arourd 17,000 ~lements with a total extended ourface
arna of 14,330 n° 10,84 22 per »lementy.  Usiag heat
transfer correlations for wtaggerel tupes 1n -ross floa
(14,158, we fand that we can Juave thn, Jecompaser at a3
qas to element surface *7 + 73K, Eignt vessels ace
used.,  For thi, uafvjiratim thwe Hevnolds namber £
the process yases fiowing Jro.s tiow to the 510 neatindg
elements, caicalated 4t rle Ainimam i cross section
1s Re = 300,000, the Nusselt number 15 Na = 318, and
heat tiansfer roefficiAnt 15 h = 120 cal M eg-K

(92 Btu/h~ft2°F). At this rate of Elew through

i

Table 1. Energy Supply and Demand Basis 3,000 MW, THR.

Uit T T emp Process Process TMR Supply R Supply
K| Demand Supplied Direct Conv-orter Blanket
§0; Decomposer ¥30-1250 571 MR, 0 94.5 M, 160 MW,
Decomp, Prehests - 680-950 120 0 0 ]
H3504 Boiler 580 436 42 0 260
Hy504 Evap. 180-680 m 664 ] 109
Decomp. Recuperator 1260-800 ] 120 ¢ [\
Decosp. Cooler B00-418 0 1241 [ 0
Remaining Units 418-680 102 1] 0 702
Pumping Power - 511 0 0 [\

Hy Product Chenical Energy Produced as Higher
Aeating Value » 265.2 kl/qmol By.
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Fiy. 9. Silicon carbide heating elaments for the

50y Decomposer .

these eight vessels {1.e., 217 a¥/s), the pressuce deop
tin-nut) would be 10,7 xPa (0.1 awm and the pumping
power 15 caleulated at 23 MW, total or 60 MW, for
blanket hea* converted to electricity at 38% to run the
bleaer.

We have selected this ctoss flow geometry for the
decomposer heating elements because of significant heat
transfer advantages. Crass f{low around the 5.5 cm
diatteter elements 15 more effective (1.e., higher
feynolds and Nusselt number at a lower process weioc-
ity owing to reformation and growth of the houndary
layer and the separation and wake formation aft of the
eylinder. These wakes provide turbulenece which enhance
the heat transfer. This heat transfer observation is
based on an extersive experimental study (15) of stag-
gered tubes in cross flow and we believe it is reliable.

One approach to estimating the 505/0; quench rate
i6 to take the residence time of the process gas in the
cooler. We agsume the gas leaves the decomposer at
1170 K {(1.e. 79 K below the 1250 K SiC element temper-
aturej and no back reaction had time to occur as the
50, and O 13 transported away from the SiC surface,
through the thermal boundary layer into the gas. The
recuperator heat exchanger immediately following the
decompager, we have designed a3 follows: six
croegflow U-tube heat exchangeca 2.6 m in diameter,

5 B in helght. Operating at an LMID = 139 K, with sn
overall heat transter coefficient of h = 614 W/m2-K
(102 Btu/h-£t?F) and a tube surface aces of 4500 2.
There are about 480 U-tubes per unit whicn toyether
handle the requited 186 MMy, Por this design the
quench rate would ba 140C R/» at a tepidence time of

0.36 s. According to Rovnmer's Fig. 5, this rapid
quench rate would not cavse a significant back
reaction.

The eight 503 decomposer vessels lined inside
with insulation can be fabricated out of Incoloy 800H
to withgtand the 0.7 MPa (7 atm) process pressure at a
wall temperature of 1050 X and the corrosive HpS0,/
50;/Hy0 gases. Using the critecia of Mori (16),
adequate creep rupture strength (<1% creep in 20 years}
at 12 MPa (1760 psi) can be provided using a 5 am wall.

The cost of the SiC heating clements would be
around $17 million. The cost of these vessels can be
estimated, using the Peters and Timmerhaus method (17)
and based on a bare reactor vessel weight nf 15 Mg
(33,000 1b). The cost was astimated at $100,000 each,
fabricated out of Incoloy 860 (similar to 304 55).
Installation of floating headers and the SiC heating
elements are expected to double the hare vessel rost to
$1.7 million, bringing the total to $18.7 million.
Using the "Lang method” (18) we arrive at a fixed capi-
tal investment of $80 million including installation,
instrumentation, piping, electrical, services, etc.;
and engineering, —ontingencies, fees, etc. This is
equivalent to around 21¢/& of delivered enerqy.

Compar isons te our other 503 decomposer designs
on the same economic bhasis are shown in Table 3. We
have used the "Lang wethod” (17) where the fixed
capital invesment 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 HyS0, section of the cycie @itn
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 arn founc in tne HpS0y
section, and the heat demands and rlectrica! loads are
consistent with our most current design concepts. The
loads for the other sections are taken as identical o
those presonted on the 1378 G.A. cycle Flowiheet (3},
with the exception of tne HI/I; distiilation which iz
based on their very recent G.A. advances in process
chemistry. Thers will be fucther .nifts 1n the hear

Tabie 3. Cost Comparison with Our Dther 503
Decompaser Concepts.?®

Investments Contribution

Fabricated cf Pixed 1o Energy
_Cost_  _Capital _ Cost
Cancept M5 N3 /G
Packed Bed 150 642 225
Fluidized Bed
Sodium 32.8 140 49
Helium 52.1 224 "
Catalyti: Cartrilge
Axial-?low 46 197 69
Cross-Flow 2 111 19
Joule-Boosted 18.7 80 28

3pasis: 854 stream factor, 128 interest (@), zero
equity, 20 year plant life (L), 3000 Hh‘t TMR, H
production at 4327 gmol Hy/s or 110 sud/s or
197,000 SM3/h, energy production rate = 1.404 GJ/3
at 478 cycle efficiency.

L
Annualized cost, A= Adey Fixed Capital lnvestaent
(1+1)

L x A
Energy Produced Over Life

Cor~ibution to energy cost =

Accuracy of Costs: 508
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loads at severa! lorations in the process, out they
are expetted to Le minor, We have also assumed that
around 320 K ~n~tqgy is rejected as low grade 4Yeat from
the cycle. Tmece are around 5% aurats 1n closing
this first cut heat halance.

Par the hase case we have assumed a TR Q of 19 and
a decomposer input tempecature of 950 K. We can make
a tough prediction of the cycle efficiency from these
heat and electrical power flows in Fig. 10. The total
energy supplied to the process by the TMR i5 taken as
the sum of the direct converter dc and the thermal out-
put frem the farst wall, direct converter and blanket
heat exchangers and is found to be 2668 Md. The Hy
production highet heating value is 285.2 kJ/gmol Hp
or 1305 MW, at 4580 gmol Hp/s thus, the cycle effi-
ciency 18 calculated at around 48,9v, This is the
highest cycle efficiency obtained for this base case
after a larqe number of efforts to configure the power
systems with the minigum number of heat exchangers. It
18 apparent fram thia diagram that an cffort sas made
to match up the temperature levels wherever possible
and cascade the heat down to the lowest temperature
levels in the process, Undoubtedly with further
inaight, awall Improvements can be made on this base
case.

We have also done gome pacametric senaltlvity case
studies to examine opportunities tor Eurther reductlons
{n cost, Some of the moat significanc cases ace sum-
marized in Fig. 11, Clearly the most important param-
eter is tha TMR Q, since an increase from Q = 15 to

Power systems configuration.

Q = 25 increases cycle efficlency about J%. Ir
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cycle efficiency abour 2%

We selected the lower tem-

perat.re of 950 K as a "base case" siace we feel the
recuperating heat econozizers on the decomposer can

consecrvatively be wade from

Incoloy 800H, which may

tolerate an 1100 K wall with corrosive process gases
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us to raise the temperature,
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Pig. 11, Effect of ™R

Some innovative design techniques may allow

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 costed cut the bottoming
cycle, but suspect that the minimum cost plant may be
achieved by operating the blanket helium at 1000 X and
eliminating the bottoming cycle.

hlso explored were cases for the cogeneration of
Hy and electricity for the grid. Cogeneration
capitalizing on the unique features of the TMR direct
converter appears really significant,

CONCLUSIONS

1. T Joule-heated 50y decompnser can be operated
at 1250 X from available ac power from the lirect
converter and the blanket.

2. Silicon carbide heating elements are economically
attractive and are believed to have compat:ble
material properties for the HyS0;/H,0 system.
They need not be catalytically active.

3. The Joule~boosted decomposer is a more compact and
less ewxpensive unit than any of the earlizr con-
cepts of packed bed, Eluidized bed, or catalytic
cartriage decomposer reactors.

4. Tne Joule-boosted decomposer offers the ‘west possi-
ble safely isolation of the 50,/0;/H,0 [rocess
gases [ram the ligiid metal-containing Llanket.

5. wWe have been able to develop a power-fliw system
layout that provides for atilization of various
heat supplies and demands in order to «btain a
cycle efficiency of Lround 49% with a low ™R Q
= 15, 900 K helium from the blanket, 4 decomposer
feed strear at 950 K, and a freon bottoming cycle.

6 Increasing Q to 25 raises cycle efficiency to
arotind Sls.
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