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CHEMICAL ENGINEERING DIVI S ION

RESEARCH HIGHLIGHTS

1978

ABSTRACT'

High ights of the research and development act ivi tie in .rnn 's

Chemical Engineering Division (CEN) during 1978 are presented. In the pr-

gram on high-temperature lithium/me..1l sulfide batteries for vonicle pr>ptl-

sion and s'at ionary energy storage, industrial firms were ' ubcontract ed t,>
design and fabricate Li-Al /FeS and Li-Al /FYS 2 battery cells, which were

tested by the contractors and by CEN; a Li-Al /Fe hat terv is he ins tahr i cat ed
and will be tested in a van during 1979. 'he i n-house program at s) inc lodes
cell and battery engineering development, materials development , and ce 11
chemistry studies. CEN's Office for Electrochemi ca Project Manan-ment managed

subcontracted efforts and conducted supporting research on development }f

ambient-temperature batteries (lead-acid, nickel/zinc , and nickel/iron);

operated the National Battery Test Laboratory, a ftaci litv for t est n ce l ls
and batteries developed in the Department of Fnergv's hat tory pr er1; and

managed a program to develop methods for increasiing thie energy off i icinc' uf

industrial electrolytic processes, e.g., product ion of anluminui and chlorine-

caust i c . Work on molten-carbonate fun I ce I I s i nEc luded program management

act ivit ies, as well as in-house research on elect rolvto structures. The
Division's efforts on coal t
fluidized-bed combustion in

of the sorbent for reuse; ot
tion of coal and open-cycle
work on the development and

Fast reactor safety studies

physical properties of react
to post-accident heat remova

products in irradiated fuel

technology were mainly c

the presence of an So)

her work was in the a$
Timagrnet ohydrodvnamic c
application of non imagi

included investigations

or fuels and materials

1. Recent st

focused on de

of cesium with stainless steel cladding.

modeling studies of the transport of trit

methods for processing radioactive sodium

on reprocessing of nuclear fuels involved

and in-house research activities on nonaq

and salt systems, as well as development
for solvernt extraction in centrifugal con
studies on the disposal of radioactive wa

metal such as lead and on the migration a

formations. Other work on fuel cycle tech

program to determine the breeding ratio o

Magnetic fusion energy research was direc

enteredd on pressure i zed

s1rbent and re te nr rat i on
as of n111(d1rgrolind gais i l i ca-
In

rig
of

and

t he s)1 ar enery pr gram,
co lectors was Conit I nued.

the high-tempe ratuire

(if reactions relat 0d

udie of the Ibehavior of fission

velopment of a model for the react ion
Efforts in sodiun t 'chnologv included

ium i n LMFBRs arnd invest iga tons of

for di sposa l or reus 5. Ilie program

technical managemnent of subcont ract s

ueous reprocess ing in me lten met at

of advanced techniques anid - stems
tactors. Waste management RSI Included

ste as fragments encapsulated in a
ehavi or of rad i onuc Iides in ceo l gic

nology inc luded part ic i pat ion in a
f the Light Water Breeder React or.
ted toward development of techno logy

for processing lithium from a fusion-reactor blanket, invest igation of The

behavior of hydrogen (and tritium) in reactor structural materials, and

neutron-radiation dosimetry and damage analyses. he CEN program in basic

energy science encompassed research in the areas of homogeneous catalysis,
thermodynamics of metal and salt systems, thermochemistry, environmental

chemistry, physical properties of associating gases and salt vapors, and
electrochemistry.

I



I. OVEiRVIEW

A. nt roduc t in

rhe Ch#mical Envineerini. Division (CA.N) is a multidisciplinary research

orfanizat ion in which engineers and scientists of . f ied talents s.

solut ions to a wide variety of problems, nearly al' * ch ar. relat:

tho rat ion's energy and '*nvi r :tal needs. For '. .- ars after til

f ormat ion (if the Div i S ion in ' .', f f ort s wi-re focused prtdomi-:.a2 ly on
+.ve lopment of Ir ( es' r - r.'coverv of spent nuc 1. ar-react "r
-re ,han a d*r ads. ;i ' of the Divis ion's w,,rr expande'L. -

sit i l I maint aining str , r . in fuel, ( 1,- te - y, we in:-

programs or sodium technolo.gv, r.-actor satety, rea r -: uei svnthest

pyr ,, i -m :il and fluidized-bed technique . c' - he.i .ry of i rradi at
nur 1.-1r ta. Is, measurTment s of nuclear ' - - up, a
-1ir ( i onv-rs ion of heat ! tr )m nuclear ' i en 7.

Lat.r. when fh funct itn -it Hiht nat ional I - '- - idened to a i'
rtsear< h in n( nnliv l.ar areas, CEN programs became Inc reasing lv ::.- rs if ie";.

Althoa,*h we havy' ret gained the name "Chemical Engineir il," OW l -- is

probably nest cir,'tra< t *rized by the term "chemical t"- hn.o ."

Current lv,
f() I I .wi ng areaj:
hat t r i s f or -1

t .qnp'rat '1re bat t

iw.ir-tterm t'lict r

t"lt" t r 1( 1,t i l it i

the Di vi Si on condiaui t s r s,-art h and deve lopm'nt in the
(I) hi ,h-t **mp''ratur.-, retchargeable lithium/metal sulfide

'ctri< v'*hic les and off-peak tenergy storage; (2) ambi rit-

.- ries--improved h-ad-acid, nirkel/zinc, and nick.'l/iron--:
< vehicles ; (3) molten-carbonate fuel cells for use by

es; (4) coal tuchnole'V--mainly prf'ssuriz+ ' ' . tized-bed
Lombuist ion 'd coal in the pres-'nce t J1 2 sorbent of I: 5 ; ) magntot-

hvdd nvamics; (6) solIar energy coll . : and :or.cent rat fast breeder

r tit t or , hmi t r. res.'arch---..rhmi al rt of reactor s-,.ttV studi.s.
lihtmistrv it irrI liate(I tiuels, an) sodium technology; (8) fti.-l cycle te ;-

no I ogv--: uepril( 4-, 1 ng of spent t ue Is, manaxem'nt of nuc lea: : s, and

nuc lear -. i!tQ,'uards; (9) magnet Ki fusion research--lithitim -siing technology
.11i I . .. .,.11'' I+ ,t.'e i , ai l ll i :i d1,i "I 'al e , ''. .lla .

th rmodyln;am i s f ml't al and salt systems, thormi e r.-, "'nv. -.- nta.

che-mistrv, elec t rt .w'mistrv,and .! sical property jes : "oc1it in g ase + and
vapors. In addit ion, the Division op.Crat s ANI's ('.:r Analvt 1,a! Chiemi tr.

Laborat ry.

The total fundi i, ti . vision b.r FY 1479 is ab Alit $.1 miIIion, as

compared with S., million for Ft 1978. A suihstantial tr a. ion of thv total
(about 40 ) 1s "pass throo:zh" tending, i.e., ti:ndin tir w 'rk for the l)epart-
mu'nt of Energv (I >i) that I. r.li "th''d b tEN but is pt-rforri-i outside C(!N. The

Divisi os I rargt St programm.it i' irea ( )8H- of th. total tending) is e'! tro-

chemi cal t echnoIogv--ma 1! : dluve lopm-a'nt of bat t"r es and fuel ce I . "Is i cn-

related programs also comprise a signi f icant -vriemnt (2 i of the ttal t t.:rt .

At the end of lQ78, about 285 pe-)pl' were emp;, 'y v in tEN; l it t Iv growth 1 ,
expected during 1919.



Management industrial contracts for research and development continued

- ipv a sus:antial portion of CEN's manpower during the past year. The
management responsibilities, which cover development of both ambient- and
high-temperature batteries, nonaqueous reprocessing of nuclear fuels, and
development of molten-car . fuel cells, are in line with Dt'F policy to
place programmatic manage fieid." e also perform R&D work in all
these areas, t v ena - maintain a high level of expertise and
to be sensiti. - )roeratmati . :. and problems. In the programs on battery
development, A-..' has been designated by DOE as having the "lead mission"
assignment; that is, Argonne has the major responsibility for planning and
managing the programs within the policy guidelines and funding established by
DOE.

ih :ivism - . :'rim ally of chemists and
chemical engineers, but include *''..*r types ot engineers as well as scientists
of ' -r disciplines, e.g._, ph:,-: ,.,:s and metallurgists; support personnel
e': : ..ely round out the Division's capabilities. In addition to its
per 1 ,t members, CEN also employs some personrel on a temporary basis--
post-doctoral appointees, research associates, visiting scientists, and
students. In ?enoral, 10 to 20 such people Tray be working in the Division
at any !iven t ime; !. .. :. r, in t-e summer, there may be as many as 4 0--mainly
students and professors. In addition, CEN also has contractual relations
with trnzltants from universities and industry.

In s'nur:arv, the diver.-1t :the Division's programs and the capability
to accommdat- i wide variety ot work help to assure stabi 1 ity. Although the
Division's wore ,onsists largely tt applied technology, the re!;earch effort
in basic energy science provides a balance' of activities and is a rich
r, for the appli, ra. Along with the basic and applied research

m:::- ."mar .e nt ,. : .*lt it't- :, signi fic nt pat t of the

B. turr"'nt Pr 'rams

Cur -- rogran-s within the Division are summarized below. These
program, :iscussed individually in the remainder of the report.

1. 1.i th iTr ".otal Sulf ide flatteries

Lithiummetal sulfide batteries have the ,:tial of providing

..- r, ": and pow"r dens it ies that are perhaps f iv' t .::..r than state-of-
t:, -art lead-acid batteries. DW\.'lopment effort, in F'" ire directed
principally to el..:tric-vehicle propulsion and stationer,. energy storage.
Alth.'igh spec't is tnere and power requirements arc less demanding for sta-
ti-nary en.riv torag- than !.r electric vehicles, the high energy densit ies

! ithiur -.- il sulf id. *att"ries may provide a cost advantage over other
' :tery sy: . for state ionary energy storage.



The ult imate goal of the ANL program is a compet it ive, sel f-

just a in ing indust ry for product ion of I ithium/met al sul tide bat t er ies I or both
applications. Thus, trans .- r af technology to industry is vital. Sine 197>,
industrial f firms htava part ic ipated in the program, init ial ly by sending
employees to ANL t) work for t times up to one year and, subsequent ly, by per-
ttorming subcontracted programs. Work represent ing about half of t he funding
)f thta pra)gram is now subcontracted to industrial f irms tor fabricat ion and

i I r , hat t. r i.s , and hardware.

. .'rt :. . , ! " t r i2 -vIa 1. Iat t ar 2."s ata ist s of a thraata-st tp

prograssinia to a battery suitable for power ing passenger automobiles. The

f irst steop involves the development , t ;hr icat ion, and t est ing of a 40-kW'h
battery, designated Mark IA, to evaluate the general t technical ftasii lity of

The Iitisim/metal sailtide system for vehicle ;>ropuls ion. This b.t tery, -

rent Iy being tabri< ated by L.agle-Picher Indast ries, Inc., is schedul ed I r
test ing in the laboratory and in a van during earlv to mid-1979. The no:.x
step entails the development , tabrt alt inn, a"01 test ing of a 50-kW h batt ary,

Ma:k II, which has somewhat higher pterIarmance goals than Mark IA; in add it ion,

materials and tabr iat ion methods amenable to low-cost mass product ian wi I

be used for Mark 11 . The performance goa s of Mark II are cons ist **'nt with

requirements tear powering electric vans or buses. Tli*- t inal itep is tiw devel-

opment of a high-performance, cost-compet it ive passenger-car batt ary , Mark I 1 .

The cel Is in the Mark IA and Mark 11 batter ins wi I I have posit ive el- tries

of FiS. A dec is ion has not yet betan male on the posit ive tl" ." t rode mat er i al

for thW Mark II1 bat t ery; however, 2t wi I probably be FeS . w1 ich ha, a h iighlr
energy pot cant 6 al but r equi ra s t irt htr >-vt I opment .

For val tt r ic-vehicle use , the

contained wito in a I ightweight case that
the cel1 operat ing temperature of about
now being tested, is a charging system t

individual cell voltages during charge.

t ion

cel I
post

ithium/metal sul fide battery will be

is insulated to I imi t heat Lsses at
4500;. Another r imp rt ant component
nat maintains vte rv close control of

Support ing researth and ~"! apraant in Lt.oN inc iLutes a armerc i al

st ud i es , t est ing of cel 1 s and bait t er i es produced by i ndust r i al ceant
and battery engineering development, materials development and test

-test examinat ion of cel Is, and cel I-chemist ry st ud ies. A fac il ity

iza-
ract ors,
i np'.,
for

Ii fet ime test in
have commenced;

ful1-scale batt
are directed to

the Iitetime an

Li-AI/FeS cel Is
using LiCI-KCI

normally used,
also proceeding

in the Mark I II
t ive to the pre
separators ft b

by pressing pt)

g of up t) 50 cells has been cinst ructed and init ial operate ions
*tnot her t ar i lit y is being prepared and equipped tor test in,

eries. In the area of cell and battery development, et fart s

advancing cell technology, part icularly to improvement of
d spec if ic energv at high di charge -irrents. Tests of

have demonst r at 1 that improved 1aa r 1toa)rmancta is obtained by

electrolvt richer in LiCl than thea t"ectrolyta composit ion

or by adding 15 mal Cu9S to the FeS ea actrode. Work is
on the development tat eS, electrodes, w ich may be- used

bat

sent
oron

fda rs

paste- I i k elect rodes as an alt earna-
elect rods ti abrl cated by pra sing powders; improved

tit r ide; and al t ernat ive, -cost separat ors formed

(e . ., MgO , A l ., r-S i ONo..

tery; carbeu-nonded,



Post -t .'st examninat ions ()t i I Is cont inue t o provide intlormat ion on
the behavior ,t ce l l components that serves as a guide for improving celiI
design and pcrtormance. Cell-chemistrv studies are focused on chemical and
electrocheiical problems that are encountcro'd in cel development and on ad-
vancing our understanding ot the electrochemical processes. In a separate
program, wt ar' i 1so invest igat ing cel is that use less expensive anti more
abundant mat tr aIls than ith ium; present emphas is is on d,,veIopmt of
calc in-cunt ai ing nogat iVt elect rodes.

2. Ut t ice tor tLect rochoiical Provct anag-mernt

The Ut 1 ice for El Oct rocIhinicat Project Management (OEPM ) was

established in CEN in 1977 to assist DOE in tht planning and management ot

co'rt ain part s of DOL 's electrochemical program. The principal act ivit ies of
t OLI"I are ( I ) maInagoment of research and development contract s on near-t erm,
aulbi ent -to iperat uro bat t'r ics for elect ric vehi icies; (2) operat ion of t ho'

tat ional Bat tt'r'.' Tost Laborat orv (NW!T), a tac iii tv for performance ver it i ca-
t ion and qiua i t it at ion test ink' ot batteries developed in DOE-. programs; (3)
Iti-oiie app1)11 ed and bas ic research in support of the ambient -t o'mperat urc

hat t try program; and (4) p1 inning of , and in-house research on, programs

rol at et to energy conso'rvat ion in indust r Iat elect ro l vt ic prot esstes.

'iem(. amhio'nt - temperature batteries selected ter further development

and :Icce i''rat ed comnme'rc i aI i ZIt ion are im)provet'e Io'ad-:Ic id , nit ke1 / iron, anti
n1 i ke. i inc . In earl y 197 , e ight ma jor cont ract s were made with indust r ial
Siruis for the devo'lopmtent work. In addit ion to) management t the contracts,
tle t'managt'rial o'tfrt al t includes cost and performance studies, establ ish-

menrt of hat t ry spo i t icat Ions and t est ing procedure s, and assessment of
t ho rmnal - .c . meant and rat t try maint e'nance requirements. The NHTL became
tiol Iv o;.: . ncml in mid-I9i % when the' f irst hat t orv module.; (lead-acid and

nick.! / , , Nt' re rece i ved 0 tom contractors and placed under test . The NBTL

has . ipabil ity for test ing about 120 col Is and t ive or six tull-size
bat t

In-house rose'arch support ing the' industrial-contr act 'ttorts Iargoly
consiSts of t hetore't ical ;Inoi oxp~er iment il work related .o elect rode react i"ns
in amb i tnt -t em'npe'rat tire hat t or ies. Dur ing the past year, a three-d imens ional

modeI wi. lo I ped to desc r i he t elmpo'rat ore, pot ent i al , and react iv it y var i a-

t ions tocc rit ring ovei both -I.. t red's ot .1 nic kel/zinc elect ric-vehicle battery.
A spec i al pcIrous e'l oct rod. wa' used to st tudy the cause of pertormance-I imi t ing
mal (Iost ribut ion ol zone on the anodes of nickel/zinc ceIIs during vc1ing.

'Thie goal of t'he program on indust r ial elect rolvt ic process technology

is too increase tte' e ii rr ' ef t i ioinev tt indoist r ial elect rolyt ic processes,
e.g., product ion t i lminum and ch l or ine-caust ic. Stud ies of elect rolvt ic
processes by indoist r al i irms und'r contract to Argonne wil l serve as tlho
bas is for preparat ion t a long-range R&D program for DO. An ad hoc
adv i sorv c omni t tee' that was formed to promote mit 'ract Ions bolt ween government ,
indust rv, and tvn Iversit i's wi I I part ic ipate in ident ity rng aryas to be
st cdl ooio . In st ud its e it AM., ooniorgy and cost r' tat ionsh ips wo'ro' calculated
for improved or alt etr nat iv e eto t r Ie vical ptcrt e'ssos, -.nd now process ing
conco'pt s We r' i 'nvest igat ed; t he tat t t- inc colt t product ion (t aluminum using
atliminum soil I Ide as an in 'rme'd i at spe'c its, .Ind opp' 10 t in i ng t rom a



cuprous instead of a cupr it med i im. 'se prot ''sses show good pot ent ial for

energy sav ings , but cons idt'rab y more d.'vel opment i s not'ded be fore 1 i rn

judgment s can he made.

3. Mo It en- (.arbonat F ! ( .1 1 . v 1. pn tt

tihe 1) iv i s ion prov ie. t . t , m;dtt 'nl'nt t 1) . ' program on
moit 'n-carbonate t ftitel cel is by planning and t rdinat irng tit(- w rK among

several organ izat itns--G(neral Elet r ii , (>., Inst it (' .t (,as 1t'ihn(tlogy,
Oak kidge Nat ional Laboratory, Ln.'ri, kesoar h Corp. , and Argonne :at 1onal

Lab<rat Orv. Uont r'3 1 t I ending i s not included in this ar rangt'ment . In the

ov,'rt 1i! pro}'ram, the It It-t , ,it (el1 p rtormanct t)l };s pr-sstir(', i rpOs it ion,

and ,untaminant s hav. b.'e'n dt1 i ned; advances have bit'.'n made in el t ( I rmie and

- ect rol yt pt'rtrmancv; and a prototype plant-scale tm otdtil 4' wilI soI ,n be
IabrI( at ed.

T'lt primary et 13rt in ('.N has cent tred on imtprovirn', tr.' ptrlOrtmance
and decrtasinV thi the cost () tl. e lectroltt which is a cimi) sitt' o 1 ithi tm-

potassium < .rb1,>nat s nd 1 ith iutm alumininat(' (1.iAl0 ), tlirtiugh whiih carhonaite

ions are ( ndit 'ed bet ween t he two ol t t rodes . Several im't hod', have betn

devised for pru(hi in,; e- and r-LiAlOJ. One such process, wh icn uses a rnh

less expense iv.' st ;rt ing mat er ial t han was pr('v i tisI V 11ti ),, ' . ;.d pt e'n
by most 33 t ht initist r ial part nt'rs. Stud it's (I th it transtormat Ion ot LiAIU',
among its thrt-. al lu opti orrm; a! ph1, ' t,, anti gamma) s5Ithwd t hat a- and

g-LiAlh) art- t ranstormt'td tti r-LiAIU- at teli tpJ 'rait intt t pti ratturt - s i2> K) ,
and t hat th. sit t is a(i' t rat *'d by th' prt's.n'm ' ,I molI'tn Li2 Uj-K2O 3  "i1 c

t rol yt v an-i oxygen. Dur ing t r mn s iOrinat in , part i( I t grtwt It o ur s and t h

result ing ( t 'ap t1 sur Iact' art leIads to (t rtases in st rengti of ti' t i le

and in el -( I ro I vt t' rnttent ion. 1).' 2 rinat itn test love vt'ri t i d the inprt ance

1 high stir ; .' ir ta t r hI gh st r ngt it . 1lhest rt s it s s g s tha tih' h st '

'I r-LiAl n .h. t i I ts would e advant agttmis, bt'cats' the I)trm is stable
at t he c.' ! Ipr it ing t 'm)t rat tire. 'l'lt l aborat orv t H ' '! t ' p ,

S LiA1 2 re t t iplt'me'nt d by in1- tiI teSt IIn, 1 th stI abiI ity and p.'rlor-
m mner OI t"t '. lyt~e t lit t.

4. i't 1 1_1 zat ion of Loal

The CEN et tort In coal t ecihnol ogv c(nt inutts to centc r on t i tidizt'd-
bed combust ion (Flit). 11, is t echntlogy is ons idert'd to be a top-pr or it y

route to near-term clean tit I I izat ion of coal , and DOE, is pressing to br ing

it ui ic kIv to the point 01 .ommerc ial acceptance. DOL has decided to give

f i rst priority tO t ommerci;iizing industrial , rather than ut ii ity, appi ica-

t ions. In the re'su.lt ing program revision, further ANI, work on the large,
pressure izt'd component Test and Integrat ion unit was halted, and the planned
work will be done in other Iac i it it's. Cont inning work in CEN on Iaboratory
support stud ies and bench-scale process devel ipment is in three general
areas: regenerat ion of the I imestone used for So, sorpt ion; stu( ies of
I im('stone sources and react iv ityv enhancement ; and cleaning of gas I rm a
pressurized fluidized-bed combustor before it enters the turbine.
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Data on reduct ive regeneration of sul fated I limestone us ing gases

from part ial combust ion of coal were incorporated into a mathmat ical model
of the process that allowed predict ion of performance and cost under a variety

of conditions; the results indicated that sorbent cost ( inc 1 ud ing disposal )
was the most important cost factor and

regeneration would be economical. St u
of trace elements in coal dur ing cyc 1 i
that emissions are lower than from con
and that the trace elements are retain
sorbent ; the emi ss ion advant age is at t
ature. Regeneration tests with an ext
the ftluidized bed gave good vi e1ds of
ered an unsuitable substitute because
clean iuel for exterior iriing.

A thermograv imet r ic t est of
dr-veloped , correlated with re
and used to eval uat e a t, t al
Although further ref inement o
show a large avail ab i l it y ot

of I imestone-sorpt iOn capac it
or CaCl2 to the beti was slu wn

that arcel rata mi,;rat ion tl
eas ier movement of gases to a

enhanit ement of sorpt ien, as w

sul

of

I t
rca

y b
to

It t r

11d

I. 1

idenit i i ed condit ions under which

dies recent lv ccemplet ed on the behavior
c combust ion and regenerat ion showed

vent ionaI conbust ion of pulverized -oal,

ed most Iy b t he ash rather than the
r ibut -d t o t h lowe r combust ion temper-

ernal l t i red ret ary kiln in place of
Cao and 50 , but the k i Ilt was cons id-

of marked corros ion and the need or

1 imestone sorpt ion c apac it tr S02 was

in FBC dat a on seven dit fer-nt stones,
seven stones trom arund t Ih- - .S.

hod is needed, it is adetpiat to

1 imestones in the tc nint rv. Enhancement
add it ion of smal l I qant it ies of NaCI

ve trace amounts of molten salt
tt I atger pores, tiwiirebv a ltl ki i .

ea t ive inner sir places. St udy of the
corros ion of equi pmient by sal t is

proceed ing in a small I combust or tin it equi pped with corros ion coupons.

The combust ion gas t ron a pressir i zd f

enter a gas turbine, where eros ion of the turbine

corros ion by gaseous al ka! i c ompuound:s must be cent

grant I ar-bed f i It er cont a in inw s nent so rbt'nt from
trom a convent ional cyc lone col let or
in the loading of part iculates to mee

tion. Complementary tests with a spe

performance than convent ional cyc lone

clones arid a granular-bed filter will

range. Acoust ic agglomerat ion of par

another approach to gas c lean-up, but

gaseous alkal i compounds can be remove
vat ed bauxite; opt imum conditions and
as alternat ive bed materials.

tidized-bed coibuste r will
blades by part icul at es and
ro pcd . don sse o e

r he FBt nrec ess, d own st r am

prov ided nearly stitt ic ient reduct ion
t the acceptable range for turbine opera-
cial cvc lone (TAN-,JL F ) w, wi ich gave better

s, indicated that a comb inat ion ot cy-

be adequate to meet the acceptable
t ic les is being invest gated is vet

is farther from real izat ion. The
ed by beds of d iatomaceous earth or act i-
I ikely costs are being studied, as wel 

In other work, measurements are being cent inued of the kinet ics of
the react ion between steam and chars for use in stud iets by others ol mat he-
mat ical model ing rel ated to underground ( in s it u) gas i f icat ion of coal .
Previously obtained kinetic data on subbituminous coal were correlated during
the past year and new data were gathered on a typical bituminous coal
(Pittsburgh seam) ; the data-correlation effort will be expanded to include
the react ion of chars with CO 2 as well as steam. The Div ision also has
several small activities involving technical assistance to DuE in the form
of assessments, planning, or monitoring of programs; these include control
of NOx from coal-fired boilers, and ut il izat ion of alternat lives (ems., coal
liquids) to petroleum and natural gas in fuel cells and transportation.



The h mi.'in ia1 I Lngin- ring visionn is Oe of s('vt'ral divisions at
ANL wo rk ing ml t ill dev( l )pnlf'it f I open-cyc l e maget el ydt rodynan i cs (M11) for
the gene rat ion Of 4t1(' t r it it y I ron coal .OIibii st I I. QN's part ic i a r

concerns are the processes dewnt ri';ii 1 rem tIe magnet i channel , where the

rema in i nr heat mus he lt I I l ized f or st am-t urh i ne gene rat ion of 1 (ct r i c i t y--

dt'spit' th(' pr(,st'ri e It( i voIat i I IZed and 1 t ra i n d slag il thll' combust ion gas

and th(e iI 'ed t 1 t i (<i ent y r ('cI v'r t ie pot ass i um seed t hat i s added to

raise the el t t it ial conduit ivity of th' gas (plasma) f I )w ig through the
Md) cI an ne- I .

In st ild it's of s't'll/ sl ai; chelli st r v, rsil t s 1 I a compute er pro ram

for predict in' part i I prI .S r is and cOnIdl 'ls'-d-phasi' cm)i)posit ions for liix-

t ir('s of c rnbist ion )'ast"'', 'eed, arnd sl ag have shown r('.l(lliashnb1 agr'(-ner -nt wit h
Mevisurm'rini t s Ot pot ass i urn prt i al prt'ssur4' mali,- on a seed/slag sampl e. 'T1e1
cOd(' 1,1 also bf'(n 1ust'd to) predict (.c11it ions i n t ht prOc('ss und r whi (1

sul f ur em I i s ions ini',lht I- on accept ib I e arid t hi' nat Irii of pit assi Im p' rnt' ;-

t ion t rol t ht' gas through a si:; a lay'' r on compoln'nt surf ares.

An aissot' niit'I I was mad of pet ''nt ia in' thds for rcov'ring st't'd
(as K CO 3) t r ti: t h im ixt urf t' of seed and sI ;ag remrioved I rom IHie combust ion

~r1 4 w' pro'ess ( rdin't ion with (:(fi :Iml fl ) has been successful y apple
to sod ium systems iin a ft lue-gas sc rubh i ng proc tss :Ind in a process for r('cov-
try >f paper-pu pi ng I igpiutr. Anot iwr proct'ss ( rt'dict ion by CO in t h(' pristnct'

ot Ca(OlU--th' "format' proct'ss") is useld induist rial ly to make K2)CU from

K2S 04. Mor' exact data art n d-d Ior t'viiuat ion 0t prOCI'ss siii tabi1ity

ln thlie "'h111 a pp1i cat ion; tx pt' rit'nts a r(' iidi 'r wav to dtter in i the r att' and
extent of react ions in the di ritct reduct ion process.

A major i h) 'Vt ivity in which (N has a part ist the .'st i ig o steam-
gen rat or comnpont'iit s uiit'r I vpical ;1111) commit ton . The .x pt'rim4nt s wi Il be

conduc t ed ili a rt'ct'nt I y coiumpl ttd 2-MW t t'st bar i lit y. CN his a lead role in

p1l ann i IIg , I's gii , anid t'xec it i en of t he t t' s , ;id lnt e rpr t't at ion o t lit

resuI t . the expo r i meint s wi I I inc l nIt' heat--t r san ti r imeasut'rem'nt s, st ld i es
of seed arid slag behavIor, and corr osi on t st I i g of constrict Itiln materials.

ft. Solar lenrgy

Our tb torts art' cent inng on developintrit and appl icat ion of
nonimaging solar cI Icctors. Tlh i first phase (t this prOgram has been

successful 1y compIet01 ed, as signal t'd by c nistruct ion ot . )x st at ionarv
coeicetitrat ig colI Iectors by two of onur "cI ient" companies; the te mpe rat ir'
capabit it ies (100-2))t)"C;) ot this siml 1)1o unit are adequate for spare cool ing
as wel l as space heat ing. higher- temperatures col sectors (250-300 0 C),
sui table for prove id i rg indust r iat process heat or et e c t r icat gt'n'rat ion plus
by-1prodtic t heat, require 3x to 5x cont igurat ions and periodic tilt ad justment.
Although the opt Ical and thermal theories are worked out , improved materials
are reitded: stable select ive-abstrpt ion surfaces, stable ht'at-t ransfer fluids,
aid more h ighI v ret lect ive col lector sur faces. A wel t- ilst rtimet ed out door

fac it it y was bu l I t and is be ing used to test components and t in i shed
as sembl ies.

>. ti1lfn('tt) yd rOdynv i c 
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A coicept is being explored for sur inie Sp c 01lin I w ith i .' r

duced and stored during the winter. A buried , insul ated tank (perhaps

15 x 15 ft) is equipped with freezing units near the bettomi that can flex to
free the ice, which floats upward. The units are cool ed by evaporat ion of
armon i a; the vapor r i ses to air-cool ed condensers and 1 i (u id ret urns to the
freezing tn its. (Similar "heat pipes" are used to keep the tundra frozen
along the Alaska pipel ine.) The cool ing capacity of the stored ice is tapped

in the summer by another system of pipes. We have started a 1 iterattire review
on heat pipes and are discussing there with manufacturers; oqui pment for tx-
periments o n ice format ion and rel ease is being ;issetmbled.

The Div is ion is also involved in support work for the Nat ional Sol or
Energy Demonst rat ion Program, largely in the form of eval uat ions and -es in
reviews for commercial and resident ial systems.

7. Fast Reactor Cheni st ry Research

Reactor Safety. The Division's ongoing chemical program in

1ast reactor safety is focused on two major areas of study: (I) high-temper-
at ure ( up to 6000 K) phys ical proper t ies , wi ichI are needed in react or-safety
analysis, and (2) post-accident heat removal, which involves heat-transfer
model ing , calculat ions of chemical equil ibria, and experiment al studies of
react ions of sodium and ftue1 with c oiicrete, steel, and graphite.

In h igh-t emnperat ire pitys ical -p ropert st ud ies, va1 ties of the thermo-

dynamit and transport propert ies of sodium were updated and incorporated in a
rev 1 s ion o f the sod i tn sect ion o f a prey i ous l y c omp i l ed h and book , 'P report i es
for LMIFBR Safety Analysis." Studies of t iwermophysical chiaracteri!st ics of
reactor materials have caused d mainly on oxide fuels, with some attent ion
be ing given to carbides and nit rides. Thermodynamic f uintct ions of fuel-vapor
spec ies are cal ciil ated I 1oni spect rosCouil data on In."ic:: Hr enrgv t v t

obtain ed by a matrix-Isolat ion technique. Data fur thorium nitride were

obtained during the past year. Calculational studies inc Itided the assessment
of several models of electronic structure to derive "best est inmates" of the

thermodynamic funct ions of U2-

One of the findings in a study of post-ac ciden heat removal in

gas-cooled fast reactors was that the high-temperattire (2400 K) react ion
between 1102, graphite, and stainless steel is exot'termi c. Accordingly,
the heat evolut ion from t his react ion must be inc luded in cal cul at ions of

post -acc ident heat removal and in the des ign of fuel-debr i s cont a intent s.

Reactor Fuel s Chemi st rv. In an ongoing program in support of gas-

cooled fast-reactor (G;CFR) technology, we are invest igat ing the transport and
react ion of f i ss ion product s in i rr ad i at ed f tie 1 s. Because tl'FRs and LM ilRs

both use mixed uranium-plutonium oxide fuel , GCFR technology rel ies heavi IV
on LMFBR base techno ogy, but requi res assessment of the impact s o1 ui 1
vented instead of nonvented fuel pins, and hel iuim instead of sodium as a cool-
ant. Dur ing the past year, study of the role of cesium in cl add ing attack was

continued. A model was developed that is based on the format ion of a cesiutim-
fuel compound at the relatively cool fuel surface and the format ion of a
cesium chromate compound on the cladding inner surface. The model, which

should be applicable to both LMFBR and GCFR fuels, predicts that the local
temperature difference between the fuel outer surface and the cl
surface is the most important factor in cladding attack and that

adding inner
the maximum
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depth of cladding attack will occur at the axial midpoint of the fuel. The

nature of cladding attack observed in irradiated fuel from French and British
fast reactors is cons istent with the model .

Sodium Technology. For over ten years the Division has conducted

programs in sod ium chemistry and sod ium purification. Dur ing the past year,
work was concentrated in three areas: (1) tritium behavior in LMFBRs; (2)

processing of radioactive sodium for recovery or disposal; and (3) develop-
ment of improved cold traps for in-reactor purification of sodium.

Tr it iim, which is produced in reactors mainly by ternary fission
and by act ivat ion of boron in cont rol rods, readily diffuses through stainless

teel cladding into the sodium coolant. Although more than 99% is deposited

in side-stream cold traps, a small quantity can escape to the environment.
In a recently completed CEN study, a computer model was developed for calcu-
lat ing t r it iurn transfer rates and concentrat ions throughout LMFBR systems;

model predict ions were verified by tritium measurements in EBR-II. A major
conclusion of the study was that trit iurn release to the environment from the
Fast Flux Test Facility or the Clinch River Breeder Reactor would be within
acceptable limits.

Fract ional d i st i I 1 at ion is be i ng invest igated as a method for pro-
cessing radioactive sodium for recovery and reuse. Experiments are being
conducted in a recent l y compl eted, small d ist i lat ion column to test the
separation of fission products (e.g., cesium and strontium) from sodium.
Two methods were found to be promising as first steps for convert ing radio-
active sodium waste into compounds suitable for further processing to desired
waste forms: (1) react ion with molten NaOll and (2) direct calcinat ion cf
sodium on silica particles to yield a Si0 2 -Na 2 ) product that could be
read i ly melt ed to form a glass.

Mhe iran i sms of impurity deposit ion in sodium cold traps are poorly
understood. Accordingly, a small, experimental cold trap has been installed
in a sodium loop to study deposition of impurities, principally hydrogen and
oxygen, and to test models proposed for represent ing impurity behavior in

Old t raps.

8. FuLL0 Cy le Studies

Reprocessing of Nuclear Fuels. The Division is managing a program
on nonaqueous methods of reprocessing nuclear fuels as part of the national
effort to reduce the potential for weapons proliferation. The program,
which initially included processing of both light water and fast breeder
reactor fuels, is now focused only on fast breeder fuels; as a result, some
subcontracted work has been terminated. However, the technologies being
explored by CEN are suitable for breeder fuels, and are being continued.
One study deals with direct approaches to carbide fuels: processing in
molten bismuth or chlorinating in molten salt with CdCI 2 , followed by
reduction of some constituents to metal with Cd-Mg alloy (to be partitioned
later by a salt-transport process). Salt-transport processes are being
investigated for processing Th-U-Pu fuels. In such a process, elements
dissolved in a "donor" alloy are contacted with molten salt, oxidized, and
transported by the salt to an "acceptor" alloy, where they are reduced. We
are also testing the feasibility of reprocessing waste salt containing CaO
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As a fol low-on to our previous work on the pyrophoric ity of Zircaloy

(I Adding, we developed criteria for the management of these waste hulls. The

use of "critetrion functions," appl ied ;eparately to a number of factors per-

t a in iig to hul l management , prov ides a valuable means of assessing hazards

under normal and abnormal -perat ions.

LWBR Proof-of-Breedin;g Analyt ical Support. Our program for chemical

analsis o segments of irrad iated *'t1 02-ZL JUO 2 fueI from the Light Water
Breeder Reactor (Div i sion of Naval Reactors) will allow cal ibrat ion of a non-

destruct ive assay gauge currently under development by Bett is Atomic Power
Laboratory; the gauge wi1 I be used on fuel discharged from the reactor in

mid-I 981 to determine the reactor breed ing ratio. After a difficult and pro-

tracted period of revision of equipment and procedures, necessitated by the
extreme requirements for precision, satisfactory results were obtained on
'jgm'ents of irradiated fuels.

Thne forego ing phase of work was carried out with a pilot-scale

shear and pretsstrized dissolver in ,ially developed by Bettis. Since we

wi I I have to analyze at least 50 fuel rods during 1982 as a check on the

fuel assay gauge, the second phase of the program consists of design,
procurement, inst-illlation, and test ing of ful 1-scale equipment dur ing the

next two years. 'lb i ork, whr ich has been started, will provide a precision
shear (capable of handling four different rod diameters), a milt iple-unit :.is-

so I ver system, and procedures and equipment for disposing of the waste

2 enerated.

9. Magnet ic Fusion lnergv Research

CEN's part ic ipat ion in ANL's Magn t ic Fus ion Lnergy program involves

the fol low ing act ivit ies: (I) Iith i urm processilng technolomuv, IncIudinv

measurement and cont rol of impur it y e l ement s and ext ract ion of t rit ium; (2)
materials research; and (3) neut ron-rad i at ion dos imet ry and damage anal yses.

During 1978, the 50-gallon stainless steel (Type 304) 'i thi um

Processing Test Loop logged more than 5000 hours with no serious difficult ies.
Cold-trapping and gett.er-trapping are being studied as methods for removing
oxygen, nitrogen, carbon, hydrogen, and deuterium from liquid I ithium.
Results to date show that cold-trapping removes carbon and provides moderately
effective oxygen control. Preliminary work shows that lettering by zirconium
may be effect ive in control l ing nitrogen.

Factors that influence hydrogen permeat ion, and hence tr it ium

permeation, through structural metals and alloys are being investigated to

provide data for the design and analysis of fusion reactor systems. Completed
during the past year were measurements of hydrogen permeation rates through
candidate austenitic, nickel, and refractory metal-base alloys over a wide
range of temperatures and hydrogen driving pressures. Aluminum in nickel
al loys imparted a roughly tenfold increase in resistance to permeation by
forming an aluminum oxide layer on the alloy surface. The permeabil ity of a
titanium alloy sample was about 1000 times greater than that of typical
300-series stainless steels.
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in *h(e program on dosimetry and damage analysis, we are developing

methods for characterizing the neutron field (flux and spectrum) in test
fac i it ies (reactors and accelerators) and b)r cal cul at ing damage parameters.
We also provide dosimetry services at the var ious irradiat ion fac i l it ies.
Dur ing 1978, the neutron fields of four i rrad i at ion fac i i t ies were character-
ized, the most important being the Oak Ridge Research Reactor, wh ich has
been designated the pr imary reac tor for fus ion materials research for the

next three to five years. Compult er codes for damage analysis ca Il u a t ins
were also upgraded.

10. Basic Lnergy Science

Th I)ivis ion s research program in basic energy science effect ively
coinpl omet:s the apple ied programs by provide ing count iguous efforts of a basic

research nature. Major act iv it ies in basic energV sc ienCe research Ir

described below.

Ilomogeneous Catalysis. In th is research area, current work is
d vot d to an clu c Idat ion of the kinetics and mnchanisin of the homogenously

c at al yzed hydrogenat ion of c arbon monox ide. T' i s recent l y ( i scovered hydro-
genat ion react ion is of interest not only because it may proVId a Irout u for
the product ion if ci i i hmical teed stock from fossiI fuel s (e.g., ot ) but also

because it may he11p to understand rel ated heterogeneous processes. In a
recently comply eted compa union study, the kinetics and muchani si of the cataIvzed
isoint rzat ion ut norhoradi en to quad rocyclane were st died. The simpl ic ity
ot this sys tnm makes it ispee ci aI ly use fLul for the development of the science
o 0 hOmTtlgenetouS 'at a I VS 1 S. I t I s al s0 SO it crest be aiise, i n colb i nat ion

with the reverse react ion, it represents a cycle whereby solar energyy may be
s to red and released on demand.

Thermodynamics of metall and Salt Svst tms. The effort in th i s area
include es both theoretical and expe rinmentaI st udies. A statistical-mechanical

theory, developed for tternary sol ut ions d ilote in ont component , mere accu-
rately describes the rel at ion of act ivitv cott ic ient to concent rat ion Ior a
diILut e solute in a binary solvent than do other available theories. A
computter-assiStud anal ysis Of the the rIodynamic s o crVol to-based syvst 0msi

(Nal'-Al h 3 -Cal' 2 -L i F-MgF-AI 2 r 3 ) is being carr id out to ext end our knowledge
ot the phase diagrains; this informat ion is pert ien t to tine electno y1Vt is

prod tic t ion of aI Ilur i nuim by tlit Ila 1-leronl t process. .t udvy of the comp Ox

equi ibriba f~ut'l i I t i-component gas phas e and c nden sod phases has
L :rt cd with tlie development of a oinputt 'r progr3ii that can hail I e sol itt ion
phases haVing up to twelve componenLts.

Study of the thermodynamics and phase re lat ionshii-ps in 1 ithinum aI loys
count inued with measurement of the theriOdynam ic prOpert ies and phaSt s in the

I ithium-lead system by aI hydrogen t it rat ion mit hod. ILith 1i1m aIloys are impor-

tant in high-energy battery systems and as Ius ion-reactor blankt t matter as.
Measurements of the sol ibil ity of carbon in I i(qUid lithium were completed.
Resist ivity measurements as a function ot tlt' coiiei t rat I n Ii 0 imiiptir it ieS i1

lithium (e.g., Li 3 N, Li 2 C,2, I. i ), Lill, and Lilbr) are be ing made to provide an
indication iof gross impurity levels and to permril st id ies 0t1 i it tract ioi1 be-

t ween impuor it ies or with get ters.
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Thermochemistry. The thermochemi stry program is an ongoing effort
in the Division in which measurements are made of heats of formation and

enthalpy increments of substances important to science and technology.
Studies during the past y',ar concentrated on measuring enthalpies of formation

of heteroatomic polyaromatic "building block" molecules of coal, the thermo-

dynamic properties of sulfide minerals that are of interest in the geothermal

energy program, and the enthalpy of hydrogen absorption in LaNix and related
alloys. The latter are under cons ideration for use in heat pumps, hydrogen

storage, and gettering of tritium in fusion reactor systems.

E nvi ronmenta l Chernistry. In

mental chom i stry program, the chemical

the Division's four-year-old environ-
compos it ion and behavior of condrnsed

material in the atmosphere are studied, techniques for sample ing and character-
izing part iculate emissions from energy-product ion systems are developed, and

mechani sms f.>r format i on of primary (at the source) and secondary (in the

atmosphnrr) sulfates, nitrates, and other pollr:tants are determined. In
addit ion, we are partic ipating in a :ar r f ie ld progianm, th,, Multistate

Atmospheric Power Prodir t ion Polhti(on Study (MAP'3S) to study atmospheric
aerosols. In our studio . of the miechanisms of formation of sulfate in the

atmosphere, the techni que of measuring changes in the rat ios of 18 0 /16() c(in

tinues to be a useful tool. Studies of sulfur-emissions-control chernistrv
are dir'cled toward dtermi ning the kinetics arid imechaiIsins of react ions that

are significant in the cyclic us( of ~O2 sorbents in fossil furl combustion,
with emphasis this past year on regenerat ion of CaO from sul fate- dolorni t(.

Pivs i cal Properties of A:;so i at ing Gases arnd Salt Vaprrs. Studies
count inued on the pr!pert i es of assoc i at i ng gases that Ire promi sing cand idats

for heat-t transfer and power-cycle working ri, Ilii ids . In recent experimental

work, therma 1 corndu t ivi ty measurement s were made on mi xtrures of water wi th

methanol an with tril.. r0methan31 th'i* ':r is umcnted lv ab ir1iti()

molectrltar orbital calculations. Spectroscrpi c studies of stable gasc'c,'

com) Ix-s formed between rionvo I at i I e t rans it i on-mr' t aI ha I ides arnd ac i ('i c gases

were continued; formation of these vapor complexes provides a potentially use-

ful method for converting nonvolat i le hal ides to ;i vol at i le form. A theory

was developed for calculating free-energy funct ions and entropie s of unknown
substances from the known properties of a few; :nb init ir, molecular orbital
theory was used to obtain information on structures, ( nergies, and bonding
for different molecules.

Electrochemistrj. Work in this area consists of emf studi ,f
sulfide solubilities in mno( ten-salt systems, electrocatalysis, and electrde

reaction kinetics. The solubilities of lithium sulfide and lead srr l f ide iII
LiCl-,:CI and LiCl-LiF eutectics were measured. In the area of electrocataly-
sis, work has started on a study of the kinetics and mechanism of the electro-
reduction of oxygen on carbon-supported iron phthloc. iine. Also under way
are measurements of the exchange current density of- in in LiCl-KCI ertect ic

using a double-pulse relaxation techn4-ue.

11. Analytical Chemistry Laboratory

Operated on a full-cost recovery basis by CEN, the Analytical

Chemistry Laboratory (ACL), with a staff of 30 people, supports ANL's scien-
tific and engineering programs by performing routine chemical analyses,
developing new or improved analytical methods and equipment, and consulting
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with experimenters. A major effort of the ACL during t Iw last ye r has heon
the analyt ical work associated with CEN's Proof-of-Breed ing Project. An

expand ing area of anal yt ical work is the anal ys is of efft Iuent st rt,,*i:;l from
coal convers ion and combust ion processes for organic cost I truent s . 'lhe
analyses, performed in support of an ANL coal toxicology program, h vO aided
in assessment of the biological hazards of coal ut ii izat ion processt,. In a

DOL-funded development program, we have acqu i rod the components for ;
gas-ch romatograph/mass-spect romet er/dat a-acqu i s i t ion svst em, wh ich wi I I
markedly improve our analyt ical capabil ity for organic materials. Also

acqui red dur ing the past year were an ion chromatograph, a scanning elec-
tron microscope, and an apparatus for measur ing surface area. A plutonium
analyt ical facility, under construct ion for thie past two var;, was :1
ini operat 1on.

12. Comput er Appl icat ions

A comput-er-appl ications g rou), composed of four people, assists

the Div vision's st af f in al I phas 's of c nmput r-r l att'd act ivit 1 es, t he major
areas be ing computer mod, I ing and cal cul at ion, aboralt orv automat i n,

dat a-base dovel opment , and gent ra1 s uppo rt . Dur inkg t ho past year , mat hiemat ical

imode Is were dove loped ft r var iou: CLN program;: and extens lve support in
laboratory automation was provided to the NiAt ional at terv Test Fac iIity,
the anbiuent-temperature and Iithium/metal sunI ide battery programs, aid the
ion-microprobe tac il ity.

13. Ut heIr Programs

The Divisi on :'.so has; st ;ral smal l 1 programs, not d i s, ussed

further in this report, that art fu-ided by rrganizat i. is other than Dol.
Those are (l) a program tO devel op highly sens it ive riuit ron dctcct:r tor

hiaractc izat ion of low-inttnsit y, mnoderated neutron sources; (2) a smiaIIl

program for NASA >n expei imental andl tieoret ical stud ies to test thori's of
the origin of meteorites; and (3) a program for Lxxonii, [n,. to porteo rn post-

irradiat ion physical and chemical ara Ivs es of pnt on iiurrr r ccc e fue 1 trorm the
13Big Rock Po int Reactor in Michl igan. In add it ion, t ht Div i s ion ac o'mimnodat e
numerous ad hoc ass ignments from other organi zat ions or ot he r I iv i s in 11
the Laboratory en a purchase-order basis.



II. LITHIUM/METAL SULFIDE BATTERIES

A. Overview of Battery Program

The lithium/metal sulfide battery program at ANL is c- . rued with the

development of high-performance, electri' ally rechargeable '.-ries for

electric-vehicle propulsion and for stationary energy-storamt- devices. The
widespread use of electric vehicles would conserve petroleum fue-ls. since the

energy for charging the batteries could be provided by coal, nuclear. hvdro-
electric, or other energy sources; a side-benetf it would also be real ized in
decreased air pollution in congested urban areas. The use of stationary energy-

storage batteries for load leveling on electric-utility systems could save
pet rt)leum b; rt'duc ing the need for gas turbines to meet peak power demands.
The stationarv storage batteries ma: also find application in sysr.ems involving

solar, wind, or other cyclic or intermittent energy sources.

The battery cells that are current lv under development -n i t of a

lithium-aluminum or lithium-silicon negative el... : rode, an F. :FS p2 posi-

t ive electrode, a separator to provide electrical is-) -it i in ' - electrodes,

and molten LiCl-KCI electrolvte. The melting point : -e t.rolyte ( 352'C
at the eutect ic composit ion of 58.2 mol % LiCI ) rehiq: battterv operat ins

tempe ratutre in the range of about 400-500*C. The ve ral i e ie'' t rochrmical

reaction for the I.i-Al/FeS cell can be written as follows:

2LiAi + . - - i2 + . + 2A1 (1)

The tiieOretical specific ene'rgv for reaction I is about 460 W-h/kg, and the

voltage vs. capacity curve has a single voltaizt plateau at about 1.3 V. The
react ion is actually much more complex than shown; for example, an intermediate
compound, LiK 6Je'4SbCl (J phase), is formed through a react ioe with the KCi
in the electrolyte (see Section II.G) . The overall reaction for the Li-Al/FeS 2

cell can be written in two steps:

2LiAIl + FeS, i2S + + + AI (2)

2LiAI : - + .+ 2A1 (3)

I:o tot al th ret ical spec i r : : and 3 is approximately v

650 W-h/kg. The voltage vs. c apacity curve nas two vo Itage plateaus, one at
about 1.7 V (react ion 2) and the other at 1.3 V (reaction 3). The Li-Al/FeS',

l1s are often des signed to op-rate only on the upper voltage plateau; these

are referred to as "upper plateau" cells. Reactions 2 and 3 also involve

s-ve ral mpl ex i nt ermed i ate phases ( cenhera1 I compotinds of l i thi um, i ron, and

stl fur).

yost of the cells that have' been fabricated unt i l recent lv have been of
a prismatic, bicell design with a central positive electrode and two facing
negative electrodes. RecentIv, multiplate cells (see Fig. II-1), which have
two or more positive electr odes and facing negative lectrode s, have been
developed. Test 1ng of mi I t iplato tel Is has shown that they can achieve higher

spec iti c energy and spec i tic power than the bitel ls.
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In the lithium/metal sulfide cell, porous separator sheets between the

electrodes serve acz electronic insulators, while at the same time providing
a path for the migration ox lithium ions through the electrolyte absorbed in
the separator material. Since both the negative and positive electrodes con-
sist of particle beds or porous structures of the active material filled with

electrolyte, screens or cloths are often used on the electrode faces to prevent

the escape of particulate material from the electrodes int,- ' separator.

To enhance the electronic conductivtv of the electrodes, v :.ic current

collectors are used to provide a low-resistance current path from all areas

of the electrode to the terminal. In nearly all of the present cell designs,

the negative electrodes are grounded to a steel can or housing, and the

terminal of the posit ive electrode extends through the top of the cell can

via an electrically insulating feedthrough. The top )f the celi can is also
provided with a tube, which is closed off later by .1 weld, to permit the addi-
tion of electrolyte to the cell after assembly. In many of the cells, "picture-

frame" structures around the perimeter of the electrodes are used to hold the
electrode components together as a unit.
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The lithium/metal sulfide cell can be
or part ially charged state. To assemble a
the charged state, the negat ive elect rodes

assembled in

Li-Al/FeS or

are normally

a charged, uncharged,
Li-Al/FeS 2  cell i
cold- or hot-pr'.

from Li-Al powder (usually 46-50 at. ' lithium), which may or ma.-: not be .

with some of the LiCl-KCl electrolyte powder. The' positive electrodes ar.'
formed similarly by cold- or hot-pressing FeS or FeS2 powder with or without.

added electrolyte powder. In the case of the uncharged cells, th-, electrode
plague iis passed from a mixt ur. of Li2S and iron powdIr in the appropriatc-
proport ions; the negat ive elect rode in this case is an aluminum structure

(e.g., pressed wire, porous metal, solid plate) which is converted to the
Li-Al alloy ele t rochemical ly when the cell is charged. Part ially charged
ci"l is an I.- fabricated from mixtures of the above materials
rat i> .

In general, the .. lectric-veiic le batter ' -ive

to permit an adequat' driving range, and a hi if i

normal h ighway speeds and to provide suf f is ie:t : wer f
cl imbing. The volumetric energy and power dons it aes m11

of the limited space available in most vehicles for in-

For large-scale appl icat ion in electric vehicles, the

have to - ,ve a maximum cost of S40-50/kW-h and a minim
equi va lent deep-d i sch arge cyc les. The per formance and
electric-veh ic e- battery are pro- oent ed in Table Il-1.
performance goals shown in the table is based on spec i f

in intermediate'

a high specific energy
c power to maintain

or
t

ii

passing and hill
a so be high because

1-ition of the battery.
rv will probably
:t ime of 1000

.t ire goals for the
progression of

improvements that

are ant icipated in the cell and battery designs as ti,- hnology is developed.

The most significant event in the development of the electric-vehicle
battery during the past year -- en the initiation of a contract with
Eagle-Picher Industries, Inc. : - iIhe development, design , and fabrication

of a 40-kW-h battery, designatci uark IA, uhu ich is scheduled for an
in-vehicle test in early to mid-1979. The Mark IA battery will consist of
mult iplate Li-Al/FeS cells, and will he tested primarily to evaluate the

technical feasibility of the lithium/metal sulfide system for use in electric
vehicles. In the original plan for the electric-vehicle battery, th' Mark IA
battery was to be followed by Mark IB and IC versions, which woild fully meet

the Mark I goals (presented in last year's report ). However, the advances in

the technology, part icularly in the development of separators, have been such

that a dec ision was made to proceed directly from the Mark IA to the Mark I I
battery. The Mark II ittery will also consist ot mult iplate Li-Al/FeS cells,
but wi I I have som'wh.a iii gher performance than Mark IA. The primary purpose

of th. Mark 11 h at tcry is to develop materials and fabrication methods that

have a low cost in mass production. Cost and design studies on the Mark II
battery were completed by Eagle-Picher Indcust ries, Inc., Gould Inc., and
Rockwel 1 Internat ional in November 1978. In add it ion, a request for pro-

posals for development work and fabrication of :a 50-kW-h Mark II battery
was is sued in October 1978. The Mark I II program, which is aimed at a

high-p,'rfonmance battery for passenger aitomobiles, is expected to begin in

1981. Th,' type of cells for the Mark III batterv has not yet been determined,

but th,'v will probably be multiplate Li-Al/FeS cclls.



Table II-1. Program Goals for Lithium/Metal
Sulfide Electric-Vehicle Batteries

Long
Mark IA Mark II Mark I l I Range

Specific Energv,3 W-h/kg
Cell (average) 80 125 160 200
Battery 60 100 130 155

Energy Density,a W-h/L

Cell (average) 240 400 525 650
Bat t erv 100 200 300 375

Peak Pw r, W/kg
Cell (average) 80 125 200 250
Bat t" rv 60 100 160 200

heat Loss through Jacket , 400 150 125 75-125

Li fet ime
Deep Disciarze sb 200 500 1000 1000
Equivalent Distance, km 30,000 101),000 200,000 300,000

Target Dates
Battery e st 1979 1981 1983 -
Pilot Manu fac ture - 1983 1985 1990

Calcu l: . t : -h discharge rate.

b
Ut ili z' i r. :ban 50% of the theoretical capacity every 10 cycles.

The goals for tit stat ionary energy-storage battery are listed in Table
II-2. The specific-energy and specific-power requirements for this applica-
t ion are less demanding than those for the elect ric-vehicle bat.erv, but low
cost (about $40-50/kW -h ) and long li fet ime are essent ial . Most of the effort
during the past year on the stationary energy-storage battery has involved

conceptual design studies of a 100-MW-h energy-storage plant. These studies,
whi:h were conducted as a cooperat ive effort between the Energy Systems Group
Of Rockwell Int 'rnat ional and ANL., have provided a general basis for a design

of a multiplate' LiSi/FeS cell with a capacity of 2.5 kW-h.

A ma jor ohject ive of the program at AN. is to transfer the t hnl : tQ

interested comm. rc ial organizations as it is developed, with the ult imate goal
of a compet it i ve, self-sustaining i ndustrv for the product ion of lithium/metal
stilt ide batteries. Technology transfer is implemented by various means,
inl 1 ud ing the assignment of n' I n- ers or scent ists from indust i ial companies
to ANL. on a cost-sharing basis, and the subcontracting of development work on
cells, hat series, and auxiliary items to industrial firms. Cost , design, and
market ing stud ies are also conducted with the assistance of subcont ractors

and consul t ants . Various academic inst it ut ions are also irvol ved in the pro-

gram through ttempora ry student and facul t y assignments, sul cont racts, and



Table II-2. Pro'ram Goals for I.ithiim/
St at i unary I.ntergy-Storage

BESTa
Goa l 1983

Bat terv P.'rformance
Energy Out put , kW h

Peak Pow'' r , kW
Sustainerd PoWe r, It..

Cvc le Li fe
Discharge Time, It
Charge Time, It

Ce! I Per

Spec i
Speci

I rmaince

f is Energv, W'h/kg
fic Power, W/kg

5,000

1 ,500
1,000

50(-1 , 000

10

ht0-80

1.2-20

30-3 51)

Metal Sul fide
Batter ies

Ijemons t rat ion
1987

100 , 000

25, 000

1 O , 0()
3, 000

5-10
10

60-150

12-20

25-30i

Bat t erv '.iir;v Storage Tlst Fa i i ty. This fac il ity, which is

being const rct icd under joint sponsorshi p by th- PV.8. Department
of E'.ner}'y, f ihe t'.! ttrit' Power Research Inst ittite, an! the Public

Servicte Co. of New Jersev, wi I I be used to test various types of
bat t er i es as load-level in' ],'v ices on an elec t r i c it i i it v system.

b
Pro pited cost ttor a product ion rate of 2000 MW- h/v in 1979
dollars.

constlItants, ma in y in the area of t'Iectrode model ing. At the present tiM.'

approximately one-hal f of the funding for this program is used for subcontracted

work.

The research and devel opment w

ing, post-t est examinat ions of cte' 1

materials development ani test ing
t ion stud i es . As improvements are

they are incorporated into the cell

ork at ANI, includes cel I and bat terv test-

s, cell and battery engineering development,
cel chemistry studies, and commercializa-
made in the AN!, cell materials and designs,
s fabricated by the subcontractors.

In aid it ion to the research and development program on li thi um/metal
sul tide batteries, a small effort on alternat ive cell systems has been main-

tained under a separate budget act ivity. The object ive of this work is to
develop a new bat tery system that uses abundant, low-cost materials while
maintaining the performance levels required for electric vehicles or stationary
energy storage. During the past year, this program has been focused on the
use of calcium alloys as the negative electrode material.

B. Commercialization Studies

The object ive of the commercialization studies at ANL is to provide data
on the manufacturing cost and market requirements for the lithium/metal sulfide
battery. The commercialization studies are conducted at ANL with assistance

Cell Coat , /kW-It
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from industrial subcontractors and consultants. These studiLes involve the

id-ntification 1f potential markets, manufacturing c k):t tnalv , f inancit

plans, and evaluate ions ,f competing technologies.

The first commerce iral product ion of l itlhiim/metal ssl i ie biat t r I-s wi l I
probably be for limited (low volume and high cost) markets such as postal

vans, buses, mining vehicles, and submarines. In these near-term (1982-'.990)
markets, the relatively high price of the batteries should be oi fset by their
favorable performance characteristics.

The bus market is of special interest to potential electric-vehicle
manufacturers, buoth in the U.S. and throughout the world, because the cost. of
purchasing buses is very often subsidized by nat ional or local governments.
In the U.S. , the Urban Mass Transportation Authority provides an 80' federal
subsidy for bus purchases. An anal vsi s has shown that a significant bus
market of about 40 MW-h/v could be achieved by 1982; this market could then
rapidly expand to about 580 MW-h/y in 1987 and to about 934 MW-h/y in 1990,
wh ich is enough to support the output from one automat ed battery plant.

The van market after 1987 could become very l arget. An est *...ate has been
made that this market could support 300,000 bat terv-powered vans per year,
which would require 18,900 MW-h/y of plant capacity. This market alone
woil d requi rt the out put from about 17 automated batt ery plants cated at
1,100 MW-h/v.

Another potential near-term market for the l i /MS bat terry is fork-lift
t rucks for the !. S. Arm . Eagle-Picher Indust ries, Inc-. has been contracted

to deliver several cells and a h-V bat terv module to Fort Belvoir for test

eva luat i on.

Institut ional agencies with responsible cities in resource snurv illance
and management are interested in the effect of mass production of lithium/metal
sulfide batteries on world lithium resources. Consequently, we determined
the projected Ii th iim requirements for use in lithium/metal sul f ide batteries
for electric-vehicle and stationary energy-storage applications by the year
2000. The results showed that a significant production of utility and
electric-vehicle batteries, about 110 GW-h by the year 2000, would require

about 15% of the U.S. reserves or about 5% of the world reserves.

C. Testing of Industrial Cells and _Batteries

Three major subcontractors--Eagle-Picher Industries, Inc., Gould Inc.,
and Rockwell International's Energy Systems Group--are developing manufacture ing
procedures as well as fabricating and testing cells. In addition, some of the

industrially fabricated cells are being tested at CEN's testing facilities.

Eagle-Picher and Gould fabricated Li-Al/FeS and Li-Al/FeS 2 cells. These

cells were assembled in the charged and uncharged states, with pressed negative

and positive electrodes of approximately equal capacity (A-h) or with some

excess capacity (10-50%) in the negative electrodes.



For the past siviral years, CI2S has b1een ad(I(ed to the po itive elec-
trode of I, i -Al/ FeS c(I I to (l ni inate tL I w oruat ion of J pha, , wh i ch prodi ces
ci fflisional overvolt agie and poor 1.l-octri cal performance. PoSt -t(est ('xamini-
t ions of cells of this type at ANL (see Table 11-9) have indicated, however,
that cel I f i lure is somet irnes caused by (lepos it ion of cc)pp('r in ti st'p)rat(Or
Recent cel I -chemi sL ry stud irs (see Sect ion 1 I .C) iI 1 (ated that th* formation
of 1 phase can h) inhI it id by 'ith r incri'asi i hI I LiCl content above that

of the (titect is electtrolyte, or operat in; t h cel I at high temperatures (about

500 ;). Both of tl's' appr, aches have been tested in recent indistri al
cel Is. # In the case of Ii-Al/FeS 2 cl s, cobalt suIl fidh's of various

sil f ur-t o-iw t al rat i os have been added to the F-S2 e ] ec t rodi' to i nc rease

it s (Ilect ronic conduct ivi t v; however, tii' effect iveness of the cobnlt suil fide

,d' i t iv' in iiproving <I'11 p l rforinni e has not ~et been clearly demonstrated.

Boron n! t r i d- fabr i c' has been used as t he separator mat eri a I in most of
the Iagle-IPi her :ind Gould cr l I s fabricated thus far. Recently, improvements

have been made in boron nit ride flt Is, and this material is now being used

successfuliv in cells. The felts of fer signi ficant adv;intags over the fabric
both in improved cel l performance and lower cost . Various materials, inclu ling
metal screr ns, Y20j 3  clot h, and 7-rOn clot h have been used as particle reta ine rs

at tli' electrode faces. In most cuirrint c'l ls, part iclI retainers of st ain-
Iess steel scremn are used; however, t hir' a1ppi'ars to be a good chance that
tie part i le retainers can he el imi nat (d completelv in fut ire cell designs.
A wide varI t v of currit col I ec t or dts ig ns ha bi'i'n usci in these indu strial
ci lis, incIludin f Iat sheet s and honeycombs. Iron is a sat is factory current
c II)I t cr matir ia i n 1. i-Al elec t rod s, 'nl can be used for a ! imi i d per iod

( l v) in FS eluct rodes; nickel , i ron-based al lOvs, and several other materials
sihiiw promi cI for longi'r-t'rm use in I'S I lectrodi's. 'the M ly cllrrnt-cOl lector

miat 'r ial that has been ised success Il lv in FeS' I ect rod 's to date is mol vh-
denim, wh i clh is ex pin-i ive and di f f i cil t to f ahr i cat.; a It erinat i ves such as

protect! ivi coat logs for in'XpI'lnsive miet als are inder invest igation at ANL (see
Sect iou I I .F. 3).

During, the past vear, Rockwell Internit ional fahricatel Li-Si/FeS cells.

'These c(il is were assembled in the uncharged state, and usual ly had a eutect ic

LiCI-KCI electrolyte. Most of thes' cells had the following cell components:

separator, AIN powder; posit ive current collector, nickel honeycomb; negative
cuirri'nt col lector, steel honevcmb; ;Ind1 part icle retainer, porous nickel sheet
or nickel screen. Other tvpes of cel c'omipomnts were also tested in these
cel Is.

Si gn i f i cant copper depos i t ion does not occur unt i l a f ter the cel 1 has opera-
ted for a long period of time; consequently, copper deposition is not
expect ed to be a problem in batteries for wh i ch the requ i red cell Ii fet ime
is rel at ively short, such as the Mark [A.

Industrial cells have normallv been operated at 400-450 C.

1 Before testing LiCI-rich electrolyte in industrial cells, it was first tested

in small-scale ANL cells (see Section II .D. 1).



The results of the industrial cell testing are briefly summarized below.

I. Eagle-'Picher Industries, Inc.

Over the past two years, Eagle-Pi cher has fabricated about sixt v
Li-Al/FeS-Cu-)S and Li-Al/FeS2-CoS,) hicri Is withI many variations in (h-sign
(e. , ctrode thickness, electrode capacity Ioading, and current coIIctor

designs). Thise i(ctric-vehicle cells we rc tested at AN and evaluiated using
a standard zed procedure that permits a cmpar ison of th performance of cells
with di fforint designs. Dur in,, the past year, f ive Li-Al /FeS-Cu iS bicel Is were
CyCloi , and al I but on( Operat d for hetwc'n 500 and 1200 cycles. Ih)wever, the
spec i I ic energY and spec i f i c p(,wc' r of these ce Is w1 l re sign i f i cant ly below the
,,oals st for the Mark IA hat torv (see Tablt' II-I). 1iperat ion of a few of these

'FS cil is at high tenpi r;?t 1lrts (450-5000 C) prdcc(1(c id a sign i fi cant i improvement
in performance ; hut op rat ion at th I' high timperat ures for long pci'riods is
ixpectcd tO increase the c)rroS ioln rat of tho FeS ctlI components, thereby
shortton i ng t he c( I I l i f (t im1 .

In this salime period, eight(cln li-Al/I Si-CcS h hicells were tested at
ANL, and most of those ci Is at trained verv high spec i f i c energy and speci fic
pow r, hut opirat(ed for l('ss than 250 cycIis. Tahl II-3 s'ives the design
iiaract r1 st ics and performance' data of two recently tI'st d icl s2? CC s (1811

and 18L) and two basil ine cel Is. As can he sei n in this tahIe, an increase
in elootrod, iOadline risullt(d in a significant increase in specific energy.
In add it ion, C-1 I s 1811 and 181, had an improved honeycomb design for the

positive cIrrilnt collctor, whi h reduced cl l resistance and conse(pui nt lv
incri-ased power.

l a-,l -Pi chir was awarded a contract in Fehruarv 1978 for the d'velop-

ment, dosi n, and I abri cat ion of the 40-kW-h 'tark LA battery. The technic-il
goals for the- Mark IA bat tiry are given in Tabl I -4. On the basis of pre-

vicus test results from Li-Al/FeS and Li-Al/FeS,) hic lls, .! agle-Pici'ter
select -d a Li-Al/FeS mult iplate cel l design (three posit ive and four nog a ive

electrodes) for this battery. A' of the end of 1978, about 1301 mltipliate

cells had been fabri catid ; and most of the-se cells have been or are being

tested by either Eagle-Picher or ANL to determine the effect on perforlanlce

of the following design variables: method of particle retentrion, current

collector design, additives to the positive electrode, and LiCl content of
the electroilvte. Some of the cells have achieved very high spec i fic energies--
greater than 100 W-h/kg at the 4-h rate; however, several problems were

encountered during the development phase of this program, including high cell

resistance, loss of capacity during cycling, and poor wett ing of the separator

by the electrolyte. These problems appear to have been resolved through

intensive ef forts both at ANI, and at Eagle-Picher. The test result s from

individual cells indicate that the Mark IA cells, which will be fabricated
in early 1979, will meet the performance and Iifetime goals Iisted in

Table 11-1.

The Mark IA battery will consist of two 20-kW-h modules, each

module having 60 multiplate cells connected in series and housed in a thermally

insulated case (see Fig. 11-2). After the Mark IA has been fabricated, it will
undergo laboratory and in-vehicle testing at AN! (scheduled for early to mid-
1979). Prior to these tests, however, a small (1.8 kW-h) Li-Al/FeS battery,
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Table 11-3. Test Resil t s
L i--Al /FeS 2 -Co

2A5a

Electrode Thickness, mm
Positive 3.4
Negative 3.3

Cell Capacity, A-h

Positive 1;1 ec t rode

Negat i ve El ect rod'

Electrode Loading , A-h/cm1

Pos it ive

Negat iV(e

Spec i f ic EnergyC W h/kp

Peak Power, W

Peak Power Flux,( W/cm 2

Cel 1 Resistance, m

aBase 1 i ne c ells .

70

70

0.67
0.6'

44.0

84.5

0.22

8.5

from Eagle-Picher

S 2 Cells

2B4a I81 18

6.3
6.8

155

155

0.79
0.73

54. 5

97.5

0.21

7.5

Because the (el Is have two negat i ve e lectrodes and

the posit iv e electrode is considered to consist of
the thickness given here.

Calculated at a current densi ty oF 80 mA/cm 2 .

dCalcujatecd at 50% discharge.

2.8

4.2

117

148

5.1
7.6

220
290

1.39
1 .21

99.1

1.35
1.10

83.8

136 106

0.190.25

5.3 6.6

one positive electrode,
two halves, each having

Table 11-4. Technical Goals for the Mark IA Battery

Battery Characteristics

Energy Output ,a kW'h

Power Output, b kW
Maximum Weight, kg

Maximum Volume, L

Specific Energy, W-h/kga

Energy Density,a W'h/L

Operating Temperature, 0 C
Maximum Heat Loss, W

Battery Voltage, V
Cycle Lifec

Discharge to 1.0 V/cell at the 4-h rate.

15-s pulse at 50% discharge.

c
To 20% loss of the design capacity.

Goals

40
30

667
400
60
100

400-500
400
144
200
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CORRUGATED CONTAINER
1.52 m

ii I
.1

7

ELECTRICAL - -
FEED 4

THROUGHS 4

HEATERS

MULTIFOIL

CELL-300AH

Fig. 1 1-2. Battery Case for a 20-kW'h Battery Module

also fabricated by Eagle-Picher, will be tested at ANL in a Volkswagen van
presently powered by twelve 1 .8-kW-h lead-acid batteries; test ing of this
battery will aid in developing the final design for the Mark IA.

2. Gould Inc.

During the past year, Gould fabricated and tested about 40 electric-
vehicle bicells with FeS electrodes. The testing of these cells indicated
that the cel l resistance could be reduced by two design modif icat ions: the
substitution of BN felt for the previously used BN cloth separator, and the
substitution of a thin nickel sheet for the iran sieet previously used as the

current collector. In addition, a Li-Al/FeS cell having carbon, cobalt, and
excess iron added to the positive electrode and a i.iCl-KCI elect rolVt e with a
high LiCl content (62.8 mol % LiCI) showed a 35% h higher pos i t i ve-elec t rode
utilization than that of a baseline Li-AI/FeS-Cu2S cell. The test results

to date indicate that the near-term (1978-1981) per ormance goals for the
electric-vehicle battery can probably be met or exceeded with the Li-Al/FeS

system.

During 1977-1978, Gould Inc. fabricated 55 upper-plateau electric-
vehicle bicells with FeS 2 electrodes. These cells are being tested at ANL

to determine the effect on performance of the following design features:

method of particle retention, thickness and electrolyte content of the positive

046m

0.33m



(,1 ' ct rode , 1 it Iih in content in the nega tiv(

cot lector. Th foI lowing conclusions w(*r(

ct'(I s . Fi rst , th lis(' of rnt re than 30 vo'

dots not app(aIr LII of f-r any h(nofi t in I>

I 'ctrold-s that are mort' than 5.6-flmm thick
ness r(sil t s in a dthcrtas' iin ti I ' i i zat

t_(, at t a i n opt i minIm capa' i ty, the ((l II s1ho1
Si t1ium aind t( it iii ze 707 of the ith iu tn

(itsignd for itD't1 ivt', 1 ect rodt oi i I izat i1

1) (conIs ' imI i t (- by t h( nega Li v(- (, I t rod(.I

electrode, and design of the current
*reached fromt the testing of these
S lectrolyt(e in the FeS 2  electrode

'I performance . Second, for FeS)

an increase in the el(octrode thick-

ion of the act ive materi al . Th ird,
d be designeid to have 50 at. %
in the negative el( ctrode. In cells

>n ih ither than 707, the capacity

In ce! Is des i gned for negat i ve-

. oct rod', 't i I i zat i oie-, 1 ess than 707, - r,'ater than 85% ut ii izat i.on of the

pto s it 1v( ttrodt d was richi 'vo, at hifh1 current dens it ies ( 100 mA/cm 2 )
I 0(n th 'iu',ih n(ot (dits in fd for in i mrumn w(,ight , c,-I I5 bui I t in this manner have

at taino spt'c ifi( (ntr ios of 75 W-h/kg at th(' 4 -h rate. Test ing of the
1e,tid c('lIs wilI c(ontti nO , in 1979.

3. Norkw' I I 't rna t i ona

t'h i"n'r,'y S.'stIwm; (;roup at Rokwt'l I nttornat i onal (RI) is developing
i i-Si/Ft'S cl L for (l'c:t ric-v,'hic H and stationary energy-storage app Iications.

itIrin,! 1978, a i-S i/FeS multiplate cell (capacity, 2.5 kW-h) for
stat inna rv (n(' rgy-storag' applications w';ts fabricated and tested at kI. ThLis

C" I I, wh i ch was op(-r;ito(d at. 'ibouit 460"C, had n i no negative and e ight positive

,l-trol . (23 x 23 lm) and IiVI-KCl (-tAo.ct ic (lt'ctrolytt'; this is b()0 ieved
to ho the 1 ar,s t lithi'tmt/imitf al s'Il f idt( c(l I ovt'r operattod (see Fig. I I-3).
T)I cOIl 'IP ritIld for a short tim ('35 cyclI'), and post-tost exaninat ions

r('vt':il(Id t hIt. tIhI ipart icl' retainer for the posit ive electrode (porous nickel

sh It ) iId rupt'irod in many I plIac s, th(' part i I e retainer for the negat ivc
1 oct rod (ni ikol scro''n) had al loweId material to escape, and the separator

(A I N powd, r) hi:-i not bi n su f f i c iont L v wet by the I 01 ct rot yt ( . Another

2. 5-kW-h c('I I is present I y under dove 1 opm'nt .

Testing of sixteen li-Si/F('S bic'Ills for electric-vehicle applica--

t ions was al s() compl ot ed at R l. These cl Is showed sg nificant improvements

n performance, siiii lar L those of the Li-Al/FeS bic'1lIs, when operated at
h igh tempo rat ures (between 450 and 500"C) or when the LiCI-KCl electrolyte
had a hirh i.i1 content . Although substant ial progress has been made at RI
in the tt'v''lopmnt of an electric-vehicte Li-Si/FeS cell, further work is
needed t a;It t i i n it-' requ i red co t and performance goals.

4. Industrial Cell and Batter Fest inj Facilities

A major effort at ANL is directed toward performance and lifetime

testing of cells fabricated by industrial contractors. Additional facilities

are being installed at ANL both for cell lifetime tests and for laboratory
tests of electric-vehicle batteries.

a. 1Fi fty-Cel 1 Lifet ime Test Facility

Construction of a facility for simultaneous lifetime testing

of up to 50 cells for the electric-vehicle program is nearing completion.
Part of the facility is now in operation; its completion and full-scale
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It'

Fig. 11-3. Load-Leveling Cell (2.5 kW-h)

operation are scheduled for early 1979. Emphasis will be placed on the testing

of cells fabricated by industrial contractors to acquire statistical data on

cell performance and lifetime.

Each cell test-station is a module consisting of an open relay

rack which contains a furnace, a furnace temperature-control panel, a cell

cycler, and a power supply. Figure II-4 is a view of a completed module.

The furnaces are 114-L (30-gal) steel drums containing a rigid insulating

material and heating elements. The cell under test is suspended from the lid

of the drum along with heat shields and insulating materials. All of the

furnaces are connected to a low-pressure manifold that provides an argon blan-

ket at positive pressure to minimize atmospheric corrosion. After a prototype

cell cycler for this facility had been designed and built by the ANL Electronics

Division, the required number of cyclers were ordered from a commercial vendor.*

*
Paraplegic Manufacturing Co., Inc., Bensenville, Illinois.
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All data from the 50-cell test facil ity will be fed to a data-

acquisition computer system that will store and compute the desired informa-

tion on cell performance. The ta will be sent to a PDP 1 r/34 computer, which

will process the information into the required form. The following (Ia ta on

cell performance will be available: capacity (A-1), energy (W-h), elapsed
time (h), voltage (V), current (A), and temperature C().

b. Electric-Vehicle Battery Test Fac i l ity

A laboratory is being prepared and equipped for testing of two
full-scale (up to 60 kW-h) electric-vehicle batteries. Provisions are being
made to test the batteries under a variety of modes, e.g., discharge and
charges at constant current or constant power; d ischa ges that follow a driving
schedule such as a SAE J-227 prof i lt; l and charges at const ant volt age iol1 owed
by cell equalization after bulk charging.

The electric-vehicle battery test fac i ity employs cot.n)ut r-

controlled pow 2r supplies. A block diagram of the system is shown in Fig. 11-5.
Robicon programmable power supplies* (shown as "cycler" in Fig. I 1-5) provide

the means for charging and discharging the battery. These units are capable
of charge currents up to 300 A and discharge currents up to 1200 A; the maximum

voltage is 250 V. The current is controlled by a micro-computer (Plessev

Micro-1), which permits operation in various modes. The computer also provides
safety monitoring of the battery under test and switching of modes of operation.

Battery and cell voltages, battery current, and battery temperatures are
monitored on a periodic basis, using multiplexers and analog-to-digital (A/D)

converters coupled to a CAMAC system.1 Data from this system enter th com-

puter for comparison, integration, and processing. A 20-K core memory and 5-
megabyte disc memory provide storage for the programs, data acquisition, aud
data reduction. A visual display is provided by a Decscopet and ard cop:

by a Decwriter.

For the first full-scale, electric-vethicle battery 01,irk IA).
it is anticipated that cell equalization will be required after about ten
cycles to bring all cells to the same state of charge. An individual power

supply for each cell is provided for this purpose. These power suppl is have

a current limit of 10 A at a constant voltage (adjustable) of about 1.62 V,
and each has its own voltage-sensing leads. The power suppl ies have been

assembled in two modules, each containing 60 power supplies. The modules can

be controlled independently, or together as a complete system.

*
Manufactured by the Robicon Corp., Pittsburgh, PA.

tThe CAMAC system is an international, modular data-acqui sit ion and control
standard which, when interfaced to a computer, allows the use of rem, te

stations to gather data and control varioL; types of equi pment used in indus-

trial and specialized research applications.

Manufactured by Digital Equipment Corp., Maynard, MA.

U.S. Energy and Development Administration (ERDA), Office of Electric and

Hybrid Vehicles, Test and Evaluation Procedures for Electric Vehicles (1976).
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Fig. 11-5. Computer Control and Data-Acquisition System

for Testing of Electric-Vehicle Batteries

This test facility will be used for laboratory tests of the

'lark IA battery. It will also be used to charge the battery for in-vehicle

tests.

I). Test ingof ANL Cells

Over the past year, ANL has fabricated and tested nearly 40 lithium/metal

sulfide engineering-scale bicells. These cells were assembled in the charged,
uncharged, or partially charged state. For most of the ANL cells, the elec-

trodes are pressed mixtures of active materials and electrolyte, the separators

are a felt material (BN or Y203 ), and the electrolyte is LiCl-KCl eutectic.

The ANL cells have designs that are expected to reduce cost, or improve lifetime

and specific energy at high discharge current densities (>75 mA/cm1 ). When-

ever advances in cell technology are demonstrated, these advances are incor-

porated as quickly as possible into the industrial contractors' cells.



1. Small-Scale Cells

Cell-chemistry studies have indicat, 1 :t the formation of J phase
(LiK 6 Fe 24 S2 6 CI) in FeS electrodes has an adverse effect on the electrode

kinetics, and that J-phase formation can be decreased by increasing the LiCl

content of the LiCl-KCl eutectic (Section II.G). Accordingly, tests were per-
formed on two small-scale FeS cells (15-cm2 electrode area, to determine the
effect of electrolyte composition on positive-elect r ,d utilization. The
following electrolyte compositions w, - - steU: >, iS, 61, 65, and 67 mol
LiCl (l iquidus temperatures, 415, 350. ;5, 4(n, 1i 4-)( C, respect ively). The
rsults indicated that positive-electr* itilia on incr ,ases significantly
with increased LiCL content in the electrolyte of FaS cells. The positive
electrode in the cell with the 53 mol % LiCl had the lowest utilization--.
When an electrolyte of 67 mol LiCl was used, a positive-electrode utili. * :n
of 80%' was achieved. In another series of tests, the peak power density ('tcm 2 )
in small-scale FeS cells was found to h~ =i: ii f i -an-:3 in r. - i .:

a 67 mol" I.iCl-33 mol KCI electrolyte.

2. Cel 1 s with Pre sstd Elect rodtes

Over the past year, about ten engine-ring-scale Li-Al/FeS cells with
pri-sed electrodes were tested in a continuiinv effort to determine the effect

on pert ormance of the Cu2S positive-electrode additive and the LiCI-rich
electrul vt.- . P"rI rmance data for five of the cells are given in Table II-5.
These five "1-series" cells" were also tested to determine the effect of a
high posit iv - *L. tr,>d, loading (1.6 A-h/cm 3 ) on cell performance. As can
be seen in the tabhl , hth the Cu'S addit ive and the LiCl-rich electrolyte
improved the performances of the Li-Al/FeS cell. In addition, the use of a
high positive-elect rode loading appeared to result in somewhat better cell
performance.

In the past, although FeS' cells have achieved high specific energy
and specific power, they have enerally had limited lifetimes (.200 cycles).
Studies by the cell-chemistry group have shown that gradual loss of capacity

ii 1i-Al/FeS2 cells may result from irreversibility of the FeS, electrode.
As a potential solution to this problem, a loner sulfur-to-metal ratio, 1.44,
was tested in the positive electrode of two engineering-scale cells--M-4 and 1-7.

These two cells differed in capacity loading of both electrodes and in lithium

content of the negative electrode. The capacity that Cell M-4 could achieve
was limited by the capacity of the negative electrode (165 A-h vs. 2t7 A-h

for the positive), whereas the capacity of Cell M-7 was limited by the capacity

of the positive electrode (233 A h vs. 194 A-h). The lithium content of the

negative electrode was 48 at. % in Cell M-4 and 55 :.t . in Cell >1-7.

As shown in 'Fable II-6, the speci fic energy and speci fic power ini

both of these cells were high. After 255 cycles of operation, the capacity

of Cell M-4 had declined by only 11%, from 107 to 95 .X*. The stable perfor-

mance of this cell is very encouraging. Because of the limiting capacity of
the negative electrode, the positive-electrode utilization was typically about

*
The basic design for this type of cell was presented in last year's report.



Table II-5. Cell
Da t a

Characteristics and Performance
for Five M-Series FeS Cells

M-6 M-8

Cu 2S Addition to FeS, mol % 16 0
LiCI Content of Electrolyte, mol / 58a 67
Pus. Electrode Loading, A-h/cm 3 0.7 1.4

specificc Energy,h W-h/kg
Specific Powe r,' W/kg

Cy le Li fe

54
51
64

)

347

M1-9 M-10 M-1 1

16 0 0

58a 5 8 a 67
1.6 1.4 1.6

7'
244

42
66

300

53
75

365

aEut t i c compos ition.

hMea-ir-] at a , errent dens it v of 75 mA/cm 2 .

CPeak p,)w r -itainable for 15 s at 50% discharge.

Table II-6. Performance Data 1Or Two M-Series FeS 2 Cells

Cell M-4 a Cel 1M- 7 b

Speci fic Energv, -h/kg

Specific Power,) W/kg

Cyc le Li ft,
ap
(Capacity load i n}, 165 A~h (neg;

87

90

300

97

125

138

b
Capacity loading: 233 A-h (neg.)/194 A-h.(pos.).

CCalculated at a current density of 93 mA/cm2 .

dPeak power sustainable for 15 s at 507 discharge.

38(" . The reserve of active material in the positive electrode may have been

partly responsible for its extended operation. Cell M-7 demonstrated similar
performance stability for about 135 cycles, and achieved a positive-electrode
utilization of about 42' (85 A-h); operation of the cell was terminated,
however, because of a sharp decrease in its cotu 1 ombic efficiency. These results
suggest that the use of sulftr-to-metal ratios that are somewhat less than 2.0
in Li-A1/MSX cells probably stabilizes cell capacity for at least a few
hundred cyc les.

During 1977, in a number of Li-Al/MSx cells, NiS 2 was substituted

for iron sulfide as the active material in the positive electrode or was used
as an additive to improve cell lifetime (-,ee last year's report). Testing of
these cells indicated that the relatively small benefit in lifetime resulting

from the use of nickel sul f ide is not offset by the high cost of nickel.
Therefore, testing of this type of cell has been discontinued.

)/267 A-h.(pos.).



3. Cells with Carbon-Bonded Electrodes

Carbon-bonded positive electrodes are being developed as an alterna-
tive to those made by pressing techniques. In the carbon-bonded electrode,
the particulate active material is supported in a pyrolyz-d-carbon matrix
having a void volume of 95. This structure is formed by tht pyrolysis (at
450-550 C) of a paste-like mixture consisting of active material (e., FeS
or FeS2), a volatile pore-forming agent (ammonium carbonate), a binder

(furan resin), and a carbonaceous filler. In an investigation of potential

manufacturing methods for carbon-bonded electrodes, the use of a heat-activated
catalyst (I wt % maleic anhydride) to polymerize the furan resin was found to

reduce the curing Lime. A successful attempt t extrude the paste indicated
that ext rusion is a potent ial fabricat ion method.

Tests have been conducted on three engineering-scale cells having
carbon-bonded posit ive electrodes (one of FeS and the other tw'.) of FeS?) and
a design similar to that of the M-series cells. '1 c t:1 t-,ts have shown that

carbvn-'madin in a promising al ternat ivte to cold- or hot-pressing techniques

for the fabrication of electrodes and that the electrodes have good electrical
performance characteristics. A choir e between carbon bonding and pressing
probably will depend pr imari lv on relat iv4 sts and adaptahi I itv to mass

prodlic t i on.

4. Cells with Powder Separators

Earlier work (see last year' s report) had indicated that nonconduc-
tive ceramic powders are possible low-cost alternatives to the BN fabric and
felt that are currently being used as electrode separators in lithium/retal
sul f ide ce1 1 s. The use of Mgo-powder separators has now been evaluated in
eight engineering-scale Li-Al/FeS cells. Two techniques, vibratory compaction
and hot pressing, were used to form the powder separators. The vibratory-
compaction procedure consists of vibrating the MgO into the space between the

electrodes, which are separated by temporary spacers. The hot-pressed separator
is formed by premixing the insulating powder with electrolyte and hot-pressing
the mixture onto a previously fabricated positive electrode.

In general, the cells with powder separators have a high coulombic

efficiency (>99%) and stable capacity after break-in cycling; and the method

of formation of the powder separators has little, if any, effect on the

performance characteristics of the cells. The results of these cell tests

indicate that powder separators may be an alternative to BN felt or fabric.

They offer several potential advantages--ease of fabricating various shapes,

the possibility of using a variety of different ceramic powders, and low

cost. It is also possible that a thinner powder separator can be developed,
with a resulting decrease in the weight of the cell and an improvement in power

characteristics. Further work is needed to demonstrate the long-term stability

of powder separators, particularly when the cell is being rapidly vibrated,
and to develop multiplate cell designs that can accommodate powder separators.
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E. Systems Design and Deve lprment

The approaches taken in the design of the battery components other than
cells differ significantly for the electric-vehicle and stationary-storage

applications. The work done on the design and development of this equipment
is discussed below; also discussed is a model developed for optimization
of the electric-vehicle cell design.

1. Electr ic-Vehicle Propulsion

Eagle-Picher Industries, Inc. has designed a thermally insulated

case for the Mark IA battery based upon a conceptual design devised at ANL.

This case will consist of double-walled metal (Inconel 718) with multilayered

foil in the evacuated space (see Fig. 1I-2), and will enclose 60 cells with a
total capacity of 20 kW-h. Eagle-Picher has contracted two firms--Thermo

Electron Corp. and Budd Co.--to construct the case, and this task is nearly

complete. Other Mark IA hardware is also being designed and fahricatPd by
Eagle-Picher. This hardware includes a cell tray, temperature-control and

fail-safe equipment, and electrical/electronic components. Great care has

been taken to minimize hardware weight without adversely affecting battery

performance.

During the past year, ANL constructed a charging system for electric-

vehicle batteries that also provides individual cell-capacity equalization

with very close control of individual cell voltages. (Close voltage control

is important in ensuring long cell life.) The ANL charger/equalizer, shown

in Fig. 11-6, is based on a design which TRW Systems developed under a contract

with ANL; the unit can be preset to charge battery systems containing from

one to six cells. The test unit has performed accurately and reliably over a

variety of operating conditions.

Two studies on the thermal management of Li/MSX batteries have

been initiated at ANL. In one of these studies, an assessment was made of the

optimal shape for a 50-kW-h battery case, rectangular or cylindrical. The

results, although still preliminary, indicate that the cylindrical shape has

advantages over the rectangular one with respect to weight and volume, heat

loss, and manufacturing cost. In the second study, an experimental method

was devised for calculating the reversible heating (TAS) of Li-AI/FeS cells.

The information obtained from these calculations will be used in the design

of future electric-vehicle battery cases.

Engineering modeling studies are being conducted at ANL with the

objective of developing empirical equations that relate cell performance

to the physical and chemical characteristics of the cell and the mode of cell

operation. Very general equations have been developed to fit FeS and FeS 2

bicells and multiplate cells; the coefficients in the equations are determined

by multiple regression analysis. Operating and performance data of 26 cells*

were used to develop the model, and data from a second group of 16 cells were

*
Fabricated by Eagle-Picher, Gould, and ANL.
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Fig. 11-6. ANL Charger/Equalizer

used as a subsequent check of the model.. Good agreement has been obtained
between predicted and actual cell performance. The model will be very useful
in the optimization of the electric-vehicle cell design.

2. Stationary Energy Storage

Rockwell International (RI) has been performing conceptual design
studies of a 100-MW-h energy-storage plant; recently, this design was com-

bined with a conceptual design conceived at ANL. The cell. chosen for this
plant is the 2.5-kW-h multiplate cell (see Section 1.t.C.3). In the RI/ANL

design, four of these cells will be electrically connected (in parallel)

i -)
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to form a 10-kW-h assembly, which will be the basic replaceable unit of the
plant. Twenty-four such assemblies will be stacked in two sets of twelve to

form a submodule (see Fig. 11-7). A module will consist of six rows of six

submodules each (a total of 864 cell assemblies) connected in series. Nominal

dimensions for an uninsulated, assembled module are 12 x 2.8 x 6 m. Fiberglass

insulation panels, 43 cm thick, will be attached to the sides of the module

to reduce heat losses.

The 100-MW-h facility design (Fig. 11-8) contains two groups of six

modules (designated a "battery bank") arranged on either side of an electrical-

power processing center. This central area contains ac-dc converters, circuit

breakers, and transformers interfacing with the utility distribution or trans-

mission system. Each module group has a 10-MW converter; interties permit
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reassignment of the converters to alternate battery banks. Also in the cen-

tral area are ancillary buildings (sheet-metal sheds) which house switchgear,
equalizer electronics, and other instrumentation. Centrifugal blowers for the

thermal management system are housed in sheet-metal structures on the outside

of each bank. A gantry spans the 23-m width of the plant for loading or

replacing the submodules. The submodules can be trucked to the plant site

and brought up to operating temperature in an external furnace on site.

Cost estimates for the plant are being prepared by ANL and RI.

Preliminary cost estimates by ANL suggest that the cost of the battery plant

as presently described (including cells but excluding ac/dc converters) is

well over the battery cost goal of $50/kW-h.* During the next fiscal

year, ANL and RI will try to find a way to reduce this cost.

F. Materials Development

Efforts in the materials program are directed toward the development of

various cell components (electrode separators, current collectors, and cell

hardware), testing and evaluation of potential cell materials (for corrosion

and wettability), and post-test examinations of cells to evaluate the behavior

of the electrodes and construction materials. The results of these studies

form the basis for recommending materials, components, and cell designs.

*
A cell cost of $3O/kW-h was assumed for this estimate.



1 . est i ng of l ectrode Separators

The separator is a key component of the cell , and it must meet
several requi rements , inc Iudn1 n, compat i hi I i ty with the electrode materials

and electrolyt e, gtod wet ability by the electrolyte, adequate mechanical

strength, acceptable cost, suitable porosity and thickness, and lack of
electronic conductivity.

In the past, BN fabric has been used successful ly in engineering
cells; however, the projected cost for mass production precludes its use in

comrnrcial col Is. Conserluently, three types of potentially low-cost separators

have been under stidy: felts, ceramic powders, and sintered porous ceramics.
The ceramic-powder and sintered-ceramic separators have the advantages of

it i izing materials that are not available in fibrous form (e.g., AIN, MgO,
and -Si-3N/ 4 ) and are amenable to low-cost mass production. The primary dis-

advantage of the ceramic separators is their low porosity (ceramic pcwd-r,
iY" pwusit y; sintered ceraric, 50-70% porosity; felt, 90-93% porosity),

which restr icts ionic transport at high current densities (>75 mA/cm 2 ).

Testing of experinttrial rel is has demonstrated the technical feasi-

bility of each type of separi tor. The separators being tested had thicknesses
between 0.9 and 1.6 mm. At low current densities (<40 mA/cm 2 ),the thickness

and porosity of the separator had I itt l effect on the utilization of the ac-
tive material. however, at high current densities, the utilization of cells
with powder trr sin tered separators (i.e., low porosity) was significantly

lower than that of cells with felt separators. In addition, at high current
densities, utilization was lower in cells with thicker separators. Efforts
are ctnt ino ing on the opt imi zat ion of the design of ceramic-powder and sintered-

ceramic separators; felt separators are being tested in contractor-fabricated
cells.

2. E!ectrolyto Wett ing Studies

In the operation of a cell, the separator and active materials must
be well wet by the electrolyte; the internal resistance is determined, in part,
by tire extent to which these components are filled with electrolyte. There-
fore, over the past few years studies have been conducted to determine the

wettability by molten LiCl-KC1 of candidate separator raterials and active
materials. For these studies, the advancing and receding contact angles of

molten LiCI-KC1 electrolyte were measured on the following cell materials:

LiAl, Al, FeS 2 , FeS, Li 2 S (active materials), Type 304 stainless steel, Y2 03 ,
MgO, BN, Al 20 3 , C, an' ZrO 2 (candidate materials for separators and particle

retainers). Only the LiAl, Al, Type 304 SS, and Y 20 3 were easily wet by the

electrolyte.

Owing to the difficulty of wetting most of the above materials,
studies are being conducted to identify pretreatment processes to improve

wettability. This effort has identified LiAICl4 as an effective wetting agent

for separator materials. At room temperature, a low concentration of LiAlCl4
is added to the separator material in the form of a powder; at temperatures

above 150 C, this powder melts and spreads over the separator material, thereby

producing a material that can be easily penetrated by molten LiCl-KC. This

wetting agent has been successfully tested in engineering-scale cells.



3. Corrosion Studies

materials
tions are

materi a ls

Corrosion testing is an integral part of the sel
of construction for lithium/metal sulfide cells.
made on the basis of static corrosion tests, and

are tested further in experimental cel ls.

ect ion of
Initial

the more

suitable
evalIua-

)romi si 1ng

The search for cost rct ion materials for FeS and FeS2 elect rodes

is being continued. Results of static corrosion tests have indicated that a
number of nickel-base al loys (Hastel lovs B and C and some of the Inconel
al loys) should have low corrosion rates (<5 um/y) in the FeS electrode. Iron-
base alloys developed at ANL have also looked promising in static tests.
However, all these all ys have higher resistiviti es than those of nickel and
iron, and are thuis less desirable. For the FeS'2 electiode, corrosion tests
have shown that on I. ity lvbdenim and graphite are sufficientlv resistant to

sul fide attack. 1,wi ver, graphite has a high ro--i-tv ty , nnmol vhdenum i v(-v

expensive, and both materials are di fficul t to fabricate into suitable current
col lector shapes. Major efforts are presently being r1i rected toward the devel -
opment of conduct ive ceramics for use as a coat ing materi al on inexpens iv(1

metal lic current collectors in FeS2 elect rodes. So far, coatings of TiN
and TiB look very promising. This effort is being expanded to include

studies of other coat in materials, both metal and conductive ceramics (or
glasses). During the next year, in-cell testing of the promising coating
materials is pl anned.

4. Post-Test Cel l Exami nat ions

Post-test examinat ions are conducted to determine electrode morphology
(e.g., microstructure, active material utilization and distribution, reaction
uniformity, impurity effects, and cross-contamination) i n-cell corrosion reac-
tions and kinetics; and causes of cell failure. These results are evaluated,
and appropriate recomnmendat ions for improving cell performance are made to
engineering personnel.

During the year, 52 engineering cells were sihierted to post-test
examinations. All of these cells had bicell designs except four, which had
multiplate designs. Of the 52 cells, 43 were fabricated by industrial contrac-
tors and the rest by ANL. A summary of the causes of cell failure in 46 cel ls
is presented in Table II-7. Six cells completed the scheduled test period
and have been included in the table only to complete the record of post-test
exami nat ions .

Cell operation has been terminated principally because of electrical
short circuits, although in a few cases loss of capacity and declining coulombic
efficiency were the causes. For the past year, the major causes of short
circuits have been cutting of separators by the current collector (11 cases)

and problems with cell assembly (10 cases). The cells with cut separators

were fabricated before the recommendation had been made to add protective

screens (see last year's report); the screens have proved effective in pre-
venting this problem. Cell assembly difficulties included misaligned (or

broken) electrodes, misplaced (or skewed) separators, and contact of Zrn2

30
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Table I1-7. Summary of Cell. Failure Modes

Cause of Failure No. of Cells

Extrusion of act ive mater als
( i nadequate confinement ) 5

Metallic coppeI deposits in separatora 3

Metallich and/or sul fide deposits across

separator 4

Separator cut by honeycomb current

col 1 ec t or 11

FIili nment ma I f uct n

Short circuit in feedthrough 4

Cell assembly difficulties 1)

Unidenti fied

Decl dining coulombic efficiency 1
Short circuits 3

Loss of capacity/poor utilization 3

End of test 6

FeS cells with Cu 2 S additive.

1 Other than copper.
C
Resuliing in overcharge, temperature excursion, or

accidental polarity reversal.

cloth (conductive after reaction with lithium) with both electrodes. Extru-

sion of active material, a major problem in past years, appears to have been

solved in the cells with newer designs. The causes of the short circuits are

mechanical and can be avoided by modification of cell designs and by better

quality control.

In the four multiplate cells, metallographic examinations showed

a significant deficiency of electrolyte in the negative electrodes and sep-

arators; the electrolyte deficiency was caused by incomplete filling and/or

expansion of the electrodes. These examinations also showed that agglomera-

tion (densification) had occurred to a considerable extent in the center
portion of the negative electrode. At this time, Li-Al agglomeration and

electrolyte deficiency are believed to be major factors in the high rate of

capacity decline pre-ently observed in multiplate cells.



5. Materials Development b'_Contractors

It the area of material s and components , t he Carborundum Co. is

developing BN-felt electrode separators, the I 1i inoi s Institute of Technology

is investigating the electrochemical dep!siti-on Ol molyb6enumn for joining and
plating current-collector structures, and I H: Ttchinoloy'v is d(velopinc inosal ated

electrical feedthroughs.

G. Cell Chemistry

The cell-chemistry studies are directed toward (I ) solvin' the chemical

and elect rochemi cal problems that ar i se in the ce I l and hat t er v development

work, (2) identifying new cel1 designs that may improve performance and Ii fe-

t ime , and ( 3) acqui ring an under st and i ng o f the proc sses that oc cur wi th i n

the cl ls. Mobt of the crp 1 -chemi strry studies at ANL this year were concerned

with the properties of metal sulfide electrodes. In addition, General Motors

Corp. has been contracted to conduct an experimental invest igation of the

characteristics of the FeS2 electrode.

Studies are being conducted on the Li i>S-FeS-Fe field of the Li-Fe-S phase

diagram. The findings of these studies have been incorporated into the phase

diagram shown in Fig. II-9.

SULFUR

A-B DISCHARGE PATH OF
FeS 2 ELECTRODE

Z = Li 3 Fe 2 S4

X= Li2 FeS 2
A FeS2X-W-Y= SOLID SOLUTION

FIELD

C - D; DISCHARGE PATH OF
FeS ELECTRODE Fe-S

Y - 'C

B ,'
D

LITHIUM IRON

Fig. II-9. Isothermal Section o i-Fe-S Phase
Diagram

,I



Tli- path repri sent ing the change in average compos it ion of an FeS 2 elec-

t roiLe ;s it is charged an i .is liarged at 450C is indicated by the line A-B.

Thl fl ly charged electrode eentains FeS7, (point A) and the fully discharged

1 ect rode ionta ins I 2S and i ron ( poi 1t b) . Between these extremes, two

wi -defined compounds are found on the line, A-B, name 1 y, Z phase (Li 3Fe 2 S4 )
and X phase ( i2 'eS 2 ) In add it. ion, more comrp] tx phases are found in tLhe
re ion hbt ween t he 7 and X phase., .g., nixt r s of Fe -XS, W (approximate

Com posit ion, lii Fe SI I ), and Z.

ThI d i harg- bhIavior of fieS 2  e I ect rods can be descri bed with the aid
of Fig. I-9. Durin discharge, FeS 2  is converted to Z. phase. Next, Z phase
is converted 'c a ni xture of the compounds Fe1I-,S and W. The latter compound

I ies on thr boundary of a so iid-solution field 1abel ed X-Y.^ The extent of

t his sol id-sW it ion fi i anim the approximate location of the W compound on the
f ied boindlarv arte indicaed in t ie fi ure . Further d i scharge of the compounds

-x til W i(rts to fitrmnaL ion o Lt singl ph c.. p ,n , X phise. Final y,

X pliase is di scharrcl to a mi xt ore iof Li 2 S and iron. Thu phases formed during
charge( are much more complex than those formed dur i ng di sc charge, and are stiil

und r invest i ga t. i in .

Cyc' ie voltamnmetry studies have been used to elIucidate ti charge and
ischargc reawt inIs of te FeS) riec trod vs. Li-Al in Li I-KCI electrolvte.

Tii FeS2 e c t rode was i nit i aly cyv c led over a broad vol t aite range (1.0-2.0 V)

with a very low voltage scan rate (0.015-0.020 mV/s). In the high-voltage
region of the voi amnmogram (1 .5-2.0 V), a large voltage separat ion, 0.12 V,
was found hetweun the chlargt and di schIrge react ions, thereby i nid i cat i ng

kinet ic hiInd rance of the el ct rode re ct ion. In subs ( en t -xpt riments,
vol tannigrams of tih Fe';,) 'Ifc trode wert taken at four diischarge cutoff

voltages--I.43, 1.56, 1.61, and I.65 V; and, as the cutoff voILag was in-

c reas d, th i voItage separate ion was four 1 o decrease dice to a shift. in the

charge peak to a Ii gimher voltage (the ni >'h, rge peak remained f fixed). At the

I .65-V d i schlargu cut off , Lhe vol tage seprit ion between thi charge and i

charge react ions was less than 0.02 V. This result indicates that when the
FtS, 2 I ect rode i s d i schargeld beyond the .Z phase ( i . e . , the upper vol tage

plateau) the charge reaction becomes kinetica1ly hindered. Thus, one may
conclude that the rea t ions in FeS? electrodes depend strong ly on the depth

of di schiarge.

Further investigations of the chemistry of the FeS electrode indicated

that, when a Li-Al/LiCl-KCl/FeS cell i.s charged, the first material to form

in the FeS electrode is X phase (Li.2 FeS 2 ). Tbis reaction i.s followed by

the formation of J phase (approximate composition, LiK 6 Fe2 4 S2 6 CI), and then

by the formation of FeS. The J phase is formed through a reaction with the
KCI in the electrolyte, and has been found to adversely affect electrode

kinetics. In the absence of J phase, the FeS electrode material traverses

Approximate composition of Y phase, Li 7Fe 2S 6 .
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two composition triangles during charge and discharge (see ling i-D in
Fig. II-9) . The phases present in the elect rode dur ing the fi r t hal f of
the charge (or conversely during the second half of discharge) con: ist of
Li 2 FeS 2 , Li 2 S and Fe (mixture 1). During the second half of charge (or con-
versely during the first half of discharge) the phases consist of Fe:,, Li2FeS 2 ,
and Fe (mixture 2). Th, two mixtures probi):y react with elect rolvte (o form
J phase according to the following reactions:

6KC1 + Fe + 23LiofeS2 j + 5LiCI + 20i/i

6KC1 + Fe + 20FeS + 3Li2JS 2 J + SLiCI

(4)

(5)

Preliminary tests by CEN's Basic Energy Sciences program indicated that these

reactions are strongly dependent on tem[ rat tre and on L',e comnos it ion of the
electrol vte. ThPrP fonr, invest igat ions were l ari out to .1ermi ne the
,naximum temperature for formation of J phase, TJ, when mixtures (1) and (2)
are blended with electrolyte of various compost ions. The results snowed that

.^e addition of LiCl to LiCI-KCl outect ic signit icant lv decreased T3j. Wi th

mixture 2, for example, Tjwas 623 C wi th LiCl-KCI outoct ic (58 mol LiCl),
but only 481 C with electrolyte containing about 76 mol LiCl. Thus, the
use of a LiCl-rich electrolyte in Li-Al/FeS cells should resut! in substant i.l

improvements in perte-mance.

Tests were conduct-d with L1 -Al(IC A-h)/FeS (6.5 A-h) cells having LiCI-KCI
electrolytes containinW'

the effect of electrolyt

at 450 and 500*C. (The

100 mA/cm2 .) In the cel
higher temperature resul

effect was not observed
t ions. In general , the

increasing LiCl content.

53, 58 (eutect ic) , 63, and 67 mo I LIC I to evaluate
e composition on the ut ii i zat ion of tie FeS electrode
cel ls were cyc 1-d at current densities of 50 and

ls with the 53 and 58 mo % li CI electrolyte, the
t-d in a significantly increased utilization; this
in the cells wi th the other two el oct rolyte composi -
ut i l izat ion of the pos i t ive e lect rode increased wi tn

Thus, the highest ut ili zat ion (85-90") was achieved
in the cel with an electrolyte containing 67 mol % LiCl.

I. Advanced Battery Research

The objective of this program is to develop high-performance cells that
use inexpensive, abundant materials while maintaining The performance levels

required for electric vehicles or load leveling. 'lhese cells are expected

to follow the lithium/metal sulfide cells into commercial production. The

present goals for the cells are a specific energy of 160 W-h/kg and a miaxiumt1
materials cost of $10-15/kW-h in mass production. During the past year,
studies were conducted with cells having negative electrodes of either cAlcium
or magnesium alloy, posit 've electrodes of metal sulfide or metal oxide, and

a molten-salL electrolyte The operating temperature for these cells was

between 400 and 450C.

In testing of magnesium cells, two major problems

unacceptably low utilization of the positive electrode,
the negative electrodes of dendrites which cause short

we have decided to concentrate further efforts on devel

promising calcium cell.

have been di s overed
and the format ion on

circuits. Therefore,
opment of the more



Our ing the past year, a pr ismat 1 .a(Mg2 S1i)/Li1l-K(-CaCl 2 /NiS 2 cel l
with a th'oret ical capacity of 70 , : tested to eval oat the behavior of

calcium electrodes in an (ngineerin!-w:ale cell. The cell, although not of
opt imlim we ight , ach ieved a sp . if ic energy of 42 W-h/kg at tiho 6-h rate.
O(perat ion was terminated after 120 cycles because of d(ecl ining coulombic
ef f is ieIn . The result t s of th i s test were very encourage ing.

'he elect rolyt - used in the cell 1 r' at ively expensive because of its

Ihigh 1 ithiurn ltent (54 mo Li l ); therefore, a search was made for less
expensive electrolytes. The most promising salt ident ifi ed is 29 mol 'X LiCI-

20 mel / NaCI-i5 mol % CaCl 2 -16 mol BaCl 2 (m.p. , 39x0C).

SmaI l-scale cell (1.5 Ar " r t were conduct'( to ident ify promising
negat ive el ect rodes At her than th' Ca-Mg-Si system; negat ive elet rodes eva]-
tiaterd inc1u ded Ca-Si, (,a-AI-Zn, and (a-Pb. The (Ca-Si electrode was the only
system that had ac(e(pt able it i 1 i iat ion. The Ca-S i and Ca-Mg-) i .1 ec t rides
will be compared in tests of engineering-scale cells during the next year.

In c yc l ic vo I t ammet ry measur-iment s on MS 2 el ect rodes (FS 2 and N i S2)
vs. CaAI4 , condu ted in LiCI-KCI-CaCI 2 and LiCl-NaCI-CaC1 2 -baCl 2 electrolyte,
the 1i ,h -v";t :igu rlact ions ( - 1 .6 V) of FeS arid NiS 2 exhibited po rer electro-

chemnic ril rvrs i b i I i t y t han the o(wer vol t age reac t inns. The cause of the poor

rivers I) i ity and methods of correct ing it will be u'ht in fut ure experiments.

The ut il I zat ion of both the Feb 2 and Ni S2 il ec t rodes was much h igher in the

Lil-UaCl-CaCI 2 -HaCI I el ectrolyte than in the Li CI-KCI-CaCl 2 electrolyt e;
thus the BaCI 2 -cont , in ing elet rol yt e appears more sui table for use in

calcium cel Is.

The results dew crIbed above are promising. We b iv tsit the cetI I por-

forman'. goal (160 W-h/kg) can eventual ly be ach ieved in cal c ium al loy/Lil,-

NaCI-CaC 2 -l(Cl 2 /E S2 ("r "iS2) cells having mult ipl ate designs. Our goal

during t he cornirg year is to design and operate prismat ic bicelIs having

spec i Ic en'rg ies greater than 100 W-i/kg.



Ill. OFFICE FOR ELECTROCHEMICAL PROJECT MANAGEMENT (OEPM)

The principal activities of OEPM are (1) management of research, develop-
ment, and demonstration programs on near-term, ambient-temperature batteries

for electric veih ic les; (2) operation of the National Battery Test Laboratory,
in whicn batteries developed in DOE programs undergo performance verification
and qual it icat ion testing; (3) research studies in support of electric-vehicle
battery development; (4) program planning related to energy conservation in
industrial electrolyt ic processes; and (5) research studies on the battery
requirements for photovoltaic systems. Tntes'st iv act ivit ls are di ';i]sed

DloW.

A. 'anigmtIent It Near- I erm hat tery oUnt ract s

The OLPM is assist ing DOE in the management of industrial contracts for
research, deve I opmt'nt , and demonst rat ion of near-term elect r ic-vehicle batteries.
These contracts are part of the DUL program to implement the Electric and
Hybrid Vehicle Research, Deve 1 opment , and Demoust rat ion Act of 1976. The
battery systems selected were those showing the highest potent ial for rapid
development, namely, the lead-at -ii, nickel/zinc, and nickel/iron systems, which
operate at amb lent tempe raturt.' . the program i intended to serve as a nucleus
for accelerated commerce ial iz t ion of bat tery t * hnologies and thus includes

,J-ve lopment of pilot-scale product ion (:apabi I it '.

The development goals for the near-t. erm
in 1977, are summarized in ablee 111-1. In I

been surpassed, and most of the 1979 goals wi

hat terites, which were established

artie part, the 1977 goals have

Il probably be met in 1979 or

Table I 11-1 . Developmneot Goals for Near-T-rm Electric-Vehicle Batteri

19

Spec i t it Energy,
w.n/kg

Lead-Acid Nickel/Iron Nickel/Zinc

77 1979 1982 1977 1979 1982 1977 1979 1982

30 40 5o 44 50 60 70 75 90

Energy Efficiency, %

Spec i f ic Power, W/kg

Susta ined

Peak

Cycle Life

65 70 70 60 65 70 60 b5 70

15

50

20 25
100 150

700 800 1000

2. 30 40

110 120 150

1500 2000 2000

20 40 50
130 150 200

300 500 1000

Price,b $/kW-h

aBattery duty cycle:
charge.

100 90 40 120 100 55 180 110 55

2-4 h discharge; 70-80%, depth of 'i ischarge; 4-8 h

b10,000-unit selling price to electric-vehicle manufacturer.
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1980. If the 1979 goals are met, commuter vehicles should be ready for demon-

strat ion in 1980-1981. We are confident that at least one of the ambient-

temperature batteries can achieve the goals for 1982 and subsequently capture
the market for near-term electric vehicles. In the longer term (after 1985),
a more advanced battery such as the lithium/metal sulfide battery (see Section

11 of this report) may he deve loped and Lonsequent ly further broaden the

electric-vehicle market.

In the spring of 1978 the following firms were subcontracted to conduct

R&D on near-term batteries: Eltra Corp., ESB, Inc., Globe Union, Inc. (lead-

acid); Yardnrv Electric Co., Energy Research Corp., Gould Inc. (Ni/Zn); and

West inghouse LIlect r ic Corp., and Eag le-P icher Industries, Inc. (N i/Fe) . Con-
tractual negotiations are in the final stages with ESB for a Ni/Zn battery

with a vibrat ing anode. The contracts extend for periods of three to four
years, depending on the complexity of the work; all contracts call for the

production of cells (or monoblocks*), prototype batteries, and pilot-line
batteries. The contracts on lead-acid batteries call for the development of

both improved state-of-the-art batteries and batteries of an advanced design.

OEPM provides overall program management, as well as planning, evaluation and

technical monitoring of the individual subcontracts. Performance verification

and qualification tests of the cells and batteries are conducted in OEPM's

National Battery Test Laboratory, described in Section III.C.

During this year, OEPM has concentrated on four areas of near-term battery

development: (1) studies of program scope and battery performance projections,
(2) creation of battery specifications and standardized testing procedures,
(3) recognition of battery problems requiring further analysis, and (4) assess-
ment of the present technical status of the contractor's efforts.

With respect to the first effort, three major studies for DOE were com-
pleted: a preliminary analysis of battery cost, a study of the feasibility
of program acceleration, and projections of battery performance and cost.

The preliminary cost analysis showed that materials would account for approxi-

mately 60% of the projected selling price of the near-term batteries; however,
the cost projections will remain u! certain until the various technological

approaches of the industrial contractors are more clearly defined. The
program-acceleration study revealed that technological improvements in the

near-term batteries could be accelerated by about six months with significantly

increased funding for battery testing, and that the number of prototype
batteries produced could be significantly increased through a moderate increase

in funding for development of the pilot-line facility. It was also ascertained
that the immediate construction of a best-effort prototype battery, followed

by an in-vehicle evaluation, would assist in the development program. A pro-

gram for the construction of this prototype is now being initiated. In the

third study, battery performance projections (i.t., specific energy as a func-
tion of discharge rate and specific power as a function of depth of dis-
charge and discharge rate) were made for the period 1978-1981; and battery

prices were projected for purchases of 1 to 300 electric-vehicle batteries,
each with a capacity of 30 kW-h.

*
A monoblock is a single module consisting of multiple cells.



For the second effort, preliminary specifications were set for the near-
term batteries. The most important specification was the temporary acceptance
of module dimensions of a typical "golf-cart" battery with a nominal voltage
range of 6-7 V. In addition, standardized test procedures aret being formulated;
such procedures are required to compare thc performance of batter es on a
normalized basis.

In the third effort, trade-off studies have been started to reIate per-
formance and cycle life to battery design; these studies are needed to ident ify
battery components that require improvement. Dur ing next year. careful assess-

ment will be made of battery problems related to thermal management and main-
tenance such as watering requirements, overcharge requirements and electrolyte
maintenance requirements.

For the fourth effort , six contractors have been visit d. Our ing

these visits, an assessment was made of the contractors' iacil it is, the tech-
n ical approach chosen for battery development , and the prel iminary experimental
success. The status of the near-term battery contracts is discussed below.

Lead-Ac id Bat tries. With its present performance and 1(ow cost , the lead-
acid battery should be able to capture a sign if icant port ion of the near-term
electric-vehicle market. However, to make these batteries even more commer-
cial lv attract ive, the specific energy and cycle life need to be improved
without significantly increasing the cost . Using a mathematical model, Globe
Union has demonstrated that plate size and width-to-height (or aspect) ratio
affect the specific energy. Eltra Corp. is using expanded Pb-Ca-Sn wrought
alloy grids for both pos it ive and negat ive elect rodes. These expanded metal
grids are especially lightweight and are expected to be maintenance free. In
addition, Eltra believes that the ir wrought alloys will not undergo the same
corrosion as Pb-Ca-Sn alloys that are used in cast grids, and thus the life

of the battery wil 1 be increased. ESB is investigating the effect of changes
in battery design in performance and Iifet ime, and developing tubular posit ive
electrodes that are expected to improve battery 1 i fet me. In addition, ESB
is invest igat ing advanced designs for lead-acid batteries such as a bipolar,
pile-type battery. An advanced design could produce a sign it icant increase
in specific energy for the lead-acid battery.

Nickel/Iron Batteries. The advantageous features of the Ni/Fe svstelll

are long cyc le I i fe , ruggedness , and insens it iv it y t o ccll-volt age reversal;
however, this type of battery is very expensive and exhibits inferior perfor-
mance at low temperatures. Westinghouse Electric Corp. is developing low-cost
nickel electrodes and perfecting an electrolyte maintenance system. Eagle-

Picher Industries has developed proprietary designs for thick nickel electrodes
and thin iron electrodes; these types of electrodes are needed so that state-
of-the-art technology can be adapted to electric-vehiclte batt cry designs.

Nickel/Zinc Batteries. The state of technology o the Ni/Zn system is
changing rapidly at present. Of the near-term systems, the Ni/Zn battery has
the highest specific energy, but the lowest cycle life. However, Yardnev
Electric Corp. , Energy Research Corp. , and Gould Inc. are test ing many new
designs to improve cycle life. Us ing different approaches, all three contrac-
tors are concent rat ing on the per fo romance of the zinc electrode and the
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characteristics of the separator system, as well as on the development of a

maintenance-free design. In addition, they are investigating thermal manage-
ment problems, which are brought about by the high energy density and the

unfavorable entropy contribution to the heat generation on discharge.

Public demonstrat ion of the near-term batteries in electric vehicles is

planned within the next few years. In the next two years, OEPM must concen-
trate on recognizing battery problem areas through analysis of data generated
by testing the batteries. Once critical areas are recognized, the OEPM must

be able to reorient program efforts in order to find solutions.

B. National Battery Test Laboratory

The National Battery Test Laboratory (NBTL)' was established to provide

a facility for the independent testing and evaluation of various batteries as

they are developed. This facility is an integral part of the DOE battery
research and development program. Cells and batteries developed within DOE-

sponsored programs and those developed by private funds are tested at the NBTL.

Applications for these batteries include electric-vehicle propulsion, electric
utility load-leveling, and solar and wind energy storage. The laboratory is

capable of the simultaneous testing of about 120 cells and five or six full-

size (30-40 kW-h) batteries under simulated driving conditions as well as
under normal test conditions. Graphical displays of battery performance are
directly available through a computer.

1. Facility Operation

During 1978, the following battery modules arrived at the NBTL from
near-term battery contractors: improved lead-acid modules from ESB, Inc., a
Ni/Zn module from Energy Research Corp., and Ni/Zn modules from Gould Inc.

Figures III-1 and -2 are examples of computer-generated plots avail-
able from tests performed in the NBTL. Both of these figures are for a four-
cell Ni/Zn module that was discharged at a constant current of 137 A and
charged at a constant current and constant voltage of 80 A and 7.8 V, respec-
tively. In Fig. III-1 are plots of battery current, battery voltage, and

temperatures of two cells during two successive cycles. The cycle numbers
and time of operation are indicated on the abscissa. At the very top of the
figure is a computer-generated tabulation of the coulombic and energy capa-
cities, and the average voltage at various times during battery operation.
The cycle-to-cycle reproducibility of the measurements is representative of

the reliability of the performance of this system. Figure III-2 shows the
four individual cell voltages of the Ni/Zn module during the same period of
time shown in Fig. III-1. The computer was programmed to terminate the
discharge when any cell voltage dropped to 1 V. As can be seen in Fig. III-2,
the voltages for all four cells at any given time are similar except at the

The National Battery Test Laboratory Design Report, April 1976-1977,
ANL/OEPM-77-4 (1977).
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very end of discharge, where the voltage of Cell 4 is lower than that of the
other three cells. It should be noted that the cell voltage at the discharge
cutoff is very sensitive to remaining capacity (about 100 mV/5 A-h); as a
result Cell 4 may have but 1-2% less capacity than the other three cells.

These results indicate that all four cells were rather well matched in this
module.

2. Projected Test Schedule

The number of cell and battery tests projected for NBTL through 1981

is as follows: 1979, 68 cells or modules and 18 batteries; 1980, 58-83 cells

or modules and 41 batteries; 1981, 23 cells or modules and 22 batteries. Most

of these will be lead-acid, Ni/Zn, and Ni/Fe, but tests of other, more advanced
systems such as Zn/C1, Li/S, and Na/S, are also expected. This projection

includes cells and batteries from the DOE baseline program, as well as from

the additional programs supporting the Electric and Hybrid Vehicle Research,
Development, and Demonstration Act of 1976.

3. Ad Hoc National Battery Advisory Committee

The National Battery Advisory Committee (NBAC) was established in
1977 to provide advice to ANL and DOE for planning and implementing battery-
related programs. This committee comprises representatives from industrial
battery firms and advanced battery developers, electric vehicle developers,
universities, the Electric Power Research Institute, government battery test-
ing laboratories, and organizations such as the Electrochemical Society, the

Electric Vehicle Cor ncil, the Battery Council Tnternational, and the Institut
of Electric and Electronics Engineers.

The NBAC meets approximately four times a year, and functions in

close liaison with OEPM. During this past year, the committee has been active

in reviewing _zandard test procedures for batteries, developing a strategy for
data management, studying battery commercialization, and assessing the impact

of battery programs on resources.

C. Battery Support Research

One function of the OEPM is to perform basic and applied research in

support of the near-term battery program. Research is undertaken in areas of

significant interest to OEPM contractors and in areas identified by OEPM as
essential to the progress of the program. This work presently includes efforts

to improve load-leveling lead-acid batteries, mathematical modeling of elec-

trodes and batteries, and the study of anodes using a simulated porous elec-

trode.

1. Experimental Studies of Load-Leveling Batteries

Lead-acid batteries are being developed for utility load-leveling
applications. Thus, support research was conducted during the past year on

generation of the highly toxic gases stibine (SbH 3 ) and arsine (AsH 3 ) and the
loss of water by electrolysis during charging of these batteries.
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In previous work, a large industrial battery (5 kW-h) was found to
generate a significant amount of stibine and arsine during the overcharge
period of a charge cycle and during equalization-charging at 2.65 and 2.55 V,
which are normally encountered in the load-leveling applications. During the

past year, a stibine/arsine detection kit was developed for use in field eval-

uation of toxic gas release. The equipment includes a metering pump to provide

a constant gas flow rate, an absorption tube to collect the SbH 3 and AsH3 ,
and the necessary controls, filters, etc. A portable spectrophotometer is
used to analyze for antimony. The sensitivity of detection with this field

kit is 0.2 mg SbH 3 , which is excellent for monitoring cell off-gases. With
a more sensit ive spectrophotometer, a sensitivity of 25 pg SbH 3 can be
obtained, which is sufficient for determining ambient-air toxicity. The

absorbed solution is analyzed for arsenic at the laboratory.

Another problem with present load-leveling batteries is loss of

water by electrolysis during charging. Two techniques were considered to solve
this problem: the periodic addition of water to the battery, and development

of a device to recombine the hydrogen and oxygen generated by the cells and

subsequently return H20 to the cells. The latter approach has several advan-
tages: maintenance is reduced, and toxic gases are trapped rather than vented.
Specifications for such a device were developed from laboratory data from the

5-kW-h industrial battery, and Varta Batterie AG was contracted to design such
devices for batteries with capacities of 5 to 20 kW-h.

During the coming year, work on recombination devices will be con-
t inued and means for improving the ut il izat ion of the positive electrodes of
lP d-acid cclis wil I be investigated.

2. Mathemat ical Batterj Models

Test ing of Ni/Zn electric-vehicle batteries has shown that they are
limited in lifetime and exhibit an increase in temperature during discharge.
Consequently, two different models were developed: one to show the effect of

variations in electrode design on Ni/Zn cell performance and lifetime, and

the other to predict the thermal behavior of a Ni/Zn battery during operation.

In the first case, a three-dimensional model has been developed to
predict potential distribution and reaction uniformity in porous electrodes
as functions of electrode dimensions, kinetics, component conductivities, and
operating current. This model is useful in the design of nickel and zinc
electrodes because one can determine the effect of various design parameters
on electrode performance. An example of the utility of the three-dimensional
model is illustrated in Fig. 11-3. By using this figure, one can determine
the effect of varying the grid conductivity (og) on the potential distribution
and maximum/minimum current density while keeping other battery properties con-
stant. For curves numbered 2 and 3, a9 was made, respectively, two and ten
times as great as for the number 1 curves.

The nomenclature for terms used in the figure is as follows:

F, R, T Usual electrochemical definitions

Exchange current densityto
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Lx, Ly, LZ Electrode length, width, and thickness, respect ively

a Specific surface area of the electrode

I Total electrode current

knax Rat io of the max imum--to-minimum current dens ity at a

fixed toa' current (a measure of nonuniformity of

react ion)

Electrode/electrolyte potential

Ke, g Conductivities of electrolyte and grid, respect ively
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The second model was developed to determine the effect of battery
design and operating conditions on the thermal behavior of a Ni/Zn electric-

vehicle battery. This model was similar to that formulated earlier for lead-

acid batteries. 2 Using this recent model, we predLcted the thermal behavior

of a contractor-fabricated Ni/Zn battery being tested in the NBTL. The calcu-

lated results were nearly the same as those obtained experimentally. Further

studies using the model are being carried out to evaluate various engineering

approaches for maintaining lower temperatures within Ni/Zn batteries during

discharge.

3. Experimental Studies of Porous Electrodes

Previous experimental studies of porous electrodes reported in the

literature have used crudely simulated porous electrodes or porous electrodes
extracted from post-test cells. During 1977, a simulated porous electrode

consisting of a hundred or more cylindrical pores was developed (see last
year's report). It is fabricated in a manner to permit the continuous deter-
mination of current as a funct ion of the depth within the pore, and is a
valuable tool for investigating t ime-dependent performance parameters occurring
within operating porous electrodes.

During this past year, simulated porous electrodes were used to study

zinc anodes, which limit the capacity of the nickel/zinc cell. The behavior
of zinc anodes in hydroxide electrolyte is complex because of the limited solu-
bility of ZnO as a hvdroxylated negative ion, which results in redis-ribution
of the zinc metal during cycling. In turn, this redistribution causes
declining performance and electrical short-circuiting of electrodes. With a
KOI-zincate electrolyte, the zinc electrode showed an abrupt drop in current

after about 3 min of anodization at a current of 411 mA. This abrupt change
in current is indicative of passivat ion. Figure III-4 shows the current-
density distribution in the anode as a function of distance from the electrode
face, both before and after the onset of passivation. The results indicate
that passivation is not uniform, being greatest at the pore entrance and non-
existent at a depth of about 0.8 mm within the pore.

Future studies using the simulated porous electrodes will be directed
toward measuring electrolyte composition and metal/electrolyte potentials

along with the current-distribution determinations. With this type of infor-
mation, the experimental studies will supplement the theoretical modeling

efforts.

D. Industrial Electrolytic Technology

The goal of this orogram is to increase energy efficiencies for the pro-
duction of commodities presently, or projected to be, produced by electrolytic
processes, thereby resulting in energy savings of 10% in the near term (1985)
and about 30% by the year 2000. The efficiencies of these processes can be

K. W. Choi and N. P. Yao, An Engineering Analysis of Thermal Phenomena for

Lead-Acid Batteries During Recharge Processes, ANL-77-24 (1977).
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improved by the development of either modifications in major present-day

processes or entirely new processes, which may or may not be electrolytic.

A preliminary program plan to assist industry in achieving these improve-

ments was completed in 1977; this plan will be revised during 1979. To promote

the interaction of the government with industry and universities, a nation-l
ad hoc advisory committee was formed in early 1978. Also during 1978, survey

studies to identify energy-efficient electrolytic processes were conducted by
industrial firms and ANL.

1. Contracts

The near-term goal of the contracted work is to identify alternative

electrolytic processes, project energy savings, and assess the effort needed

to develop each process and to demonstrate its commercial feasibility.

Survey studies have been performed by five contractors to assess

alternative processes in aluminum (Arthur D. Little, Inc.) and chlorine

(Versar, Inc.) production, metal winning (Battelle, Columbus Laboratories),
metal recycling (EIC Corp.), and organic electrolytic synthesis (Electro-

chemical Technology Corp.). The information required for these surveys was

obtained from open literature, industrial interviews, and calculations based
on data available in the literature. In these survey studies the overall
energy of the process alternatives was compared with that of current technology.

Those processes for which the energy savings are significant (>109 MJ/y or

1012 Btu/y) were described in detail, and estimates were made on the amount

of energy saved, the process cost, and the impact on the environment and

natural resources.

The University of Illinois, under a cost-shared contract with ANL,
has compiled a bibliography entitled Swan Bibliography of Electroorganic

Synthesis Reactions, 1801-1975. The bibliography will serve as a basis for
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identifying electroorganic processes that might result in significant energy
and resource savings.

During 1979, a contractor will conduct a survey study of the electro-

lytic production of inorganic chemicals; detailed engineering and economic
evaluations will then be carried out for a few of the especially promising
processes. In addit ion, one or two research projects may be initiated in this
per iod.

2. In-House Research

V. the past year, ANL has made preliminary evaluations of nearly

sixty potent ial process improvements and new electrolyt ic processes. These
technologies were selected on the basis of information obtained from a number
of sources, including the Electrochemical Technology Corporation,'* the ad hoc

advisory committee, and ANL staff. Table III-2 presents representative results
of this preliminary evaluation study and the recommendations made on future
act ions.

Table I11-2. Energy-Saving Technologies

Technology Evaluation Recommendat ion

Aluminum production from Promising Investigate

sulf ides

Aluminum production from

Hal 1-Heroult ce l Is in
wh ich anode overpotent ial
decreased

Chloride product ion by use
of cells with redox-

catalyzed 02 cathodes

Electrolysis of HR to
produce chlorine

Copper refining using Cu+

Electrochemical NH 3

production

03 production

Application of slurry
electrodes

Not likely to succeed

Uncertain value

Limited applicability

Promis ing

Advantage limited to H 2

production

Significant growth likely

Applications very specific,
not amenable for general

study

No effort

Monitor progress

No effort

Investigate

No effort

Investigate

Monitor progress

*
From a study performed in 1976.



In pred ict ing the energy consumpt ion of improved or new e elect ro-
:hemical processes, one must consider that indust ry wi 1l operate such processes

under condit ions opt imized to yield the highest profit . In elect roch-miCal

processes, the energy cost per uni it quant ity of product can be dec reased bv
decreasing the current density (because of lower ohmic losses), but inve,' nent
costs increase. Therefore, a mathemat ical model was devel opt-d to predict the

effects of changes in energy price, changes in investment costs, process
improvements, and deviat ions from opt imum cond it ions on energy consumpt ion
and product costs for industrial electrolyt ic processes. Lmpl oying this model ,
we predicted the energy consumpt ion of alternat ive processes for the product ion
of aluminum and chlorine. Calculat ions using this model have shown that process

improvements do not always save as much energy as would be initial lv expected.

For example, the introduct ion of an electrolyte with higher conduct ivity into

a given electrochemical cell decreases the ohmic losses, but calculat ions show
that this improvement in ohmic resistance is counteracted by a 1hiit to a
h igher opt imam current dens ity. Consequently, the result ing nt energy saving
is smaller than was at fit.' expected. Figure 1 I 1-5 is an ii 1 list rat ion of the
type of plot that we used to pred ict the opt imumn current density ( indicated by

the vert ical dashed 1 ine) for electrolytic processes. In this figure, the cost
and cell voltage are plotted as a funct ion of -- rrent density for two types of
chlorine cells--the convent ional d iaphragm-typ. cel 1 and a membrane-type cel
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Fig. III-5. Cost vs. Current Density for T,,

Chlorine Production Processes



with an oxygen cathode. (both KI and K. are componcits of the total prod-
uct cost.) Fr'm the data in this figure, t he energy consumption can be easily
computed.

Extensive thermodynamic calculat ions indicated that the product ion

of aluminum using aluminum sulfide as an interned iate species is an attractive

process in comparison

recently developed by
to Al2 3 , which could
sul fur; the result ing

step. Alternat Ive Iy,
obt a in t he a l uminurn fr
direct sul fur i zat ion o
efficiently separated.
cost estimates are in

to the t rad it ional Hal 1-Heroult process anc a process
Alcoa (AlCl 3  electrolysis). Alumina could be sulfurized
be subjected to electrolysis to prodtice aluminum and
sulfur could then be recirculated to the sulfurization

it may be possible to form aluminum subsulf ide and to
om d ispropo rt ionat ion of the subsul f ide . Add it ionall y,
f aluminous ore is f-asible i f the sul f ides can be

Investigation of crucial process steps and preliminary

progress.

Experimen,.al invest igat iona were started on electrolytes in which

stable cuprous complexes form upon anodic dissotur ion of copper. If such
electrolytes were employed in copper refining, only half as much current would
be necessary to process a given amount of copper, and an energy savings of about
50% would be possible. Once sufficient laboratory data are obtained, this
possibility for energy savings wil l be analyzed in more detail.

L. Battery Storage f )r Solar Photovoltaic Systems

Photovo itaic conversion systems prov d- direct-cur rent el ct r i( a 1 energy
t rom an inexhrtist ible re oturce with a minimur of adverse environmental I t tects.
To assure commerce ial izat ion of this techno logy, DOE has inst itited the Nat ional

Photovoltaic Pro ;ram Plan.3 TIhe overal I object ive of th is program is to
ensure that photovoltaic conversion systems play a significant role in main-

ta ining the nat ion's energy supply, with the goal of produc ing approximately
50 w(e) of electrical energy by t ho ;ear 2000. The Nat ional Photovoltaic

P rogr am w i l I be suc c ess f ul on 1y i t ine> pens ive bat t er ies and power r convey rs ion
and control equipment are available. !:nergy storage systems are roqu i red to
supply energ
electricity,
DOE in def in
workshop 4 wa

y during Lthe periods when the photovoltaic ar
or to supplement the array output when requi

ing the role of batteries in various photovol
s he I d in wh ich 80 governmrent and ind st r i a I

ray is not

r''l. T, a
t itc apple i

represent a
discussed problems related to the developmnerit and conittr ial izat ion
volta ic systems. Ih e workshop f focused on th ree pr inc ipal apple icat i
battery/photovoltaic energy systems: energy sources for private re
and remote-sites (e.g. , microwave repeaters, weather stations), ins

(e.g., shopping centers, high schools), and central power stations.

prod tc ing
ssist the

cat ions, a
t lives
of photo-

ons for
s idences

t it it ions

As a result of the workshop, three conclusions were reached. First,
achievement of the near-term (1982-1985) performance and cost goals for t h

3
National Photovoltaic Program Plan, U.S. Department o t Eno rgv Report DOE/
ET-0035 (March 1978).

4
N. P. Yao and J. J. Barghusen, Eds., Proceedings of the i rkshtp otn hattterv
Storage for Solar Photovoltaic Energy Systems, ANL/OLPM-75-3 (1978).

.l
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National Photovoltaic Program will require the development of lead-acid

batteries with a lifetime exceeding 3000 cycles (>10 y). Second, communication
between photovoltaic system designers and battery manufacturers is essential;

detailed analyses are required to match the battery operating characteristics

to the photovoltaic system requirements. Third, studies should be conducted

to determine the effect of the use of various photovoltaic systems on electric

utilities.

The information collected at the workshop, along with the results of other
DOE studies, provided the basis for a program plan covering battery storage

systems for solar photovoltaic applications; this plan was submitted to DOE
in September 1978.
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IV. ADVANCED FUEL CELL DEVELOPMENT

A. Overview

The molten carbonate fuel cell is one of the most promising technologies
being developed by DOE to reduce the nation's reliance on petroleum fuels for

electrical generation. The Chemical Engineering Division has two responsi-
bilities within the DOE program to develop molten (ir,)Ti iI e fuel cell power
plants. These are ( ) to conduct technical management of the program and
(2) to provide supporting research and development that yields fundamental
understanding of fuel cell behavior as well as improved cell components.

Molten carbonate itel cells consist of a porous nickel alloy anode, a
porous nickel oxide cathode, an electrolyte structure separating the anode
and cathode, and appropriate metal cell housings or, in the case of s._acks
of cells, cell separator plates. The cell housings (or separator plates)
bear upon the electrolyte structurre to form a seal (called a wet seal)
between the environment and the anode and cathode gas compartments. The
electrolyte structure, wh ich is commonly cal led "t ile," is a composite

structure of sot id L jAl02 part icles nd a mixture of lithium and potassium
carbonates that is a liquid at the cell operating temperature of 925 K. At

the anode, hydrogen and carbon monoxide in the fuel gas react with carbonate
ion from the electrolyte to form carbon di )xide and water, giving up elect r:ins
to the external circuit. At the cathode, caron dioxide and oxygen react
and accept elect rons from the external ci rcu it to form carbonate ion, wh ich

is conducted through the -lect rolyte to the anode. In pract ical cell

stacks, CO 2 for the cathode wi l 1 be obtained from the anode exhaust.

In a power plant, several hundred cells with parallel gas flows will be

assembled in a series electrical connect ion to form a stack. Depending on
plant size , from about ten to more than a thousand stacks will be used to
convert fuel gas from a coal gasifier/cleanup subsystem to electrical
output. Heat from th. cells and gasifier will be used in a bottoming cycle
to increase electric output or for industrial processes, depending on the

appl icat ion. The advantages of this type of power plant re (1 ) use of
coal, rather than petroleum or natural gas, (2) very low pollutant emissions,
and (3) very h igh ef f ic iency (about 50%, coal to bus bar, in a base! oid plant)

Dur ing the past year,
Multen Carbonate Fuel Cell
The effects of pressure, ga
sulfur) have been defined,
proceeding well, operation
feasible, and significant a
performance of electrodes a
competitive procurement for

initiated. This action is
plant vendors to the stage

power-plant size. Although
continue to be carried out

the DOE program, under the direct ion of the
Program Off ic' in CEN, has maintained its schedule.
s composit ions, and major contaminants (primarily
scale-up to pilot-size cells (about 2 ft 2 ) is

of cost-effec

dvances have

nd electrolyt
power-plant
intended to b

of fabricat io
the bulk of

by potential

t ive sheetmetal hardware appears
been made in the manufacture and
e t iles. A major thirty-three month

development has therefore been
ring at least two potential power-
n of the first prototype stacks of
cell development has been and will
power-plant vendors, significant

advances have been made by supporting cont ractors, including
supporting R&D will be continued.

CEN, and
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The total CEN effort comprises only about 5% of the DOE program, but the

work has been very productive. The CEN-initiated process for wet-seal corro-

sion protection, which was described in last year's report, has been adopted
throughout the molten-carbonate fuel cell community with complete success,
at least to date. In this process, aluminum is first flame-sprayed onto the

steel housing in the area of the wet seal; during the subsequent heat treat-

ment the aluminum diffuses into the steel; and after assembly in the cell a

corrosion-resistant , aluminum-rich oxidized phase forms on the steel surface

exposed to the electrolyte tile. Adaptations of an aqueous method for synthe-

sizing LiAlO 2 , developed in CEN, are used for all cells at the Institute of

Gas Technology (IGT) and for many cells at the General Electric Company and

the Energy Research Corporation. The efforts of the research group in CEN

are mainly directed toward synthesis of tile materials and definition of the
stability of the inert phase (LiA10 2 ) in the tiles. Significant advances
in both these areas have heon made dur ing the past year. The group wi I I con-

t inue to pursue the development of t iles and to undertake work in ot her areas
of cell technology that are considered basic or crit ical.

B. Electrolyte Development

The physical properties (allotropic fonn, surface area, particle shape,
and part icle size distribut ion) of the LiAl0 2 part icles in the electrolyte
structure have a significant effect on the performance and life of the

molten carbonate fuel cell. For this reason, our research and development

effort on electrolyte tiles is focused on the synthesis of LiAl0 2  particles
that provide good electrolyte retention and mechanical strength. Synthesis
procedures are being directed toward product ion of - and y-LiAlO2 rather

than a-LiAIU 2 . Not only is the a-phase less stable, but it is more dense than
the S- and -Y-phases, and transformation of a- to y-LiAIOQ is accompanied by a
30", increase in volume. In a cont inuation of work begun last year we are also
assessing the use of low-cost ($0.57/kg) aluminum hydroxide, Al(011) 3 , as an
alternat ive starting material to the more expensive ($6. 70/kg) high-purity

Y-Al 2 0 3  previously used for the synthesis of LiAIO,.

We have expanded our capabilities for characterizing the physical
propert ies of LiAlU 2  samples. Previously, X-ray diffraction and scanning
electron microscopy were the principal methods of chiracterizat ion; more

recent l y, measurement s of part ic le size and surface area have been incorpora-

ted as rout ine analyt ical tools. The informat iun obtained by t he latter two
techniques is already proving useful in relating the physical propert ies of the
LiAI02 powders and the performance of these materials in electrolvt e tiles.

Several new approaches to the preparation of improved LiAl0) materials
were invest igated. Three of the most at tract ive syntheses, wh ich produced

spherical "clump-shaped" part icles, are (1) the relat ively low-temperature
(775 K) synthesis of y-LiAlO2 having a fine particle size (surface area of
17-26 m 2 /g) from mixtures of LiON, y-Al20 3 , Li2C0 3 and K 2 C0 3 ; (2) the
synthesis of somewhat agglomerated S-LiAI02 (surface area of 20-60 m2 /g) by
precipitation at 300 K from an alkaline aqueous sol ut ion (Koll or LiUh-KOhl)

containing dissolved Al(011) 3 ; and (3) the synthesis of 6-LiAlO2 having a fine



62

particle size (surface area of 20 m2 /g) by heat treatment of mixtures of

solid LiOH and Al(OH) 3 at 725 K. Thermochemical studies indicate that elec-

rolyte structures containing LiAlO2 with surface areas >20 m
2 /g exhibit low

creep and deformation, and thus, are desirable in molten carbonate fuel cells.

The rod-shaped particles of S-LiAl0 2 previously produced by impregnation of

y-Al 20 3 with aqueous LiOH yielded electrolyte tiles that showed poor strength

and performance in cells. However, a modification of the latter procedure has

been adopted by the Institute of Gas Technology to obtain LiAlO 2 , and fuel

cells incorporating this LiAlO 2 showed good performance. Results to date

indicate that Al(OH) 3 is an attractive low-cost alternative to y-A1 2 03 for the
synthesis of LiAR) 2 ; however, the LiAlO 2 obtained from Al(OH)3 has not been

evaluated in fuel cell tests. These studies will begin in the near future.

The thermal stabilities of samples of a-, S-, and y-LiAlO 2 powder

were studied at 875 to 1175 K in 16- to 1000-h tests. The results clearly

indicated that both the gas- and liquid-phase environments affect the thermal

stability of LiAIO 2 . The allotropic transformation of a- and g- to y-LiAlO 2

occurs at a lower temperature (<975 K versus >1125 K) in the presence of molten

carbonate (62 mol % Li 2 CO3 -38 mol % K2CO 3 ) than in its absence. At 875 and

975 K these transformations occur more rapidly in air than in a CO 2 environ-

ment. The allotropic transformation is accompanied by a decrease in the

surface area and an increase in the average particle size of the LiAlO 2. The
crystal growth of the three forms of LiAIO 2 in molten carbonates appears to
be controlled by a solution-redeposition mechanism, whose rate increases as

the temperature increases. The inhibiting effect on crystal growth of a CO 2

environment indicates that the dissociation of Li 2 CO 3 probably plays an impor-
tant role in the solution-deposition mechanism. In air, additional oxide and

hydroxide ions would be present in the melt and these could enhance particle

growth. Further studies are ieing conducted to determine the limits of

temperature and gas composit ion that will ensure acceptable life for LiAIO 2
in electrolyte tile.

C. Cell Testing

Cell testing is essential for understanding and testing the performance
of individual and collective components. The 7-cm cylindrical cells previously
used for testing have been replaced by cells of a more realistic design
(10.6-cm square cells). Figure IV-1 shows one of the two housings that sand-
wich the electrodes and the tile to form the cell. Figure IV-2 shows the

gas-flow pattern within the housing. With the larger cells we have used
electrolyte tiles containing Kanthal* wire screen (a technique pioneered by
IGT) to improve the mechanical strength of the tiles. In preliminary tests
of cells with tiles containing y-LiAO 2 (26 m2 /g), performance was not as high
as had been obtained previously with tiles containing a-LiAiO 2 of high surface
area (about 80 m 2 /g). However, the use of a-LiAlO 2 has proved undesirable
because, under fuel cell operating conditions, the a-phase is transformed to
y-LiAlO 2 , with a consequent volume increase of 30% and a surface area loss

*
Kanthal Corp., type A-K: 5.75%, Al, 22% Cr, 0.5% Co, balance Fe.
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due to particle growth. We attribute the poorer performance of the cells with
Y-LiA10 2 t iles to poor anode wetting, wh ich resulted from other d ifferences in

these part icular cells. The tests showed, however, that the Y-LiA102 remained
unchanged in al lot ropic form and surface area after 1000 h . Furthermore, an
electrolyte tile containing Y-LiAIO, and a wire mesh screen for reinforcement
did not appear to be adversely affected by four thermal cycles between 925
and 575 K. We believe that Y-LiAI( 2 is an attractive material for use in

the electrolyte structures of molten carbonate fuel cells. Experiments are
under way to opt imize the cell components to improve the performance of fuel
cells containing Y-LiAl02-

D. Component Analys is and Development

Cell testing is augmented by component analysis and materials development

efforts, with the aim of understanding the behavior of components and improv-

ing their performance and longevity in fuel cel ls . Our work on component
analysis and development has centered on determining the effects of the

physical properties of LiA10 2 on the thermomechanical behavior of electrolyte
tiles. To expand our capabilities for studying the thermomechanical behavior
of electrolyte structures, two additional pieces of testing equipment have

been built . Our test results indicate that the mechanical strength of the

electrolyte tile (as measured by the amount of creep and deformation) is

i(I
f
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a strong funct ion of the surface area of LiA10 2 ; the mechanical strength
of the tile increases with an increase in the LiA10 2 surface area. Studies
to determine the effects of LiA10 2 particle shape and particle size distri-

bution on the mechanical strength of electrolyte structures are currently

under way.

To provide the additional information required to carry out advanced
and engineering development of fuel cell technology, we are undertaking for

DOE a critical survey of the literature on the aging and degradation of elec-

trodes in molten carbonate fuel cells. This survey, which includes personal

contacts with investigators working in molten-carbonate fuel cell technology,
will serve as the basis for defining possible needs for applied research in
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such areas as electrode sintering, electrode corrosion, and electrode charac-

terization. The aim is to identify areas in wnich technical information is

needed to accelerate the commercialization of molten carbonate fuel cell

technology.

E. Future Direct ion

The synthesis of LiA1O 2 from low-cost aluminas will be cont inued and

synthesis methods to develop alternative matrix materials for electrolyte
structures will be considered. The stabil itv tests on LiAlO' will be extended

to longer periods (3000 h) to obtain a more realist ic assessment of this

material in molten carbonate fuel culls. Of part ictlar interest will be the
stability of S- and y-LiAl0 2 to changes in part icV shipe , size, and surface
area under various condit ions of temperature and env i rOnmnt.

Our capability for testing 10.6-cm square culls will C. increased, so
that some longer term (2500 h) tests can be conducted, as required, to

evaluate the behavior of electrolyte structures and cell components under

realist ic operating conditions. Cell tests with improved (stabilized)
anodes developed by Energy Research Corp. will also begin, and a detailed

analysis of the effects of thermal cycling on cell performance and cross-
leakage of reactant gases through the electrolytku t i le Wi l 1 be cent inued.

Our work in component analysis
We will count nue thu study on the
trolyte tiles and their correlatio

and will evaluate nondestruct ive t

erties of electrolyte tiles. The

electrodes in molten carbonate fue

dations and findings will be made

s and development also will be expanded.
thermomechan ical characteristics of elec-
n with the physical properties of the LiAlO,
esting methods to diagnose structural prop-
study on the aging and degradation of
I cells will be completed and the recommen-

available to the fuel cell community.
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V. UTILIZATION OF COAL

A. Overview

The industrial application of atmospheric pressure fluidized-bed
combustion" (AFBC) is one of 20 technologies that have been judged by DOE

to be ready for commercialization and one of eight technologies judged likely
to make a major impact quickly. A plan has been proposed by a DOE task force
to accelerate industrial use and acceptance of AFB coal-fired boilers by build-
ing four more large units to be cost-shared by the Federal government and the
industrial part ic ipants.

In the conversion from oil or gas to coal, large boilers represent the
most likely candidates for conversion. Four industries--chemical, petroleum,
paper, and primary metals--use 70% of all fossil fuels burned in large
boilers. The task force recommended building four large industrial prototypes
(200,000 lb steam per hour), one in each of the four industries. These
would be in addition to the several industrial AFBC projects already
at various stages. The first of these, a 100,000-lb-steam-per-hour boiler
at Georgetown University in Washington, D.C., is scheduled for start-up in

early 1979 (see Table V-I).

Table V-I. Status of Large-Scale AFBC Projects

Identification Size Steam Temp./Pressure Status

Rivesville, WVa 30 MWe 500 C/8600 kPa Operational in 1977;

being rebuilt after
fire.

Renfrew (UK) 4 MWe 280"C/2900 kPa Operational in 1975.

British Steel (UK) 8 MWe 350"C/2900 kPa Under construction;

operational in late
1978.

Enkoping (Sweden) 8 MWe hot water/low Operational on oil in

1978; to be operated

on coal in the future.

Great Lakes 5 MWe 290 C/2500 kna Engineering design

Naval Stationa stage; start-up in
1980.

Washington DCa 10 MWe 230 C/4300 kPa Construction stage;

(Georgetown) start-up in 1979.

200-MWe Demoa 200 MWe 538 C/16,900 kPa Planning 6tage.

DOE project.

*
Fluid ized-bed combust ion is a process in which coal
bed of limestone or dolomite,

released during combustion to

is burned in a fluidized
which reacts with most of the sulfur dioxide
form calcium sulfate.
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Pressurized fluidized-bed combustion (PFBC) units are also being built.
The construction of a 20-MWe test unit of the International Energy Agency
(LEA) at Grimethorpe, England, is proceeding on schedule. This facility, a
joint project of England, Germany, and the United States, is scheduled for
start-up in 1979. The Experimental Program Manager for this project is a
member of the CEN staff on special assignment. Design of the Curtiss-Wright

14-MWe pilot plant is nearing completion, but DOE has not yet made a decision

to begin construction. A privately funded evaluation study by the Anerican

Electric Power Company of the desirability of constructing a 170-MWe demon-

stration facility has proceeded into the second phase of the project. This

phase will include a 1000-h test on a small (2-ft by 3-ft cross section)

PFBC in Leatherhead, England. That particular test, to study erosion and

corrosion of turbine blades and boiler tubes, will be funded jointly by DOE

and Electric Power Research Institute (EPRI).

The CEN program in FBC includes laboratory studies and process-
development-unit (PDU) studies to support DOE development projects for AFBC
ar.d PFBC. The CEN program is aimed at solving problems, filling information
gaps, improving process operability and economics, and reducing environmental
impacts. Problems associated with efficient limestone utilization, gas
cleanup at high temperature and pressure, emission control, combustion
efficiency, and minimization of the quantity of solid wastes are among those

addressed in this program. To assist in identifying R&D need-, close interac-
tion with industrial developers of FBC is being maintained.

In other divisional work related to coal utilization, the program of

support studies for underground coal gasification is continuing; kinet ic
data are being developed for the mathematical modeling efforts on in situ
gasification. Also, technical assessments are being made and technical
management efforts carried out to assist DOE headquarters personnel.

B. Regeneration of S02 Sorben : for Fluidized-Bed Combustion

The regeneration of partially sulfated limestone sorbent from FBCs for
reuse is under investigation as a possible means of reducing the volume of
solid wastes. A regeneration process in which the CaSO 4 is reductively
decomposed into CaO in a fluidized bed operating at about 1100 C continues to
show promise. An improved model for material and energy balance allows the

performance of the process to be estimated as a function of the various operat-
ing and design parameters..

A brief investigation has been made of an alternativE process in which
the CaSO 4 is reduced using carbon in an externally fired rotary kiln. By
eliminating the need for fluidizing air, this process offers the potential

advantage of high SO2 concentrations in the off-gas (which reduces the cost
of the sulfur recovery step); however, regeneration in a rotary kiln appears

to have higher energy costs than the fluidized-bed process does.

The behavior of trace elements during cyclic sulfation-regeneration
studies has been investigated; after ten cycles, the trace-element composition
of dolomite was what would be expected from the amount of coal-ash buildup on

the surface of the particles.
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1. Model for Material and Energy Balances

in the process under development for the regeneration of sulfated

limestone, CaS04 is decomposed into CaO and SO 2 by reducing gases derived

from the incomplete combustion of coal. This process is carried out in a

fluidized-bed reactor operated at about 1100 C. The CEN process development

unit regenerator was used earlier in determining the effects of solids resi-

dence time and temperature on the extent of regeneration.

Also, earlier cyclic combustion/regeneration studies established

the change in S02 reactivity of a limestone and a dolomite with repeated

cycling. These experimental data have now been used in a mass- and energy-

constrained model to relate the regenerator configuration and performance to

the operational variables of te,nperature, pressure, solids- and gas-feed

temperatures, gas velocity, fresh sorbent feed ratio,* and solids residence

time. how these latter variables affect the S02 concentration in the off-

gas, the coal consumption in the regenerator, and the bed dimensions has been

calculated. The model was used to test various schemes for turning down the

regenerator since turndown will be needed if the feed rate from the combustor

is decreased. The model was also used to investigate the sensitivity of the

cost of the total regeneration system to changes in capital charges, cost

escalation, coal cost, limestone cost, operating and maintenance cost, sulfur

credit, and utility cost.

When the model was used to predict process performance in other

experimental runs done under different conditions, good agreement was obtained

between the predicted and observed quantities. The model also allowed the

performance to be predicted under conditions which could not be realized in

the experimental facility due to physical limitations. For example, the model
could be used to study the effect on S02 concentration in the exit stream of

variations in the reactor dimensions. Studying this in the laboratory would

be expensive.

As stated above, the model has been used to study some factors that

affect the cost of the process. It was found that sorbent cost is the most
important factor, although capital cost and capacity factor are also important.

The study showed that for electricity produced with a 635-MW AFBC in combina-

tion with a fluidized-bed regenerator and RESOX sulfur-recovery system,
assuming a coal cost of $25/ton, sorbent cost of $11.50/ton (including dis-

posal), and no credit for the recovered sulfur, the cost would be the same as

for a once-through system (i.e., an AFBC without a regenerator). If the cost

of buying and disposing of the sorbent was than $11.50/ton, the AFBC with

regeneration would produce cheaper electricity. Increasing the capacity
factor or the size of the AFBC would make the AFBC with regeneration more

economical, as would an increase in the price of sulfur. Increased capital

cost and coal cost tend to make the regeneration process less economical.

*
The fresh sorbent feed ratio is the mole fraction of CaO as fresh feed to

the combustor divided by the total CaO fed to the combustor, including

regenerated sorbent.
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The model is now being used to identify parts of the pr cess where technical
improvements will have the largest effect on the cost.

2. Regeneration in a Rotary Kiln

Externally fired rotary kiliis were evaluated for use as regenera-
tion reactors since in kilns there is no dilution of product gas by aiv

needed for fluidization. Consequently, kilns have a greater potential for

producing an off-gas having higher SO 2 concentration than could be produced

in a fluidized-bed regenerator. This higher SO 2 concentration would improve
the economics of subsequent sulfur-recovery processes.

A pilot-plant-scale, externally fired rotary kiln (16.5-cm dia,
344 cm long) was rented for this study. Also, small-scale tests were

conducted with a quartz-tube rotary kiln (28-mm-0D tube, 40 cm long) in
support of the pilot plant-scale experimental program. Carbon was the
reducing agent.

The pilot-plant-scale tests yielded a maximum of about 21% SO 2

in the off-gas at 1050 C, 9.5% at 1000 C, and 4% at 950 C--all approaching
equilibrium values--while the highest SO2 concentration obtained in the
fluidized-bed unit was about 10% (at 1100C). Results similar to the kiln
results have been obtained in batch reactors.' In addition, regeneration

values (percent conversions of sulfated sorbent to regenerated material)
approached a maximum of about 85%, thus comparing well with previous results

for fluidized beds. 2

Experimentation was hampered, however, by numerous difficulties.
Coal could not be used as the reductant because volatiles caused the sulfated

limestone particles to stick to each other and to internal parts. Inferior
mixing characteristics of a rotary kiln are believed to have been responsible
for the sticking problems. Consequently, coke was used in most of the tests

and was much less troublesome. Other problems that appeared were related to

materials of construction. Several runs at 1050C with high concentrat ions
of SO 2 passing through the kiln (>20% So 2 ) caused massive pitting along

the inside surface of the HH alloy (a high-nickel, high-chromium cast
stainless steel) tube. Although this alloy is generally excellent for a

reducing gas atmosphere at high temperatures, corrosion caused by reaction of

S02 with the nickel to form nickel sulfide and oxides could not be
prevented. Rapid corrosion of other stainless steel internal parts also

occurred.

1 E. T. Turkdogan and J. V. Vinters, Reduction of Calcium Sulphate by Carbon,
Trans. Inst. Mining Metall. 85, C117 (1976).

2G. J. Vogel et al., Support Studies in Fluidized-Bed Combustion, Annual

Report, July 1976-June 1977, Argonne National Laboratory Report
ANL/CEN/FE-77-3.
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In summary, it appears that externally fired rotary kilns are

unsuitable as regeneration reactors for the following reasons: (1) durable

construction materials are not available and (2) an expensive clean fuel is
required inside an externally fired kiln.

3. Trace-Element Behavior during Cyclic Regeneration

Previously reported results 3 obtained at ANL indicated that the
emission of trace elements (such as Hg, F, and Br) to the environment from a

fluidized-bed combustor would be less than that expected from a conventional

coal-fired boiler. More recent work had the following objectives: (1) to
measure the levels of selected tra-e elements in the sorbent after different

numbers of cycles of sulfation and regeneration as an indication of the
tendency of a sorbent to be enriched or depleted in trace elements in a cyclic
sul fat ion/regenerat ion process and (2) to obtain a material balance (based on
solid samples only) on a single regeneration experiment for evidence of trace
element losses by volat i l izat ion.

The samples used in the study were obtained during an earlier
10-cycle combustion-regeneration experiment with Tymochtee dolomite sorbent
in the ANL fluidized-bed combustor and regenerator PDUs. Samples were
analyzed for trace elements by spark-source mass spectrometry .

The stability of trace elements (which were in the parts-per-

million range) in the sorbent during repeated cycling was assessed by
comparing the average concentrations of the elements in two samples of

sulfated dolomite from the first combustion cycle with average concentrations

in two samples of sulfated dolomite from the tenth combustion cycle. Nine
elements--Cr, T1, V, Mo, Zn, Ba, Fe, In, and Sr--were enriched in the
sorbent during the ten combustion cycles. The enrichment in these elements
was obviously attributable to buildup of coal ash on the surface of the

dolomite particles during repeated cycling. Of the 31 elements for which
analyses were obtained, none was found to have been depleted over the ten

cycles. During the ten cycles, eight elements, which in conventional coal-

fired systems have all shown a tendency to be volatile during coal combustion,
were either enriched (Cr, T1, Zn) or remained stable (As, Cd, Pb, Ni, Se) in
the dolomite.

To obtain evidence of any volat izat ion of trace elements, the
concentrations of the trace elements in a sample from the tenth regeneration

cycle were compared with their concentrations in the sulfated sorbent fed to
the tenth regeneration cycle: the retention in the sorbent of all 31 elements
except nickel was again evident. The material balances (based on solid
samples only) for 27 elements in the tenth regeneration cycle ranged from a
low of 50% for nickel to a high of about 130% for cadmium and manganese.

Nickel showed a slight depletion in the sorbent. Titanium was depleted in
the ash from the coal used for regeneration.

3W. M. Swift, G. J. Vogel, A. F. Panek, and A. A. Jonke, Trace-Element Mass

Balances Around a Bench-Scale Combustor, in Proceedings of the Fourth Inter-
national Conference on Fluidized-Bed Combustion, December 9-11, 1975, MITRE
Corp., McLean, VA (1976).
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No additional work is planned on trace element characterizat ion in
fluidized-bed combustion or regenerat ion. An effort is planned, however, to
characterize emissions of polynuclear aromat ics and other complex organics
from both the pressurized and the atmospheric t luid ized-bed combust ion

PDUs.

C. Limestone Ut ii izat ion in Flu id ized-Bed Combust ion

A major concern in the use of l imestone for SU' emi ss ion cont rol in
FBCs is the amount of part ial ly sul fated waste produced . The problem or igi-

nates in part from the fact that after part of the CaCO- in the original

limestone is converted to CaSO 4 , the sulfat ion react ion rate becomes too low

for Iurther sulfat ion. Dur ing7 the past year, a survey was made of the react iv-

ity towa rd SO 2 of represent at ive 1 imestones from d if fe rent areas of the United

States; the laboratory method previously developed (ANL-78--iU) was used to
est imate the react ivit ies in Ffhs, and the react ivit jes of various stones were
compared . Stud ies were cont inued on the effect of salt add it ives on the SO9

reactivity ol limestones, including a major investigation of CaCV2'

1. Survey of Limestones

A number of invest igators have stud ied the react iv ity of 1 imestones
with S(2. Absent from al 1 of these stud ies is a method of pred ict ing the

limestone requirements in a FBC (kg of stone/kg of coal , or Ca/S rat io) to
meet the Federal SO -emission standard. Therefore, a convenient laboratory

method was developed to predict I imestone requi remeiits . In this method, the

react ion rate of a limestone with a S0 2 /0 2 /N2 gas mixture was determined in
a thermograv imetr ic analyzer (TGA). The TGA measurements were made at the FBC
operat ing temperature ; the start ing material was -50 +70 mesh limestone that
had been precalc ined in 20. CU2-N 2 -

The agreement of predicted and experimental PDU Ca/S rat ios was
fair, with a standard deviat ion for th, difference between experimental
(PDU) and predicted Ca/S rat ics of 1.1. However, the uncertainty (standard

dev iat ion) in the experimental Ca/S rat io in the PDU is approximately 0.6,
thus ind icat ing that the uncertainty in the predict ions can be reduced by
improving the measurements on the PDU.

The predict ive method was used to est imate I imestone requirements
for 57 different limestones in an AFBC. The limestone samples were from
various locations throughout the United States. For a FBC wil h a 0.9 m bed

depth operating at 2.4 m/s,about 60% of the stones tested were estimated to
require less than 0.5 kg/kg of coal; the range was 0.37 to 2.4 kg/kg of coal.

When the FBC was operated at 3.6 m/s, the quar ity of 1 imestone required
generally increased by 50%.

The research suggests that highly react ive limestone that can be

usad ii FBCs to meet the S0 2 -emission standard are widely available.
Accuracy of prediction of limestone requirements is fair. Refinement of the

predictive method will require better experimental results and a better under-
standing of the reactions which occur in a FBC, in contrast to the reactions

that take place in a TGA. Future research will be directed toward a better

understanding of limestone-S0 2 reactions in a multiphase FBC.
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2. Part icul ate RemowaI

In pressurized fluidized-:>ed combustion, the part icuIate matter in
the hot flue gas must be removed to prevent eros ion of the gas turb ine bi ades.
An experimental program is under way at ANL to test and evaluate promising

flue-gas cleaning methods in the off-gas system of the ANL I 5-cm-dia FBC (PUL).



( ranil ar-h(ed f i t er . A granil ar-bed f iI t'or con(-ept be 1rr, sns ide-red

at /i is t he use of si 1 f a frd 1 im t one I rom thr Fb as the gran 1 ;r nat 'r ial
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f ilt er ('I .4-(rn r 1. -m 1)) wa assembled and was installed in the AN. PFBC

fo>r test lng.

-.xip' rimelt . re perforred to evaluatt- the ( f f(( t s of part i( 1( size,
bed depth, and gas vi( it y On t he F f it ifn y o1 the g ranu(Iar-be'd f i t er
Part 1 le I ; nar irigs. in t he f I lO gas t' the- f i 1t er ( f rrm a second-st.; e :' Ilone)

r;ii;'ed t rom 0. 3 t 1 .4 g/m; most I oad i ngs were in the range frum 0.4 to

0. / g/m3.

(rvor t he range of cond i t ions t est ed , f ii t rat ion 'f f it iency ranged
fron abort 91 t 0 about 99 . The 99. vaI ItIe was ach i eved wi th a '. 1-( in dept h
Of sOI fat *d invest one ( itean part i Ie i ame t C (I of about 7 (O '.In) and a gas
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1 imritestone bwd rat er i;1l in t h e f i t (r.

High-hf f it ien v (yi' liins. A 1)onaldsOur TAN-JITl cyc Iont', 1 aimed t(o

have a bet t er duist-remrtval et f is ierCy t hair convent ional ('yC lonE's, i s be ing
test. ed. I'he TAN-.J T c yc lone eml ( ys a secondary f low of c lean a ir to 'rnhanc e
vortex mot iMn and SO imtprOve gas-sol ids separat ion in the primary air flow of
I in y gas I rion t he corbustor.

'o test the col lect. ion efficiency of the cyclone, experiments have

been performed ( I ) at ambient condit ions (no combust ion, fluidized bed of
1 irestone in the combustor) and (2) at 305 kPa ( about 3 atm) with combust ion
in a fluidized bed of limestone. In these experiments, the mass loading in

the fLue gas entering the cyclone ranged from about 0.3 to about 3.4 g/m 3 .
Part ic le penet rat ion (100% minus cyclone collect ion effic iency) decreased from
about 30% at an inlet loading of about 0.3 g/m3 to a low of about 5% at an
inlet loading of 3.4 g/m 3 . These penetrations correspond to mass loadings
in the flue gas leaving the cyclone ranging from about 0.08 g/m 3 (at
0.3 g/m 3 inlet loading) to about 0.24 g/m 3 (at 3.4 g/m 3 inlet loading).

At the high inlet mass loadings, an increase in the pressure drop
across the secondary air-inlet nozzle in the cyclone dramatically decreased

the mass loading in the flue gas leaving the cyclone. At about 3.4 g/m 3

inlet loading, for example, an increase in the pressure drop across the

nozzle from 70 kPa to >100 kPa decreased the particle loading in the exiting

flue gas from 0.24 to about 0.14 g/m 3 . The latter value is approximately

three times the maximum loading considered acceptable for a gas turbine. If

the particle removals achieved in this preliminary work are not improved,
further gas cleanup will be needed downstream from the cyclone.
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Altholigh,

I ) has not

be achi e've

C ; t m l op' rat ) ion

t,1". It i n of thi-

bli d i 1 lst r att(d'

d.

PlIa- 'o I 1 1 , t Ih' desin , Iai nII act III-e, and t t in g ()f a PJ-RlMS for

in st al lat ion and 'V Ila u t i On in t hi' t l I -fg d uc t t ;in AIL, pr t 5ss dtvelopmen t

nn it , h;is not [)(b in tm1)1t tid bte'dil5t of tlit ri qu i rtit nt I r sign i ficant ly
o r dev'I pm,-i)t10 al wi)rk in p1 i S'- ji't d(I'S i.',in than 'xpict ed. On th' basis t1

this wI)rk at thI' 0nivI'rsity Il TIrunto, hinw''v'r, PJ -ADC c ol tines to look
prOIlli in' an ( 'i chn ical 1y fias ib l e I or PFiC app1 ia i i ol .

Il F1C Corrosion Studios

I. Laborato ry-Sca1 Studi's

ust' of al kal i salts to enilhailce th' sul fat ion of I imestones in

FBC has led to coilsidierat ion of the possibility of corrosion in the presence
of these salts. A laboratory-scale quartz fluid ized bed was assembled to
screen various al loys and to determine their response to a simulated flue-gas

environment with NCl or CaCl 2 added to the bed material. The Intent of

the preliminary screening of selected alloys was to obtain info rmat ion for

large-scale, long-term corrosion studies. An understanding of the corrosion
mechanism produced by these salts in a fluidized-bed environment was also
sought.

Investigation directed by Dr. David S. Scott , Professor and Cha irillan, Dept.
of Mechanical Engineering.
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1 5 cOmpl;r;Ibl tO t hat fof ,t ;1 n es 11 a' t «e
C( iHJst H oft thiise (1 i n .t z-.011s*H, nI;JulI

ilt s rn l s i diat 1() z<>f , ;11i( a < a lrbur

Out sr 1-(,1- r p (r i l t it s. ;I', < l miI m-r

5;xp :,f "dI ; 1i1)i fv t h(" I I m i fI i z-. d b d i at O'>0

f arnit i n. (,Oii lIos iOns5- rOm t i i

Of N ir. ~r CaC 1 ti t he f Ii I i zedf

II t lie t re-nr iO I salt , I y 4, O4 >

t iabn ii,,h-n i< k(I a I Oys dl ; ( ) t Ili-
is r'Iat iv l y 1ri:,(-n i t iv- tff Its

hf Co r r ill bhl-Iav ifo r oif l i nI': i l - ,

I 1 .0 mriOl ;; fr .I )1 O . ( l

Is; (')) tif' imt Irnil currOsiv "it -i(lk

y , all int I-I a II >I idI;t IM I ZM Ine , Ill
i zl-d on i wl r t ii w : c arbifn t rom t h

ii cIarh ids- ; aIId (F,) s-i ( 1i ns
;Indl ) ) show (xt nsive ci4rr0iHve

7 He iult II i id '- x i({, at ta( k ; i t I Ii 1Ip< i .w Is , ( b > In . W; ' lf i t f'(1 t

in t f r"I-I I t .

i~ ':,(' t' i: f ' r 1111 '11( :, 1fe'Ii ,11: t 1 -; t (-( I t h f' 1)~ t f-Ilt rI l ( ,It f U r V(>4,s , e l e : s I s ;1I t
Idd(I t ioll I 1 1r 1 b lln k sySt Im havin l nr e <I. ( 1 c'O~lmu t i01n. "),ml( "t WOs 1-r,
r.11)I l y l t ~ ;I( kfd ;1 1( Wfe rt" 11( t I (It t It-,r J U(1I fd . Thle til u (irfr( ( I' I ( fl n (111( t <

c II or id1i s;lI t s was; (-1 t a, I i s;hIodt , pr pfir min iiOr I it ir- l arpe--- ( aI- I i-H , , .

At prts-s;(nt , I argi--scal e iOrrils ion 1 xp-rilOnint ; ar hin %1-iii fult in ;

c01 il -burni n}' I I I .i it-(l

mia h; V I Hi

plit su t ial 

si It's wi I l
cinnbu11t I i .

it I <i lilt

pps i - 1t i 'n

(1 c'(f;l ash ;niil a kal I oil ohs r1 1) :im l cO ilm usI't I(lol1

I I-ct s. (; th Ii- Itt rr s, iv nsIl' Hs i t I t hes- salI t s andfi t lit I r

iI tIIi h s- l v ;o . Ins ight Int l, i orr ,ie If I< v y Ik;i I

Iii l iin r( l it 101n tl , gene r;I (', trOs1(i n in I l ii zed(-b)ed(

2. IIrt;i r-Sc- l' St id ii

A.s lis; i i lbod in t11(' prii tc din g sict 111, thisre is concern t1hat the

us( (, I l kil i fu t al c mpilf)ilds ti inhanct I inw-stison sul I at iOl mIIIilht cauls('

ilnacci pt alb It corros ion O hut al IIcOipnslnt s o FBCs . TO'l- measure the corros ion
rit is OIt mitil; oI f const ruct ion ( represented 1)y lmetal spec imens) in a PDU,
a now ant omat ed AFBC. iac i l i t y was des signed and cons t rIc t ed at CEN. Major

cOll points of t his new tacil ity aro an air preh.!ater, a 152-mm--dia atmospheric

pr ssure cbu)lnhtstor , coal and limestone hopper-feeder assemblies, two parallel

of t-gas part icul.ate- removal systems, and an off-gas analysis system. Some
major components are shown in Fig. V- .
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und r er thI n m) ii nal I Ope r

Sewicklv coal. (-12 +'

sorbent (-10 +31) mesh)

c(:orros iIIn te t runs have bten co mplekted in the new AFBC

at inii co)nd it ion" 1 i St.ed in Table V-2. In al1 runs,

) mesh) cont a in ing 5. 46"' sul ur and Grove i mrneston'

cont i in ing 95. 3( ("aICO-3 weri msed.

Seven corros i 0n probes, Bach hold inf., seven metal spec iinens were at

var ious locat ions in the bed and t he freeboard sect ions of the combustor dur-
ing each of tht th re 100-I runs. l wCJ probes in the bed sect ion and one in
thc freeboard sect ion were the air-cooled type to simulate *i hoil'r tub con-
figurat ion. The r'ma in ing probes, two in the bed sect ion and two in the

freeboard sect ion, were an uncool 'd-coupon type to oval nat' metals of construc-

t ion for boilr siyport pl ates, hangers, etc.
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ional1 I 00-il I1)' "png rrI- O n' I t t runl f"II re planne"11 Id . ThiII

iet t ii t It (It hI' 1 ul I it II))11'-l f't';l l ing 1)mt un111 1d , ;lfl11 t I> , i' ( t

r Iu t 1i11 fO r f l ri t Ih'r 'v 1 bi t i iIl Inl II(O-II tI ' s .

1'. l iljit<ilo')'lt I -s '';t ;Ilitl I11 I- '' I t ll Ti Ii It

The de h s igl Of f h(' COmIpon,-at T,'S t ;ull I It 7 I I i >1 1'11 i t (l' fl il) pr( 1s e
int o t. h(' dc't a i I id t g iii's i Ing ph;a Si' IIrinIg iII ii IIt i ll I Of 197 8. lIOwtev('r,
InI Auig ist , ;I t 'r rl dt't ;1i (d (x;tn in[];t ill Ia th PI B 1p ' fi: rO;'r;im , 1)Ol dt-( id«'d tc)

dtefIr c()nstrulct i((n Ot the CT"'11 ind(ef11 in tI' ly ;Ind tO list, exist inI tlc il iti i s

with c )III pa rablIt' pt rat ing condit ions ;Ind pt'r-to rtl;l( ' chiaractt'rist ics tOr tle

a;lch iVIIlten t Oi t he DOE)1 -o p rigrIll O1b ject ives in a t itl-t'Iy mannl; ier. Neverthtless,
th CTl desigFn ini Orm liat ion w I I be oif vallt(' iOr other eleim'lents Oi the DOE

I la id i z t'(Id-bed c OIIlbus1t iOn programll.

The CTIU was des ignod to be a flexible, highly instrumented test

facility, capable of relatively easy modification for testing of alternative
components for PFB systems. Descriptions of the important systems and their
capab iI it jes are given bel ow, along with des ign feat ures developed dur ing the
past year. The design criteria are Iisted in Fable V-3.

'I ;b 1 V-2.

Ia I I e 1 111 I .t t I II , wl 1('h wa , ( ()Idn tm t td t O> Obt i ba s -. In III ( r rO . II)I

11; I'l ('t rOn I c 1 rO':(Op)y, ;111d 11« ( ( [OI m tll rI)probl na y e



'labl . r iter :,)r CT It tCombaust or Design

Rt i .I nC t'

(O)p at Ink e 5 1;'.

Cold i it j otis (apat> 1 1 i us

, " : ' :I i 1 r ts s ih r 1 , t :,, r 1". ! .' : 1 t , . lt fli

a i d iZ -i; ir 1 ) ) I )/s c -

I- t r 1ns p r a Ir . j b/1 si --

Ex s m ut I r 20-.00

',; rii i l ; ;as vt 1 t t /sec j 9

Tar'. t 11i 2 r r 1:1 val (fi (m iin im 1m ili ) --

C()nmb l.,n 2 i in jc y/4 , c

h(,:n fi' c lhan;; ' du I r n sp lt. d iWn .
At dt I In c' al r;It t .

1e t r' in 11 d b . 01erIt ing (c1 d i t ions.

1. omhustor Syst em

Ti I I ii i zeld-bed ainbustor is conta ned ins ide a 12-ft-I) contain-
mIt vessel iv ny a pressure rat ing of 260 ps ig. Combustor details are shown

in 1 i;. V-U. li- pressure conta inm(ent vessel surrounds an internal fluidized-
bed module sect ion wh ich has been des igned for ease of replacement or

mod it icat ion. Most disassembly of the combustor is through the top of the

pressure containment vessel, although the air distributor plate (grid) and
somt instrumentat ion can be removed through the bottom of the vessel.

The fl uid ized-bed combustor is constructed of a stack of flange-
connected, refractory-lined modules. The module shells have circular cross

sect ions although the refractory linings for several of the cases considered
have square internal cross sect ions. lie bottom module is for feed and air
distribution; through it, combustion-fluidizing air and solids feed materials
enter the bed. Above this module, are several modules containing bed cooling-
tube bundles and specialized test probes. Above the latter modules are
several blank or freeboard modules, which may be of various heights, allowing

the desired total freeboard height to be achieved.

Many features were designed into the combustor to enhance its use-

fulness as an experimental facility. Some of them are as follows:
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( ) o lids 5 ' t'1 ImIat t'r 1: i t :ill be int rOduc td in ltO t he combust() I
t rougti I Vt ' t. no zzl4 1 l 1tt.* in t 1,' Sidtwa 1 1 just above tit air diistrih-
ut)r (tht' gr 11) or through :V 1 4ozzlts p1r-4ject iny upward through the air
41i st rihbut r. '1 addit i c'I sorbe rl t'it 1 ' n , o;' zzle s ar' p1la:1( d at higher lt'e 1s

in tit' b d idt'wal 1 C,4a1 ad1, Sorbt'it 11 ' tt'd t r1114Oulh14 0111 V )1n 0r t WO tt't'd
lOzzL W' , WIt tht' Ot r itd r n) / /1'S i5(1 a ."4 t 'S 01' t , tt'st m14i xinI1g patt r'ns Ii

t ht I i 4i d i Zed bed.

h b) Tht 11, ili < ' 1 iig-t i )t' 1iind 1t' iS 51)1 it inti) tW ) St'Ct O1n11 i11 i14

i i 1 ti " mit' l .( tit t t h) t ' t iWs I f a ,,1lis 1t-shap d 1)r })t" fI ' 1 I at t 1 311, Itf I

111tm si1r m'liit'int . III addit lol1 , O41 tit t1r idt 41 t 41 i prOb' *rt' bayon't-t yp't'

pr<>b s ci4 'd )r un cocl(ed) for t est in', v a 1 t uib in', mat t' i a1 :. 'll wSt

pr b es a rt' SO 14 c at d'c i t 1iat a 111 1 it ?r1:1 }'t'441St 't i c p41 t IerI < 1 t t il t i t) 4 1mit' l's r d

iln the )041 id S Iia i n t a int'd .

(c) M4 )v te aniI 1 ')W t lit' main co )I1ng buid 1 1 1 . t Wt st(eam-co)1('d

t'St CO 1 , W i I h W I a -t' mai n y \ t a ' 11 st'd f1 r t'Vi hlat in.' 441 14rr 1i1n bh'avhi 1r Of
v a r 1 i1 t 4144 iat r ia1 s . 'flt's) , 1 :4 , ar t'1 ralyt1d T(4 114 (ma tt ( ia t 111 .1 I f or)1 ll o r m

t r I pIt( rnl )f t- i. submlwI t"d t ub1w s.

(d) Yuent h I1 ll) s tr' I 1 1 41'.at tid in a module hi h 1,1 in 4 hlI' t r4'boo Ird

IS n j11 ( i n a wt t.r IIr <l 4:: , I N c t t h'st, 1 'izz1 ' may b!' ulsd t (, r''"hi *t filtjt'rat uirf'

t'xt urs lulls (.)5 4. sd1.'41 by 'i t '1 b11ri 4ig 4f l arb4Onl-t'i)11t a in ;111 mat r i l s 111 t t(.

f reboard .

( ') ib ro igh a pil s-d 14't'1dt'r Iw. at ''d n ar t h(" hb t tOm of t h e I 1 uid i-
Ved bed , mat r ial rapt 4red 1 by t h(' pr iar-y cyc lon' c'an b) recycled into t ht'

bed in )rdir tO invest igatt' hOw this af 1tcts comibust 141 o f iciency.

2. hot Gas C I eanLip S yst em

'le hot gas c l eanup system compr ises three stages of part icul ate

remriovaI . 'T1ht' primary or rough ing cyc lone ( just downstream from the combustor)
is of moderate ef f ici ency (about 85%) , and operat ion of the plant is possible

either with or without recycling of underflow solids materials from the
cyclone to the combustor. When solids are not recycled to the combustor,
they are discharged through two lockhoppers to the solids coolers. Off-gas
from the primary cyclone flows to the secondary cyclone, which has an
overall efficiency of about 90%. Off-gas from the secondary cyclone flows
to the third-stage particulate cleanup device, which is specified to be a
granular-bed filter (such as that offered by Ducon, Inc.) of 95% overall

efficiency. Its pressure containment shell is somewhat oversize to accept
alternative internals (as yet unspecified). The piping designs allow the
filter to be bypassed if desired. Solids from this device are discharged
through a single lockhopper into a disposal bin.

The hot gas cleanup system has a provision for extracting a slip-

stream of up to 1000 acfm downstream from the primary cyclone and for

returning this stream to the main gas flow upstream from the third-stage

cleanup device. This slipstream may be used to test prototype gas cleanup
devices. There are also provisions for both extractive sampling and in situ
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conditions to safer levels or shuts down the CTJ U if tile normalI systems fail
to do so when required. 'Ie protection system uses both hardwired logic con-
trol schemes and dedicated digital, computer-based logic systems with

nonvo at ile memories and uninterrupt ible power sources.

;II 4 ,4 f121

; ( <11 4

wit 4 'Il

11)

t !I- '

yst

;lid

cOnt

sllch

s y
:u2n1 c

>. i .r 1,1b (.: n e f .' ;1te , " :..

I i n(,il rin;il 1 v t r O)m ;1 in 11 1 - c 11S( I 1 -lil



1. S i , i ~a, ! 1 '.

......................................

C he Vty l lat ;d 1 -1 abCr *S nii ' I a !!tt b1. in1 r

( ' -- b I p L1, i, i t h 'f I I"(

o (. I r C: 1 :1} ' 1 ; ! , ' ! 1 1I t i (: .. .. iii > ' 1 ! 1 (C t .,h 1 id ,

* '1 '.,; l,

"II(1 l t t"'d

it

,i

* ii inii )iuS , . ;ndr' .11 r, t' ! >t ; r e' 1 11 I s

li ',II 1i I t r! t rt' t (1115

t (II i'1 - 1

1'Si 1 Si 1i:1f 11n I t
ih f i l t 1st sit ss.

dl I11 a fur <ebr(l 1 v t>-
U 1i ii';a sill 1'lITI'llt N airt'

hd I '11-t, C III r1'nt 1 v 1, - i ig

at il p d b t <>r e(, :i1pi.-

t -inl . 1 I ,(a ,. C -, r" lls lt-d !I ! '

5 lit. 5 t - e - Id I t t :t -

1~ ~ ~ )III I I ' 1 1 ( , w ( ' " t" t 1 I " 1 j). 11 , 11::1"! - r . 1,I> ! !It- I -I",I 1 1( 1

I ' i ; w i t r ii -d I.hrIfl r jr iI ii i I ,it rg h s.; i t .al. I is l' i1

n as t ' i I h-vo 1 at i 1 b i t ius i ni < ,1 i t 1: 11 j :i W (w' 1 1 1111' l iid 'x anild

x :{ !r lit' I t I i. I i1 fli i t i I- I. it I . V t'I' i i I ' (t i n) I liti(' at l' ain s'd ti nt.<i I
r tIer t. ha +:t' r ,t i s 1bb1ii m irhin Ii as hu 'en s t 1i1s lh t wts'vb'r h, 1har, 11e p1rt

t r lt t Ilr ' l'' pp Ir' t l v f 1 d l <>p'1 1edt by; t ht t 1111( .Ka ,f th 11' ' rbI i sI 1

i11(l , WII(rIe I: W ith tilt W(",tern1 < >:1 , maax 1iIIu 1 11 Pi rI vto l111:1 ( he ce m- I nI m 1 1111

puo r ' (1 i f 1 i> I 1 n im 1 I t i:n1 Ir t ( t fl( st 1111-C lia r rt :c't io ll) i: I o t at t a In ed 1111 i 1
Frt'at. r t han Ot) , <1 f f1 f- 1,x,1b<> has b11 n 1'11 j' f 1('d . 1{)W('Vtr , ext t'ns iVt PO re
if f is ion 1 imit at i ns ar' ohbsi rsv w i th t lt' Pi t sbiirghh char , as ind icat ed by

thli' appar'int at.t iv:t ion 'ii 'r}','y flor t i' st e;,m- lar react ion having a sial ler

magni it u - I' at h i"h'I r t snips rat irs-- i .'. , -1 84 k.J/msol (-4/4 kcal /mol) at 700 C
(react ion act ivat ion) and -75 kJ/nol (-18 kcal/mol) (diffusion act ivat ion) at
850"U . 'hI react ion of st eam wi t h Pi t t sburgh char was found to be first
'ird'r with respect to st':in, in cont rast to fract ional orders (0.56 for
laniia and 0.85 for Wyodak) found previously in the case of subbituminous

coal. Te significance of this finding is not yet apparent.

In another sequence of experiments, we determined the changes in

pore structure and surface areas of chars prepared from Hanna subbituminous
coal as a fiinct ion of extent of carbon gasificat ion. A Typical plot of cumu-
lat ive po:e volume versus pore d iameter is shown in Fig. V-3. At 750 C, as

carbon is removed, the total volume of pores having diameters greater than

0.006 pm increases by a factor of >15, up to 65% gasification. During this
time, the surface area of the char as determined by nitrogen adsorption (BET
method) increased by a factor of six. Kinetic measurements show that under
these conditions, the rate of reaction of steam vith the Hanna char increases
threefold, indicating that the reaction rate is dependent upon the growth of
pores having diameters greater than some critical diameter, as well as upon
the growth of surface area. More studies in this area will be carried out.
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the deveI opment cf f ue processes appropr iate

c(l l systems. liese processes Would be
Iow('r qual ity primary fuels e.g., petro-

liquids), rather than the premium fuels

Lnvi ronment al Cont rol I p1 ic at ions of Generat ing EL ect r ic IPowe r from Coal ,
1977 Technol. St atus Report, Appendix I, Assessment of NOx Control Technol-

ogy for Coal-F i red Ut i i i t y bo i l ers, Argonne Nat ional Laboratory Report ANL/
ECT-3 Appendix D (December 1977).
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(natural gas and naphtha) current lv rpni rid by t irst-genrat ion fliel
systems. AN!1 is assist ing DOE in sic! Ic it ing and eva! nat ing prciposals

prOv lid ing t echn ical management ctc invest igat ions in this program.

ce 1l

and

This t t rIt was in iatoi at AN!. at th. beginning ot FY 1978.
lur inkg the past yt ar , tcnt ract s wtre est abl i shed wI Il the i ad ist r ial a unmun it v
to provide a base t r developing a ciord natted pryraim, airn! tam ii arity witlh

tte ongoing program,, was est ab 1 i shed Lount r ibut ions we re made to t he

overall program plan, and add it ioinal research cont ract were in it iated to

meet tihe ob ject ives ot this plan. ANL is managing the ti( hnical aspects ol
the contracts.

program
r*'t lect
1t art etl

wA ,-re v

Uur ing FY 1979, t -chn is al management te int r ai t ,in t h i s
wi i be cont inred. Te ',' ra 1 program plcan wi 1 l ht reass s5sec t

level opment s . In add it len , an e xpe r imtcect ii 1)rigcm wi 1 1 b-

Y 19'4 wt is h wil l be d i ret ed t toward determ in ing t lie mechan isms
sui tr andi , artben deact ivat e sti etam re- tinllg ait at ysI ts .

. rechn ica1 Maniaiement t Alternat ive Futels Technology

The Division provides technical supp rt to DOE in the management
ot a broad alternat ive-tuels et tort whicise obj..-ctive is to ensure thle exIstence
ol the fuel technology base required tI r t :me1y subst itut ion o alt trnat lye

tuels for petroleum and natural gas. Principal subst itut e tue ls, sut ii as
coal-derived liquids, will contribute inlt ially to the nation's liquid tuel
needs in the mid-1980s; by the year 00, about five quads* per year Ot
energ, will be derived trom liquids made from coal.

The CEN management effort has consisted ot providing
plan establishing objectives, reviewing proposals, re'v iewing ti..
cont ractors, :. : ting cont ract pr,, crement documents tbr DOE,
program ,verx - .it the annual meet it,' ot contractors.

: ;ram
- : K of

resent ing

quad * 101 t u.



V i . MIA(NL 1'l(iY 1)R:OD)YNAM I C S fTECilONLGY

A. (vtrv tw

Magn it oh v rod yn ami
improve slibst ant i al ly t

Mtost ot Liti (1N t t tort

>11l) is d i rt( t d t owa rd
downstream t roll thie 1111

potassinr -act material

stuld i s u1 in1t trac t ions

cond1ttnsd phlas ts , and

t ile s wit sl'ed mat r i i a I
in t1ht st' art'as Wi I I con
S)r t nt l d1. t I t t st a t
rtc e'nt 1 y ronSt rut t t'd at

cs (illl)) is a developiig t echinol ogy that promises to
Ile ei t ic t'nc les of converse Ioln ot coal to elItct r ic power.
in support oI t.11is 111111t id iv is itna 1 program on open-c ye le

dt., l1oping tle techinologV rI qlui re' ttor til e Componeni ts

cha nlt-1-d it fIuser and for 1)1oCeSS. to recycle the

. 'iith majI or Iocits of the JL1N et Itort has been on (1)
bewe(.1 coal slag and Seed materials in gaseous and

devel opment of a procetss for remov ing sll tfur t rom
recove red t rom t it Mill) power plant . In FY 1979, work

It in1ue and Li.N wi 1 1 asslume :add it Ion:I respons ib i it i es
'"1 Hi) st tuam-gi-rl rat or component -i in a

rg nn l . i

2-MW tac il it V

1"'igiirt' V I- I 1s , i X11 si c -t ti~ 1 rt'pr

t r )ln t bt' . HD cillannt"'1-(td i t Ilist'r. l i s
t t hi' st eam-git-rat ill, p>rt lll ot a

p- r - rill t ih.- add it i-nal I tIll( t ions 1 of

aid r-ar I v al l of thi- seed mn:t t r ial,
ritdii ilin' very biiigi M) concent rat io

t ti igu i t tIipte rat ires, t tie1-ri iti g

th is system must ope rat t- under condo

t ions in onvent lona l power plants.

1 eav i ng t he -hannt- -d i t I use r and en

a tract ion ot the coal slag as small

nI

it

t
1

t' telit iti OIl I tI tit' gas sVst tei dowll t o arm
purl t ioll Ou1 Lil gas sVst ei a15 i oiluu llS

convent iona l power plant , but it must

eparat ing s l ag and seed , tc oVt'r ing heat

pt heat ing a ir to hi igl empt'rat ure s, and

to acceptable levels. Moreover, because
.nd 1 arge coni ent rat ions o f pot ass ium,

i s that art more corros ivt- than cond i-
The incompletely burned combustion gas

ring the steam bottoming plant contains
particles and the seed as vaporized

potassium spec i0.s.

slag is separatt I

the react i 'n WIt ii v

The high N'.
to acceptably .-
In the second
the : i gds t

I i

apiir

trat
*-vei
:lent

the
t he

Ized
ions
s by

th

tirst steam-generator component (the
combust i-Jn gas at a high temperat ur"
potassium species that occurs at
produced in the primary combusts,!
providing a low cooling rate in tuei

e steam superheater, additional air

radiant boiler),
' minimize

temperatures.
reequilibrated

radiant heater.
is injected into

o complete the oxidat ion of CO and N-) and to convert sultur
et) - . ne potassium seed

an- as removed d

het - - iangers ttat to.
slag and seed part i(. :: :

at mosphere .

The overall l object ive of the Argoane '11D balance of Plant BIP ) Project
is to provide the requisite technical data for designing and operat ing th_
downstream gas system and the seed recvcle process. The long-ranet 4' " t ive

support the design of the MHD Engineering Test Facility fU.TD -
- be st1 It to demonstrate the feasibility of an integrated coa, ' 'D-

- ,n ; w-: e . and a planned 2U-M tac it itv, the heat Recoverv-ace. s. wer
ra. &it '. .. be used to test steam-generator couponetits. Support' - :

The tunct ion of the K2CU3 seed as to enhance the electrical conduct ivity
of the combust ion aares fed to the channel/manet system.

material condenses as a mixture of K)SU4, &iC03 ,
1'id in the superheater and as a solid in the
'e remaining system components remove solid

. %mbust ton gas before it is exhausted to the
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F ig. VI-l. Represent at ive Conctpt .' .em
for Open-Cyc, e MHD P w, r .

covers the general areas of developing analyt ical models,
experiments, and obtaining operating data t rom prototypic
scale.

Gas System

pertorring small: -'

equipment on a -

B. Thermochemical_ Sutport Studies

St .:. " f slag/seed chemistry in support of Argonne's 4HD program include
the fol. . - (1) development of computer models to describe vap.r liquid
equilibr.. sid the dittusson of potassium in slag and structural materials, and
(2) measurement of thermochemical data for compounds , rit i al to the ovrral l
potassium seed recovery scheme.

i t I' heat ica. 1.1

-ag r-.i t.-u i1 ibria. As ment toned in last v,-it ' report , a ,om-
puter code IM.HLGA ' was wt itten to calculate the equil ibrium part al pressur es
and condensed-pha-, omi;t- ions of coal-combust ion gases, pot ass iur seed, and
coal slag at temperatures typical of those in the coal combustor, MhD gen-rator,

FE

(MHG, I U
GAS FPOM

UIF F USE -
)?50)



anid downst ream component s. tr it ical to the development :! this model is t ie

assumnpt ion t hat tht, condtOs ed phase is an ideal solut ion of st able component s

formed from tie mixt tire t coal , seed, and slag.

This computer program was ii ocked against a sampli1 s .. -t : rom

the d i f t user sect ion of the coal - t i rtd MliH power channel at the University of
Tennrwss'e. The sample cont aintd the usual const it uent s of coal asi., with
approximately I i wt % pot assiurn and less than I wt a sulfate. In a t ranspira-
t ion apparatus, th equi 1 ibrium pressure of KOII vapor in a N',-H2b( mixt ure over
the slag/seed sample was measured in the temperat ire ralige from about 1150 to
1800 K . The KO H pressure a :,at t -d by the computer code agreed with the
me assured :aluts within a Ia ttOr It tw .

M.st rt.:ent , this comp

potassium and sultur vapor specie:

slag content over t t.e t t'mpe rat ure r

in which t he sto it h iomet r ic rat ios
combust iin were U.n , 1 .0, and 1.1.
ence I lowsheet (Fig. VI -I) sulfur c
de reased to acceptable levels it t

;, i omet r i(

sa is smal
trying out

decrease in sul
greater t tan 2.
temperatures be

a, ion is that
.ensed pot a

Aletr i
At tempera t a . "

rat .
l . " ..

the

fur conc
5

t

iual to or
- r, if the

ary combu
ent rat ions t

and separation of
w.-n 1200 and 1300

-asium reprocessi
ian-sulfur is in th
h ihr OS, K 2C3 an
be'. 200 K, diti

t ;:, .:;;. was usei to ident ify the major
in a coal combust ion gas system with a low
ange from 1000 to 2000 K, and for condo it i,)ns
of actual air to theoret ical air needed for

The t alculat ions show that in the refer-
oncent rat ions in the gas phase can be
he K/S atom rat io is 1.9 or higher, the
greater than 1.0, and the loss of potassium

seed is condensed under reducing conditions

st inn after the seed is separated, the
o acceptable levels requires K/S rat ios
the condensed potassium-sulfur salts at
K. The advantage of this flowsheet modifi-
ng is simplitied because the bulk of the
e form of K 2 S, which i , r 'adily regener-
d a small amount of K ire also condensed.
cult ies may be encoun!. in condensing

the K2S and r:1>.) 4 .: the combust ion gas before it reequi l ucrates to form
condensed K-U and KOH and gaseous 11 2 S and HS, t hereby c great ing an undes ir-
able stack emissions problem.

Potassium i t f us ion. l[he comput er modeling et tort has betn extended
to al . - alculat ions otf tt.e thermal diffusion of potassium through a slag

;. : ,..ng a large i t'rmal gradient. In this model, an act ivity-independent
d itt s ion coet tic ierr: w.e.i derived and evaluated for potassium dit tusion. The
nationsions indicate a strong driving force for the diffusion of potassium

!r. tie hot side of the slag to the cold side. In the calculation, the initial
s I ag-t ilm compos it ion is c omput ed from t he equi i r ium consent rat ions of con-
densed slag and seed. It w assumed at this stage that tht i Im remains in
place and potassium from : gas reacts at the hot surtace it the film. The
pot ass ium t ransport from t he gas to the stirt .ice is a comb inat ion of gaseous
dit tusion and turbulence. Potassium move, tr'm the gas into the slag as long
as the equilibrium potassium pressure in th slag so! t ae is less than the
pot assium pressure in the gas.

Figure VI -_ shows tlt.... .. t ed

-. m-t hi k sla g laver wit hI a t eipe r at ore Ott

at the told side. 1lit pot iss iUm dit tuses r

onceilt rat e's about U. 1 em t rom tilt ,old sid
rate in the colder port ion of tilie slag Iave

pot assi u 1 di t I I but ion ,ur in a
1-4211 K at ti he hot s ide and iih K

apid ly in tihe hot t er rtg ions and

e' because ot it s lower d it tusi01

r. Ti s behavior is cons ist ent
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Fig. VI-2. Calculated Potassium Distribution in a
Slag Layer. (The temperature gradient
2-cm thickness is from 1420 K to 996 K
t imes are from 0 to 650 h.)

2-cm-thick
across the
diffusion

with observations o Jacquin et l_.,' of potassium attack in ceria-stabilized
zirconia under a temperature gradient of 1400 K/cm. These authors found
pot assium conct nt rated in the zi rconia where the temperature was between 1000
and 1250 K. The attack was believed to be caused by potassium penetration
through pores and cracks. The calculat ions here suggest that ionic thermal
diffusion is sufficient to cause the potassium attack of stabilized zirconia.
'nder high-temperature gradients, the diifusion is considered to be driven by

a gradient in the product of the act iv ity- independent coefficient and the
potassium partial pressure. This product, Dp Pk, is an exponential function
of 1/T. Thus, the rate of transport is very high at the hot side of the
stabilized zirconia, and decreases with the decreasing temperature. At the
cold side, the rate is too low for potassium transport. The result is an
increase in potassium concentration with time within - region or temperature
range of the stabilized zirconia. This peak concentration region shifts toward

M. Jacquin, M. Guillan, A. Montardy and J. M. Phillips, presented at Symposium
on MHD Power Generation, Warsaw, Paper SM-107/68; reported in J. B. Heywood and
G. J. Womack, Open-Cycle MHD Power Generation, Pergamon Press Ltd., London,
p. 562 (1969).
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lower temperatures with t ime. The shift results from the increased potassium
pressure as pot ass ium concept rat ion increases. Similar gradients in pot ass ium
concentrat ion are expected in the act ual slag film where the temperature will

vary between 1000 and 1300 K. Again, after long t imrs, th h 1 t d,'imn is '.xpo -

ted to transport to th t lower temperat urtle rtT iin.

2. Laborat ory Tht'rmnochemic al St ud i es

The thermodynamic computer modt ing effort has ident if ied t wo com-
pounds that are crit ical to the overall 1 MilD operat ion and set'd-recovery scheme;

these compounds are potassium sult ide (KiS) and kalsilite (KAlSiO 4 ). The
K2S is 1 ikel y to be an intermed iate in pot ass ium-recoverv schemes and the
KAISiO 4 has been dent ified as a potent ial source of seed losses in the coal-
slag/seed system. Useful thermochemical data for these compounds ar' ext rt''lv
l imit ed.

Bot h compounds have been prepared and pur i t ied . Pot ass ium sj I 1i.
was made by direct addition of the elements , wit t excess potassium being removed
by dist illat ion. Kalsil ite was made by dirt'ct addit ion of KAIO, and a-SiO 2

in a sealed capsule at 1450"C. Mass spect rom't ric ';tid it's on potass ium su 1fide
have shown the pr esenc" of K, S), KS, K2 , K")S, K-2S 2 , and KS , which are listed
in order of decreasing concentrat ion lt'vels in the gas. Thermouynam i c analysis

of these data is in progress. Similar mass-spectrometric studies on kalsilite
are in progress. However, because ott a shift in fitndi ng, the level of this

,'t tort has been great lv reduced.

C. Seed tecvt le Svstt'm

hli set'd rt'cycle systt'm involves the f flowing tceps: (1) cilect ing and

tr'at ing the pot ass ium salts separated fram the combust in gas st ream, usual lV

as K S0 4 , (2 ) regenerat ing ';ed mat tr ial by remov ing sul fur I rom KiSU 4 , and
(3) feeding the s'ed into the primary combustor. It is est imated that , for
t'conomi< reasons, seed losses for the ent ire rtcyc ly t process should not exct'ea
a per cycle.

Two types of processes appear promising for separat ing sultur from K So.
The t first is a direct r'duct ion process:

K2SO4 + xCO + (4 - x)lii) K2S + xCO + 1 - x)H20

K2S + 12) + CO 2 + 12S + K"CO 3

Ihis process is carried out at near-atmospheric pressure -and at temperat ures

between 700 and 900"C. Similar processes, in which the second step is carr itd
out by st r i ppi ng H2S f rom an aqueous so I ut ion of Na)S , have been deve I opted

as a semiconmerc ial process for ilue-gas scrubbing and as a commerc ial process
for recovering pulping liquor in the kraft paper industry.

The second promising process involves the product ion ot pot assium tornat e:

K 2 S04 + Ca(Oli)2 + 2CO + 2KICO + CaS) 4



The fornate react ion is carried out in an aqueous medium at 200 C and 300 kPa
pressure. This process has been used indrstr ial ly to produce K 2 C0 3 froo K 2 S04 .

'11est two types of processes and several others with a potent ial for seed

reprocessing have been rev i ewed on the bas is of their energy usage, relative
st ate of development , and costs. A report was prepared suinmari, ing these

t i nd i ngs . The more prom is i ing processes require a reducing gas tiat could be
produced by coal gasificat ion. Although tLhese processes have laid some degree

of comm.ercial development , it is not clear that they can meet the requirements

of t h Mill) system for high conversion, 1o1 pot assium losses, and low energy
usage, as wel I as ef fect ing the separat ion of slag and other impurit ies from
t he seed . A c lear- it choice among the various processes could not be made

on the hasis of the review, because engineering design data, such as react ion
kinet ics, effec t ott impur it it .,, side react ions, and const ruct ion mat er ials for

the high-temperature react ions, :re lac king. Experiments are under way to

determine the rate and extent of the react ions involved in the direct reduc-
t ion process described above.

). -MW Test Fac il i ty

A versat i le i a i 1 it y for iest ing MII) steam-generator components under

prototypic Mill) condo it ions has been const ructed by Argonne' s Eng ineer ing Div i sion.

The facial itv can supply a mixture of combust ion gas, potassium compounds, and

coal ash at a rate of 1 kg/s, and at temperatures in the range from 2000 K up

to about 2500 F. li t ally, the combustion gas will be supplied by a combustor

with a teed consist ing of a slurry of tuel oil, K2S0 4  and coal ash, but it is
planned to install a coal combustor b-h.lre th end of 1979. The facility

present ly includes an oil-slurry feed system, air compressor, air preheater,
rec irculat ing-water cool ing systems for the experiments, exhaust-gas quencher-
scrubber, and data-acquisit ion system.

CEN has been assigned th lead role in the planning, conceptual design,
and execut ion of the exper imnt s, and int erpret at ion of the results. The

experiment s fal1 into three general reg imes of combustion-gas temperatures:
(1) 2300 to 1800 K, (2) 1800 to 1500 K, and (3) below 1500 K.

The exper iment s pl anned f or the gas-t emp rat ure reg ime of 2300 to 1800 K
are related to the radiant boiler, wherein potassium seed is in vapor form,
slag is I iquid, and heat is transferred from the gas to the water-cooled walls
primarily by radiat ion. These walls will be coated with a slag film that has
a surface temperature in the slag melt ing range. The radiant-boiler tests
wi ll be directed toward measurement of radiant heat transfer from a part icle-
laden gas, and studies of N0x react ion kinet ics, interact ions between seed
and slag, and corrosion of refractory and metallic materials by potassium-rich
coal slag.

Experiments planned for the 1800 to 1500 K regime are related to the
steam heaters and recuperat ive air heater downstream from the radian boiler.

2 A. Sheth and T. R. Johnson, Evaluat ion of Available MHD Seed-Regeneration

Processes on the Basis of Ener y Considerat ions, Argonne National Laboratory
report ANL/MHD-78-4 (Sept 1978).

0
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In these components, banks (or plates)
exposed to a gas stream that contains

of slag. Analyses have shown that in
the seed deposit ing on the walls will
"liquid seed condenser" tests, will be

transfer rates, seed- and slag-deposit
ist ics c' the dr-pos it ed film and mat er

of steam- or air-cooled tubes will be

seed vapor and sub-microme ter part icles

this temperature regime, the surface of
be liquid. These experiments, called
dii acted toward measurement of heat-

ion rates, and st ud ies ,)f the character-

ials corrosi( n.

Exper iment s in the l owes t empe rat ore range (, te low 1 )UU K) 1 1 he done

first; the plann ing for these test s is nearly cormpl1-t e. These tests, referred
to as the "sol id seed condenser" tests, art, related to st eam and air heaters

similar to those considered in the "1iquil seed condenser" tests. The objec-
tives of both test series art also similar. However, in the lowest temperature

series, the gas temperatures is too low t() vaporize the seed compltely vand t.,

maintain a liquid fi In on the deposited ,eed mater ial .

IThe apparatus for the "sO id seed condenser" tests, which is tO DO

installed in the 2-MW fac iiit y, is shown in Fig. VI --3 . Preced Ing the test

section are conditioning and transit ion sections, which allow the hot gases
leaving the combustor to be cooled to the desi red t est temperature and the
vaporized seed material to be condensed in tht" gas st ream. Th-se sect ions
will have instruments to measure gas temperature and flow rates, and means for
characterizing entrained part icles. 'hot test sect ion consists of a hank of

cooled tubes that simulate the conf igurat ion of a steam reheater. Instruwmenta-
tion in this section will allow eat-transter and solids accumulation rates to

be determined. Several tubes can be removed easi ly to facil it te material-
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--- GAS :AMK ING -- -

OPTICAL PORTS 7 SQUARE SECTION

2 it PIPE
/ r (WA TER JACKET[D'

(ROOLE-D

0000 I jI , .-

SC iiubBLR
I

"uBE BANK
I(AIR COOLEiYI

PARTICLE SAMPLING

5 it 5 t525 m (5?5 'r 525 m) 1525 m) (Q f'n

GAS CONDITIONING TRANSITION 1T ST I RAN:II N -ILLE H
-ECT IONS SECTION ECT SECTION t ECT

Fig. Vb-3. 2-MW Test Train for Sol id Seed Condenser
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studies. Instrumentat ion in the trans it ion section following the test section
will allow the condition of the gas and entrained sel ids to be determined as
they leave the test sect ion and before the gas is exhausted to the quencher-
scrubber.
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VII. SOLAR ENERGY DEVELOPMENT

The solar energy program at ANL is an integrated, multidivisional

program that includes work on the efficient collection, storage, and utili-

zation of solar energy and the analysis of the near-term status of solar

energy technology. The program is directly supportive of the long-range

national goal of developing solar energy as an alternative energy source for

heating, cooling, and industrial process heat applications. Three of these

activities are in the Chemical Engineering Division: the development of
improved solar collectors, the development of a method for passive cooling

based on seasonal storage of ice, and provision of Lechnical assistance to

the National Solar Demonstration Program. Other divisions that have solar

programs at ANL include Energy and Environmental Systems, Materials Scieac .

Components Technology, and Engineering Divisions.

A. Development of Improved Solar Collectors

A serious impediment to widespread utilization of solar energy in the
United States is the combination of relatively high cost and relatively low
performance of available solar collectors. This problem is especially acute

in solar cooling of buildings, total energy systems, and high-temperature

industrial process heating. Through the development and commercialization

of cost-effective solar collectors that operate efficiently in these
demanding applications, the CEN collector effort directly addresses the

needs of the national solar program.

The CEN solar collectors are based on a new class of nonimaging optical

concentrator designs known generically as compound.parabolic concentrators

(CPCs). Depending on the specific design parameters, CPC trough colletL:rs

can function either in a fixed oriertat ion or with a few tilt adjustments
throughout the year, while operating efficiently at 100-250 C. A number of

factors contribute to the excellent potential for early acceptable cost of

CPC-collector-based systems. Because of the higher collector efficiency

than that provided by flat plates, fewer collector modules are required for

a given application. Reduction in collector mass through the use of optical
concentration leads to a lower module cost. Higher operating temperatures

result in more efficient performance of the remainder of the system. Finally,
the rapid increase in the size of the potential market with increasing

operating temperature, induces cost reductions through mass production.

The long-term goal of the solar collector program at Argonne is the

establishment of CPC-collector designs as commercially viable options for

advanced applications such as space heating and cooling and industrial

process heat, in which delivery temperatures up to 250*C are required.

Having devised detailed optical and thermal design tools, we are now

building on present day-technology and, in close cooperation with industry,
developing new technology to provide the required materials, components, and

fabrication techniques. By the conclusion of this program, a potential
collector vendor will be able to choose a CPC-collector design that best

meets his need and, from the established requirements, develop a marketable

product. To date, the program has met 80% of the objectives necessary to

reach its long-range goal.
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The near-t ern goal of the CPC-collector program has been to successfully

commnerc ial ize a part icul ar Iow--concent ration col ect or design suitable for

space heat inkg and cool i ng app] icat ions. Engineering prototypes of this

des ign , bu i It at ANL with commerc ial components and t technology have opera-

ttod efficiently at 180'C. the near-term goal. was met this year when two

commerce ial f irms introduced their versions of low-concentration collectors.

1. Collectors for Heat ing and Cooling Appl icat ions

A 1 . 5x CPC cusp col lector" developed at ANI1 pro) ides sign ificant
advantages in heat. ing and cool ing app] icat ions. Lt operates efficiently at
180) C and ye t needs no t i i t ad justment , s ince in st at ionary operat ion the

useful 'ol lecL ion period is at least seven hours per day throughout the
year. Freedom from t racking or adjustment greatly simplifies the col lector
and its mount ing st ructure, and thus lowers capital and maintenance costs.

The large angular field of view (700) of this collector accepts two-thirds

of the diffuse sky rad iat ion, in addition to the direct beam solar radiat ion.
The design is part icularly attract ive, therefore, in non-desert instal lat ions

(east , south and midwest) where focusing collectors are at a disadvantage
because the beam rad iat ion is scattered by haze and cloudiness; similarly,
1 lht scattering by dirt on the cover glass is less detrimental to perfor-

mriance of nonimaging collectors. Finally, the collector incorporates existing
comrmerc ial components and technology, so that there are no hidden development

problems, and early cost reduct ions can be expected. In 1977 the 1.5x CPC

cusp collector was selected by industrial Research Magazine as one of the

year 's 10U rimost sign if i c ant new devel moment s.

Two 1 icensees of the DO' patent, Sunmaster Corp. (Corning, NY) and

Energy Design Corp. (Memphis, TN) are now marketing their versions of the

low-concent rat ion CPC cusp col lector, opt imi zed for different serv ices.

ha I f a dozen other firms have also become licensees, and others have shown

interest .

2. Collectors for Industrial Process Heat

The development of higher temperature collectors (3x to )x), which

are suit able for industrial process heat, is in a less advanced stage than

that of the collectors for heat ing and cooling. For example, suitable

components--stable select ive surfaces on absorbers, stable heat transfer

fluids, h higher reflectance surface--are not available commerce ial ly and the

exist ing technology is not adequate. A number of laboratory-scale collectors

ard several tull-scale prototypes have been fabricated at ANL using experi-

ment al components developed by industry under subcontracts. At the same

time, the potential benefits offered by these collectors have been explored
in detailed calculations and studies performed by ANL and by A. D. Little,
Lnc. These studies and the experimental work indicate that the CPC-collector
designs are workable and are attractive for use at higher operating
temperatures.

The ratio of light intercepted by the combination of collector and cylindri-

cal absorber in a 1.5x CPC is actually 1.5r times that directly intercepted

by the absorber; the 1.5x factor refers to the important ratio of total

interception area to heat-radiating area of the absorber.
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3. Status and Future Direction

The near-term goal of the cAol 1ctor development program was net

this year with the introduct ion of two commerc ial vers ions of the low-
concentrat ion CPC cusp collector. A Iinal report on the subject wil be
issued upon complet ion of some rema in ing exper iment al work. Argonne' s ima in

effort in FY 1979 on low concent rat ion collectors will consist )f providing

technical assistance to manufact urers.

To meet the long-range goal, we miust c nt inie to id nt ity materials

and develop components and fabricat ion technilues hat can he usod in mass

product ion and that meet cost and performance cr it r i. The effort wi ll pro-
ceed along the I ines already provemi to be successful in reaching the near-t enr
goal: bui ld ing and test ing new co I Ict trs at Argonn and s1. imil at ing int ens ive

indust rial interact ion through consul t at i on, industry ial part ic ipat ion, and
contracts. As part of ANL's cotlleCtor development act ivit V, a Uflljni test ing

capabil ity has been developed. ANI, personnel l have the expert isP reqjui red to

test concentrat ing col lectors , and a fl lv inst rimented fail itv has been
built to test collectors operat ing at temperatures up to 26000. Figure V1 I-1
shows several experimental collectors being est ed in this facilitv. Fut ure

plans include the use of this facii ity to ovalunate new collector designs and

commercial versions of non maging concent raters as they art dve oped.

1. ~1I

F g..4

Fig. VII-1. Solar Energy Test Facil ity. On the r
for process heat applicat ion that ope

center, still covered, is an experime
low-cost plast is mirrors; to its left
that operates at 150 C w i thout pei iod

ight is a 3x collector
rates at 200*C; at the
ntal 3x collector with

is a 1.5x collector
ic tilt adjustment.



B. TllerinaI F.ne rvv t ira e tor Cool -n- Ai ! 1 at Ins

The Ohte( L ive ot this nmw i..N program is t ) develop a cost-ettetiv
met hd oi hIS IVe t01 ing t hat IS'S aiiindirground ice format ion dur Ing t n.
wiit er tor shummwr tol if nHeA s. T1 is work is an expansion of t e LUN
et tort in apple ying sol)ar energv to the heat ing and cooling of buildings.

The near-t erm goal is t~ determine the te.asibil ity of this passive cooling
method by means of comprehensive thaortet ical analyses and experimental
me.suremtnt s. lie l na'-t ermn goal is t ievelop the method tro the research

protot vpe st age t o the stage ot indust r tal commert lal izat ion :nd !ari'e-sale

ut i1 izat iotn by t he phub i t sea t ' r.
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the system i- - sve--no external power is needed. The system w:ll
. 1estgned s -.- : : i. are forane4 !2 ill to storage container dur intg

.. .er operat lon. It as rst amated that a tanr e a height and dieter ot
.5 it would provide suftac aent cooling capacat y :or a wefl-ansulated

bangle taati1 home.

a ":ave begun an extensive survey of 1 iterature and recorded data on
heat; ; desaun. tabracat aon, and use. Interact ion has st arte, with
commrrk aa moanutaturera ot heat pa pes. Lxperamental equient as now being

assembled to test actual evaporator sect ions Ior ae tormation and automat is
release. The future direct a. : .'rs tn this program wall be to determine
the trasabxlaty of this passive :oolang method on the bas. ot theoret ical
anal vs ss and exper ament al data.

., euppurt Act avit ars for the hat ouiai Solar nery ika.;,nstrat tun Prortam

As a result of the congressionally mandated solar energy demonstrat ion

program, nurous comer.aal and resident tal sola- energy systems have been
c artructed t t.Toaaout the c ousttv. ANL has been involved in several
aspects of tbis program. 1nclu,. . .valuating proposed solar demonstrat ion
syste>.. performing design rev.. urang ,.he construct ion phases, and
providing assistance in determ.. the Dest methods for solving problems
that arise it% current systems. This activity directly supports the long-range
gat a. 1a goal of developing solar energy as an alternat ave energy source.



VIII. FAST REACTOR CHEMISTRY RESEARCH

A. React or Saf-tv

I . Post -Act i de:it Heat Removal

Work on post-accident heat removal involves heat-transfer modeling
and chemical-equilibrium calculations a-; well as experimental studies of inter-
act inn- of reactor materials with concrete, steel, and graphite. One phase if
th.' i rk. n has been ,f part icular interest . i' lescriLed bel .

tit urrent desi .': ir gas-coole, . tt r-1 t ors (;CFRs) employs a

lower reactor axial shield consisting ot lavers ot graphite and stainless
steel. In a hypothetical core-disruptive acc dent , core debris consisting of
oxide fuel ' stainless steel would rest on the shield and interact with the
top laver. w. h is constructed of graphite. L-lctii:t ionsl )t the heat

dissipat i,:, i this hypothetical reactor accident attributed removal of 74%
of the downward decav heat to chemical react i n h-'t ween core debris and the
graphite in the shield. This analysis, whi h was )ased on the' endothermic
reaction bet wr ) and graphite, did not t ak i nt o4 account t i, t -'c t of

steel and the is t -idant format ion of Fel'(, as a react ion produt.

Our experiments, design., st lv th, et tet t )f various amont of
steel on this re.-ct ion at a ziven temperature, siivgt'stted that the lIO--
stainless steel-graphite react ion is exothermic . As discussed in la :t ear's
report , we found that tor small amounts of stainless steel ( IU' of the weight

of VO- and steel) tih,. react ion rate wa tinexpectedly high, tilie erosion )f
the graph itt' was protinouncted , and the rev t i 01 was Unusull lv violent , as
indicated bv the' eiect ion of pert ions of the t'0 p ellet Icom the' re'art ion

site. These result s could be itt r i but ed to an exotherin:c r''act 1ion with too

smal l an amount ot stainless steel to carry the' heat of react ion from the
react ion s it e.

To test this h''pothesis, an experiment was performed in a graphite
.rucible with two tlat-bottomed cavities. One cavity, which served as a
rt'ferevnce , contained only stainless steel , and the other contained a U0.)

pellet PIus 10 wt stainless steel. The temperature of the crucible was
maintained at 24U) K for 50 min. Dur i ng this time, the react ion rate was

measured by cont inuous monitoring of the evolut ion of CO. The temperature of
each cavity was monitored by thermocouples. The temperature in the vicinity
of the react ion site showed an increase of 12 K Over the temperature at the
reference site, with the rate of increase generally corresponding to the rate
ot evolution of CO (see Fig. VIIl-1). Upon completion of the reaction, the
temperat tire of the react ion crucible gradually returned to the reference
temperature.

C. S. Kang, A. Torri, and L. Yang, The Effect of Chemical Reactions on Post-
Accident Fuel Containment in GCFRs, GA-A14680, General Atomic Company
(December 1977).
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The unexpected finding that the I!(,-graphite-stainless steel
interact ion is exothermic has had a signi ficant impact on the cailctlat ions
of post-accident heat removal and the design of fuel-debris containment. if
graphite is used in the containment shield, the heat of react ion of the Vo'-
graphite-stainless steel interaction must be dissipated in addit ion to the
decay heat. Because thermodynamic data on this react ion are lacking, we plan
to iave a roure sample of the react ion product FeUC2 made so that the heat
of reacticn can be measured by calorimetric methods. Additional studies of
this reach ion using other metals are also planned.

2. High-Temperature Physical Property Studies

a. Sodium

The reliability of reactor safety analysis is strongly intlti-

enced by the thermodynamic and transport property data that are fed into the

calculation. Thus, it is essential that consistent and rel able values he

used.



Recent exp.'rim(-nts of Bi i s," an Bin 1 1 1 a ' 1n which the Vap),

pressure' of sodium was dr'termi ned from 12(M Y 1 ' 1t i cal point, iF ld .

new valei-s for the < ritical pr.'ssure, crit i cal r re, and critical

dens it v. These new dat a prompt.td a reexami nat Ion ot o x i' ' sodi um-propertv

data by Padill a.4 As an ext pension of the work of Padi ll . ' s (;ipta and

Bonilla) derived a single --qiation to f it thi' exist inv vi:. r, ssire

data,. 3,O,7 and we dehrivEd a singly otiat ion for 1 i piid e'nthIaIpy to fit the

experiment al data ofi Fredri k' .n and (1hasanoV 8 ( '>4-1505 K) and those of

Innings .t a1 .y (373-1170 K). i'sin,, the new critical parameters, the work

of Padi 1 la, and our ential pv *'qiiat ion for the experiinental data as a start ing

point , we e'mploved thermodynami r' l at i ons and ext ripel at i on and est imat ion

ttchnicutp - t) Calculat.4 an internally consistent st t )f thermodynamic property

values for sat urated, subcool ed, and supe riteat ed sodi urn. In addit ion, values

of transport property ies of sat ratecd sodium we're obtained I rom fits to experi-
ment al data and f ren ext rapcflat inn pro( edure... An error .ii lysis of the

accuracy of the recommended vialuts has been madec. Table VI I I-1 suinariz7.es dir

ret'commende'd va l cios fo at (lrat ed sod i tim at se c 'it ed I emlpdIerat jr's.

The-se va Iues of thernodvnarmic and t ran :port propert ies if sodIillnm,
along with dcetailI'd discussions of how they were obtained and tf their errors,
have been cemp Ited to form a revision, now nearin, conplet ion, of tict' sodium

sect ion o tlhc hiandbe)il, 'Propt'rt ies _or LMF"R Safety Analvsis, 1l) which is

widely used as input it. rat icr sat ety calculations and ccMIpit er cct)es.

Following c'ompl't ion cc! this work on sodium data, attention will e directed

to revising the oxide ftie I sect ion of the handbook.

V. S. fhi se, The Crit ical Point and ii ,h-I-Temperat ure The'rnccdynamic Propert it's
of Soditim, [r. i"ng . Sci. ')i sertat ion with C. F . henill a, l)ept. of ( emi ical
Ltti' t ;eri( g ani Appi i ned t ncccist rv, Columbia l'nive rs ity, Xerox-!niversitv

MicrofiIms (1976); also CO-1027-22, N'I S (1977).

3
V. S. Bhise and C. F . Boni Ila, Ie', 'xpe r inm nt al 'apor Pressures and Critical
Point of Sodium, Proc . I nt . ConI . I. uid cjIic Meta! I'echnologv in Envtrgv Produc-

tion, Seven Sprincvs, PA, Mav 3-6, 1977; aIsit C00-3027-21, NTIS (1976).

A. Padi1 1 a, Jr., hiih-I e'mp rat 'ire' The'rtmidnamic Pro trt ies of Sodium, lanford
Fngi neeri jng Deve lopm.'nt L.aborat crv Report h1:1l,-'I'ME 77-27 (Fvebruary 1978).

5S. Das Gupta and C. F. Bonilla, private commuanicat ion (1978).

6. P. Stone, C. I. Wing, andi J. R. Spann, Iigh-Tempr.ittcire Propert s of
Sodium, Naval Rewarch Laboratory Report NRL-641 (S, pte'mher 2.', 195).

7 R. W. Di tchbt!rn and J. C. Gilmour, Rev. Milcd. Phvs. 13, 310 (19..1 .

8
I). . Fre'd ick sot and M. G. Chasanov, liTh tnt hal pv of Li quid Sod ium to 1505 K

by Irop Cal or iie t r v , J . Chem. The rcdvn. 6, 62-,) ti 197 .

9
[1. C. Ci ni ngs, TI'. K. Dotu'l as, and .\. F. Hal I, he. i ipak it )f Sodium

lietwe'e'n (1 and 90( O , the Triple Point .indt Heat 't Fuiston, .1. Res. Nat1. t.-

St an!d. '+, . I (19 0 ).

Prcpert ies for I.MFKR Seltet v Analvyis, 1.. 1.c ihowi/., [d., Areonne Nat ional

Laborat orv Re port , ANI.-i N-RSDI-76-1 (Apr i l 171).



Table VIIl-1. Summarv ot Th

Property v

Enthalpv, Ht(T) - HQ(2Q8),

k. n' 1-I

H.-.it (. apac ity, J m1l- K

Vapor Pre-'t.ure, MPa

Heat ot Vaporizat ion, k mol-I

Density, kg m-3

Volumet ri Thermal Expansion
(,,.- t is ient , 14~ 4 

K- I

Adiabat ic Ctupressibi l itv,
10-4 MPa-l

Thermal Conductivitv,
M - 1 K-1

Thermal Di ffusivity,

10-5 m 2 s-l

Viscosity, 10-3 Pa-s

xM It ing

Boiing

point

point

370.4'3

31.9

1.128
x 10-11

103.6

927.3

2.507

1.714

t'r'mophyica1 Propert ies of Saturated Sodtiln

Propert v Values at Indi cat ed Tempe rat utre (K)

800

17.h

9.4)4 3

x 10-4

Q%.77

825.6

2.912

2.270

1156.51)

28.02

.. 29

11.1014

89.11

739.4

3.282

3.001

tt.8

6.40

0.229

1600

a1 3

32. 32

1.798

78.54

632.5

3.836

4.709

35.8

4.02

0.130

2000

39.14

7.851

65.15

536.4

5.037

8.802

22.2

2.44

0.112

of sodium.

of sodium.

2400

75.83

84.75

20.76

41.11

403.2

17.77

42.81

9.5

().609

0.0992



b. R.-;,(t er FIuel s

Studies of thermophysical property ies of reactor materials
have cent ered largely v on proper t ies of ox idt i te- , with some at tent ion devoted

t: carbidc's and ot he'r reactor mrater iaIs . Me'vacremrta'ent s of enthalpv, thermal

di fifcs ivi t v, dens ity, and vapor pres sur.' :ar of int rest , and data to about
6000 K are needed in reactor safety y analysis. Recent developments in one

phase id this work are described in detail helow.

Th-rmodynamic funct ions of fuel-vapor species may he calculated
i rom spectroscopic data on molecular ecte'rt!v levels. The thermodynvanic

tunct ions obtained by this method are bel ieved to be more rel iable for vapr-

pressure cal cul at ions at high t rmp-rat ures than functions obtained by 4'xt rapol a-

t ion of lower temperature dat a or by experiment al methods that have not been

cal ibrat -d. Thus, these calc lated funct ions are useful for analysis of hypo-

thet ic a! retc t or acc idents.

Our program combines an experimental part and a calculat ional

part . The goal of the experimental st dies is t ) obtain spectroscopic data

on uranium, plutonium, and thorium oxides, nit rides and carbide. th:,t are

required for the calc ulat ions. The goals of the calculat ional -tcdies are:

(1) to est mate data that are not experiment ally available; (2) to present

results in a form that allows for incorporation of new data; (3) to estimate
cncertaint its in various cant ri bhct ions to calculat -d thermodynamic tunct ions;

and (4) to provide a consistent "best est imate" of th, th'rmodynamic funct ions

for fuel-vapor species.

Some experimental data are available for known uranium,
plutonium, and thorium oxide vapor spec i; however, these data are ins omp let'.
When experiment '! dat., ,1e . col ii ava l , e',t ilaukit $-1n thing ar required

t r th': calculat ion of thermodynamic funct ions and vapor pressure's. Figure
VI 1 t-2 shows a schenee' for t he cal cu la ion of vapor pressures that combines
experimental dat a with est imated dat a to obt ain the requi red set of molecule :r
energy I evel s. The steps leading to, gas-phase thermodynami c func t ions must

be followed for each import ant vapor species. The condensed-phase data must
be known as a funct ion of c ,mipces it ion, and both the condensed-phase and gas-
phase data mast he known as funct ions of temperature.

Experimental spec t roscopic data are being obtained by the

matrix-isolation technique. Previously, this technique was used to obtain
data on uranium oxides, II'l' uranium nitrides, 1 and thorium oxides.14

S. D. Gabelnick, G. T. Reedy, and M. G. Chasanov, .1. Chem. Phys. 58, 4468

(1973).
2S. D. Gabelnick, G. T. Reedy, and M. G. Chasanov, J. Chem. Phlys. 59, 6397

(1973).

1 D. W. Green and G. T. Reed-, J. Chem. 0 hvs. 65, 2921 (1976).
1 4S. D. ca.bllnick, G. T. Reedy, and M. Chasanov, J. Chenm. h'hv:. 60, 1167 (1974).
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VA POR
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Fig . VI I I-2 . Scheme for Calcil at ion of Vapor Pressures from
Spect roscopic Data. ANL Neg. No. 308-78-269

uor *, . .t : 1:t . 1 5 and nil r ides16 have been publ ished

this year. Resmilts have also been obtained for thorium nitride and will be
publ i shed . 7 The vi brat i nnal frequency of ThN was measured and ident i fied by

the use of 15 N. The harmonic frequency, we, and first anharmonic correction,

,xe, were derived from the measurements. 'These data are needed for calcula-
t ion of thermodynamic funct ions. No dinitride of thorium was observed, in

contrast to the cases of uranium and plutonium; however, a dinit rogen complex
of thorium was identifi (d.

Preparat ions have been made for two projects: (1) study of
the low-frequency bending modes of ThO2 (vs well as U0 2 and U03) ; and
(2) product ion of thorium carbides and !easuirement of their vi brat ional
frequencies. A helium-transfer cryostat has been tested. The new cryostat
has reduced mechanical vibrat ions and, as a result, has significantly
increased the far-infrared signal-to-noise ratio over that obtained with the
closed-cycle helium cryostat previously used. A helium-cooled bolometer is

in the final st ages of testing. These improvements in the apparatus should
enhance our ability to detect weak absorptions by the low-frequency beno ing
modes. Several scoping experiments have been pe.ter-erd to seek a method of

15. W Green ant' G. 1'. Reedy, J. Chem. Phys. 69, 544 (1978).
1 6 D. W. Green and G. T. Reedy, J. Chem. Phys. 69, 552 (1978).

1 7 D. W. Green and G. 1'. Reedy, J. Mol. Spectrosc. (to be published).

1W)
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producing carbides. A rhoriui cathode was sputtered with mixtures of Ar with

CO, CO 2 or C2 12 and the reaction products were collected in Ar at 14 K.

No thorium carbide species were identified in these preliminary experiments;

further experiments ar( in progress and other means of producing cardi des are
being sought.

The calculational program has been directed toward fuel-vapor
species. Among the special characteristics of these molecules are relatively

high dissociation energies and relatively large electronic contributions to

the thermodynamic functions. Topics that have been studied include: (1)
effects of vibrational anharmonicity, (2) estimates of bond distances, (3)

effects of molecular geometry, (4) effects of vibration-rotation interaction,

(5) effects of centrifugal stretching, (6) etiects of excited-state geometry,
(7) estimates of the frequencies of unobserved vibrational modes, (8) effects

of various approximations to th partition function including the separation

of an electronic portion, and (9) models of the electronic structure. Numerical

results have been obtained to determine the possible errors in the calculated

thermodynamic functions that result from estimates, models, and approximate

methods.

Insufficient empirical data are available to determine the

electronic contribution to the partition function and its derivatives for each

of the uranium, plutonium, and thorium oxide vapor species. There are no

practical methods for obtaining energies of the required electronic states
from ab initio calculations. The most promising method appears to be a semi-
empirical one in which experimental vapor pressure data are employed to derive

the values of model parameters.

We have tried several models of electronic structure to fit the

partition function of U0 2 . Three models that have proved useful are as
follows:

1. A constant-density-of-states model with two variable para-

meters. The degeneracy, gi, is constant and the energy-level spacing,
x (in cm-1 ), is constant.

II. An increasing-density-of-states model with three parameters

and two variables. The energy levels are identical with Model I, but the

degeneracy increases with energy, gi = go/(1 - ei/A), where go is a
constant and A is the empirical ionization potential.

III. An increasing-density-of-states model with three parameters

and two variables. The degeneracy is constant but the energy levels converge:

ci = co - cli 2 where cl = c0
2 /4A and A is the ionization potential.

Values of the variables were determined for each of the models

to fit the empirical vapor pressure data for U0 2 . At 6000 K, the vapor

pressures that are calculated from the corresponding free-energy functions

differ y less than 12%. Model I gives a limit t, Cp at high temperatures

and, thus, is not as realistic as either IL or iii. We conclude that either

Model II or Ill provides a suitable basis for these calculations. The success

of this semiempirical approach for U02 has led to its application to other

vapor species of interest, including other uranium oxides and plutonium
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oxides. The method developed for these molecules should provide a useful

to obtain the electronic contribution to these calculated thermodynamic

tions and, by the scheme in Fig. VI[I-2, to obtain the pressures of the

vapor species at high temperatures.

way
func-

fuel

"Best est images" of the thermodynamic functions of 1102 are
complete. The contributions to the thermodynamic functions of other fuel-
vapor species have been calculated except for the electronic part. Preliminary
vapor pressure calculations indicate that the methods employed lead to lower
pressures than have been obtained by other mehods. A compl ete comparison
will De possible after conclusion of the calculations for molecules other than

B. Reactor Fuels Chemi stry

The gas-cooled fast reactor (GCFR) program is an incremental program that
relies heavily upon LMFBR base technology. However, some features, namely,
the use of vented fuel pins, roughened cladding, hel iun coolant, and direct
contact of the primary coolant with the steam generator, are unique to the
GCFR and these are being studied to assess their impact on
The complex chemistry occurring under the large temperature
exist within tHi
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It is generally recognized that the lifetime of fast-reactor uranium-
plutonium oxide fuel may be limited by reaction of the stainless steel cladding

with fuel containing fission products. Fission products appear to play important
roles in fuel-cladding interactions.18 Cesium is universally observed in the
regions of attack and is usually associated with chromium from the cladding.
However, the parameters affecting cladding attack have never been adequate l
defined.

A number of researchers have attempted to correlate the depth of attack
with the temperature of the cladding inner surface. There is general agree-

ment that the temperature threshold for at t ack is a cladding inner sur face
temperature of 77) K; however, from 770 to 1000 K, widely varying temperature
dependencies have been reported. The general trend is that the depth of
penetrat ion (a) increases exponentially with increasing temperattire in EBR-II

pins;19 (b) increases with increasing temperature from 770 o 870 K and then

18 D. C. Fee, 1. Johnson, and C. E. Johnson, ANI.-75-53 (1975).

J. W. Weber, R. L. Gibby, E. T. Weber, and R. E. Woodlev, Fuel and Cladding

Interaction, International Working Group on Fast Reactors Tokyo,
February 21-25, 1977, IWCFR-16 (1977); p. 137 ICONF-77021W
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is constant from 870 to 970 K in Rapsodie and DFR pins; 20 and (c) increases

with increasing temperature from 770 K to 870 K and then decreases from 870

to 920 K in Phenix pins.21 None of the existing models of cladding attack
predicts the peaking of cladding penetration at 870 K observed in Phenix pins.

Thus, it appears that the key parameter(s) affecting cladding attack have not

vet been identified.

We have developed a model for cladding attack that is based on the forma-
tion of a cesium-fuel compound at the cooler, outer edge of the fuel and the
formation of a cesium chromate on the cladding inner surface. These compounds

are assumed to be in equilibrium via the gas-phase transport of cesium across

the fuel-cladai,.g gap. Using thermochemical data for the species involved,
the model successfully predicts the observed temperature dependence of cladding

attack in Phenix pins. Furthermore, the model demonstrates that the most impor-

tant parameter governing cladding attack is the local temperature difference
between the fuel outer surface and the cladding inner surface. The importance

of this parameter to cladding attack has not been previously demonstra,_o.

In the model, the cesium pressure in equilibrium with a cesium-fuel com-

pound [Cs 2 (,P")0 4 1 is compared with the cesium pressure in equilibrium with

a cesium chromaLe (Cs 3CrO 4 ) on the cladding inner surface. The cesium-fuel
compound was assumed to be (Cs2 (U,Pu)0 4J by analogy to the Cs-U-0 system

wherc Cs 2UOf4 is the compound that forms over the range of oxygen potentials

(AG 0 2 = RT In P0.) and temperatures expected at the outer surface of the

fuel.22 Furthermore, the hexavalent cesium-fuel compound, C2(11,Pu)0 4 , was
selected because analysis of the family of alkali metal actinides showed thr;
stability i strongly correlated with the size of the alkali meal ion and that
the valence of the actinide atom is much less important. For example, KUO 3

and RbIO 3 are stable, but CsIJO 3 is not. Consequent i v a pc. ta'valPnt cesium-

fuel compound, such as Cs(1,Pu)0 3 , is not expected to be stable.

The equilibrium cesium pressure above a two-phase region of Cs 2 (U,Pu)04

and (U,Pu)0 2 +x can be calculated from the thermodynamic properties of the

phases that are present. The thermodynamic relationship associated with the

equilibrium

2Cs(g) + (U,Pu)0 2 (c) } 0 2 (g) _ Cs 2(U,P"0 4 (c) (1)

is given by

2AGf(Cs,g) + 2 RT In pCs + RT in P0 2

+ (AGfI(11,Pu)0 2 ,cJ - AGf[Cs2 (1,Pu04 ,]} = 0 (2)

The dependency of the equilibrium cesium partial pressure over Cs 2 (U,Pu)04
+ (U1,Pu)02 i or. temperature and oxygen potential is shown in Fig. VIIU-3.

20 0. Gotzmann and Ph. Dunner, ibid., p. 43.

2 1 M. Conte and J. P. Marcon, ibid., p. 27.

22
1). C. Fee and C. F. Johnson, J. Nuci. Mater. (in press).
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Fig. VIII-3.

E- Oxygen Potentials in the Cs-U-Pu-C
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<C in Pa. ANL Neg. No. 308-77-665
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Also shown in the figure are the boundaries of the Cs 2 (U,Pu)0 4 + (U,Pu)o"+x
two-phase region. The data in Fig. VIII-3 were calculated wiLb the assumpt ion
that The addition of a small amount of plutonium to U0 2 and to Cs 2 UO 4 equally
affects the free energy of formation of these compounds. As a result, although
the thermodynamic properties of Cs 2 (1J,Pu)04 have not been mea-.ured, the cesium

equilibrium pressure over Cs 2 (U,Pu)04 + (U,Pu)02 x can be derived from The
thermodynamic data for Cs 2 UO 4 and UC 2 .

The temperature dependency of the oxygen potential of the three-phase

regions of the Cs-Cr-O system is shown in Fig. VIII-4. Also shown in th figure

is the dependency of the equilibrium cesium pressure on temperature and oxygen

potential for the two-phase regions. The relationships shown in Fig. VIII-4

were calculated using the measured and estimated thermodynamic data of the

phases expected to be present in the region of the fuel-cladding gap.

A comparison of the equilibrium cesium pressure of the Cs-U-Pu-() system in

the fuel with that in the Cs-Cr-C system at the cladding inner surface defines

the temperature conditions in the fuel pin that are required for cladding attack
via cesium chromate formation. A preliminary comparison shows that, under iso-

.)ermal conditions, no cesium chromates would be stable on the cladding inner

.,.rface because the equilibrium cesium pressure of the Cs-U-Pu-C system is less

than the equilibrium cesium pressure of the Cs-Cr-C system. For example, it
900 K with an oxygen potential set by (U0.8Pu0.2 )C2.000 , the cesium

pressure above the fuel is 3 x 10-3 Pa (Fig. VIIl-3). The cesium pre: sure
necessary to form Cs 3 CrC 4 on the cladding inner surface under the sam. con-

ditions is 3 x 10~1 Pa (Fig. VIII-4). Cesium chromate will be stable at this

oxygen potential only when the temperature difference existing between the

fuel outer surface and the cladding inner surface is such that the cesium
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equilibrium pressures of the two regions are equal. For the example given

above, this temperature dif ference is about 125 K.

Several conclusions can be drawn from the above discussion. First, the

EemperaLure difference between the fuel outer surface and the cladding inner
surface is the most important parameter affecting the stability of cesium
chromate on the cladding. Second, because of the shape of the neutron flux
profile in the reactor, the maximum thermodynamic driving force for cesium

chromate formation occurs at the axial midpoint of the fuel, where the cesium

equilibrium pressure of the fuel exceeds the cesium equilibrium pressure of

the cladding by the maximum amount. Consequently, the maximum depth of

cladding attack is expected at the fuel axial midpoint, not in the region
where the cladding inner-surface temperature is highest.

Our model correctly predicts the corre. ation of maximum depth of attack
with cladding inner-surface temperature (axial location) as observed for
Phenix fuel pins. 2 1 Also predicted by the model is the observation that
cladding attack increases with increasing temperature from 770 to 870 K and

then is constant from 870 to 970 K in Rapsodie and DFR pins. 2 0 The model

predicts a greater extent of cladding penetration in Phenix pins than in
Rapsodie and DFR pins because the temperature difference between the fuel
outer surface and the cladding inner surface is expected to be larger in the
Phenix pins. The fuel sections of the pin are longer in Phenix (85 cm) than
in Rapsodie (32 cm), DFR (30 cm) or EBR-I[ (34 cm). Consequently, the fluence/
burnup ratio in Phe-lix pins is higher at the fuel axial midpoint, and the
increased swelling, of the cladding produces a larger fuel--cladding gap and,
thus, a larger fuel-cladding temperature difference.

future research efforts will continue to focus attention on those chemi-

cal problems that might hinder the success of the pressure-equalization system



111

and application of vented fuel pins to GCFRs. Because significant quantities

of H20 and H2 impurities will be present in the helium coolant stream,
the impact of these gases on fuel chemistry will be examined.

C. Sodium Technology

1. Tritium Behavior in LMFBRs

A program to study the behavior of tritium in LMFBRs was initiated

in 1977. This program involved the collaboration of two laboratories, ANL

and Hanford Engineering Development Laboratory (HEDL), with ANL assigned the

lead role. In the past year the program has been successfully completed.

Below we briefly summarize the work, including some background information,
some of our recent results, and the conclusions reached as a result of the

study.

Tritium is produced in the LMFBR by mechanisms of ternary fission,
activation of boron in the control. rods, and activation of lithium and boron
impurities in the sodium coolant. Since hydrogen isotopes diffuse readily

through steels at elevated temperatures, the tritium enters the coolant stream

and spreads throughout the coolant system. More than 99% of the tritium

deposits in sodium cold traps, but a small quantity escapes into the environ-

ment. The objectives of this work were to determine the important parameters

for controlling tritium release to the environment, predict tritium behavior

in present and future LMFBRs, and recommend corrective measures, if necessary.

These objectives have been met and the program has been terminated.

The complexity of the movement of tritium in the LMFBR system required

development of a computer model to calculate tritium Lranster rates and cuicei-
trations throughout the system. Because the time required for development of

steady-state tritium concentrations in the LMFBR is long (of the orde- of 0.5

to 1 y), it was necessary to calculate the non-steady-state concentrations as

well. Data required for these calculations--including cold-trap efficiencies,
tritium permeation through stainless steel piping and heat-transfer surfaces,

and tritium permeation through steam-generator tubing--were obtained over pre-

vious years in this program23,24 and a related program at HEDL. 2 5 Using

these data and the physical characteristics of EBR-II, FFTF, and CRBR, the

tritium transfer rates and concentrations in these reactors were calculated

for typical operating conditions. It was possible to make a direct comparison

of the model predictioiis with the behavior of tritium in EBR-II because

C. C. McPheeters and D. J. Raue, Control of Tritium in LMFBR Sodium by Cold

Trapping, Proc. Int. Conf. on Liquid Metals Technology in Energy Production,
Champion, PA, May 3-6, 1976, CONF-760503-P1, p. 298 (1977).
T. A. Renner, D. J. Raue, and C. C. McPheeters, Tritium Permeation Through

Steam Generator Materials, Trans. Am. Nucl. Soc. 26, 216 (June 1977).

25J. C. McGuire, Tritium Permeation Through Oxidized 304 and 316 Stainless

Steels, Symp. on Tritium in Nuclear Systems, 107th AIML Annual Meeting,
Denver, CO, February 26-March 2, 1978.



in-sodium t rit ium meters 2 6 had been installed on both the- 7rimarv and secon-
dary sodium systems. The agreement between the model and the measurements on
EBR-1l is excel lent . 2 7 This agreement increased our confidence in the FFTF

and CRBR predict ions. The primary release path from the CRBR is expected to
be through the steam generator, whereas in the FFTF, release is mainly through
the sodium-to-air Dump Heat E:xchianger . Other release paths such as leakage
from the cover gas and rpermeat i on through the secondary system piping are less
significant.

The major conclusions reached in this study ar, as follows:
(1) the trit ium releases from the FFTF and the CRBR, as current lv designed ,
are expected to be within the limits set by the Code of Federal Regulations,
Title 10, Part 20 (10 CFR 20 ) .' ) durin the useful life of the sodium cold
traps, they retain more than > f the tritium released from the core; (3)
oxide coat in1:s on the piping : t eam-gen.t r sur faces are a ma jor inf lu-
ence in rest r i c t ing t r it ium re leases; and . ised on experience at EBR- I,
the trit ium behavior model adequatelv des(: ;-. tritium movement in LMFBR
svstems.2 The goals of this program have been a hitv. i. i-i ttov work i,
been conc 1 uded.

2. Processing of Radioact ive Sodium for Recoverv or isp sal

Operat ion of LMFbKs results in production of radioactive sodium
waste. This waste is generated by maintenance and refueling operations and,
at the end of the plant 1i fe, the ent ire primary sodium inventory must be
managed in a way that minimizes cost and environmental impact. Among the

most promising opt ions available for handling radioactive sodium waste are:
(1) conversion to an inert compound and isolation in a permanent repository,
(2) conversion and burial in a laini-fill site, and (3) decontamination and

reuse in a new LMFBR plant . Our work has been focused on developing the
technology base tor opt ion 3 and on exte nding the technology base for accom-
plishing either option I or . Accordingly, we are exploring the potential
of fractional distillation tor the decontaminat In of large quantities of
sodium for reuse. We are also invest igat ing two methods for convert ing sodium
to a form suitable for disposal, namely, react ion of sodium with NaOH and
steam to torm NaOhi and reaction with oxygen in the presence of Si()- to form
a Na20-Si02 glass.

a. Fractional Dist il lat ion

Based on the projected cost of disposal of large volumes of
radioact ive sodium was,, . preliminary cost analysis indicates that it is

S. B. Skladzien, I. A. Renner, D. J. Raue, and C. C. McPheeters, Tritium
Meters tor Use in .MFBR Sodiu'n Coolant , Argonne National Laboratory Report,
ANI.- 78-30 (Junir I 978).

1. -\. Renner .ind . . M Pheet ers, Trit ium and hivdro-en transP rt in : 4r:

S vst ems: EBR- 11 , CRBR, and FF'F, Argonne Nat ional Laborator v Report .
ANI.-78-b4 (Sept ember 178 ) .



more economical to decontaminate the sodium for reuse ard to dispose of the
contaminated residue than to dispose of the entire quantity of sodium. Frac-
tional distillation is being examined as a possible riethod for decontamination
of large quantities of sodium for reuse. Of the large number of soluble
impurities likely to be present in contaminated sodium, those having signifi-
cant radioactivity levels are, primarily, Ba, Cs, I, Rb, Sb, Sr, and Te.
Although the radioactivity levels of these contaminants may be high, the
corresponding mass concentrations are so low that they may be assumed to form
ideal solutions.

A computer program was developed on the basis of this assump-
tion, and the distribution of :ission products was calculated for fractional
distillation columns having a variety of configurations and operating condi-
tions. These calculations led to the design of an experimental distillation
column of approximately 1 theoretical stages and a sodium feed rate of about
13 g/s (100 lb/h); the column is shown schematically in Fig. VIII-5. The
packed section of the column is 0.2 m in diameter and 2.4 m high. The feed
stream, which enters the column about one-third of the way up the packed sec-
tion from the bottom, contains 13 Cs (as representative of the higher-vapor-
Vessure species) at an arbit rJ!. ncent rat ion of 1 x 10-3 mole fract ion and

Sr (as representative of the - r-vapor-pressure species) at the same con-
centration. The purified sodi,. .- removed at a point about t wo-thirds of the
wav up the packed section, the low-vapor-pressure species are collected in the

% 
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bottom product, and the high-vapor-pressure species (Cs and Rb) are collected
in the top product. Calculat ions show that the pure sodium product should be
decontaminated by a factor (f about 120 for 13 7 Cs and about 1021 for
9 0 Sr.

A small version of this column (packed section, 0.1 m in
diameter and 0.6 m high) is now in operation with total reflux and no feed or
side streams; however, impurity distribution data are not vet available. Pre-
liminary work is being done with nonradioactive impurities, and radioactive
13 7Cs and 13 3Ba will be used in later tests. A larger column similar to
that shown in Fig. VIIL-5 has been purchased and is being assembled for

testing with radioactive fission products.

b. Formation of NaOH

Conversion of sodium to a form suitable for disposal by reac-
t ion with molten NaOHl was tested: smal I-scale experiments. In this method,
liquid sodium is introduced ont . surface of a NaOH melt at about 430*C.
The sodium reacts according to, v .. quation

2Na + NaOH - Na' + NaH (3)

The Na2 U and all are soluble in the melt at onentrations up to about 20%.
After the elemental sodium has been consutmed, steam is injected into the melt
to rea. t with the Na20 and Nail according to the equat ions

Na.o + I -( 2NaOi

Nail + -, NaOH + H- - (5)

Seven small-scale tests were conducted to dettr-ine the feasi-
bility of adapting this method for large-scale sodium dispose In these
experiments, a 0.3-kg charge of NaOH was stirred by sparginu u. helium while
5- or 10-g quantities of sodium were added. After the sodium :iad been consumed,
steam was injected into the helium stream at 1.7 mg/s. Prior to the steam
injection, the sodium reaction rate was about 3 g/m 2 -s and hydrogen was slowly
evolved (1.5 g/s) as the Nal decomposed. When the steam was injected, hydrogen

was evolved much more rapidly (about 43 .g/s) until the conversion was complete.
The reactions are well behaved and neither too rapid nor too slow to prevent
adaptation to a large-scale sodium disposal operation.

c. Calcination

Direct oxidation of sodium by calcining has been done on a
commercial scale 2 8 in the production of sodium monoxide. Sodium monoxide
is water soluble and thus less than desirable as a disposal product. Yet,

calcining is a simple operation. We undertook an investigation to determine

the feasibility of preserving the simplicity of the calci:nIn operation while

obtaining a product that could be converted to a forr that was relatively
insoluble in water and which could be used in glass production. For this

reason, we evaluated the production, through calcining, of a silica-sodium

8Encyclopedia of Chemical Technology, 2nd Edition, Vol. 18, Interscience

Publishers. Jol.n e: i v 6 Sons. New York ( 19h9).



monoxide prod- t. In this method silica is mixed with liquid sodium, and the
coated silica particles are fed into the calciner. Oxvgen is introduced into

the calciner and the sodium reacts slowly to form Na2O. The silica is simply

a carrier medium and does not participate in the reaction. The silica-sodium

monoxidV product can be melted to form a glass that may be suitable for dis-

posal.

Five small-scale sodium oxidation experiments were performed
in a batch-type rotary drum reactor. The drum was loaded with the silica-

sodium mixture, sealed, and purged with argon. The drum was heated to 110C;
then the heat was turned off, oxygen flow into the drum was started, and the

drum ' -tated at about 12 rpm. As the reaction proceeded, the drum tempera-
ture .ised to between 200 and 250'C and then slowly declined as the reaction
appr.: completion. Post-test analysis of the product indicated that as
much as 93: of the sodium had been oxidized, leaving 7% as elemental sodium.

Sodium peroxide was formed in amounts ranging from 5 to 20% of the original

sodium charge. We believe that the sodium oxidation can be increased to 100%

in a continuous process with a longer residence time.

d. Future Plans

- -niary effort on sodium pro -ig during 1979 will be
devoted to the d' at ion work; experimental .will be obtained on both
the small, total-r.:iux column and the larger, complex column. A lower level
of effort will be invested in operating the calcining and NaOH reaction

processes on a larger scale than was done in the tests described above.

3. Cold-i rap Development

The Chemical Engineering Division has a lead responsibility in
developing methods for optimizing the capacity of cold traps for retaining

sodium impurities. The primary impurities in the LMFBR coolant are hydrogen
that diffuses through the steam generator from corrosion on the water side

and oxygen from moisture and oxides introduced by refueling and maintenance
operations. Recent data indicate that the hydrogen diffusion may introduce

as much as five times the amount of hydrogen previously expected. Con-
sequently, sodium cold traps that were originally planned to operate five

years before becoming filled with sodium hydride are now expected to last
only about one year. This reduction in lifetime imposes a significant
increase in plant operating costs and creates a strong; incentive to find

methods or designs for increasing the cold-trap capacity. Because the mech-

anisms of impurity (hydride and oxide) deposition in cold traps are only dimly
understood, the near-term goal of this work is to understand the deposition mech-
anisms and t- develop a computer model to describe impurity deposition in a
simple cold trap. Once this goal is achieved, the model will be expanded to
include cold-trap designs that are more complex and more realistic. With

this model in hand, design parameters can be adjusted to optimize the cold-
trap conf igurt ion and thereby maximize capacity. The computer model for
the simple cold trap has been developed and experiments are being conducted,
initially witt hvdriie impurity, in the Apparatus for Monitoring and
Purifying Sodium (AMPS) with simple cold traps to test the accuracy of the
model.



The computer model is based on the assumption that the rate of
deposition of hydrogen (as sodium hydride), dm/dt, in the cold trap is a

function of the local supersaturation, the surface area available for deposi-
tion, A, and the mass transfer coefficient, k:

dm/dt = kA(C - Ce )n (6)

where

C = the local hydrogen concentration in sodium

Ce = the hydrogen saturation concentration at the local temperature

n = the exponent describing the order ot the reaction, assumed to be

unity in this case

By the use of appropriate mass balance procedures, the model predicts the

hydrogen concentration profile within the trap and tl'.e mass of sodium hydride
deposited along the length of the trap.

A simple Analytical Cold Trap (ACT) was built for experimntal
testing of the model. The ACT consists of i 19-mm-OD, 0.56-m-long tube con-
taining a 6-mm-OD thermocouple well in the .enter of the trap along its full
length. The i- ,wiing sodium is cooled by blowing air through a duct surround-
ing the ACT. Alter passing through the length of the trap, the sodium is

reheated by electrical power. The ACT is designed to contain a variety of

packing materials, ranging from no pacKing to materials with packing densities
considerably greater (about 400 kg/m 3) than that of tvpical LMFHH cold traps

(about 300 kg/m3 ).

At the end of each experiment, the sodium in the ACT is quickly

frozen, the cold trap is removed and -t- t ioned along its length, and the

sections are analyzed for hydrogen cent ent . Th. result s of these analyses
are compared with the computer :iiodel predict ions for the same operat ing con-

dit ions. Although the hydrogen distribution predicted by tihe model is

similar to the experimental dist ribut ion, fairly significant differences have

occurred; occasionally, the test results show high or low hydrogen levels that
are not predicted by the model. The reasons for these differences have not
been identified but several possibilities exist: (1) occasional errors in

the hydrogen analyses; (2) precipitation mechanisms other than the simple

crystal grouwt h implied by ELq. 6, i . e . , homogeneous-nu l eat i on growt h and

settling; and (3) the requirement of a threshold value of sopersaturation
to induce initial nucleation.

During FY 1 979, attempts will be made to refine the cold-trap model

to account for the observed hydrogen distributions. The experimental cold-trap
work with hydrogen will be completed, and the behavior of oxygen in the cold

trap will be determined. The final step in the program will be to modify the

model to include the complex flow and temperature variations that eccur in

full-scale LMFBR cold traps. An underlying goal of this project s to con-
t inue a search for new methods or concepts that will result in larger-capacity
cold traps for LMFBR systems.



IX. FUEL CYCLE STUDIES

A. Fuel Reprocessing

1. Pvrochemical and Dry Processing Methods

The overall object ive of the program on pyrochemical and dry
processing methods (PDPM)* is to develop a capability for reprocessing spent
reactor fuels while reducing the risk of proliferat ion of nuclear weapons

material. The fuels of interest are uranium-plutonium, uranium-thorium-
nlutonium, and thorium-uranium. Twelve individual work packages or invest iga-
t ions were establ ished in FY 1978 to evaluate various reprocessing schemes,
as well as materials problems associated with their use. This effort is
supported by specific contracts or agreements with DOE laboratories and
industrial concerns and by efforts in the Materials Science Division (MSD)
and the Chemical Engineering Division (CEN) at ANL.

Initially, the work covered reprocessing of light water reactor and

fast breeder reactor fuels; however, because of a reduction in funding for
FY 1979, DOE is support ing reprocessing of fast breeder reactor tuels only.
Accordingly, the PDPM program is being redirected; the effort on some work
packages has been terminated, and effort on others has been reduced.

For FY 1979, CEN is managing the program. Exper imert at ion and
evaluat ion are cont inning for two of the invest igat ions carried out by CEN:
carbide fuel reprocessing and thorium-uranium salt-transport processing. A
new invest igat ion, engineering support for PDPM processes, has also been
assigned to CEN, beginning in FY 1979.

a. Carbide Fuel Reprocessing

In this work, potential reprocessing methods for carbide fuels
are being studied. In principle, carbides can be burned to oxides and then

reprocessed like oxide fuel, but a direct reduct ion Ot carbides into a metal
solvent or an oxidation into a salt phase is more attract ive for pyrochemical

fuel recovery processes. Two alt ernat ives are present ly being considered.

In the first, carbides are dissolved and part ially separated from fission
product elements and each other in liquid bismuth; this is an independent,

new process for carbides. In the second process, carbides are oxid ied int.
a salt phase, using zinc chloride or cadmium chloride; the salt phase is then
contacted with a liquid metal such as cadmium-magnesium to part iallv separate

the ac' inides from fission products and each other. This second alternat ive

is a he ad-end step for salt-transport processes being studied in other
segments of the PDPM program.

Reprocessing in Liquid Bismuth. The react ion or d issolut ion
of some of the carbides in bismuth to form bismuthides is the basis for the

separation of fission products from the at inides. Some unreacted fission
product carbides and bismuthides are lighter than bismuth and, along with

free carbon, float on the bismuth and are physically separated. Uranium
carbide dissociates to only a limited degree (dependent upon the solubility of

Previously called the nonaqueous reprocessing program (NARP).
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uranium in bismuth). Plutonium is much more soluble in bisiut h than is

thorium '. Tim s()lbii it y of the pl nt on ium is red ic d by lowe rring the

temperature, whereupon Pufii2 prec ipitates. The compounds Pulii 2 and ThIBi 2

are denser than bismuth, arc- of 1 limited solubil ity in bismuth, and are expected
to settle in tir- i s.itih along with unr act ed uranium (arb id .

Most of our 1 fort thus far has been directed toward a

I it -rut ore search on the property ie-, of the carbides; a report on the proper-
t ies and processing of carbide fuels is being prepared. Experimental work

wi 11 be started upon complete ion of laboratory renovations.

Moltn Cad inaiudmi/Salt Reprocessing. Tei in it ial steps involve

(a) converse ion of the act inside and various tission-product carbides to chlo-

rides by react ion with CdCl2 d solved in ;1 l-NaCl-KCl eut ect ic (mp, 397*0C)
and ( b) reduct ion of t he sal t ph ase wi t Ii a cadrium-magnes i um al 1 ov , t li-reby

part it ioning te iele, tIrt iie, and fission-product element s between the

salt and metal phases. tadm i um-based rather than zinc-based ox id i z i ng and
rednic ing agents were chosen to al low operat ion at t emperat tires bel )1w 650"C
with readily available container materials such as mild steel and series 400
steels. In essence, this processing concept serves as a head-end step for

int roduc ing carbide fuels into various pyrtprI)cesses (e.g. , salt transport ).

L.doratory experiment ; test ing th

out in an inert atmosphere because 441 te e sens it

and anhydrous ch i or ides t i to ist ure arid oxygen .
invest igate tt li rat e of react ion of a, or hCI as

Cd1 2 cirncent rat ion in the (M mol I% MgC1'-3() mol

is concept will be carried
iv it y or Ac t illnde monocarb ides

The in i t ia1 expel riment s wi I I
a tinit tion of temperat ire and

NaC l-20 iol 1 Ktl eut(ct ic.

b. Tlor ium-Uran i um; Salt -Transptirt Process ing

The object ive of th is invest igat ion is to examine concepts for

the select ive I ransfer of spent uinel cost it uent s bet ween molt en al loys and/or
mritl ten salts and to develop process t low sheets for thorium-based ox ide fu ' I s

aind tmet al f ue Is. In it ia ly, 1 1 ow sheet s w ii be const ru t ed that are based on

publ ished data and thermodynamic evalunat ions. 'lhese t low sheets wi I I be ana-

lyzed in detail. Potential problem areas and missing data are being ident if ied,
and laboratory-scale experiment s are beine, done to generate data required to

establish the tvasibili ty of selected flow sheets.

t u ansport and
USt' in project

e 1emernt s d i sso

mixed with a s
alloy (tie acc
The refe rence
anti is appl i c a
breeder fuels.
coprocessed so
small ler than 4

fission produce

'Thor ium SO It Transnort . l,,rochenic al processes involv ing sal t

met al-prec p at io'. steps are current lv being invest icated for
ed thorium-bast ' te I cycles. In a sailt-t ransport process,
lved in one al Ioy (the donor al Ioy) are ox id ized upon be ing

alt , enter the salt , are transported in the salt to a second
eptor al loy), are reduced, and dissolve in the acceptor al loy.
flow sheet has been des igned to meet nonprol i ferat ion st andards
ble to plutonium-thorium converter and thorium-uranium

hlie necessary criteria are that the fissile streams (1) be

that the rat io of thorium to uranium-233 or plutonium is no

and (2) be made d ivers ion-res ist ant by t he inc lus ion of some

ts. A draft of a topical report describing the reduct ion,

sol ub i 1 ity, and iiydr id ing aspect s of ti is process has been completed.

-
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As support for the proc
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ess, experiments investigating both
genes ium alloys and the reduct ion rate

xperiments to. study the solubil ity of
d alloy compos it ion have been completed.

n studies is bei iv assembled, and the

L inc-Magnes nim Alloys. Pl uton ium and
al fission products by the salt-

of these act inides from the zinc-
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net and Ch iot t i1 and by Chilton
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er solubil ity, and hence more
in the zinc-magnesium solut ion than

We have made calculations to estimate plutonium hydride solu-
i n1 range of z inc-magnes mi1m compos it ions. The equil ibrium consent ra-

plutoniumli in a I iquid metal under one atmosphere of hydrogen and with
phase of Pu 2 is g iven by 3

in Xpu = 1kAill' - In YPu

where Xpu is the mole fract ion of Piu, kG4P111', is the
of Pull 2  and Y is the act ivity coefficientof Pu i
free energy o Uformation of plutonium hydride-3 and
of plutonium found in the literature, the equilibri
nium in pure magnesium was calculatu i to be 0.027 a
Similar calculat ions were made for various alloy co

and 500'C. Typical plutonium concent rat ions in acc
range of I to 5 at. %. In a practical process, a r

the plutonium would be desirable before recycle of
indicate that such recoveries would be possible onl
at least 75 at. % magnesium.

free energy of format ion
n solution. From the
the activity coefficients
um concentration of pluto
t. at 800 0C (1073 K).
mpositions at 800, 600,
eptor alloys are in the
ecovery of 75' or more of
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P. F. Woerner and P. Ch iot t i, Prec ip itat ion of Thorium as Thor ium livdr ide
from Thorium-Magnesium So lut ions, SC-928 (1957).

[J. . Chilton, L. Hanson, E. W. Murbach, and F. W. Dodge, Sepirat ion ot
Uranium From Thorium by Liquid Metal Extract ion, NAA-SR-boon ( 1 962).

P. Ch iot t i and P. F. Woerner, J . Less-Common Met . 7, 111 (1964).

-
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However, for an alloy that is suitable for the hydride step
to als,) be adaptable to the salt-transport process, it must be a feasible
acceptor alloy. Since typical acceptor alloys contain high percentages of
zinc, the ef fect. iveness of a suitable hydriding alloy as an acceptor alloy
needs to be demonst rated. An example is a donor-acceptor system consist ing

of (1) a Mg-28 at . % Zn (Mg-50 wt % Zn) acceptor alloy (useful for hydride

separat ions) at 600 C and (2) a Mg-79 at. % Cu (Mg-91 wt % Cu) donor alloy at

800C. Calculations indicate that after ten cycles, >99% of the plutonium has

been transferred to the acceptor al toy but only 57% of the uranium has been
transferred. Thus, the number of steps required for separat ion of the uranium
from fission products using this acceptor alloy is nearly the same as for more

convent ional high-zinc acceptor al loys.

c. Recycling of Salt from Calc ium-Reduct ion Proce. s

Several f lo14 sheets under development for reprocessing of oxide
fuels ir[c lude a redict ion tep ut it izing calc inm metal , together with a sol-

vent alloy of cadmium, zinc, or copper and a cover salt containing CaC12.
The basic reduct ion react ion is:

MOx(alloy/salt) + xCa(salt/alloy) . xCa(salt) + M( alloy)

where

M = uranium, thorium, plutonium, fission products, etc.

With reuse of the salt, CaO builds up to the saturat ion point in the salt.

It then becomes necessary to treat the salt or to discard it as a high-level
waste. If the salt is (iscarded, t he volume of waste is about 850 L for
eaich n;t r L( ton of oxide fuel that is reduced.

A concept current ly being examined for reduc ing the vol umt of
waste salt is based on fused salt (CaCl 2 'la'2) electruly-is 1 t Cao. The
cathode react ion generates calcium metal for recycle. The anode react ion
yields oxygen, which reacts in situ with the carbon anode to yield CO/CO 2 ;

the latter can be cleaned and released to the atmosphere as a gas. The feas i-
b i 1 ity of the concept is ind icated by earl ier work4 in wit ich gram quant it ies
ot calcium metal were produced by electrolysis ,t 786 to 8i6*C of [used CaCI 2
containing 0.3 te 2 wt % CaO. High current densit ies (up to 30 A/cm 2 ) and tle
absence of anodic chlorine are reported.

Our calculat ions show that with a current of 30,000 A, about
14 h (at 100% efficiency) would be required to generate the 300 kg of calcium
required for the reduct ion of 1000 kg of uranium oxide. These attract ive par-
ameters and the potent ial for significantly reducing the quant ity of wastes
from pyrocitemical processing stimulated further investigation of this tech-
nique. An electrochemical cell is being constructed to examine the fused-salt
electrolysis of CaO. The init ial cell design provides for collect ion of the
calcium directly in a metal (su, i as cadmium) convenient for recycle.

W. I. Threadgill, PrepJarat ion of Metallic Calcium by Electrolyis of Calcium
Oxide Dissolved in Molten Calcium Chloride, J. Electrochem. Soc. 111, 1408
(1964).
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d. Discussion

'The processes in this program are in the early stages of devel-
opment . it is ant ic ipated that as development cont inues, one or two of the
processes wi 1 1 be shown to be the most I ikely to achieve the program goal.
Emphasis wi 11 then be focused on those processes for the large-scale develop-
ment required to prove any process. In FY 1979, CEN will be invclved in

providing the engineering development necessary to achieve large-scale
operat ion.

2. Aqueous Reprocessing by Advanced SolventExt ract ion Techniques

Work is cont inning in the program to develop advanced solvent-
ext ract ion equipment and systems for use in aqueous reprocessing of spent
reactor fue ls. The equipmt'nt-development program is d i r- t ed toward the
design, construct ion, and test ing of laboratory and plant -scale centrifugal
count actors based upon an annul ar-mix ing concept . Advanced so 1vent-ext ract ion
syst ems are be ing st ud i eo in the hope that the short res idence t imes charac-
t er ist ic o f cent r ifugal contac tors wi lI improve the decont am inat ion from those
fi ssion product s whose ext ract ion rat es are lower than those of uran ium and
plutonium. An additional object ive of the program is to study the performance
of various plutonium reduc ing agents on part it ion ing of plutonium and uranium
in short residence contact ors. Solvent damage and alternative solvent-cleaning
techn iq'ies are also be ing i n ' st igated in re l at ion to short -res idence-t ime
contactors.

Th- annular cent ri fugal (.nt actor wa;s tirst conceived and invest igated
at ANL. in 1970; it is a mod i fied vers ion of the plant-scale contactor in use
at the Savannah River Plant (SRI'). In the SRI' contactor, aqueous and organic
process streams are fed into a mixinig chamber beneath a vertically suspended
rotor. A mixing paddle attached to an extension of the rotor shaft mixes the
phases a.i the rotor spins, and pumps them upward into an orifice in the bottom
of the rotor. Within the rotor, the organic and aqueous phases in the mixture
are separated under cent r it uga 1 force, and the separated phases are then
directed to appropriate discharge ports. Mult istage countercurrent extraction
Is achieved by connect ing the required number ot contactors in series.

In thle ANL mod if icat ion, the separate mixing chamber and paddle are
eliminated; instead, th, phases are fed into the top of the annulus between
the rotor and casing. here, they are mixed by skin tri'tion as they flow
down the annul us and then inward to the rotor orifice. Potent ial advantages
of the ANL design over the SRI, design are simpler fabricat ion and ease of
remote maintenance.

Dur ing the past year, hydraul ic and chemical stud ies have been
carried out in two eight-stage centrifugal contactors (minicontactors)
equipped with 2-c.n-dia rotors. One ot these units is shown in Fig. IX-1.
These units have a throughput capacity of about lo() mln/min (total volume of
the two phases). Uran ium ext ract ion of f iC ienc ies were above 85 at h igh

flow rates in a simulated Purex flow sheet.

Studies of the k inet ics ot uranium, ruthenium, and zirconium
ext ract ion in a s ingle-stage min icont actor showed a modest improve ment in

separat ion of uran ium t rom the fission products at mu ix ing-zone residence
L imes below 7 s, compared with the separat ion achi eved in . convent ional
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Fig. IX-l. Eight-Stage Miniature Contactor.

ANL Neg. No. 308-77-598

mixer-settler or stage of a pulse column at contact times of several minutes.

However, in tests under Purex flow-sheet conditions in an eight-stage mini-

contactor, the improvement in decontamination was generally lost. Apparently,
very short residence times are needed to effect a significant benefit since,
in the multistage system, some fraction of the fission products that is not
extracted in a single stage because of limited contact time is extracted during
the additional contact in succeeding stages.

A modified Purex flow sheet was employed in an eight-stage mini-

contactor to demonstrate that enhanced decontamination from ruthenium could

be achieved when a feed solution low in acid (suppressing the formation of
extractable ruthenium) is "spiked" with concentrated nitric acid (needed for
extraction of U and Pu) as it enters the contactor. The experiment was

successful in showing that during the limited residence time in the contactor,
there was no significant conversion of the poorly extractable ruthenium species

into the more extractable species present in the u'jal high-acid feed solution.

Adoption of the technique, however, must await additional study of low-acid
fuel dissolut ion.

An eight-stage minicontactor was also used in a successful demon-
stration of a complex extraction process.* The process involves the use of

a high-viscosity organic phase and feeding of up to four separate aqueous

streams into the contactor.

In the program on solvent cleanup, various scrub solutions were
tested in a single-stage minicontactor to measure their effectiveness in
removing zirconium from tributylphosphate/n-dodecane solvent containing the

*
An alcohol-extraction process, developed by the Chemistry Division, ANL, for
separating the degradation products of tributylphosphate from actinides in
high-level aqueous waste containing salt, so that the actinides can be sub-

sequently recovered.



degradat ion product, d ibutyl phosphoric acid. Results confirmed that eiLher
sodium carbonate or citric acid in the scrub solution is capable of removing
almost 100% of the zirconium. However, alternatives are being sought

because sodium carbonate in waste solutions leads to problems in waste

disposal, anm citric acid in recycled solvent tends to complex the plutonium.

A scrub solut ion of nitrilotriacetic acid removed 70% of the zirconium.

In work funded by Oak Ridge Nat ional Laboratory (URNL), a single-
stage contactor (Fig. IX-2) having a 9-cm-dia rotor coupled to a commercial
1800-rpm motorized spindle was put into operation during the past year and
its hydraulic and extract ion performance characterized. Under simulated
Purex conditions, the un it has a capacity of 9 L/min , wh ich meets the requ i. re-

ments for processing LMF>R fuel at a rate of 0.5 Mg/d; operat ion is stable

Fig. lX-2. Motorized Spindle and Annular Centrifugal
Contactor with a Nine-Centimeter-Diameter
Rotor. ANL Neg. No. 308-78-30
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over a broad range of organic-to-aqueous f1,w ratios, and n .xt ra t ion
efficiency is above 98%. A second unit incorporat ing features :r remote
maintenance is being designed. A bank of eight such contactors w:l be bui -
and tested to evaluate contactor performance in a mult istage a: r,!":; this ur.:-
will event uallv be put into use at ORNL.

A very large contactor (25-cm-dia r'tor) similar in design to t .

unit witi: a 9-cm-dia rotor is being built with funding from the Savannah River
Plant . This unit, which is sized to process 1 ight-water reactor fuel at a
rate of 10 Mg/d, wi 1 l be tested for mecthan ical , hvdraul ic , and extract inn

perfornan:e.

Future et torts will inc Iude studies wit:; t. n inioturt ,(nta .tr
evaluate prcl iterat ion-resistant fl 'w sheets inv,,lving part il separat ion of
uranium from uranium-plutonium .'' .m and m.!!:: ar t hf 'Ii lin-
reprocessing systems.

Mechanical and hydraul i test ing , : - - .

witri the primary aims ot increasi.ig contactor capacity and und-,- ,nding the
behavior of dispersions in a cent r itugal field. lrtformat ion trom these
tests should lead to improved designs tbr s.I: : t :.....t :

:'nnuc lear apple icat ions.

B. Nuclear waste Management

1. Metal Matrix incapsulation of Radioactive Aj-te

For containment of high-level wastes, encapsulation : "lic -'isate
in a metal mat r ix is a reasonable alt ernat ive to the use of g las mono, i
encascJ in metal canisters. In metal matrix encapsulation, a metal such t
lead or aluminum serves as a cont inuons mat r ixin h w': : .; ir --

are uniformly dispersed.

In our program, a review ot the state ol the art o was' tn, ap-
sulat ion in metal has been completed, and areas have been defined wo--rc work
is needed to show the feasibility of the process. Experimental work ha. Keen

carried out on selected topics, including studies of the leaching of water and
the preparation of sound metal-waste composites. An evaluat ion is under wi
to design experiments for test ing the impact r.s ist s -: . *.:: . :s-

ites at less than full scale.

*
Potential disadvantages of borosilicate glass as a matrix tor high-level
waste include: the wide range of conditions under which glass must retain
its stability, the lack of homogeneity of the glass beginning with its forma-
tion into a glass monolith, and the difficulty of processing wastes by
methods involving a liquid phase at the high temperature ot molten glass.

L. J. Jardine and M. J. Steindler, A Review of Metal--Matrix Encapsulation of
Solidified Radioact ive High-Level Waste, Argonne Nat ional Laboratory Report

ANL-78-1Q (May 1978).



Previous studies or - interaction of metal and waste had s..
that t. -" is n- - , 'r react: - "-n thr waste is a stabilized solid. ::e

case - :e -- :x silica peen aidei, prolonged reaction with lea.i
a t er r - above thu m. st ing point of lead produced a film on th,
-- : nt : are - -:ead silicates of the general formula,

:.kS1(" . . Studies - --r leaching of these silicates :wed

tiaat tsiey are as resistan- : iss. - I as glass is. Flw ,eets have
been developed : mploy tr fol - well-established :recess steps:
soliditicat: - te that is or: . ..- v in acid solution, agglomeration
of the fine . - :- :o pellets of ma. e - e size, conversion of these
pellets to :e form by sintering - additives, and encapsulation of
the result. - t:e. 'sting experir..: that demonstrated the ability to
produce sou. ; .:.;ots in which eact. waste particle is surrounded by metal (e.g.,
lead) have been carries out.

A a. method for measuring leach rates of solids was developed and
tested; the >d 'd involves neutron act ivat ion of the solis "xiste form (such
as a simulated glass or crystalline ceramic waste), leach:- . .: er conditions
approximating repository conditions, and simultaneous determination of the
:oncenirat ions of several nuclides in the leach solutions. When more conven-

tional analytical techniques are used, the surface area of samples is increased
by coc- ion to obtain adequate sensit iv'ty; however, the results of such
expert are not typical of leach rates that A Id occur under repository
condi:

Results to date indicate that the new method can be used to quickly
evaluate solid waste forms of all kinds. Leach studies have shown that lead
is reasonably reistant to hot brine of the type likely to be found close to
a waste canister in a salt mine, but that aluminum reacts extensively under
similar conditions.

Studies published by the : lear Regulatory Commission suggest
that, ol the- various steps in the =-:e-management system, transportation of
waste betwtet sites represnt-s th. .- ,atest risk to the health and safety of
,.e publi.. The ability : waste Corms to resist dispersion in the event of

ransportat ion accident an important aspect of the assessment of risk.
:K has been done by DUE contractors to evaluate the dispersion of glass

impact under simulated accident conditions; however, no w.: ,as beer
done on dispersion of metal-encapsulatei waste upon impact. :1g to the
.:iticulty ot testing full-scale waste containers (0.3-m dia m long),
an evalu':. is . : progress to det ine the c ::: ions .or test ing small-size

canister- . lei: 1: a waste-lead matrix in a way that allow-, results to

be extra ,..tted to :ull-size canisters.

me economic fa : :. pertaining to tr rt :t ":ce f i ,w sheets are
being studied. These result, will be compare-. ::.. ' irilar rs:its for
waste na:iagement systems that use glass and : e: aste forms. in other work,
studi-> were made to calculate the temperature pr:Ae in canisters containing
spent reactor fuel encapsulated in lead.b

6
J. Jardine and M. J. Steindler, Some Aspects of the Thermal Analvsis of

Metal Encapsulated Spent Fuel, accepted for publication in Nuci. Sci. Technol.



2. Geo. .ion

The : i. :gineering Division has two pro-'rams related to

trace-element migration in geologic bodies, one deal in.-' nuclear waste
and the other .::h naturally occurring elements.

The goal of the first program is to describ' th, role i geologic
format ions in ret ard ing migrat ion of rad ionuc l ides t rum a nuc lear waste

repository. Because geologic format ions immuobil iz' rad ionuc 1 ides, they can
play an integral part in the design it waste repos it ories. In the program,
experimental procedures were deve opted that simulate rad ionuc lide behavior

in tormat ions suitable as waste repositories. In a t typical experiment, a
solut ion similar in composit ion to groundwater is maintained at a low oxygen
level to represent groundwater in a deep geologic format ion. The solut ion
(containing radionuclides) is forced through either a porous rock or a
fissure of an impermeable r,)k to cause movement of the rad nuoii c i ." It

some experilmet S , p ick', : d ionuc i ides by so lut ions was accompi ished by

leaching glass formulated to represent so Iidified waste; suh solut ions
represented groundwat er that had passed through a breached repos it ory.

The experimental results have shown that nc lide in igrat ion, in tihe

simplest cases, depe ids on the type and extent of reaction of tie nuc l ide
with the rock and on reaction kinet ics. The interaction among radionuc 1 ides,

rock, and groundwater is usually considered to be of an ion-exchange type.

However, ntic I ide migrat ion is often complicated by the effects of col loid
formation, irreversible react ions, a nonlhomogenous geologic medium, or other

conditions that preclude a description of migrat ion by simple exchange
models.

'ihe goal of the second program is to understand the fundamental
mechanisms that underlie immobil izat ion of trace elements by rocks. Fluid-
flow experiments were again used so that phenomena are inc l uded that exist

only under conditions of fluid flow. In these experiments, a hydrated mineral
(rather than rock) was used as the geologic medium to provide a few known
types of absorption sites for the trace elements. The mineral kaolinite,

nominally Al>Si t5(U11)4 , was observed to have an affinity for cesium
in the presence of sodIU m in solut ion, an affinity that decreases with
increasing temperature from 25 to 212 C. The linear relationship between

the logarithm of the distribution coefficient for ces ium and the reciprocal

of temperature is accurately described using the differences in entropies
and heat capac it ies of the cesium and sod ium ions, respect ive ly. The results

show that part it ioning is more strongly dependent on temperature than was
calculated from p) rev ious work and suggest that , duie to heat ing by rad ioact ive
decay, the immobi liz ing capac it y of c lay back ills in repos itor ies could be
substantially lower than was expected.

C. Evaluat ions and Studies

1. NASAP/INFCE Studies

In Apr i 1 977, Pres ident Cart er issued a pol ic y st at ement that ind i-
cated concern over the potent lal diversion of nuc lear mater ials for
ii 1 ic it use princec ipal lv, the product ion of nuc lear weapons by a nat ional
proliferator). As of t l.i: date, he halted efforts directed toward the



commercial processing of spent nuc . :uels in the U.S., encouraged other
Countries to follow the U.S. lead, and established the basis for an in-depth
internat ional study of exist ing and alternative reactor systems and their

fuel cycles to assess their resistance to the diversion of nuclear material
and the proliferat ion of nuc Itar weapons. Thi: study is known as the
Internat ional Fuel Cycle Evaluat ion (INFCE); a parallel domest ic study is

Tho purposes a hu stuidie- ar- A : tI aiee in A. : .

consensus on reactor systems and associated fuel cycles having improved
proliferation-resistance characteristics and (2) to implement those systems.
The Chemical Engineering Division (CLN) is concerned principally with the
fuel cycltc; other organizat ions are concerned with reactors, alternat ive
met hods o! produce ing nuc l ar mat e r a ls , and inst it ut ional ar r angement s and
problems.

A 2.: .r:2: nat ional prol i Itratkir ou d choose to overtly conf is-
cate a reactor or tutl -cycle fac i it y within its borders along with its
inventories of nuc lar material. It the nation had previously covertly
des igned and const ruc L ed an appropr iat e c 1 andest ine fac i l it y, it might be

able to convert those nut Vtar materials to weapons within a short period of
Lime. One t (LX's principal efforts (together with those of other study
participants) was to assess the capable ity of a nat ion to accompl ish this
task for a wide variety of reactors and fuel cycles.

The single Out st and ing conc lus ion of a group st ud y ing alt ernat ive
fuel cycles for NASAP (unpublished work) was that a proliferation' country
(even a developing one) would not be resource-limited (by cost, manpower, .,r
materials) in developing a capability to design and construct clandest ine

convers ion fac il it ies for the product ion of suf f ic ient mater ial for one
nuclear weapon within a period of IU to 14 days following a successful
diversion, irrespect ive of the form of the mater ial (e.g., spent fuel) or
the nature of the reactor fuel cycle (e.g., denatured uranium-thorium cycle
in which uranium-233 is associated with uranium-236).

lont inning CEN studies include assessing (1) how attract ive it would
be for a national prol iferator to modify the processes and/or equipment of a
confiscated legitimate fac il it y for product ion of weapolnS-use ful mater ial , and
(2) the usefulness of internat ional fuel cyc le centers as an inst it ut ional
method of aid ing nonpro li ferat ion object ives.

2. development of Criteria for the Management of Waste lulls

Spec ia1 criteria for hand ing waste fuel-assembly metals from
aqueous reprocessing of 1 ight water reactor (LWR) fuels were needed because
of spec ial combinat ions of hazards, i.e., possible pyrophor ic itV of Z ircaloy
and the rad ioact iv ity o f neut ron-act ivat ion products and res idual irradiated
fuel. Although not related to other current CEN programs, the work, now
completed, was an extension of a preVious lCEN program that eva luti ted the

pyrophoric hazard of Zircaloy hulls, which are the product of the chop-leach
step of the Purex process.



T1, i inal criteria, developed in 1978, w.r're conceived as a set of

general , qual itat ive giuidel inns fur safety in each o! tthe ma pr operat ions

(e. ., physical or cht 'ical t ransftormat ions, transport , storage, etc.) likely
to be app i ed to hulls. Criteria we're const ructf'1d on the basis ot a riterion

funct ion, whiich is comm nly used for engineering concepts. This basis was con-
s idered apt because hul , ; hand I ing i s a set of several eng ineer ing operat ions
that convey tlhe waste t r am t lie site of generate ion to the site of terminal
storage. Thus, t he c r it e'r ion I un t ion was det ined as

GF =a 1 : + aaxx + . . + a6 Xf6

whtre, in each term, an is a we eight and xn is a criterion to guide four
categories of factors pertaining to hulls handling, namely, equipment,
operat ions, personnel, and wast e-form property ies. The inc lus ion o f six

terms in the criterion I unct ion results trom tle appl icat ion of two poil icies
to three types ot hazards. The policies are (1) limitation of th. i:aca of
normal operat ion and (2) minimizat ion of the consequences of ahno rmal I ope-a-
t ion. 'I'he hazards are (1) inhalat ion/ ingest ion of rad ioact ivt', part ictil att

solids, (2) penet rat ing radiat ion, and (3) pyrophoricit y. We bel ieve that

criteria developed on this basis provide a valuable' tool for asosini the

actors that affect the ent ire process of managing hulls safely.

1). L.WlibR Proot-c I-Breed ing Anal vt i cal Support Project

The Light Wat er Breeder React or (LWBR), now in full ope'rat ion at
Shippingport , Pelnnsl vania, is the tocal po) tilt tor tie flat ona I e' Itort to

develop technolo t :, t :reed ing in a l eight wilt e'r react or. The LWBR is fueled

by a mixture of 3 . lid 2 3 'lhO2 clad with :1rI"loy. Fission of 233U gener-
ates power r, and add it 'iona1 2 3 3 11 is bred t rin ! v ia ne'iit ron capture. 'T'hus,
LWBRs et t'r the potent ial of mak ing use of tit I lat ively abundant 2 3 2''h as
a nuc lear t ue .

Breed ing in the LWBR will be evaluated atter three years at I ul 1 powor

by nondestrict Ively assaying a representat ivy sample o the end-ot- 1 i to' ccl
rods. An irradiated- uel assay gauge (IFAt.) which is a delaved- eut roin evice,
is presently being developed tor this purpose by the Bett is Atomic Pow.'r Lab-
oratory under the sponsorship of the Doi)1 Division of Naval Reactors. ANI.'s

role in tills program is to provide destructive physical, chemic al, and radio-

met r ic ana lyse's o Iriad i at e'd LWbk I ute rods and tiuei I rod so'gme'int s . These

analyses wi I l prove, ido a I ibrat ion tact ors and overa I I ver i t icat ion ot the per-

foriance of t he Bett is prot ot vpe IFAG; sti ii ar analy ses wi 1 I be' carried out
tor the same purpose dir In,- to e'ndo t-o- it. anal vsis 0! the LWBOR core.

Pre'parat 1ou ctl saiipl es tor analys is requi rto prec is ion cut t ing o t tihe

fue 1 rod to exc 1st' se I c t e'd tIuel I . od segme'ists, 5 * l ve r izat ion of tihe ite I , and
d issol ut ion ot tilte ftue I . Cut t ing is done by h igh-sjpt'd shear ing, wh icih s imul -
tant'usI ly pulverizes the fuel and lar oelv trees it tram tlie cladding hulls.

In the case of sequnt i a sgmt-'glenits cut trom a rod sect iou, boundarit's have to
be located accurat ly, and iiterseieilt cross-coiltaminciat ion must be In in imi/,ed

After dissolut ion, the solult ions are analyzed tor uranium by a mass

spectrometric-iSOtopic dliut ion method, and for selected I is' lou products
(1 3 7Cs, 144Ce , 9 5 Zr ) by rad iomet r ic t techniques ( see Sect ion Xl . B).
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Very stringent error requirements have been imposed on each major analyt-
ical step and on each analysis; Table IX-1 shows these requirements for the
fuel segments, expressed as total allowable error or maximum bia- with the

relat ive prec is ion. Error requirements for ful1-length rods art ,t i 1 1 under
development by Bett is.

Table IX-l. Error Requirements for Analyt ical Work on Fuel Rod Segments

Max imum Re lat ive
Determinat ion Bias Precision Total Error

Locat ion ot Fuel Rod
Segment , cm (in.) - - 2.54 x 10-2(0.010)

Lost in Shearing i . I.

Total Uranium, % 0.5 1.0 -

Tot al F iss ionab l e
Uran ium, U. ( U.

Fission Product
Ion itors,

Ces ium-i 37 - - 2.5
Ler ium-i 44 - - 5.0
Z iron ium-95 - - 7.5

The proof-of-breed ing work at ANL involves several phases (shown in
Table IX-2). The current work (Phase 1) has been carr led out with a pilot-
scale shear and a dissolver initially developed by Bett is. both systems were
installed in the Hot Cave Facility in the ANL Chemistry Division. The work
unexpectedly required much developmental effort. In particular, the shear
was greatly modified (1) to provide for quant it at ive sample recovery, (2) to
make it remotely operable, and (3) to provide' a precision feed system for fuel
rods. The feed system ut ii izes a stepping motor capable of a sensit ivity
equivalent to 2.54 x 10~4  cm (0.0001 in.); thus, exct'1 lent control over ld
loc at ion and movement is puss ible.

To determ inijut' whether the shear met tho requiremlents oI tile iv is ioH 0i

Naval ke'a( t ors, t he' un it was t ested with dummy fuel rods t ii led with thorima
peI lets, on the assumpt ion that irradiated tuel would "behave" in a similar
fashion to the' dummy I tie1. Th' pilot-scale dissolver, c comprising a tantalum

l Iner in a st a inl ess st eel pressure vesse l , was "qua l i ie'd'' by a number ol

tests in which special 2 33U(-TI(K pellets were dissolved at 195 0 C and
8$U kPa (1"25 psig) in boil ing concent rated nit r ic acid containing a small
amount of 1F. The di ssolut ion procedure is one developed by bet t is.



l 3()

Il is per od of r

the staff and operat i
t t) b ( developed; also

it . The shearing, d
sect Ion clrmpletted t11"

est ing and qual ificat ion (Phase I, Table IX-2 ) allowed

ng crew to be trained and det a ii ed operating procedures

, a sample interchange program with Bett :; was carried
issolut ion, and analysis of an irradiated test rod

test program. All result t were completely satisfactory.

Fol lowing the test program, three irradiated Zircaloy-clad urania-
t ior ia fuel rod sect ions were processed. Seven segment s (each 6.43 cm long,
0.648 cm in diamet er) were exc ised by sh ar ing from t he three sect ions. Al I
seven segments were dissolved and analynod I()r total uranium, uranium
isoLopes, and selected fission products. Fuel re:ovries in the shearin;'
process were sl ightly below those obtained with the dunmv thloi 'a tiel and
below the required level (98. 1-98.9" as cromp;irEid with 99.0 mri imun require-

mernt). Possiblv, The behavior of tht two materials differed. A corrosion

' aib liE IX-2. Summary of Act ivit ies in L.WBR Proof-of -Breed ing Analyt ical
Support Project

Phase I
P i I (t-Scale Shear and I) issolver

Inst al lat ion and Test ing
Segment. Ana l yses

Val idat ion Rod Analyses

Phase 2
Full-Scale Sheara

Single- Unit Dissolver"
Mult i-Unit Dissolver System
Waste/Sc rap Treat ment System

St atus

Syst em

(ompl et e
Comply ete
In progress

Being fabricated
Be ing fabr icated
Concept being devel oped
Concept being developed

Phase 3
Lnd-o f- lit e Anal yt i c a 1 Campaign

(1981-1982)

Waste Treatment /Sc rap Recovery

Cleanrip/Waste Disposal (1982-1984)

Ful 1-scale shear and sing1e-unit dissolver to
of 1979 by processing a val idat ion rod.

be qualified at the end

factor has been developed to normal ize the shear data. Uran iun analyses of
d issolved segment s by t wo independent methods showed excel lent agreement .

Al I anal yt ical results on segments have been submitted to Bett is for review
and fur use in cal ibrat ing the IFAG.

Work not yet compl et
an ent ire urania-thoria f
are nt ended to val idate

ed with the pilot equipmrient involves processing of
tie rod sect ion (about 109.2 cm long) . The result s

the performance of the prototyyp, IFAG.
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In the second phase of the ANL program, full-scale shear and dissolver
systems are to be built and installed in separate hot cells. The design of

the full-scale shear is substantially complete. It will be capable of
produc ing prec isel y cut segment s from 3-m-long LWBR rods hav ing four d i f ierent
diameters, ranging from 0.77 to 2.1 cm (0.30 to 0.83 in.). All major procure-

ment s have been in it iated , and some components have been received.

A full -scale single-unit dissolver has also been designed and fabricated.
It is a prototype for a multi-unit dissolver system to provide samples for
analysis at the end of th, LWBR core life in 1981-1982. Hot cells are being
prepared for installation of the full-scale shear and single-unit dissolver
in mid-1979. These units will be installed after a periodi of out-of-cell
checking and shakedown tests. The shearir.g and dissolving operations will
produce a significant quantity of high-level radioactive waste in the form of
shearing scrap and radioact ive waste solut ion. Work has been started to iden-
t it y suitable means for convert ing the I iquid waste to a sol id form and for
disposing of all wastes.

Work planned for the coming year includes Phase 2 (see Table IX-2)--
complet ion of the procurement , install lat ion, and test ing of the full-scale
shear and single-un it d i ssolver systems. After cold testing of these
sys t ems, they wi l 1 be qua l i f i ed by process ing an ent ire irrad iated exper imen-
tal LWBR fuel rod. Additional work during this year will include beginning
the design of the mntilt iple-unit dissolver system and developing a concept
for a system for rec(,vering rad ioact ive waste scrap. In the remaining
period before ANL begins process i ng end-of-life fuel from the LWBR, the
mult i-un it dissolver system wit 1 be fabricated, installed, and tested. A
waste scrap recovery fac il it v for the t reatment and disposal of h igh- level
waste solutions wi I I be designed, built , instal led, and tested. Final

operat ing procedures and a data-handl i;ng system will be developed, and an
operat ing staff will be trained.

The current schedule for work related to the LWBR end-of-life fuel pro-
vides for the processing of 250 segments from 50 fuel rods and five ent ire
rods in a 12-month period f rom September 1981 to September 1982 (Phase 3).
The wastes produced by these operations will be treated concurrently. Some
waste may be designated "scrap" and require special treatment. Cell cleanout
is scheduled for April 1984.
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X. MAGNI I C FUS ION ENERGY RESEARCH

A. InIt rodIr. t ion

ANL's role in the Magnet it Fusion Energy (MFL) prograrri has shown

moderate growth in recent years. A significant fract ion (approximate y 25%)
of the Laboratory's D01-supported MFL work is conducted within CEN. Fhe CEN

et fort covers four separate topi : (1) development of technology f( r

handling and processing liquid lithium under conditions anticipated in
fus ion reactor blanket apple icat ions; (2) invest igat ions of the hydrogen-

permeat ion chain, cter1st ics of candidate st ructural metals and alloys for

fusion reactors; (3) st udi es of neut ron-rad i at ion dos imetry and damage
analysis, with emphasis on providing r. feet ive service dos imetry for all

Mh-suppo rt ed neut ron- i r rad i at ion ex per iment s; and (4 ) a number of systems-

typc arnalyt ical st ud i ; enCOmipa )ssring aspects of fusion technology rel ated to

design and op(rat ional schemes for t r it iiim-hand I ing facilities, alt ernat ive

breeder hi, ;;1ipI , c t-, s, 'and adv;nced fus i-n svst -i s. Objectives and

recent ar cu(mpl i shment s ii thI ie f i rst three areas, whi ch const itlite the major

part of our work, are sumirirized below.

I. Lit hium blanket Process i ri Technolog

Th is program, whih i0

the use of liquid
I owi ng object ives
t inuousIy bred t r it

less than one we igh
itoring inet hods f or
trials and equiprmren
ot he r i thi i ti-hand

rent 1 y under st udy

is concerned with establishing the technical basis
1 ithi muim as a fusion-reactor blanket. material, has the

(l) to demonstrate the capabil ity for recovering the
ium from a blanket with a steady-state tr it ium inventory

t part per rii 1 l ion (wppm), (2) to develop on-line
t r it iurn and other nonmet al 1 ic impur it ies, (3) to test

t in flow rig I ithiun, and (4) to provide technical input

I irig f ac i I it ies. The processing and monitoring methods

include molten-salt extraction of tritium and impurities
fror I it h i m, cold-t rapping , hot-get t er-t ra1)pirig, 0n-1 ine monitor ing of hydro-

gen, res 1ist iv ity measurement s , and direct sarmpi ing coupled with chemical

analys is.

l)Ur ing t he past year , s ign

related to lithiiurn processing.
described in last year's report

i f icant progress was made in several areas
The lithium processing test loop (LPTL),
and elsewhere, 1,2 was started up in late

J. R. Weston, W. F. Calaway, R. M. Yonco, E. Veleckis, and V. A. Maroni,
Experiment a l St ud ies of Process ing Cond it ions for Liquid Lithium and
Solid Lithium Alloy Fusion Blankets, Proc. 3rd Topical Meeting on the Techno-

logy of Controlled Nuclear Fusion, May 9-11, 1978, Santa Fe, NM, American
Nuc lear Society (in press).

2J. R. Weston, W. F. ualaway, R. M. Yonco, J. B. Hines, and V. A. Maroni,
Control of Iripurities in Forced-Circulation Lithium Loop Systems, prepared
for presentat ion at Corrosion 79, sponsored by the National Association
of Corrosion Engineers, March 12-16, 1979, and for publication in Corrosion.
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1977 and has operated for more than 5000 h with no serious difficult ies.
Eventually, the LPTL will be used to demonstrate the recovery of tritium from
liquid lithium, which is an essential step in closing the [)-T fusion fuel

cycle. 3 In support of the LPTL studies, a small (about 1 L) lithium loop,
the Lithium Mini-Test Loop (LMTL), is being operated as a pilot test-stand
for selected materials, hardware, and methods employed on the LPTL.

Initial experiments with th- LPTL, which is constructed almost exclu-
sively of Type 304L stainless steel, have examined the effect iveness of

cold-trapping and getter-trapping as methods for removing the impurities
oxygen, n it rogen, carbon, hydrogen and deut er ium from 1 iquid I ith iiM.
Control of these impurit ies is needed to (1) avoid line-plugging problems
stemming from prec ipitat ion of the less soluble impur it ies (carbon 4 and
oxygen 5 ), (2) prevent exacerbation of 1 ith ium corros iv it v due to nit rogen 6 -8
and carbon,7,8 and (3) eliminate potent ial embritt lement and t rit im-
dilut ion 9  problems associated with the hydrogen isotopes.

Results of cold-trapping studies to date2 show that (1) the concentra-
tion of carbon in lithium can readily ie controlled by cold-trapping; (2) the
concentration of oxygen can be controlled to a certain extent by cold-trapping,
but supersaturat ion, incomplete crystallization, and/or the existence of

stable oxide species other than Li 2( may reduce overall efficiency; and
(3) the saturation concentrat ions of nitrogen and the hydrogen isotftpes are
too high for acceptable control by cold-t rapping alone.

W. F. Calaway, Electrochemical Extract ion of Hydrogen trom Molten
LiF-C iCI-Li Br and Its Applicat ions to Liquid-Lithium Fusion Reactor Blanket
Processing, Nuc i. Technol . 39, 63 (1978).

4
1<. M. Yonco, M. I. Homa, and V. A. Maroni, The Sol ibiI ity of Carbon in

Liquid Li th ium (work in progress; see Sect ion XI . B.6, t his report).

5 R. M. Yonco , V. A. Maroni, J. E. Strain, and J. Ii. DeVan, A Determination

of the SolubiIity of Li thitum Ox ide in Liquid L ithium By Fast Neutron
Act ivat ion, J. Nucl . Mater. ( in press).
6

R. M. Yonco, E. Veleckis, and V. A. Maroni, Solubility of Nitrogen in
LiquidLithium and _Thermal Decomposit ion of Sol id Li_3N, J. NucI. Mater.
57, 317 (1975).

7 J. 11. DeVan, J. E. Selle, and A. E. Morris, Review of Lithium Iron-Base Alloy
Corrosion Studies, Oak Ridge National Laborat nry Report ORNI,/TM-4927
(January 1976).

8 D. L. Smith and K. Natesan, influence of Nonmetallic Impurity Element s on
the Compatibility of Liquid Lithium with Potent ial CTR Containment Materials,
Nuci. Technol. 22, 392 (1974).

9 E. Veleckis, R. M. Yonco, and V. A. Maroni, Solubility of Lithium Deuteride
in Liquid Lithium, J. Less-Common Met. 55, 85 (1977).



because nit rogen i' a major cnt r ibhit or o it h it ium corros ion

)1('tinltnm na,7,' part ictilarIl y in st ailess ste'1 svst emns, much of our work to

date has been on nit ro en ((ont rOl . Lxlperi nce '11i tie 12.111, and LPTL1I,2

(both Ot which are stab ili zed with a zi rconiui get er trap) has been that

t he nitrogen lt(v("1 tends to ris e sharp 1y duringg the first few hundrt'd hours

ot opte rat ion andi t hittn sttiad i l y decrease to a ('ve( Of about 400 to 700 wppm

at t er several thousand hours. A pl aus ible expl aoat ion for this behav iO; is

that nit rotyrn is ext rac tted I rom t h( inter or sur f aces of the lo, p const lt(_-

t ion mate r I;a] s in ear I y ope rat irg phases ; but then, during extended (ope rat ion ,
it ree'li ilibrat(es wit h the zirconium in tie gett('r trap (forming %rN) andi/or

with chronium in t e stainless ;t eel (ffo ring Cr2N). Art hon;',h cIrOm iurn

might be more act iv(' in control ling nit rogen dur ing early o)erat ing phases,
w" expect that over long periods of t ime most of the nitrogen wil 1 1 migrate
to te zi rconium. betaiilid analyses of the (fistribut ion of nit rogi'n
in t he LM'T'l. zi reon ium get t er-bed, to be conducted dtr ing 1979, siitul d bet p
to resolve t Ih is quest ion.

The miniat tre loop (thi IALMl) has now Ope rat rd for close to 10,000 Ii
at t enperat ures; Irom 450 to 500"C. Ditring t hi s period, the zIrcmniu m-packed

get ter sect ion I was run at tempt "ratuires near 600*C. Two materials-related
I ai lures were expert nc(id at about 7000 It of o1pirat ion: A snal I leak occurred
in a cold-worked, h ighlI y st ressed soet ion of the ebect romagnet i pump Channel

and out of ti(' al -welded, heI IOws-sealeId valves, wit ich had been op('rated

(opened and c Iosed) over 300 t imes, fa i l ed due to a ser is Ot c racks that

developed in th outer edg' s Ot tih' bellows convoltit ions. Iii)wevi er, with the

except ion of aI nickel-depli'ted ferrite layer about 10 prm thick that has

formed (In all I Ithiun-contacted stir!.aces, there is 1 little 'videncs' Of
ser ions surface erosion or hulk intergranular attack of tih(' annealed
sect ions ct the ioop cost ruct ion mater ial (al l 300-series stainless steel).

These result s suggest that., ailthotgi I lowing I it hium is reasonably compat ible

with austen it ic s ainless steels at i)mpirat uris up to 500C, there may be

some corrosion problems in cold-worked regions with large residual internal
stresses or in heavily fat igiued com)on(n'it s . Ac'cording ly, a number of test
probes have been placed in the reservoir tank of the LPTL to provide add i-
t ional data on 1 ithiumn/materials interact ions in stainless steel systems.
In tle meant ime, the ta iled compOnents on the LMTI w, -e replaced or repaired

and loop operat ion was ccnt inued .

In the coming year we intend to conduct an extensive series of tests in

the LPTL salt tank to assess the potent ial of molten-salt extract ion (using

LiF -LiCl-Li br 3 ) as a met hod for removing nonmetallic impurities from I liquid

lithium. An electrical resistance probe will be inserted in the LPTL
reservoir tank to invest igate the feasibility of using resistivity measure-
ments to obtain real-t ime information on gross impurity levels. More
experiments with the cold trap, getter trap, and hydrogen meters presently
installed on the LP''L are planned. Also, we expect to extend our capabilities
for determination of nonmetallic impurities in lithium beyond the ele ments
that are presently done routinely (i.e., oxygen, nitrogen, carbon, hydrogen,
deuterium, and trit ium) to include chloride, fluoride and bromide (wh ich may

be introduced into the lithium during salt extraction operations).

I 3 /



C. Hvdrogen Pu rmeat ion in Candidate St ructuraI Al 1(evs

Th' pr inc ipal object ive o th is program is to invest igate the factors

that intluaience hydrogen permeat ion into and through strictaral meta Is and
1loys,5 and t ,reby obt ain a C leara'r u nderst andi ng of the rate and extent of
t r it iun mi;grat ion in fus ion reactor svstelms. Although the focus of work has
sh i It'd I rom development and t ast in g of. permnt ion barr iers to measurements
of pe rment ion rates, the ret ardat itan of perment ion in structural materials

lovig exce:sivelv higih permneat ion rates cont inues to be a primary goal.

Dur ing the past year , hy vdr gui-p rm eat ion stud iiS Were complet ed
for austen it ic-, nickel-, and refractory metal-bas al toys representat ivt t
the classes of alloys that are o1 pr imary int 'rest to programs of the
UUE/:'mF' Materials and Rad i at ion f fact s Branch. Hydrog('en permeat ion

measair'o ont Sc w re made I rom 1m) t a u()O'c and at hydrogen (1l")) drive ing
prt'ssures from 10-3 to 10, Pa on the fo lowing lat er ial s 'lype 316

st aiii less steel (ahstenit ic) , I c nel-625 and Incunel-718 (nickel-base), and

t itan infl al Iu)y 5621S (refractory-bast). limi cmnd t ions and result s of t1e

experiment s are given in 'Iab t X-l .

ThW met h1(d ussd for the permaeat iun le;iaiuremient s has been desc r ibId
e Isewhiere .IUII In brief summary, the apparatus s consists of two all -metal,
h igh-vacuin compartments interconnected by a p'rmmiat ion-membrane assembly.
T'11 ups t reami compartment contains a cont ro led-t emperat ure uranim hydr ide
bed that suppl i(us hydrogen at cost ant pressure to the membrane, a mass
spect romet er ( to monitor compos it ion), an ion pump, 1nd assort ed pressure-
measur ing devices. Thie downst ream compart ment cont ains a Zr-A l. al oy
hydrogen-ge tter pump, an ion pump, a mass spectromet er, and three standard
hydrogen leaks covering a leak-rate range of about four orders of magnitude.
The spec imen ( typical ly 20 to 40 mmn in dIiameter and about- I mn th ick) is

incorprattid int.) th ' millmbrani' assembly either by electron-beam welding or by
gasket-scal ing, and f unct ions essent ial ly as a dinphragnm between the two

compart ment s.

The sample of Type 316 stainless steel (316-SS) was studied over a wide

range of temperatures and driving pressures, as indicated in Table X-1.
Even at the lowest pressure studied, namely 10- 3 Pa, the measured perme-

ab i 1 i t ies showed no s ign if icant dev iat ion from t he sq ua re-root-of-pressure

dependence expected for permeabilities that are limited by bulk diffusion.
The presence of a gamma source of about 1 mCi in the upst ream compartment,
near the specimen, had no detectable effect on hydrogen permeat ion rate.

Although the ionizing potential of this source is many orders of magnitude

1 0 . 11. Van Deventer, llydrogen Pe rmeabiI i t y of Haynes Alloy-88, J. NucI.

Mater. 66, 325 (1977).

11
E. H. Van Deventer, '. A. Renner, R. If. Pelto, and V. A. Maron i, EBffects of

Surface Impurity Layers on the Hydrogen f'erim ability of Vanadium, J. Nucl.

Mater. 64, 241 (1977).

I ; '
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Table X-1. Condit ions and Results of Hydrogen-permeat ion Exper iments

Temp,.
Material GC

316-SS 150-750

Inconel-625

Incone1-718

150-750

100-800

100-800

a
Pri-ssure, cm (STP)/

Pa m-s-kPal/2

10-3-104 0.182

0. 198

( a
cal

15,175

14,371

1 0- 1-

0. 0 5 9 b 1 3 , 3 7 3 b

Exponent

for Pressure

Dependence

0.49-0.57

0.49-0.56

>0.7

0. 5-0 .6

5621St 400-650 10- 1-102 ('15 )d ('u10,000)d 0.67-0.70

a
bPermeability = t expl-ti/RTI , wl R = 1.987 and T is in K.
Derived from data obtained at hydrogen pressures >3 Pa.

c'F 5% A 1-6% Sn-2% % r-1 % Mo-0 . 25% S i .
Derived assuming half-power dependence on hydrogen pressure for rough
comparison with data for other materials.

lower than that estimated for the radiation field near a fusion
wall 1, dissociative ion ization of 112 molecules at the surface of
waI l is not expected to increase hydrogen permeabi lit ies beyond
di f his ion- limi teed rate even in much h igher rad iat ion fields.

reactor first

the first
the bulk-

The test condit ions fo)r the Inconel-625 and Inconel-718 samples were

similar to those of the 316-SS. Because of the presence of small amounts of
aluminum in these al loys (about 0.2% in the 625 and about 0.5% in the 718),
their permeabil it ies to hydrogen showed some sensitivity to the low levels of
impurit tes in both compartments when hydrogen pressures were at the lower
end of the range studied. In part icular, at pressures <3 Pa, the perme-

ability of the 718 alloy decreased considerably and the pressure exponent
increased to values >0.7, thus indicating the onset of surface-limited

diffusion, which we believed could be due to the formation of a reasonably
uniform aluminum oxide layer. Scanning electron micrographs of the surfaces
of both specimens verified the presence of aluminum-rich surface layers and

showed that aluminum in the alloys had migrated towards the surface. This
finding supports our earlier conclusion, reported last year, that alumina

layers formed on the surface of alloys containing aluminum as a bulk const it-
uent tend (1) to impart some resistance to permeation (roughly a tenfold
reduction for Inconel-718) and (2) to be rapidly self-healing owing to the
continuous diffusion of aluminum to the surface.

During the past year, considerable interest' 2 has been generated in

the use of titanium-base alloys as fusion reactor construction materials,

12
L. Kulcinski, Assessment of Titanium for Use in the

Structure of Fusion Power Reactors, Electric Power

Report EPRI ER-386, pp. 53-55(1977).

J. W. Davis and G.

First Wall/Blanket
Research Institute
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mainly because of their availability, s' -ngth, low inducd rIioact Pvit

and resistance to radiation damage. Iiowt e r, a di sadv ant age i s that t itan iium

is a strong hydride-forming material, and 's al lovs are expected to exih ib it
h igh hyd rogen-permeat ion rates . Accord ing . , we are invest igat 11 hl yd ri.n
dissolut ion and permeation in selected titattium-base alloys to evaluate
possible hydrogen migration problems associated with their use.

A study was completed on the 5621S al oy of t Itanium (li-S Al-b" Sn-2%
Zr-I% Mo-0.251 Si). A spec ial gasket-seal d merhtane assembiv developed
specifically for t itanitum-base materials, performed sat isfactorily during

the 2600-h duration of the tests. The permteabil ity oi th simple was about
1000 times greater than that of typical 3Uc'-series stainless steels at compe-
rable Lemperatures and hydrogen pressures. The observed pressure, dependence,
P 0 . 7 (at 10~1 -10 2  Pa, 400-65 0  C), imply ies some ef fect from stur face

impurity interact ions but toc a lesser extent than itt stud ies of -t itan ittmn,
where a P1 

.0 dependencer was found .13, 14 Furtherino re, htyd rog n p1)rie it ion
rates were 20 to 30 t imes higher than for ,-t itan i tin. 1 I> 14 Th is (ii ffereice

may be due ei either to a decrease in surface impur ity effects or a hi igher s )l1-
bility and/or diffusivity of hydrogen in the 56211 alloy.

'Transient data taken during the early stages of a perment ion run on the
56215 alloy ind icate dissolut ion of large amounts of hydrogen in tite al oy,
as expected. Although analysis of the data is incomplete, the magniLudes
of the soluble ity values are in the range ant tc itated for t itLanium-base
mater ial s, 1 2  and tihe derived di ftfus ion coeffic ients are consistent with a
part ial ly surface-I limited permeat ion process.

After study of the 56215 alloy was completed, examtinat ion of the
specimen showed no visual evidence of change in the appearance or mechanw cal
integrity of the specimen, despite the fact that it had been subjected to

about 2600 h of hydrogen inf iltrat ion. Of particular itnerest was the
absence of "doming" of the membrane surface (which is ussal ly indicative of
h yd rogen-d i f fus ion- induced creep) . The comply et e absence o t d isco (orat ion of
either surface of the spec imen ind icates that the pur ity of the gas environ-
ment was high. Comparative microscopic and microprobe analyses of the

permeation specimen and a sample of the as-received 5621S alloy are p anned.

In preparat ion for add it ional scoping s tud ies of t i tan imm al loys , we

have obtained a sample of a Ti-6;0 AI-4Z V alloy and have fabricated several

permeation specimens. We plan to investigate the permeat ion characteris L i"s

D. L. Johnson and H. G. Nelson, DeterminaLion of Hydrogen Permeat ion
Parameters of Alpha Titanium Using the Mass Spectrometer, Metall. Trans. 4,

14569 (1973).
K. K. Shah and D. L. Johnson, Effect of Surface Pre-ox idat in ott Hivd roei

Permeat ion in Alpha Titanium, Proc. Int . Conf. on the E f fect s of Hydrogen
on Materials Properties, September 23-27, 1973, Champion, PA, pp. 475-451,
ASM (1974).



of an as-received specimen, a nitrided specimen,* and possibly an anodized
spec imen.

In another area of work, we are collabor:- with the ANL Materials
Science Division in the assembly and operation : small lithium loop

(about 0.5-L capacity) that is constructed frr:. a stainless steel-clad
vanadium alloy (V-15 Cr). The loop, . ich will be used to investigate
hydrogen-migration characteristics and materials compatibility in liquid
lithium/vanadium al lov systems, is undergoing leak-t esting in preparat ion
for lithium filling and startup.

0. Dos imet ry and Damage Analysis

Radiation-damage experiments in support of the MEL program are being
conducted in a variety of neutron environments, including reactors and
part icle accelerators. The object ives of the CEN program on dosimetry and
damage analysis are to develop techniques for routinely measuring the
neutron flux and spectrum at these facilities and to evolve methods for
calculating damage parameters, including displacements per atom (DPA) and
primary knock-on-atom (PKA) distribut ion, as well as gas (H and He) and
transmutant. generat ion rates. Each irradiation facility must be character-
ized s. that data obtained at different fac il it ies may be correlat "d and
damage of tects extrapolated to fusion reactor environments. Our program
includes a re earch and development effort, as well as service dosimetry
that is avai bible to all MFE experimenters upon request.

. Characterizat ion of Irradiation Facilities

Three dosimet ry experiments were started at the Oat Ridge Research
Reactor (ORR) during FY 1978. These experiments, which are . ing inducted
in conjunction with a series of i rad iat ions sponsored by the DOE/ M!F
Materials and Radiation Effects Branch, are of particular importance because
the ORR has been designated as the primary reactor for MFE materials research
for the next three to five years.

Four experiments were conducted at the University of California,
Davis Cyclotron (UCDC). A broad spectrum ot neutrons is produced at the
UCDC, from thermal energies up to about 44 MeV (average, about 14 MeV) by
stopping a 30-40 MeV deuteron beam in a thick beryllium target.

*
Work on applying a nitride coating to the surface of one ot the specimens
was performed in collaboration with D. M. Gruen (Chemistry Division, ANL)

and G. O'Donnell and G. L. Kulcinski (University of Wisconsin), using a

procedure described in Ref. 15.

15M. B. Liu, . M. Gruen, et al., Ion Nitriding of Titanium and Zirconium b;.
a D. C. Disciiv:rge Method, High Temp. Sci., 10, 53 (19'8).



All seven irradiation packages consisted of alt ipe-foil act iva-
tion materials; some also included heliam accumulati n monitors *r:= Atomxis
Internati nal. Integral foil-activation measurements are used to unfold the
differential flux and spectrum, from wh ich damage parameters are calculated.

Data analysis was completedd ftr previous expediments conducted at the Ttd,n)
Rotating Target Neutron Source (RTS-I) at Lawrence Livermore Laboratory (LLL),
the be(d,ni cyclotron source at Oak Ridge .atia. :.aboratorv, and the LU.
Pool-Type Reactor. A Mconte Carl. vrror analyst; .- provided for all
measurements, including *rrcrs in the flux, spectrum, and derived damage
parameters due to ancertaint ies in the f 'il act ivat ion measurements, nuclear
cross sections, and starting trial solut i.ns.

Considerable research and development wpr was required f.r hoth
reactor and accelerator dosimetry. Because the ORA reactor has a mixe-A
neutron spectrum (part thermal and part :ast ), it is necessary to include
self-shielding effects in our spectra! unfolding codes. Ac:ordinzly, the
SAND-1I and SANDANL codes, discussed in last year'. report. ave been revised
to include self-shielding and cadmiu.m-cover eftect = :"r wires and foils in a
beam or isotopic flux.

Dosimetry for high-energy accelerators has been hampered by a lack
o reliable activation crass sect ions above 14 4eV. We have extrapolated a
set of 31 act ivation cr -sect ions to 44 Ae%. Integral test ing 9i the
data in Re(dn field- .. deuteron energies of >., lh. and -&0 eV iby

ime-of-flight s-; trometry to accurately measure the neutron field)
- + 6 ,AE that t3 react ions are reiiaoi to tlUJ. in a'& arids ano tnat

- -an be used to unfold the differenttal flux-spectrum with 10 to 30:
accur a1 y in the neutron energy range tr m 2 to 30 MeV. Since 90: of the

damage in materials is produced by neutrons in this energy range, this level
of accuracy is sufficient to determine integral drnage parameters within
:10Z for high-en-'rgy accelerator irradiations. :e plan to continue the
integral testing to it . more reactions and different neutron fields. By
coupling these result- - new measurements and calculations. wv expect to
improve the accuracy ilable dosimetry data.

Consi6 , - - ' effort nas also been expended in the past year on
planning and re-.. . dosiametry for the Fusion Materials Irradiation Test
Li(d,n) facility, wr-.ch is scheduled to be put into operation at Hanford
Engineering Development Laboratory by 1983. Much of our dosimetr y develop-
ment effort is focused on the needs of ;nis facility. Experiments are also

planned for the RTS-.I T(dni source, wh ich is expected to be fully opera-
tional at LLL in early 1979. 6e expect to play a major role in the initial
characterization of both facilities.

L. R. Gz - . . R. Heinri , R. J. I ennerley, and R. hedrzvchovski,
Develops Test :ng Neutron Dosimetrv Teci-es for Accelerator-
based Irradiation Facilities, NucI. Technol. .1, . 19-6).

17L. R. '.reenwood, R. R. Heinrict, 3. J. Saltmarsh, and C. 5. Fulmer,
Integral Te Neut rcn Act ivat ion Cross Sections & a 9 3e(d,n)
k ield at E - lev, submitr"d for publication in Suck. Technol.



2. Damage Analysis

The computer codes for flux-unfolding error analysis and damage-
analysis, developed in previous years, have been interfaced so that wt can

routinely provide data on errors due to dosimetry uncertainties fr a'I
Derived damage parameters. At present, i calculations can be performed
for 21 elements at neutron energies up t _ "eV, using nuclear data from
the ENDF/B-IV files.* :iwt-ver, high-ent:c, . ,celerator irradiat ions
require the extension of these files up to 40-50 MeV. e have performed
such calculations for copper and niobium up to 100 MeV, using cross sections

calculated at Oak Ridge National Laboratory for neutron energies up to 32 MeV,
and we plan to perform similar calculations for severa' additional elements
in the coming year.

The ENDF/B-IV files (1972-1978) are maintained and issued on magnet ic
tape by the National Neutron Cross Section Center, Brookhaven National
Laboratory.



XI. BASIC ENERGY SCIENCE

A. Homogeneous Catalvsis

1. Hydrogenation of Carbon Monoxide

Conversions of the more available fossil fuels--coal. lignite,

peat--to increasingly scarce liquid and gaseous fuels or to ch-mical feedstocks

have long been objects of technological attention, and interest in them is

still growing. In the present work efforts are made to supplement the vastly

researched, but poorly understood, phenomena of heteroi'eneous catalysis by

study of related phenomena in homogeneous catalysis, which are capable of con-
siderably more detailed understanding.

The combinat ion of a theoretical description of a possible initiating

step for CO hydrogenation, namely, hydrogen atomi transfer from a transition

metal hydride complex to CO to form a transient :ormyl radical, HCO, together

with a fortunate observation has led to the di soveryl of a homogeneous reac-

tion in which syngas is converted to a variety of products that now includes
methanol, methyl formate, their higher homologues, ethylene glycol, methane,

and carbon dioxide. Of particular interest is the fact that the catalysts for

this process that have been so far uncovered--HCo(CO) 4 and ien(CO) 5 -- c<)ntain
only a single transition metal atom, although it had been previously supposed

that multimetal complexes, called clusters, would be required as catalysts.

Recent work has focused on elucidation of the reaction mechianism;
in this connection, detailed studies of the net rate of CO hydrogenation

("react ion rate"), product di str ibut ions . and kinetic orders have been ;:n.r-

taken, with the following results so far:

(a) The reaction may be carried out in a variety of solvents.
including heptane, ben en, p-dioxane, and mixtures of water and p-dioxane.
Reaction rates increa the st':":: polarity increases; an optimum dielectri
constant, determined . - lan, Ktween stabilization of a polar transition
state and dest abilizatior : 'he unionized hydride, may exist.

(b) The principal reaction path is first-order in catalyst, e. .,

HCo(CO) 4 or HlMn(CO) 5 .

(c ) With HCo(CV< as cat alyst , t he reaction is rp.irt i.
or6r in CO and first-order in H2, and has an effective activation enthalpy

approximately equal to -40 kcal/mol and an of feet ive a, t iv.t ion t:lt ' v tproxi -

mately equal to 0 gibbs/mol.

H. M. Feder and J. W. Rathke, J. Am. Chem. Soc. 100, 3623 (1978).

E. L. Muetterties, Science 196, 839 (1977); Bull. Soc. Chim. Belg. r",
959 (1975); 85, 451 (1976); M. G. Thomas et al . , .. Am. Ch. m. Soc. a%, : 0
(1976); 99, 2796 (1977).



(d ) A t entat i ve react ion mechani sm i s shown in Table XI-l , almon-
with an anal vsi s of the observed rate cost ant in terms of pre-equi I ihrial and
stepwi se rates. This spec i fic formulation allows one to devil sc mechanist ic
t ests vi a label i ng experiment s, itnt ermed i ate t rappi ng experi meit s, and ki net ic
isotope-effect -xperiments1, that will help validate (or modify) the proposal.
A derivative goal t r this work will (e the modification of catalt "st and
reaction conlitin s to enhance the rate and selectivity of formation of pro-
ducts that are of special iit(erest as Iong-rang(' chemical feeds tocks, e. .,

ethanol, propanol and ethvlene glycol. It is ant ici pated that work toward

this goal (i.e. toward product opt imizxation) wi I I be undertakein in the i ture.

2. Cat alvt ic Conversion of Quadr icvc lane to Norbornadiene

The catal vtic conversion of one iqiuid isomer Of C 7 1 8 to anothitr at

ambi ent cond it i ons and wi thout ti' need for other reactants i s Of such <hem ia

simplicity as t< be especial v useful for the develop at'nit of tih' sc en, 1 (
homogeneous cataivsis. ihis react ion exempl ies a class Of sci i som' riza-

tions, which convert highly strained .arhocyc hr rirn to less strained ones
wi th the t'vo lut i on of sensible heat (about 100 k.J/rmrl ) . The reverse trans-
t format ion may be i ndniced by exposure to i ht ; hence, such pairs Of compounds

may' serve as means Of storing solar er'rrxv and rt I easing it rapidly on demand.

One oft the catalvsts studitd was the mOltcutle -.- actato-bis
(ntrrbornadi ent )d i rhodiun( I ), I Rh( ..2 -uCCH )C:78li ) 12. In tih' work comp let 'd
to date,4 the valence irsomerization of (Ia dricyclane has been shown to (a)
yield (about 25.) two norbornadi ne di r rs (iLoth end( coif jirrrt i ') : ..' 1l
as the monomer, (b) be charac terized by the format ion of ve1ow Rh(III) int or-
mediates frm the Rh(I) catalyst, (c) obey a rare law which is first -order in
origi n tl catalyst conicent rat ion arin zero-ord, ( i n sribst rate at Ii gIh subst rat 1

conct'4 it rat ions, but approaches a 1 imi t i ng fi rst-order in subst rate at low
sub t rate concert rat ris, and (d) yield low-t empt raturt' t rappab It' 11t 'ried i at 1's

(observed by IjI and 11C NMk* ) formed by t ire nit i al i nst'rt ion of a mionO-

rhod i um fragment i nt o the carbon-carbon bond of a cyc lopropvl r i niv to form a
rhodoc vc I obut ane i lt erred i at e .

These resu! t s were sivini fi cant bI'canrsn' the mechani s i( s ) of such
catalvtic reactions have been discussed rpeat edIlv in tith literaat'rrt' without

resolving the contending c Iaims of three ditst inct ly dit I terent i it iIt i v

mechani sins that have been proposed . In the present case the art ual trapping
ot an intermediate formed by metal atom insert I , is import ant evidence that

such a mechanism operates.

is thought desi rab1 ( ' e rta in ti reason why the ac t't.ate-

bridged dimer breaks tip in the course ot react ion. SingIe crystals were

prepared for a crystal and molecular Tit ructure invest ic'at ion 5 in order to

C. L. Aldridge andI H. B. Jonassen, J . Am. Chem. Soc. 85, 886 (19 3).
4

M. J. Chen and H. M . i''e.i'r, acct'pted for pub licat ion in lnorganic Chemist rv.

S. Sieg' , B. Tani, A. It. Rtis, Jr., and C. Willi, accepted for publication

in Inorgani (hermi st ry.

NMR = nuc lcar mri gn'et i c resonance.



Table XI-. Tentative Mechanism for
Catalytic CO Hydrogenat ion

Values of
React ions and Thermodynami c

Designation Rate Equat i)Ons Funct ionsi

I CO + HCo(CO ) - ) HCO + Co

2 HCO + HCo( Co) - H.,CO +

kI
I H + CO - - II') c

kI

I I HC, (CU) 4 KII Ht;,(' )) +CO

I1 (,O + HCo(CO) 3
k 3

Co(CO)3CH2IH

Co(CO)3CH20H =OI - Co(CO)3OCHI3

CO,H
I Co( Co) 3CH 201 , Co( CO 3 )OCH 3 -2

fast

CH3011, CH 3 0C01, (C1H101H)2

HlCo(C0) '31[ 1C01

Ki ( IHCo(CO) 4 I
= k - -C-

kIP, PCO

k_ 1 + k3 KI[IICo(CO) 4]/PCO

= k 3 K1KIIIiCo(CO) 4 ]PH2, where kL1= K-

AG and AH in kcal/mol; AS in gibbs/mol.

(CO)s AG

AS"'

43

40

-7

Co(CO)4 Ali -20

AGI

AS1

AG 1 I
:1}I I
".sI

= 18.8

= -3.6

= -49.3

= 0.4

= 12.7

= 27

.3

4

5

AG* 22

A!* 2

AS 22

Hate

d = k 31

AGe f f

AHe f

AS*

41 . 2

41
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than all prior theories. Thi results lend confidence in utilizing the theory
for metallurgical systems and in the interpr( tat ion of experimental results
in terms of the energetics and structure of the soliutions.

Future work will focus on generalizing the theory for si 1 icate (two-
lattice) svstems, develop ing the underlvi ng concepts so th at the theory

applies to hi nary systems with complex types of behavior, and extending the

theory to Tml t component sol vent s.

:. Phase Diagrams of M1 it icompi0onent alt S vstems

A kIiowI edge of the phase d i agram of crvol it e-basel systems IS impor-

tant f or ad just ing the Hal 1-11eroul t process for the product ion of aIriminum and

coUId be sign if icant in fi ne-tin ing the process fbr energy con servat ion. We

have initiated a computer-assisted analvsis of the thermodynamics of the
NaF-AlF j-CaF,-LiF-MgFl-Al _U' system in oi der to deduce a rnl iable and thermo-

dynamical I y sel f-cons i st ent phase di agram for this system. The cal culi at ions
comb i ne a ll known re li abl e thermodvnan i c dat a on the compounds and sol ut ions
us in', ain optinizatioin proceed I re to obtain opt rii z.-d phase di agrams, as well

as a self-consi st-lt set of thormodvnri c parame t rs that describe the

stabi 1 i t i es of al l t he compounds and t ht, propert i es of al 1 the 1 i qui id and
soI id sollit ions.

W- have completed an ariavsis of the NaF-Al" 3 , Li F-AlF 3 , CaF2-AlF3 ,
Li F-CaF2, NaP-''aF2, and CaF?-AI F j hi narv syst ens , as we I 1 as the ternary

system NaF-1.i F-AlPF 3 , and have in it i ate'd cal cuI at ions for the NaF-Al F 3 -CaF 2

ternary. Figure XI-1 shows the results of cal cu at imns of Iiiuidus temperatures
in the NaF-Li F-AlF3 system. Our calculations lead to thermodynamical lv

No3 AIF6 L AIF6

NoF LiF

Fig. XI-1. Computer -generated Li qu(idis Phase Di agram
of the NaF-Li F-AlIF 3 System
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v:li i ph I as(' diagrani' tIhat hav( b,"1)4 ( Onstriut ( d for unmn('as'ir('d regions by

it erpol :t ions ;ind ext rapolat iOnsi-; from a r('l at iv'-ly ;ial I numbe-r of measure-

mniit S usinii; the'ori,-; of sol it ions that IaV' b(('n d'v('loped for ties systems.

W(' pl a11 adl I it 1;1I (1111; at (115 n c ryol i t('-hi' d )y!!t (m,, to prod ce a rl' i abl e
set of phllS (Ii :gr;niS for al 1 ompoinent S Of fth' lil I-Ifero1II t r'lectrolvt'.

3. Cal cul :t ion; Of Compl Iex L I I i1 ibr-ia

(;Ompl eq1ii' ( fli r i a b t w''('n a mulo t icomponir'nt as phase anl (:fnd('nsrd

ph as''' or or in -' 'v'1 r;I I t ch'IInoV m i(s import ant for mnai jor DO' pro,'rans. 'l

u oriplit e (har:1 t rizat iou of ti I 1-111 ts rv, and a mans of obt aiIn1)in, a (ietai led

IIIif-'rst ;nd in;, , mh-nsat i ,1) proets'u; shiotil (1 prove import ant in tII4wse tchi-
Iolo; i (',. Omr ;1 11 :are to efv,' Ilop a collpllt yr piri r ain to c lul ate thn chemi stry

of sIIr I (Hmp l4'x ( (III 1ibri a, to 1 jWI in l t114' p s sibi lity oif c'Om1)1('x nl. tico nponent

)IIut ion ah-I! s, ;nf ilt im1ately, to incorIorat' c rtain kinetic constraints

11)t <O I b - c;11 (11 ;1t I MI .

Wehave ii
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( m 4(4(f x V ind >I SO

in1c Ilud('d th11rOu1;h 1th
c' ; IcuI ;I i on. Stich

r; ((f : ;1 s t ;Irt i 1int , ; co mput'r program d(evI' Iop'd by
t4 :t is c apalii of 14'rformin1 eqpiil iibr in cal cuil at ions

Of s'v,'r;Il [ur' e( cOnld4'ils;d phlmss from a complex mn il t i -

Ill is c(Ipl[lt 'r pro'ra~iH ha: been ii mod i f i ed to hand1(e s olu-
(p If) tw V4' 1 ( nlnp)nI1)t s. Tlii s m1( i f i ed program has bi en

r ;1 t ('Il-c Olpl In11411 t ih(1(-'4 sI 11)h t ion Of 1n4tal s, ;IS w l I as for

n1 ry r o 11t i ons , ;mInc can now be -lppl i (d to I miniber Of t("ch-

Our pr'r;:n is periaps tihw f i rst to have such a capabi 1 i ty
W plan I O 'xt (1 (I t h4 pro ,,r m t (4 1 k' int O acc(oint m(ore
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cl i 114 1-st r-v 4Ilnd 1(imrplmI O y Of cm(d(nlls at .'; 7

'Ihes' 'i computer progrrIIIn(s), when couiplf 'd with hroad thi(rmiodynamic

dat ;1 base, ('(IC1 1(I it' an import ant tool for pr('(I i ct i nig, thl(e ch('mi stry of cOndhn-

sat 's and I or solvi ng a number of important t(echn ical and sc ient i f ic problems.

tilt iimat ely, we hope to 1 it 1 it1 e : a p rall I e I exp('rin('nt L; progrian to test the

predict ions Of t hwse compuLter progr;Ilns and to provide ;I basis for mak1iing

imprv'me1nt s in the1.

4. Ild rogen Ti t rat i4n11 M'tLhOd

Th'b( hyd ruogen t i trat ion method (IITM)

the (t erm i nat ion of the thernodynam c propert

method , whi i ch was descri bed iln the last report

study of the more complex L i -P system. Fhour

has been shown to be usefIl for

i(s Of the Li-Al system. This

, has now been appl ied to the

is'therms were measured over the

61. Gordon and B. J. Mc BridIe, Compter Program for Calculation of Complex

E-( i1 i br i um Compos i t iions, -Rocket Performance , I iC i dent and Ch apman- Janguet

Detonations, NASA SP 273 (1971).

M. BIainder and I,. Iuchs, Geochi im. Cosmocli im. Acta 39, 1605 (1975).
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temperature range from 500 to 600 C for two in it ial start ing cOmpos it ions

(P1/Li = 0.261 and Pb/Li = 0.286). The data verified the exi stnc of three

known phases (Li 7 Pb?, Li 31Pb, and Li'Pb 3 ) and indicated a nmw and fairly broad
homogeneous phase (f3) whose lead-rich boundary corresponds to Li Ph 3 .
Constant-pressure plateaus in each of the three two-phase regions ( B + Li 7 P'2,

Li 7 Pb 2 + Li'3Pb, arid Li 3 Pb + Li Pb) were used to dh'rive the correspondin'
lithium activities and to determine the prodicted y'alvanic cell omfs. The

latter values show good agreement wi th thos( recent 1v determined for the same

system by the coilormuetric titration technique.S

The success of the 1TM in account ing for the therrrodvnamics of two

binary 1 ithium-containing svst ems (Li-Al and Li-Ph) has prompted us to apply
the method to a calciun-containing s'tstem, namely, Ca-Al , which may prove use-
ful for hydrogen storage .ppl icat ion.* We expect the Ca-Al system to absorb

hydrogen according to the mechanism postulated for the HT11M. Upon completion
of this study, the apple i cabi I i ty of the HTM wii Il have been demonstrated and
no further work with it is pl arned.

5. Measurement of the Solubility Of a rhorn in Litruid lithium

Measurements of the so lu b i I it v of carbon in l iyuid 1 ith ium have been
completed. Sixteen filtered sampl ts of carhon-saturated li thium were taken at
random intervals over the temperature ran;,, from 204 to 635 0 . Carbon concen-

trations were determined by quantitative gas chromatographic analysis of the
carbonaceous gases evolved on hydrolysis of each sample. The dominant carbon-
bearing species present in l i thium is expected to he the a tyl ide, Li2( 2 ,
whici on hydrolysis should give only acetylene. However, since a large quan-
tity of I ithir i metal is recessari ly hydrolyzed along with the acetyl ide, some
hydrogenation of the acetviene to et liv ene andi ethane is expected. Accordingly,
since all three gases (C2112, C0l 4 , and C 2 i6 ) were observed during each

hvdrolysis, the carbcu (as Li2C2) assays were determined by summing the indi.-
vidual contributions from each C 2 species. Thrue low level of C0 2 wh ich was also
observed in the gas ch romatographs was at t r ibut d to background effects and
was not included in the carbon assay.

The temperature dependence of the solubility of carbon in liquid
l ithium, as determined by least-squares refinement or the solubility data
points, may be represented by the equations

In S(mol % Li 2(C2) = 3.61 - 6200/'

log S*(wppm C) = 6.11 - 2700/T

where T is the Kelvin temperature. The solubility value'S given by these
equations are several orders of magnitude lower than those reported previously

by Federov and Su.9 Because the overall experimental technique of Federov

8
M. L. Saboungi and J. Marr, Argonne National Laboratory, work in progress.

9
P. I . Federov and M. -'T. Su, Hua Hsuehl Hsueh Pao 23, 30 (1951) ; see also Chen.
Abst. 52, 19377 (1958).

*

In this connect ion, the hydrogen sorpt ion of a Ti-6Al-4V al oy wi 11 also be
studied.



and Sn has been cr t i( i zed by ot her invest i;'ators 10 and because their sol u-

bi itv points a pp("a r to have bee-n read from a thernoanalyt ical rooI ing curve,
wic Ch m;ay not h;a4 r eprese-nt.d el ru I i bri urn condi t ions, our data are much more

1 ike Iy to re-present 1 he t rue sol ub iI ity of carbon in 1iq(iId Iithium.

The resu l t s of this study have (1 ) def i ned the ii th i urm-ri ch hyper-
et ecti( for the I iquidus Li-Li 2 C 2  syst em, (2) suppl ied information on the

sc ubi lit y I imi ts for carbon in cold-trapped Ii th iuri (this has already been
of value in analy i n resi lts from th(e PiT, see Section X.B, and (3)

prov ded guidance in eval uat in;' sens it i'vit y reqtii rements for on-Ii ne carbon

monit.orS t c be us d in (oiljcniiction with large circulatin liquid-1ithiurn

syst (m5 . These refi;til t s ;re at so expect sd to contributed to te" genera I under-
st and i ig of mat eriat s compat ib i I i ty limit s in a liquid -lithium environment

In the l ight ()f recent f ind i ns concerni ng t he presence of a

ch iri i al int e ract ion bet ween nit roge n and carbon in I ithi um and the existence

of t"I i ompounf Ili 2NCN, 1 2 work on t 1hi s pro ject is now being di rec ted toward

(l) t h- pr ipara i on of M1 i NCN and (2) t he el tic i dat ion of the nat ure of the

C-N iin ract i(n in i it hi t1m1 i n t 0e cli 1it e sot tit i on rangf.

6. RIsistonet r i c Stmlide:os of Irnpt1rity Inte ract ious in Liqluio Iit thiurm

0
p1rat i(ou ut p)r formance of syst ens in exi st ing and advanced energy

technolocgies co('11l1 be seriously impaired by mnat(riats interactions, particu-
lar l y t hose b1etWeenI I h i i-t empiratu ire f Ii iris and contain inment mater i-ails. Thus,

basic infrmnti n cinc the i at es and ieclhani sins of thies, interactions is (Iss(in-

t i a 1 to a tI ioroutgih underst andi ni g of corrosion pienotena . The principal objec-
tive o f t he resist ivi t y st t it(s prorai i s t o ovi rea -t ime measur(tment s

cuf the rates and extents of impurity i nteract ions in liquid metal/transit ion

metal svst (Oms. These studies have also proven to be tsef 1ii in generating data

on (istribut ion coefficients and redistribut ion rates for impurity elements

bet ween the 1 i quid met al and the transit ion metal . A re liable experimental

met hod has been reasonably well worked out and a number of enlightening results

have been obtained during the past year. The method and results are briefly

discussed be low.

.he electrical resistance studies are being done in the specially

designed flushable resistivity apparatus shown in Fig. XI-2. The apparatus

consists of a stainless steel pot, outfitted with a stirrer and thermocouple
well, into which the charge of Iithium is loaded. One end of a thin-walled,
coiled stainless steel tube is attached to the side of the pot at a point well
below the normal liquid level of the lithitim in the pot. The opposite end of

the tube is connected to a small l side reservoir located at a height near that

of the liquid level in the pot as shown in Fig. '1-2. In this configuration,

P. F. Adams, P. Hubberstey, and R. J. Pulham, J. Less-Common Met. 42, 1

(1975).
11
See Section X.B.6.

12 M. G. Down et al., J. Chem. Soc./Chem. Commun. 1978, 52.
*
Lith ium Processing Test Loop.
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Fig;. XI-2. Flushable Resistivity Apparatus Use.! to Conduct
Liquid Lithium Resistivity Experiments

the li thium in the pot can be flushed back and forth through the coil by

adjusting the cover-gas pressure in the small reservoir. The resistivity of

the lithium is determined from the resistance of the filled tube and the kr.own

resistance of the empty tube by treating the tube and lithium as parallel resis-

tors. The electrical resistance leads are located as shown in Fig. XI-2.

There are two leads at each end of the coiled tube: one set is used to supply
the current and the other set, to measure the potential drop.

The entire apparatus shown in Fig. XI-2 is supported by a ceramic
superstructure and inserted in a stainless steel furnace well that is attached

to a helium atmosphere glove box. The apparatus is appropriately packed with

nonconductive spacers and thermal insulation so that (1) a constant tempera-

ture (within 2*C) is maintained within the pot, while a reproducible tempera-

ture gradient of <5 C is obtained along the tubing, and (2) the tube and pot

are everywhere insulated (electrically) from the glove box and everywhere

insulated from each other except at their point of attachment.



Init i aI e-xperiments Wa ra dt'votced to mea during the res iSt vIty io

"p r" iiI im. U1(r ma as r-m(n ts ag r((d, wi th I rl axper iment a I ir erta nt ,
with pahI ish l lit(erat ure values 1  - for the resist ivity of part Ii q aid
1 i ti ium. I)ar sobst"aaient r-xpriment : foc ,ased oil obsarvi ng the ef fect s of
chemical t rnsformnat iars in Ii thiai rn on tle res ist ivi ty. In a typical experi-
ma n t, fo lOwInI tIi init i at irn of some type of cheri(.al transformation in the
lithium he Id in tha p(ot (i.(., by a-i(Id it ion of an imapurity or a geLttering
ame t a l), t h I i t Ihi aim i s f Iiuishead back and forth through th( c o i ; a ft ar

ti rma I etyi i1bri um is att ained, t ha res i stance( is measured and the tempera-

tura racordhd. Is i n;g these data and tih( previ oisl y d-t errn ned resist ivity of
the ampt.v t udw, t;A( actual rasi st anT( and resistivity of the Iithiiaim are
d(It armine . Thlr Ilg a serir-s of saait mea suaIrime nts, it is possible to abt ain
k inat i. dat a oin t h rat e of the ini t iat ad t rans format ion in the pot.

h'll" (f fert f add iig controlled qarit It ies of several impurity

peacias (a.. a a2 0 i20a, b.i 2 Iil> and 1,ibr) oil the resistivity of liquid

Sithiiam was ma asai r d Iairing tha past year. Typical ratsal ts of these kinds

of axperimrit t :ira shOwn in Fig. XI-3. Resist ivity-incr as coefficients

(axpr( ssad as n -n of i 11c r('1 p( r m l a I/. of im pair it y added) for nitrogen,

oxygara , arud( hyd ragarn ald i t i rns to I i th i ur, dar i ved f rom data I i ka those shown

in Fi g. XI-3, :I r in ra asOnably good ag ranmaent wit h prav iasIy published

va i .16, 17 Nit raagaan (aboait 70 r ' .m/na ) has tLi' greatest impact on

rats]ist ivi tv, with hydrogen (5' n.-m/mol X) and oxygen (24 a -mr/mail %)

fa I OW i I c I a!asa l y bah i I nd.

An inrta'ra'st ing fiataire in Fig. XI-3 is the sharp drop in resistivity

fo iowirg tii' add it ion of about 0..03 inoI Z I, 22 to tha hii gh-nitriagen
(aaaaat 0.'S r1,l ) I ihii m urai saI l id n this series of axperi ment s. 'This e ffet could

well bf a aniai fastat iaan of the cha'rni cal interaction between nitrogen and carbon

in I it ii m airri reported recent_ Iy by Down et aI . , 12 in that the added carbon may be
int(ar:at ing with nitrogen to former an [i-N-C species that precipitates from the
liti ir and/or has a Iowe r resistivity-increase coefficient than Ii 3 N. The

overall resistivity drO1p in Fig. XI-3, assuming that it were due totally to

remova l of ni t rogen front the i hLi i im, corresponds to 0.06 mol % nit rogen or a

nitrogan/carbon interact n ratio near 1. Tbis particular ratio, although

interesting in its own rignt, is not obviously consistent with the formation

of LIJ2NCN as reported by Down et al .12 However, the solutions from which

Down et al. crystalized Li 2 NCN from lithium were more concentrated in carbon

and nitrogen than the one that resulted in the data in Fig. XI-3. Clearly,
the existence and characteristics of carbon/nitrogen interactions in liquid
lithium need further study.

1:3
'G. K. Creffield, M. G. Down, and R. J. Pulham, J. Chem. Soc. Dalton Trans.

21, 2325 (1974).

14 J. F. Freedman and W. D. Robertson, J. Chem. Phys. 34, 769 (1961).

S. M. Kapelner, USAEC Report PAWC-349 (1961).

P. F. Adams, M. G. Down, P. Hubberstey, and R. Pulham, J. Less-Common Met.

42, 325 (1975).
M. N. Arnol'dov, M. N. Ivanovskii, V. I. Subbotin, and B. A. Shmatko, High

Temp. 5, 723 (1967).
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In other expterim1ent s conducted with the resistivity apparatu:;, the
impritv-getteringr ciharacteristic s of a series of refractory metals were inves-

t i ,ate(I. At 5)O0C, vanad i1m proved to be ineffective i r removing impur it ics

from lithium; in tact , the resist ivity measurements indicated that iithium
actually leached impurit ies (probably hydrogen anId oxygen) from the vanadi im.
Zirconiuin showed onl v 1 imi ted capacity to remove impur i it ies from lithium.
Yttrium, which was by far the best, did appear to remove nitrogen at a reason-
able rate when nit rogen concentrations in the I ithi um were high, but its effec-
tiveness dropped off steadi Iv wi th decreasing nitrogen level.

In another interesting expert iment, the prec i pi tat ion characterist ics
of Li 3 N were investigated. The experiment showed tha L 1i-3 N crystallites
readily separate from liquid lithium. Also, the measured and calculated excess
resistivities at the break points in the resist ivity curves (due 'o the onset
of precipitation of Li 3 N) were in very good agreement with the known satura-
tion solubility of Li 3 N in liquid lithium.

Work on this program in the coming year will proceed along much the

same lines as described above. The Li-N-C interaction and the Li-N-Cr inter-
action (which also appears to be significant in stainless-steel-contained
lithium systems) will be investigated in greater detail. More work will be
done to investigate optimum conditions and materials for gettering impurities

from liquid lithium. It is expected that, in the longer ra :ge, the results ot

this program will lead to the identification of the dominant mechanisms by
which lithium attacks and corrodes vari,>us classes of structural metals.
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C. Thermochemistry

The objectives of this program are to (1) measure thermochemical proper-
ties of selected organic and inorganic compounds, and (') interpret and

predict thermodynamic properties such as enthalpies of form.ition by means of
group- and bond-energy schemes and other theoretical approaches. These objec-

tives are being met in our studies of heteroatomic polyaromatic "building-block"

molecules of coal; sulfides and zeolite minerals related to geothermal energy

sources; and transitior.-metal alloys that exhibit excellent hydrogen adsorption

and desorption properties.

i. Thermochemistry of Coal Components

A large number of complex aromatic compounds are obtained when coal

is pyrolvzed. 1 8  These compounds are considered to be related to the basic
building-block molecules of coal, the structure of which is not well understood.

Thermochemical data for these building-block molecules would he of value in

contributing to a better understanding of coal structure, defining possible

paths of decomposition, and identifying the effects that variables such as

temperature might have on processes of coal liquefaction and gasification.

Standard enthalpies of formation have been determined for xanthone, chromone,
benzonaphthofuran, anthrone and fluorenone by oxygen-bomb calorimetry. From
these limited data we have developed a predictive capability based on a group

additivity approach that is being used to estimate the enthalpy of formation

of compounds of interest. Since group-energy schemes r- applied to gaseous
molecules and all our enthalpy of combustion measurements were performed on

solid substances, it has been necessary t measure, or estimate, the ent'nalpies
of sublimation for the molecules of interest.

Because of its structural complexities, fluorenone has thus far

afforded the most rigorous test of our predictive capabilities. (Xur estimated
value of AH (g) for fluorenone agreed within 3 kJ with the experimentally

derived value based on measurements of AHf(s) an. enthalpy of sublimation.

Currently, studies are continuing on bnt: !:ran and Y-pyrone which
will improve our capability to handle strained-ring molecules and molecules
containing keto groups. In order to expand our data base of group-energy con-

tributions, calorimetric, measurements are planned on nitrogen- and sulfur-
containing molecules, as well as on compounds with phenyl-phenvl bonds.

2. Studies of Geothermal Materials

The thermodynamic properties of sulfide minerals are of interest in
the geothermal energy program because of the environmental and corrosion

problems associated with them. A program was initiated last vear to obtain
the thermodynamic properties of a number of such sulfides at room and higher

temperatures. The enthalpies of formation of As 4S4 (a) and As 2 S3 (orpiment),

18 R. Hayatsu, R. G. Scott, L. P. Moor, and M. H. Studier, Nature '-7, 378 (1975).



respectively. These values difteretd v about a actor ot two :roe the caiut-s

based on oxygen-bomb calorietry. 1 9 - 2 3  Because of the comnlexity o: the ccm-

bustion reaction in oxygen-bomb calotimet as contrasted with the simplicity

of the fluorine-bomb reaction. the fluorine-bomb values are considered to be

more reliable. Measurements of the high-temperature enthalpy functions.

(KT - H29 8 .15 ) up to 850 K, have also been complete- -- thesee materials.

These measurements extend about 300 K into the :iqu: -cion.

Studies on SbS 3 have been initiated because of the discordant

values reported for its enthalpv of format ion and lack of high-temperature

theruodynami c properties. A s mple of SbS 3 was synthesized and hih-
temperature enthalpy functions were determined to 1050 K. 4easurements

the enthalpy of formation by fluorine-bomb calorimetry are planned.

measurements of the enthalpies of hydration of zeolite minerals an:.

begun. These data are of interest in connection with the exploitation .-

"hot dry-rock" geothermal resources. Water is introduced through a drill

into the hot rock; the water circulates through natural and induced fract r-
to another drill hole where it is pumped to the surface and the heat textr c:"..
Commonly found in these sources are laver lattice minerals. ze lit e< ire -

spar glasses. which are characterized by open structures in whiicr1 acs ; -

tion and desorption of water readily occur. The under-standang At cM'.::-
that may limit the exploitation of these zeoth rual sources wud ' -- ' -

by the availability of enthalpv of hydration data.

In a collaborative phase of thi% effort. synthetic manera s are

being prepared by C. C. Herrick of L s Alaos Scientific Laboratorv. .e :-

having an approximate composition of Ki.i(AIl(.l(Si02)1.J-'l Hit. has been
received and will be used to devel-p calorimetric procedures. The mineral

chabazite, pnillipsite. and wordenite. which are characteristically o re:-c

"hot drv-rock" geothermal sources. will also be studied when prkcedure

are finalized.

, E." .ll" v i? HYdT+.* en Abi1r4rpt ii :a .a~i s+t n dl t:l "^ ".

Certain transition metal alloys. tv'ified rv LaNis, are capabit

incorporating large amounts of hydrogen into their structures- In tr" .z;-

series of hydrides, the replacement of lanthanum or nickel Sv a difter.t

metal can frequently ring .bout orders-of-sagnitude changes in the

E. V. Britzke. A. F. Kapustinskv. and L. B. Tschenzova. Z. Anori. A. ic.
Chem. 213. 58 (1913).

20. C. Mills, Thermodvnamic Data for lnorcanic Sulfides. Selenides and

Tellurides, Sut t erworths. London (1174).

2. W. Weller and K. K. Kelly, U.S. Bureau of 4ines RT 6t1 ic lQ.'; Nts Tech.

Note 27"-3 (1%681.

PF. B. Barton, Geochem. Cosmochin. Acta 33. 841 (1%9).
23K. Jellinek and J. Zakowski. Z. Anorg. Allg. Ches. 1-42. I t 1 ').



hydrogen decomposition pressure. There has been a growing interest in com-

pounds that can reversibly absorb and desorb hydrogen at moderate temperatures
and atmospheric pressure. These compounds have been considered for a variety

if energy applications, e.g., heat pumps, hydrogen storage, the lettering of
tritium in fusion reactor systems, and other uses connected with tht- role of
hydrogen in energy conservation programs.

In collaboration with Argonne's Chemistry Division personntl- who
lave been making vapor pressure measurements on hydride systems, a program

has been undertaken to measure directly, by calorimetry, the energies of
absorption and desorption of hydrogen by LaNi5 and LaNixAl( 5 -x) alloys.
For this study. a calorimetric system and associated gas-handling apparatus

were set up. Measurements were made of the energy released whin accurately
measured amounts of hydrogen were admitted to the calorimeter -eaction vessel

containing the alloy being studied. These measurements were carried out in the

region of limited solubility of hydrogen in the metallic a-phase, in the region

in which the saturated a-phase is in equilibrium with the separate hydride

(E-phase), and in the region where single-phase metallic hydride is in equi-

librium with hydrogen at rapidly increasing pressures. 1 obtained to date

indicate that the enthalpy of hydriding of LaNi 5 in tht s-: two-phase region
is -31.36 0.80 kJ (g atom-H)~1, which is in good agree-mn: * with vapor-
pressure measurements.

D. Environmental Chemistry

The goals of the environmental chemistry program include the determina-
tion of the chemical composition of the condensed material in the atmosphere

and its variation with time and location, development of techniques for sampling

and characterizing the emissions from advanced and emerging energy-production

systems, dett-rrination of the significant mechanisms for the formation of

primary (at the source) and _"condary (in the atmosphere) sulfates and nitrates,
and the determination of reaction rates and mechanisms -ssociated with the

production and control of atmospheric pollutants from coal combustion at their
source. To achieve these goals, we are developing sensitive instruments and

analytical techniques, participating in field programs for aerosol sarapling

and analysis, conducting laboratory experiments to investigate the formation

of primary and secondary sulfates and nitrates, and studying dolomite sulfa-

tion and regeneration using various analytical tools.

1. Development of Instruments and Analytical Techniques

Sensitive and accurate techniques are needed for the sampling and

physical and chemical characterization of the fine particles suspended in the

atmosphere. For sae time now, we have been developing the Fourier-transform

infrared analytical technique for the determination of nitrate, neutral and
acidic sulfate, 4umonium ions, and total hydrocarbons in samples of par-
ticles collected by an impactor or a filter. gore recently, we have initiated

the development of a technique for the analysis of samples for their content of
specific heavy organic compounds.
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particles were addressed this year. By working with carefully prepared stan-

dards, it was determined that, for some of the absorption bands the peak area

was a better measure of the quantity of the respective ion than the peak height,
at least as determined with our system using an 8 cm-1 resolution. Also, the

absorption band at 1400 cm- 1 for the ammonium ion was found to give different

Beer's law plots depending upon the associated anion: sulfate or nitrate.

These changes have been incorporated into the current version of the computer

program that analyzes the infrared spectra. Efforts are presently under way

to quantify the spectra of samples containing acidic sulfate. In this regard,

it was demonstrated that our freeze-drying technique for the analysis of

filter-collected samples changes the acidity of acidic as well as neutral

ammonium sulfate samples. This procedure is therefore not being used at

present.

We are currently developing an instrument that enables us to use

th. . nuated total internal reflection phenomenon for the infrared spectro-
scopi- analysis o: fine particles. Due to multiple internal reflections within

a single internal reflection element, with an attendant attenuation at each

reflection, such a device provides a highly sensitive analytical system. In
the prototype that we have built, a head-end centripeter removes particles

greater than I Wm in aerodynamic diameter from the air stream; two opposed

jets then deposit 0.3- to 1.0-ym particles on the two opposite faces of an
internal reflection element by impaction. A number of such elements are moved

past thu air jets at a controlled rate to provide time resolution. Atmospheric
sampling tests have shown that, using this device, the detectable limit

sulfate, nitrate, and ammonium ions is lowered by at least a factor of
This makes possible very short sampling times in relatively polluted ail,

as urban, industrial, or power-plant plumes.

We have also developed a sample-handling device that allows relativel-

rapid analysis of organic compounds in filter- or impactor-collected samples.
The sample is placed in a vaporizer and rapidly heated to the desired tempera-
ture. The organic compounds that are vaporized are carried by an inert gas

to an unheated capillary tube where they condense. The organic compounds are
thus greatly concentrated and can be analyzed by any of a number of analytical

techniques. A temperature-programmed vaporizer provides a means for an initial
separation of the organic compounds according to their volatility. This device

has been successfully used for direct on-column injection of the organic frac-

tion of the sample into a gas chromatograph;- the organic material condensed

in the capillary has also been successfully analyzed using thin-layer chromato-

graphy. In either case, the analysis is relatively rapid and sensitive enough

for many o. the organic compounds present in ambient samples.

2. Chemistry of Atmospheric Particulate Materials

Our efforts in this area may be divided into two broad categories.
One is the measurement of the chemical composition of the atmospheric fine
particles; and the other is an investigation into the mechanisms that are

effective in the formation of these chemical species.



We are present ly part ic i pat ing in a major f ield program, the
Mul t istate Atmospheric Power Production Pollution Studv (MAP3S). Samples of

nonurban aerosols are being collected at College Town, PA; Charlottesville, VA;

Rockport , IN; and Upton and Racquette Lake, NY. Fine part icl es in the size

range of 0.3- to 0.1-um aerodynamic diameter are analyzed by the infrared

spectroscopic technique for sulfate, ammonium, and nitrate ions and sul fate

aciditv. One of the results obtained so far is that the atmospheric aerosol

is essentially netitral at Rockport, IN, but highly acidic at Upton, NY. Aerosol

at College Town, PA, and Charlottesville, VA, is slightly lower in acidity than

thit at Upton, NY, but is considerably more acidic than the ae rosoIl at Rockport,
IN. (There is very little information from Racquette Lake, NY, since that

sampler has only recently started operat ing. ) Aerosol loadings in the 0.3 to

1.() pm size range were observed to be highest at Rockport, IN; lower at
College Town, PA, and Charlottesville, VA; and lowest at Upton, NY. Distinct,
and as vet unexpI a i ned , diurnal pat terns were observed fr t'w aerosol
loading and acidity at each of the sampling sites. Very low levels of

nitrate were found at all of the MAP3S sites.

Our observat ion that aerosol ac idi ty is considerably greater in the
Easterrn States than in the Midwest is in contrast to the fairly uniform acidity
of the prec i pitat ion (rain and snow) in much of the MAP3S regi on. We are

at tempt ing to see if tihe fine part ic le aerosol loading and ac di ty that we have

observed can be correl at (d with the prec i pi tat ion chemi stry and atmospheric
t tr (idity at th it , .

easiurument of the stable oxygen isotope ratio, 18O/lh6, in

atmospheric sulfates, stil fur dioxide, water vapor, and precipitation is being

used as a tool to distinguish between di fferent mechanisms of format ion of
sulfate. Previous work had indicated that sulfates dissolved in precipitat ion

are most 1 ikely formed by the oxi dat ion of sulfur dioxide in the aqueoul phase,

and that the sul fate in the fine part icle aerosol is also formed in a similar

fashion. These cone visions were based on the observat ions that three of the

four oxygen atoms of the sul fate ion dissolved in prec ipit at ion are apparently

contributed by the water Ot precipitat ion, and that the long-t erm average
oxygen isotope ratio in the aerosol sulfate is the same as that in sulfate

associated with precipitation.

However, the sulfate in precipitation is more enriched in 18( (61 0
greater by 6-10"/00) than that obtained by the laboratory oxidat ion of suil fur
dioxide in water of the same oxygen isotope as that of the precipitation.

Several mechanisms for SO, oxidat ion in the atmosphere have been pro-
posed by other workers. Using our oxygen isot ope rat o measurement techn i (Pie.

we are at tempting to determine which, if any, lead to an 1 8 0-enriched sull fato
product .

This phase o: the work has begun with an examinat ion of the effect
of carbon. It has been speculated that carbon plavs a significa.it role in the

atmospheric oxidat ion of sulfur dioxide. Experiments are being conducted in

the laborat ory using activated charcoal as a surrogate for atmospheric carbon.
While an I 'sit enrichment in product sul tate has not vet been conf irmed, the

results to date indicate that the mechanism of uil tate format ion on charcoal

(and the associated oxygen isotopy) is indeed very di ferent from that of
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su 1 ate rmedi i n aqieous s l t i a .

to investigate the isotopic effects of si
a variety of part icuIate mat trials r cart
atmos phere.

t l i, l

lfur di
a1V sti

Ip. ime ,

oxide conversion to sultat e on
I i k l' 1 r' t.:

3. Sulf ur Emissions Control Chemistrv

These studies are directed toward determi ning the kinetics and mech-
anisms of the reactions that are significant in the cvcylic use of SO 2 sorbents
in fossil ftic 1 combustion . Whereas previous work had been concentrated on the

react ions pertaining to the calcinat ion and sul fat ion of dolomite, and the
CaSO4 -CaS react ion for the regenerat ion of sulfated dolomi te, more recent lv
we have been invest igat ing the regenerat ion of s I fat ed dlolomi e bv rvduc t i on
wi th hydrogen according to the react ion:

[CaS> 4  + MgOl + 119

u[CaS + MgOj + v[CaO + Mgt) + w i.?S + x IF)() + y So. + z S

Preliminary work had indi at d that the react ion-product distribution,
i.e., relat ive magnitudes of the react ion coefficients u , v, w, etc., is
st rongly dependent on react ion temperature and hydrogen concent rat ion, indicat ing

that several compet ing reactions occur in this system. The react ion most favored
thermodvn amical ly is

[ CaS, 4 +>l + 4 IL [ CaS + Ig(l + 4 hA)

However, Cal) is tlt, more hs i rable product of the regenerat ion reaction, and it
i s there Iore o f interest to learn what factors promote or inh i bi t its format ion.

Varying t

reduc ing gas, aind v

m3/ii n showed that

r-latively greater

concentrat ions and
the early st ages of
CaS than Cao. CaO)
and low reducing-ga
rates art lowered.
the Cao is formed i

he hydrogen concentration H tweetn .1 and 6'", in He
trying the gas flow rate between 0.1 x 10- 3 and 5 x

in the

10-3
as the amount of available hydro gen was decreased,

amounts of Cao were produced. Even at the high hydrogen

gas flow rates, at 1223 K, more Cao than CaS is formed in
the reaction; the final product, however, contains mi re

is preferentially formed when low hydrogen concentrat ions

s flow rates are used, even though the overall reduction
Interest ingly, when hydrogen availability is low, much of

n the interiors of the particles; this is in contrast with
a shrinking-core behavior that is observed when hydrogen available ity is high.
Annealing tht silfated dolomite at high temperature tends to make CaO produc-
t ion more uni form throughout a part ic le when low hydrogen availab ii ty cond i-

tions are used. Such annt al ing increases the average port diameter within the

part icles, with the increased porosity be in' most pronounced at the exterior
surfaces ot the part i c t's. It was also observed that the presence of small

amounts of water vapor, <1' Hi, in the reducing gas has a small retarding

effect on the reciuct ion react Ion kiiet i cs but has a sign ficant effect on the

product distribution. As the water vapor concentration is inCrtased from 0.1
to i relatively greater amounts of Cat) are formed; with watt-r vapor concen-
t rat ion at 1" or higher, no CaS is observed in the final product. byv Compar ison
tf kinet ic data with the rate behavior predicted by the various reaction mech-

anisins, it way I ind that the dominant mechanisin changes, as a function of both



the ttmptrature and the reducing-gas composition, from a phase-boundary-
controlled (at 1ii gh teimp'rit Ures and hydrogen concentrations) to a nucleation-
controlled, and final l, to a di f fusion-control led (at low temperatures and
hydrogen concent rat ions) mnechan i sin.

The future di r t ion of Ln is research wi I I be to complete the h ighi-

temporat uir* st ruct oral studies of the CaS-CaSO 4 react ion, as wel I as the

stud i ('s on the reduce ion of sul fated dol omi te by hydrogen. The scope of this
genera l area of research wi I be expanded to inc I ide stud i es of Nox-dol omfi te

react ion inechan i sms.

. Ihvs ical Prop rt i es of Associat i ng Gases and Sal t Vapors

1. Assoc it ig, Gases

Lxperiment a l and theoret ical studies have continued on the prop-

ert ies of assoc i at ing gases that are proni sing candidates for heat trans fer

and power cycle working Flr ids. In these studies, analyses of -nhanced

theria; conductivities are used to determine the thermodynamic properties of
thie associated spec ies and ah init i mo m lecular orbit al calculations are used
to determine their structures.

A techn i ue has been deve loped for imeasur i ng the thermal conduct iv-
itv of a binary mixture of gases of known composition using a thick-hot -wire
cell.24 The measured pressure dependence of the thermal conduct ivitv of two
compositions of methanol-water mixtures is shown in Fig. X[-4. Analysis25 of
the results indicated the presence of a mcthanol-water diuer and trimer,
methanol tetramer,24 and water diner,26 with the Lri mer being composed of
two meth nol molecules and one water moi lecule. The enthalpY and entropy of
asso. nation of this trimer are given in T['able XI-2. thesee measurements are
:.nong the few ava i I able of thlr assoc i at ion properties of hi nary mixt ores in

the gas phase.

Table XL-2 also includes the results of analysis of the thermal
conduictivity data of tour other gases in which the di mer was found to be the

predominant associated species. Tri f luoroacet i c acid associates very strongly
causing a large enhancement in its thermal conductivity similar to that found
for acetic acid.27 Measurements on trifl ioroethanOIl-water mixtures, a commonly

used working fl uid , also indicate the presence of a 1 :1 mixed species, as well

as dimers of the two components.

TF. Renner, G. Kucera, and M. Blander, J. Chem. Phys. 66, 177 (1977).

25 J. N. Butler and R. S. brokaw, J. Chem. Phys. 26, 1636 (1957).

26
L. A. Curtiss, 1). J. Frcrip, and M. Blander, Chem. Phys. Lett. 54, 575 (1978).

D. J. Frurip, L. A. Curtiss, and M. Blander, unpublished results.
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Pyr id i ne dimer -5.14 (-21 .52) -22.9 (-95.8)

flexafluoropropanol dime r -4.88 (-20.43) -18.0 (-77.9)

'ntafluorohitanol dnimer -4.78 (-20.02) -17.5 (-73.3)
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Ab initio molecular orbital calculations have been carri-ed out on

the monomers and dimE-rs of acet is acid, tri fluoroacetic acid (TFA), and pyridine.

The acet icy rid and TFA dimers are quite simi tar in geometry. Both form two

parallel hydrogen bonds,(C0... 1-0, in a cyclic array in consonance with elec-
tron di f fra;ct ion resul ts. Th equi librium pyridine structure contains a linear

C-H...N hydrogen bond involving the proton pra to th nitrogen. The moIe(cu1ar

}Ian ;; of tIhe monoine rs in the ei ilib rium structure are perpendicular.

WE pl an t herma conduct i v it y exper i ment s on ot ie r mi xed s vs tems that

have possibi 1 it i es as working flui(Is. These include acetic a cid-water and

TFA-water. The tin'rmal conduct iviLy technique pr()vides a novel way to deter-

nine, unambiguously, the nat urn and therlodynami c properties of mixed associated

s pec' i es.

Soum of the subsLances stud i ed such

f 1 uoroac( t ic ;c i d show promi s, as const
WE pl1,n to phasi' out the ('xpErimental

t1 calcu lat ions th at would indicate thi -
in power( cycle s.

as tri fIuoroethanoI , pyridi.ne,
i t u(nt s of advanced working

part of the program, cont inuing
potent i al u isofu noss of such

?. Sal t Vapors

Our program (u ou the thenrmnodynani

vapors is aim('( at (IEv('l op ing fundamental

tle studv of cIass's of ionic vapors that
i n t ech no I ogy.

c and physical property i(s of
tI(ori es of such systems as
have potent ial uses or arn'

a. i mens ionaI Analvsis of Part it ion Fonct ions for Ionic Vapor
Mol eculIns

We have eva l iat(ed the rel at ive values of the free energy func-
t ions, (( - iqj)/kT, and tie entropies, S11', for ionic substances from a

dimensional analysis28 of the configurational integral using a model pair
poLent ial . The results permit one to minimi zo the amount- of spectroscopic data
and s imply i fy the proc 'dur(.' used for canl2ulat ing tl' 'se two thermodynamic proper-

t il(s. For the case where the elect ronic partition funct ion, q(~, is separable,
we obLtain:

l'f (') + Ln (d3(a+x-l ) (m+ mx)3/2q(,

= (T) + In Idi(a+x-1)(m+ mn) 3 / 2 ,1 1 (4)

where r (T) and a (T) are universal
a and x are the stoichiometric coo

and m_ are ionic masses. The subs

functions, d i s the cat ion-anion separat ion,
fficients of the atoms in the salt, and m+
tances tested and found to be

28 J
M. Blander, J. Chom. Phys. 41, 170 (1964).

and t ri

fluids.
only wi

f-luii(s

1on c

well as
important

and

(3)
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adequately represented by the model
dihalides, and even gaseous diatomic

with relative accuracy, the unknown

of substances from the known propert

include the alkali hal ides, alkaline earth

ions. This theory allows one to calculate,

thermodynami c prop rt i e s off a 4 a roe numhe r

(-s of a few.

b. Ab Initio Molecular Orbital Calculations of High-Temperatuire,
Metal-Halide Complexes

An initio molecular orbital theory has been very useful in pro-

viding information on the structures, one rgies, and bonding for many di fferent

types of molecules. During the past year we have undertaken a study of the use

of ab initio molecular orbital theory as an aid in the characterization of

complexes present in high-temperature salt vapors . 'he species cn (sidered

include the aluminum hal ide dimers, Ai 2F 6 and Al2)(16; the complexes between

an alm i num halide molecule and auimmonia, AlF3i-Nil3 and Al Cl3-NH3 ; and complexes

between 1 i thium fluoride and aluminum t ri fluoride.

The most stable structures of several of these complexes are

illustrated in Fig. XJ-5. The geometries obtained are in good agreement with

those determined by electron di ffract ion studies. There has been some disagree-

ment experimentally as to the structure of viAl F 4 . Using an extended basis
set , a structure with two fluorines in the bridge (Fig. XI-5b) is predicted

to he most stal)le, in agreement with the most recent experimental studies.

'T'he

or bi ta l t heorv can

complexes not studio

of salt vapors.

results so far

provide useful

ed experimental

have indicated that ab initio molecular
structural information on metal-hal

Iv and can complement experimental steadies

CI
CL C

C l A lC

(a)

F

FAl
AC

C 

r ,

F

F Li

F

(b)

CI

Al

Cl

:H H

N

H

(c)

Fig. XI-5. The Predicted Most Stable Structures

LiAlF 4 , and Al Cl3-NH 3 Using ab init io
Molecular Orbital Theory

for Al2( 16,



Our aims ar1 to 1irt her develop our throret Ical. statistical
mechIanica I and IJI;Intlim In, :uIni( aII c'lcI iiat ions to mwake them useful tools in
Ih ighl-t('m1pr'rat ur cIulmi str . 1 pl lan Lt ud i (s of more mol(Icul es using mol secular
orbit aI c aIculaLions annd a rr (rv Iop iig teechniqlues for making P-V-I, vapor
dnsit y, and tl h-rilnI conduct i vi Ly mreasui rr'e nt s of ionic vapors.

C. Sp ctrroscoj)ic Stood i(s of If igh-Temperature Mol ten-Salt Vapors
and Va pvor CompI x s

TlIe f rIna t i on (rF st;ail ga e rou s voipl xr b -t w("in ma nv mir'l t aLI
hal id( and "a fidi gasr s' " s Ot ( , A 2 X6; A = Al, In, Fe....., X = halidir')
Iradis to a potr'nt iII ly Isrf rI rthod for the volati lization of involatile hal ides.
our studies arrf( dirrcLrd to I' preparat- ion of a variety of vapor complexes and
Lh (' ft d t rmin;It ij (n of tII' i r st ru t uiral and Lh'rmodyn'rmi c property ies.

We hav' part ialy I V updfa to and rrdr'signed the Iaser-Raman system

four h igh-trIumperratuir' mra 0,; nt s of vapors and vapor complexes.

'ih' f ro rma t i1 (f vapor romp l 'xr s be twren transition metal
chIoridr's MCI) (1 = F-, (,, Ni, Cl, /.n) and indiu m(II ) chIoridr has been
i nvu st igat d . Simple 1 t uo-f nrna'e rxprr imr'nt s show('d th(, ex i stence of these
complex es . Kamonan sprcLtrosoupic stuidir s for a;I I tlse systems were conducted.
At rleva~ted t emprILuirr , Lhw vapor Imi xL iIr' formed contains vapors of MCI'),
which, in most c;asr's, vi' Id r'sonanC' Raum;In and/or strong f Iuior(iscrine' spectra.
It was thus necr'ssarv t o invusL igatr LIr spr'ct ra of the MCI 2 vapors to di s-
t i 1;Ii sh th( i r v i rat iona I f rr 'qu rnc i r's from t hos' of the vapor cornl) ex . Of
al 1 systems studio rd , on I y t hou' Cu-In-Cl systumr gave r tsr' to resonance Raman
signals clharactr'rist is of tL' CuInCI3 molecule. Fxamples of the spectra are
prr'sentrd in F ig. XI-6.

Li.

C>_0 ar ... rur+rc

KXX s "Irk aK 2.

PAMNJ ZHIF T, r

Fig. XI-6. Polarized Raman Spectra of the Cu-In-Cl Vapors. [Observed

bands are attributed to InCl3 (g) and CuInC1 5(g).

29
G. N. Papatheodorou and G. H. Kucera, Inorg. Chem. 16, 1006 (1977) and
references therein.

30 If. Schafer, Angew. Chem., Int. Ed. 15, 713 (1976).
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Spectra obtained with the Zn-In-Cl system consisted of a super-
position of the indium chloride fundamentals and the symmetric str Lch of tihe

MCi 2 triatomic molecule. At temperatures above 700% , the Co-In-Cl and
Ni-In-Cl spectra were dominated by the fluorescence spectra of CoC 1 and

NiC1 2 , respectively. At lower temperatures, where the MC(_2 pressures were

low, only the characteristic indium chl oride frequenc i es were observed.

New methods have been dhevi sed and used for the preparation of
anhydrous chemi cals by simultaneous chlorination and vapor transport of the
oxides wi th acidic gases, e.g.,

610O2(s) + 4 Al2Cl6(V) + 3C1V fUC15( ) + 4A1 203(s)

Alg (vapor transport)

Raman spectra of U2 ;1 vapors and of the vapor complex31
1AlC18 have al sO been mea tir,'(i . Resonance e';ilnh iinment of the Raman intensities

of the V-Clt stretching mode has been observed. i'irtherm re, measurements

of Raman band intensities rising variable laser pmw'r (Fig. X1-7) have shown

that with increasing power the spectroscopic temperature increases and the
PAl Cl 8 vapor comply x partial lv dissociates:

2!AlCl 8 (g) - P 2YCl1 0 (g) + 2AlCl 3 (g)

We are present lv involved in similar spect roscopic studies us ing

transition metal halides with Al2C2 I6 and Fe2CI 6  gases as carriers. Such

volatile itv enhancement holds promise for use in chemical separations, crystal
growth, and the construction of high-efficience lamps 3 2 and high-power lasers.33

Furthermore, knowledge of vapor complexes is important to the understanding of
new industrial processes aimed at energy conservation. Examples are the uses

of Al 2 C16 in the alimi-num industry and of Fe 2 C1 6 for the extraction of

nickel chloride in the nickel industry.

In the fut ire, emphasis will be given to the TiCl x, Ni Cl 2 ,
and CuCl 2 complexes with Fe2C 6 as the carrier gas. The uses of vapor

complexes for preparing graphite intercalates of paramagneti-c transition

metal halides are to be studied.

31
D. M. Gruen and R. L. McBeth, Inorg. Chem. 8, 2625 (1.967).

32 Proceedings of the Symposiim oti Iiigh--Tmperature Metal Halide Chemistry,
D. L. Hildenbrand and 1). C. Cubicciotti, Eds., Electrochem. Soc., Inc.,
pp. 95-105 (Dec. 22, 1978).

3 3 Laser Program Annual Report, Lawrence Livermore Laboratory Report, UCLR
50021-75 (March 1976).
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PAMAN HJ_1F 1 (rM I )

Fig. XI-7. Effect of the Intensity of thec

Excitation Line on the Raman

Spectra of UA1C1g Vapors

F. 'lectrochemistry

1 . EMF Studies of Sul fide Solubil itiles in Molt en Sal t Systems

The solubi. ties of lithium sulfide and solubility products of lead
sulfide in the LiCl-KC1 and Li.CI-LiF eutectic compositions have been measured

by an electrochemical titration method in o temperature range of 673 to 823 K
using a cell represented schematically as

Ag/AgC in eutectic//eutectic + PbC 2 + Li2S/Pb

At 823 K, the solubility of Li2S in the LiC-LiF eutectic was much larger than
in the LiCl-KCn eutectic (in nole fraction units, 2. x 10-2 compared with
3.5 x 10-3). The measured solubility product of PbS in the LiCl-KC1 eutectic
is 1.0 x 10-10 and in the LiCl-LiF eutectic, 6.8 x 10-11 at 823 K. A priori

calculation of the solubility product of PbS in the LiCl-KC1 eutectic leads to
a value that agrees with the measurements well within the uncertainties in the.
calculated value. A theoretical analysis was made of the differences between

the two solvents utilizing theories of molten salt solutions developed at

this laboratory. This analysis indicates that the calculated activity coeffi-
cient of Li 2 S is higher and that of PbCl 2 is lower in the LiCl-KC1 eutectic
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than in the LiCI-LiF eutectic. The first factor explains the higher solubility
of Li 2 S in the LiCl-LiF eutectic and the cancellation of these two factors

leads to solubility products of PbS in the two mixtures that differ little.

2. Studies of Electrocatalysis

These investigations are designed to elucidate the action of certain
substances in catalyzing the electrochemical reduction of simple molecules.

Initial studies deal with the 1'inetics and mechanism of electroreduction of

oxygen on carbon-support«"d iron phthalocyanine electrodes. These electrodes
are known to catalyze oxvg'n riidnct ion, but the mechanisms of the reduction

reaction and of electrode dact 1vat Ion are poorly understood. Spectroscopic

and electrochemical techniques are he ing employed to determine the role of
surface interactions and interfacial structure on the kinetic behavior of the
oxygen-phthalocyanine-carbon electrode system and ultimately on the mechanisms.

Initial work has concentrated on the electrode substrate. We have
shown that, at vitreous carbon rotating disk (with ring) electrodes in 6N 112 SO4
solut i on, oxygen reduc t ion proceeds vi a the produce t i on of hydrogen peroxide as
intermed i ate, i .e.

02 211+ + 2e- = i202 E = 0.682 V vs. SHE (5)

11202 + 211+ + 2e~ = 21120 E = 1.77 V (6)

Moreover, the reduction of hydrogen peroxide appears to be kineticallv hindered
by a slow charge-transfer step. Deposition of iron(II) phthalocvanine (FePc)
on a vitreous carbon support was accomplished and the anticipated catalytic

effect on oxygen reduction was observed. Mossbauer spectroscopy studies of
adsorption of FePc on carbon showed a strong interaction of the iron with the

carbon support leading to partial oxidation of the iron. Oxygen-containing
functional groups on the carbon surface are believed to be responsible for this

oxidation. It was also found that clar-.ical procedures for preparing FePc-

on-carbon electrodes, e.g., precipitat,n from a concentrated H 2?04 solution
and the use of a pyridine solution, invariably result in a change in electronic

structure around the centra' iron atom. The results obtained so far, which are

preliminary, give us confidence that our approach may lead to a better under-
standing of a process that is important in fuel cells, metal-air batteries,
and human metabolism.

Future work will involve characterization of the iron-oxygen inter-

acti.on by surface chemical techniques (e.g., ESCAt) and "in-situ" Messbauer and

optical (e.g., UV, visible, and Raman) spectroscopy. Differential capacitance

measurements will be undertaken to obtain information on double-layer structure.

In addition, measurements of rate constants will be made in acid and neutral

solutions, which we hope to correlate with interfacial structure and surface
interaction of the catalyst.

*Standard hydrogen electrode.

tElectron spectroscopy for chemical analysis.
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B. D. Ito lt , R. Kumar, and A. (. Engelkemeir
Intel terence By Isotopic Exchange in the Determi nat ion of Oxvgen-18

in Atmospheric Sult r Dioxide

Preent ed at tihe Th irO Int ernat ional Conf . on Stable Isotopes,
Oakhrook, 11. , May 23-26, 1978

B. I). Halt , M. Bouchard, P. T. Ciiningham, A. Engelkemoir, F. Nielsen,

S. Johnson, a;d R. Kumar
Simt It ineotus I 8o Var iat ions in Atmospheric Sul t at es, Sul fur
Dioxide, and Water Vapor at St. Louis, Mo., Auburn, 111., and Glasgow

111., July 1975
Presented at 58th Annual Meet ing with the Eighth Conf. on
Weathercast ing (Radio and TV) of the Aim rican M.teorological
Soc. , Sav.miith , GA, January 29-February 2, 1978
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B. D. Holt
180 Studies of Atmospheric Sulfate Formation

Presented at Chemistry Department Seminar, C:almers University
of Technology, Gothenburg, Sweden, March 30, 1978

L. J. Jardine and M. J. Steindler
Some Thermal Analysis Aspects of Metal Encapsulated Waste

Presented at Am. Nucl. Soc. Meeting, Savannah, GA, March 19-23,
1978

L. J. Jardine and M. J. Steindier
A Perspect ive of Met ii ncapsulat inn of Waste

Presented at Mat.r i al s Research Soc. Meeting, Boston, MA,
November 29-December 1, 1978

C. E. Johnson and D. C. Fee

Cesilim Chmi stry and Behavior in GCFR Mixed-Oxide Fuel Pins
Presented at Informat ion Meet ing )n Fast Breeder Reactor Fuel
Element Development, Rich land, WA, iav 2-4, 1978

C. E. Johnson
Sur face Analysis in Energy Research

Presented at 22nd Conf. on Analyt ical Chemistry in Energy
Technology, Oak Ridge National Laboratory, October 10-12, 1978

C. E. Johnson
SIMS Studies of Surface Effects of Materials Related to Fission
and Fusion Reactors

Pre-ent ed at U.S.-Japan Seminar on Secondary Ion Mass Spectro-
met rv. Takarazuka, Japan, October 23-27. 1978

G. K. Johnson and C. F. Johnson
The Thermodynamic Propert ies of Real 'ar

Presented at 144th National AAAS Meeting, Washington, DC,
February 12-17, 1978

G. K. Johnson and C. H. P. Cordfunke
Enthalpies of Formation of Some U'ranium it rides by Fluori.m Bn!
Calorimetry

Presented at d ird Annual Calor imet rv Conf. , Pt ah St it..
University, locan, UT, July 25-29, 1978

1. Johnson, J. Shearer, R. Snyder, and G. J. Vogel

Factors Limiting Limestone Pt ilizat ion Efficiencv In Fluidized-Bied
Comhustors

Presented at I nt ersoc i et V Energy Convers ion Engineering Contf.
San Diego, CA, August 20-2'), 1978
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I. Johnson

Fluidized-Bed Combust ion--Enhancement of SO 2 Emission Control

by the Use of Salt:

Presented at Snlt Institute Meeting, Chicago, IL,
October 26, 1978

I. Johnson, K. f. Snyder, W. 1. Swift, S. H. 1). G',, G. W. Smith, and

A. A. Jonke
Flue Gas Clean i.n for Pressurized Fluidized-Bed Combustors

Presented at USDOE Environmental Control Symp., Washington, DC,
November 28-30, 1978

S. A. Johnson, R. Kumar, and P. T. C>.ni ngh am
Measurirg Sulfate Aciditv

Presented at M ilt i-stat'' Atmospheric Power Production Pollution

Study (MAP3S) Review Meet ing, Brookhaven Nat ional Laboratory,
Upton, NY, February 13- 6, 1978

T. R. Johinson, K. II. Im, I.. S. fl. Chow, 1). F. Blackburn, and R. Singh

MID Downstream Gas Management

Presented at Fourth US/USSR Col loluium on M11D Power Generat ion,

Washington, D.C., October, 1978

A. A. Jo iki'
Des i gn Al t ernat ives for Improved Sor )ent Ut ilizat ion (SO), Removal )

Presented at Atmospher i c Fl ui di zed-Bed Combust ion Workshop,
El ct ric Power Research Inst itute, Palo Alto, CA, August 25-26,
1977

A. A . Jonke

Status and Future Promise of Fluidized-'ied Coal Combust

Presented at Miami Internat ional Conf. on Alternat
Sources, Miami , FL, Decetmbtr 5-7, 1977

ion

ive Energy

A. A. Jonke

Cl ean Elect r ic Power by Fl id i zed-Bed Cormbust ion of Coil

Presented at 70th Annual AIChE Meet ing, New York, NY,
November 13-17, 1977

R. Keller

l'nergv Conservat ion in in Opt imi zed Elect riechemical Pr
Presented at I nt . Soc. of El ec t rochem . 29th Meeti

Hungarv, August 2 8 -September 2, 1978

oc'ess
ng, Budapest,

R. Keller
Predict ing the Energy Consumpt ion of a New E lent rochemical Process

Presented atL Klectrochem. Soc . Meet ing, Pitt sburgh, PA,
October 15-20, 1978
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K. Kim and C. E. Johnson
Thermochemistry of Coal Components. Benzonaphthofuran and Chromone

Presented at 33rd Annual Calorimetry Conf., Utah State
University, Logan, UT, July 25-29, 1978

K. Kim, G. K. Johnson, and C. C. Johnson
Thermochemi strv and St rtict ores of Rare Earth Sesquiox ides, Tri-
chlorides, and Tri fluorides

Presented at 33rd Annual Calorimetry Conf., Utah State
University, Logan, UT, July 25-29, 1978

K. Kinoshita

Elect rocatalyst-Sipport Interact ions
Presented at Workshop on the Electrocatalysis of Fuel Cell
Reactions, DOE, Brookhaven National Laboratory, May 15-16, 1978

K. Kinoshit.a

El ect rolvte Structures for Molten Carbonate Fuel Cells
Presented at DOE/EPRI Workshop on MoIlten Carbonate Fuel Cells,
Oak Ridge National Laboratory, Oak Ridge, TN, October 30-
November 2, 1978

M. A. Kirk and L. R. Greenwood
Determinat inn of the Neutron Flux and Spectrum in the Low-Temperature
Fast-Net ron Fac i l i t v i n CP-5

Presented at Int . Conf. on Neutron Transmutation Doping,
University of Missouri, Columbia, MO., April 23-26, 1978

J. 11. Kittel and J. K. Bates
Recvc le Techiioiogy for Thorium Metal Fuels

Presented at Am. Nuc l. Soc. Meet ing, San Diego, CA,
1978

V. M. Kolba
The Development of High Energy Litlhium-Metal Sul

Improved Electric Vehicle Performance
Presented at ASME Meet ing, Fox Val lov Sect i

June 1,)-2 3,

f ide Batt cir ies I or-

on, December 6, 1978

R. A. Leonard, G. J. Bernstein, A. A. Ziegler, R. H. Pelto, and
M. J. Steindler

Laror,.torv Cent r i fugal Contac t or for Rapid Liquid-Li quid
Extract ion

Present ed at Am. Chem. Soc . Nat ;ona I Meet i ng , Miami Beach, FL,
September 10-15, 1978

V. A. Maroni, T. A. Renner, 1). 1. Raue, and E. If. Van Devnt r

Effects of Surface Environment and Bulk Composit ion on the Permeat ion

of Hydrogen Isotopes Through Iron- and Nickel--Base Al lovs
Presented at AIME Annual Meet ing, Denver, CO, February 26-
March 2, 1978
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V. A. Maroni

Control of Tritium Permeation Through Fusion Reactor Structural
Materials

Presented at DOE Environmental Control Symp., Washington, DC,
November 28-30, 1978

B. Misra,
FeDs

Dist

C. C. McPheeters, and R. D. Wolson

ibilit, of Decontamination of LMFBR Coolant by Low Pressure

iIlarion
Presented at Am. NucI. Soc. Meeting, San Diego, CA, June 1978

K. M. Myles
The Role and Status of Pyrochemical Nuclear Fuel Technology

Presented at American Society of Metals Meeting, Savannah

Rivei Chapter, September 21, 1978

P. A. Nelson, . J. Walsh , and A. A. Ch i lenskas

Battery Requirements for Electric >hicles

Presented at Eject rochem. S.t. Meeting, Pittsburgh, PA,
October 15-20, 1978

P. A. Nelson

Ene rgv Pro jecrs i
Presented at
Electrochem.

n ReIation to Fuel Cells and Batteries
First Seminar on Energy and Battery
Soc. of Japan, Osaka, October 31-November 2,

P. A. Nelson
U.S. Projects on Electric Vehicl

Pri rented at First Seminar
F'ct r'ochrm. Soc. of Japan,

N. Otto
Fai

es and Other l'nergy Related
on Energy and Battery

lkka l/t '1 'ii N'JVt'mb1)t'

1978

Projects

2, i97n

lure Analysis of Two LiAI/LiCI-KCI/FeS?-CoS2 Electrolyte Cells

Presented at l ih Annual Internat inaIl Met il lograph ic Soc iety
Convention, Montreal, Canada, July 16-19, 1978

G. N. Papatheodorou

Structural and Thermodynamic Studies oI Salt Vapor.,

Present ed at Euchem. Con f . on Molt en Salts, Lvsek i i , Sweden,
June 18-23, 1978

G. N. Papatheodorou and T. 'dh-tvol d
Thermodynamics of Yttrium-Alkali-Chloride Mixtures

Presented at Emuchem. Conf. on Molten Salts, Lysekil, Sweden,
Junt 18-23, 1978

G. N. Papatheodorou
Laser-Induced Decomposit ion of Vanor Complexes

Presented at Gordon R:'search Conf. , Wol sboro, N1l, August 7-1 1,
1978
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G. N. Papatheodorou
Resonance Raman Spectra of Metal Halide Vapor Complexes

Presented at Tenth Materials Research Symp. on Characterization
of High Temperature Vapors and Gases, National Bureau of
Standards, Gaithersburg, MD, September 18-22, 1978

G. N. Papatheodorou
Lecture series on Spectroscopy and Spectrophotometry of Vapors

Presented at Chemistry Dept. of Technical Un tv . of Denmark,
Lyngby, Denmark, November-December 1978

A. D. Pelton, P. L. Lin, P. Cerisier, and M. L. Saboungi
Phase Diagrams of the Li F--Al F 3 , NaF-AI F"3 and Li 3 A1 F 6 -Na 3 A1 KF
Systems: Survey and Computat ions

Presented at Electrochem. Soc. 154th Meeting, Satt l , NA,

May 21-26, 1978

R. D. Prrce
Fuel Cell Systems

Presented at Workshop on Hydrocarbon Processing - I:ing and
Scale-up Prohlems, Washing ton, DC , December 13-1 , 978

5. K. Preto, Z. Tonczuk, A. E. Mart i n, and 1M. F. Roche

React ions in FeS 2 Electrodes Operated in lolten L1CI-KCl Elecrolyte

Presented at Electrochem. Soc. Meeting, Pittshursh, PA,
(Ytober 15-20, 1978

S. K. Preto, S. von Wi nbush , and M. F. Roche

Electrochemical Reversibi1itv of FeS2 , CoS , and NiS2 in Molten

Presented at lectrochem. Soc. Meet ing, Pittsburgh, PA,
October 15-20, 1978

P. L. Rawl ings and W. N. Hubbard
re Enthalpy of Hydrid i ng of LaNi r

Presented at 33rd Annual Calorimet ry Conf. , lt Ih State
University, Logan , UT, July 25-29, 1978

G. T. Reedy, S. Bourne, and P. T. Cunni ngham

Infrared Analysis of Gas Chromatographically Separated, M Ntrix-
Isolated Compounds

Presented at P itt sburgh Conference, Anal yt. i cal Chemi sti r c' and

Applied Spectroscopv Societies, Cleveland, OH, February 28, 1Q7S

G. 1'. Reedy, S. Bourne, and P. T. Cuningham

Mat rix-lsolat i on Infrart'd Spect roscopy of Gas (hromat ograph i tl1 lv
Separated Compounds

Presented at the A1m. (hem. Soc. Joint Cent ral-Great L ke

Reg onal Meeting, Indi :napol i s, IN, Mav '24-h, 1978



A. Reis, Jr., C. Willi, S. SiE " l, and B. Tani
The Structure of Di-L - 'to-Bis (Norbornadiene) Dirhodium(I):

A Catalyst for the Re. . of Quadricyclane to Norbornadiene

Presented at ACS :.,at .nal Meeting, Miami Beach, FL, Septemb.-r
1978

i Sahoungi

Solubilitv of FeS in Molten LiCI-KCl Eutectic
Presented at Institute .f Inorganic Chemistry, Norwegian
Inst ituts- of Techn.ilogy, June 15, 1978

L.. Saboungi, A. D. Pelton, P. L. Lin, and P. Cerisier

Analyses of the Thermodynamic Properties of Binary an, Ternary
Solutions Containing AIF 3

Presented at Seventh Euchem. Conf. on Molten :. . Lysekil,
Swet-dn, June 18-23, 1978

M. L. Saboungi, J. J. Marr, and M. Blander
Measurements of the Solubility of Sulphides in Molten Salts

Presented at Seventh Euchem. Conf. on Molten Salts, Lysekil,
Sweden, June 18-23, 1978

W. W. Schertz

Material Constraints on Evacuated Tube Concentrating Collect(,rs

Presented at Arizona State University Materials for Solar Energy
Conversion Symp., Tuscon, AZ, January 1978

W. W. Schertz

Concentrating ana Evacuated Tube Insulated Collectors
Presented at SEIA National Solar Heating and Cooling Workshop,
February 4-8, 1978

H. Shirriotake

High Temperature Batteries
Presented at the First Seminar on Energy and Battery,
Electrochem. Soc. of Japan, Osaka, Japan
October 31-November 2, 1978

A. B. Smith, D. L. Smith, L. R. Greenwood, and R. R. Heinrich
Nuclear Data for High-Energy Neutron-Damage Sources

Presented at Northern European and American Da a Committee
Meeting, Oak Ridge National Labratorv, April 3-7, 1978

R. K. Steunenherg
Lithium Batteries

Presented at Am. Chem. Soc. Meet ing, Hunt Valley, MD, April 5-7,
1978



R. K. Steunenberg

Molten Salt Batteries
Presented at ;m. Chem. Soc. Meeting, Miami Beach, FL,
September 10-15, 1978

A. L. Taboas, R. N. Singh, and T. R. Johnson
Plasma Duct for Instrumentation, Materials, and Process Analysis

Presented at ANL-DOE-ISA Symp. on Instrumentation and Control

for Fossil Demonstration Plants, San Francisco, CA, June, 1978

M. Tetenbaum and H. .. Flotow
The Heat Capacity and Thtrmodvnamic Properties of 4 2 Pu203 from
8 to 350 K. Evaluation of the Magnetic Entropy

Presented at 33rd Annual Calorimetry Conf., Logan, UT,
July 25-29, 1978

M. Tetenbaum and R. J. Ackermann

High Temperature Vaporization Behavior of Oxygen-Deficient Thoria
Presented at Ienth Gordon Research Conf. on High-Temperature
Chemistry, Wolfsboro, NH, August 7-11, 1978

M. Tetenbaum and R. J. Ackermann
Theraaodvnamic Properties of Oxygen-Deficient Thoria

Presented at ASME-AIMS Fall Meeting, St. Louis, MO, October 15-19,
1978

M. Tetenbaum and C. E. Iohnon
Low-Temperature Ox. potential Measurements Pbove Hypostoichio-
met r i c U-Pu-() Comp. .. n s

Presents ! at Ar;. kram. Soc., San Diego, CA, October 25-28, 1978

L. E. Trevorrow
The Back End of the Nuclear Fuel Cycle

Presented at Argonne Conf. on the Energy Dilemma and the Environ-

ment, AV'A-ANL Biology Symposium, April 19, 1978

L. E. Irevorrow and M. J. Steindler
Cont rml of Environmental Impact of Low-Level Aqueous Fuel
Reprocessing Wastes by Deep-Well Disposal

Presented at 7 1st Annual AIChE Meeting, Miami, FL, November 12-16,
1978

E. H. Van De-.. , . : ,rid V. A. Maroni
Hydrogen Permeation Characteristics of 316-SS, 321-SS. and

Inconel-625

Presented at Am. Nucl. Soc. Meeting, San Diego, CA,
June 18-23, 1978



R. Varma
St ihint' and Arsine Generat ion from Lead-Acid BattrFries

Presented at VAR'IA Research and Development Center, VARTA

Batterie AG, Keklheim/TS, We'St Germany, June 23, 1978

G. J. Vogel, J. Montagna, W. Swi!t, and A. A. Jonk -
Experiences in Regenerat ing Sulfated Limestons from Fluidized-Bed
Combust ion

Presented at Engineering Foundation Conf. on Fluidization,
Cambridge, England, April 1-6, 1978

S. Vogler
Current Stattus of the Pyrochemical and Dry Processing Methods
Program at ANL

Presented at Fuels Refabr i cat ion and Dve' opment Program
Review, Bat tel le Seattle Research Center,
September 1 3-15, 1978

J. R. Weston, W. F. Calaway, K. M. Yonco, E. Veleckis, and V. A. Maroni
Experimental Studies of Processing Conditions for Liquid Lithium
and Solid Lithium Allov Fusion Blankets

Pr,,ented at Am. Nucl. Soc. Third Topical Mt.t ing on the
T hnology of Cont roll ed Nuc lear Fus ion, Sant a Fe , NM,
May 9-11, 1978

Y. Yamazaki and N. P. Yao
Measurement of Current Di st r i but ion in a Ptr-'! Zinc Fl, t rde
I's ing Photoengraved Elect rode-Stacks

Presented at Elect rochem. Soc. 153rd M. .g, S. ' i e , WA,
May 21-26, 1978

N. P. Yao
Advanced Secondary batteries for Electric Vehicle Propulsion

Presented at 1978 Advanced Transit Assoc. Internat ional Conf.,
Washington, DC, April 25-28, 1978

J. E. Young, S. H t. Y. Wong, and J. Fischer
Reaction Characteristics for Steam Gasitication of Pittsburgh Seam
Coal Under Simulated In Si tu Condit ions

Presented at 4th Annual I'nderground Conversion Symp. , Steamboat
Springs, CO, July 17-2,), 1978

J. E. Young and .1. Fischer
React ion Characterist ics During In Situ Gasi t ic at ion of Western
Subbituminous Coals

Presented at Am. Chem. Soc. 17hth National Meeting, Miami, FL,
September 10-15, 1978



J. E. Young, J. Fischer, n S. H. Y. Wong
Laboratory Studies -isification Kinetics for Western Coals Under

Conditions Expected During In Situ Conversion
Presented at 53rd Annual Technical Conf. and Exhibition of the

Society f Petroleum Engineers of AIME, Houston, TX,
October 1-4, 1978

J. E. Young

Current Fuel Cell Fuels Pr
Presented at Workshop
Problems, Washington,

ocessing R&D

on Hydrocarbon Mixing and Scale-up
DC, December 1 3-15, 1978


