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Fuel for the Atomic Age 

(General Summary) 
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Section I 

FUEL FOR THE ATOMIC AGE 

An Introduction to the History 

of Mallinckrodt Chemical Works' Uranium Production 

and Development Activities 

for the Unite.d States Government 

11 The story of the supply of uranium 
is by itself a thrilling one, and 
the production of enough pure metallic 
uranium to do our task in time was a 
technological and industrial miracle. 11 

---- Arthur Holly Compton* 

* Arthur Holly Compton, Atomic Quest (New York: Oxford University 
Press, 1956), p. 90, 
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On December 2, 1942, in tr.e early days of World War II~ 
the atomic age was born: the first self-sustaining, nuclear 
chain reactioa. was achieved in what had been a sauash court u::d:~ 
the West Stands of Stagg Field at t~e Un~7ersity-of Chicag~. o~ 
that day, ". • • man firs't l!.bera'ted and controlled the power 
within the atom. This event was knew~ cr.ly to a few. To these 
few it was a turning pc int in history, the birth of e. new era."* 

The histcr!c and dramatic accomnlishment or. that cold~ 
winter Wednesday in Chicago was the successful result of the 
coxr.bined wcrk, talents, and skills c~ scier.'tists., ··engineers, 
technicians, a.~d others working on re:ated~ super-secre't proje~~s· 
1~ various parts of the nation. 

One of the mcst L~pcrta.~t ~arts of the hush-hush 
scienti~ic-i~dustrial ccm~lex was 't~e urar:~um project at the 
Mallir.ckrcd~ Che~ical Wcrks p:a.~~ i~ St. Lcuis, Misso~ri. Its 
wcrk was a v:.~al l~~k i~ t~e cha:::.:~ act:.vities wh~ch lee tc ~~e 
t~r~h: a~d sucseque~~ deve:cp~en~ a::d advaz-;cemen~ of the ato~~c · 
2.g:. 

T~~s docume;.~ is a hist::;ry cf ~~e Governme~t•s ur~~~7.
CFe::-a:'::.or.s i::. tr:e Si:., Lou:.s area. Cf:'i~ia!.ly, it is a "ccmple~!.::!': 
r~FG?'~" describir.g Mallinck!'od-r. 1 -s o:;:erat.:.cns fror:-. J).ily l,2, .19l!.2: 
thr::;ug.:-! Jur.e 30, 19€7, u::.d2r Contra:~ No. W-14-108-EN'G. -o for __ 
t~e Uhited States of P-7.erica. T~ ~r:vide perspective, the repc~~ 
d:.scusaes s~g~ifi~~t eve~ts a..~d ac~:.vities from Martin He:~~ic~ 
K~., ................ rc: d"'sccvo-ry 0.:- u.,.,,, .. .;, . .., ...... ~7;:ro t~·M:::,11.··nck""Odt 1 c: 1 .... ~.,_· ... ,,::~ -~~--\..I•.& """ - -- - ----ti,4.L~l •• - '-',' - -- - - •• .., __ _ 

i::.vc:v;~ent ir: urar:.:.ura-pr::;~essi~g research in the spring c:' 1~~2. 
I~ co~~ir.~es 'through the ter~inatio~ cf the Company's sta!:dby 
coc~ract with the A~C in Ju~e, 1967 . . 

Figure I is a c~a!'~ su.~:.a~~z:.ng ~he major ccn~::-:.=~~~~~s 
c:' the Ma~l!.r:ckrodt crgar:.:.:::.a~ior. to ~::e G-.:ver!"'.mE!'lt' 1:" ura.~:.u=. 
pr:cessing ar.d deve:~;mer.~ e~~cr~s ~~ ~he St. Lou~s area C~r~~~ -
~::s 25-Jrea.~ per:..::d f::-=rn ~-...:..:;;~:: ·1~L.~, :::'!'~t:g!: J::.:::; ·::=::7. 

p. 139. 
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TWENTY-FIVE YEARS OF tJRI\NIUM PROCESSING AND DEVELOFME:i? 

MAJOR CONTRI:Sl.JTIONS BY MALLINCKRODT CHEMICAL WORKS 

* 

* 

* 

First Corr.mercial Process for Ether Extraction cf 
Uranyl Nitre.1:.e 

First Factory Production of Orange Oxide from Ura~y: 
Nitrate 

First Fa.ctcr:,· ?rocess fer Prcducing Brown Ox:.:ie 

* Early Pr~duc~ion o! Gree~ sa:t 

T Early Cor:l!:ler~ial Red~cticr. e-~d Casting of Urs.:--.i:.:..~ 
Metal 

* First Stirre·d-5ed Re.s.ctor for Continucus-Pro::ess 
P~oducticn of Green Salt ar.d Brown· Oxide 

* First Com.~ercial Contir.uous Ether-Extraction 
Process 

* 

..,. 

First T5?-Ker~ssne ar.c T=P-Eexe.ne Processes!~~ 
Uranium-Ore Re:i~ir-g 

N~erous Adva!:ces i~ Ura~il.lr.'l Me~al Product~o~, 
Ir.cludi~g s:ag Lir.er, ~i~got-Ex~rusion: a!:d 
E:ectrcly~ic Reduction 

First s~~c~ss~~l, :~~~~er~ial Fluid-Bed De~~~~a~~cr. 
Sys~em 

First Integra~ed: Ccr.~!~uous-P~ocess Flu!d-=ec 
Urar.ium Product~on 

* Adaotion of Uranium Precessing Equipment to 
Commercial Froduction of Purified Dense Tt.cr~a 

* Contir.uc~s Cost Reduction T~rough Ajvc.nces i~ 
Manufacturing Practices end Scrap Reccve~y 

* Consistent Fulfillment cf P..:EC. Prod~c~icn ctie~-:.::.·.re-s--

-- I 
J ___ _,___ _______ ··-····· 
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Objectives Of The Renort 

The objectives which guided the pre~araticn o~ this 
repor't were: 

(l) 

(2) 

(3) 

( ==. \ 
.JI 

To provide a single document describing the major 
aspects of the technical and administrative his-:.or:: 
of the Governmer.~'s uranium precessing cperaticr.s 
in the St. Louis area. 

To explain the rationale underlying the technical 
and administrative developments of the opera~ic~s. 

To produce an evaluative instr-..:ment for comparing 
and appraising present and future operations of 
a s~ilar nature. 

T= provide a genera~ suide fer ~he establis:--..~e~~ 
c~ s~~ilar cpera~ions in the f~~~re. 

Tc crganize a cne-scur~e refere~ce en th~ r.~g~:~g~~s 
cf the first majcr processing cor.~ract ~o be ~~ase~ 
c~t in line with the Gover~~e~~·s evolv~~g requ~re~ 
ments. 

( 6) To con-tribute t-::: the li ~erature in the fie:ds c:' 
uranium-production technology, r.~clear s~ie~ce, 
chemistry, and techr.ical and ad::::~istrative rr.a~a~e~ 
:rr.er:t. 

T~e report is writ~er. in a semi-~ec~.r.~cal tor.etc make i: 
mear.i~g~~~ a!.d useful r.ot only to persons w:..~r. ~echni~a: ca:~~r=~~=E: 
bu~ a:sc t~ ~tcse whose orien~at!ons are r.ot pr:.:na~~ly te~~:..~~a: . 

This repor~ consis~s o~ five major se~~io~s. 

!~is section~ Section I, is ar:. i~tr=~~c~ic~ ar:= g~~era: 
summary of the entire document. 

Section II, whj.ch comprises the bul:i.t of th2 re:pcr-: _. is i. 
history of the philosophy behind the reajor tecr.nolog:..cal deY::=:fr.-.~,.::. 
of tr.e S~. Louis-area uranium operations. The emphasis cf ~he rr.a~=~!a: 
i~ Sec~icr. II is or. the rationale underlying tr.e develop~e~~s ra~~er 
t.har. on detailed descrip'tior.s o:.. ~n.e de-1elo::men-:s tr~e:r.se:: ·,.-:3. 'r::e -
de~a~led descriptions can be found in a var!etj of other tec!~~ca: 
rencr~s a.~c dccuments. 

• 

• 

• 
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Because the uranium effort in the St. Lou~s area was 
pri.'!larily tecr_riical in r.ature., the histcry of the ope.rat::..:.:: !.s, 
in large part, a technical history. 

It began ir. April, 1942: when Dr. Arthur Ho:ly Cc~p~:~: 
Dr. Nor~an Bilberry, and Dr. Frank E. Spedding approached Edwar~ 
Mall1~ckrod~, Jr • ., to seek his Company's assis~ance in prepari~g 
the extre~ely pure uranium compounas wnich were needed as fuel 
fer a~ experime~tal atomic reactor at the Un!versity c~ C~::.cagc. 
The reactcr; if successful, would ach~eve a self-susta~~~~g nuclear 
chain reac-:ior.. 

The whole project was of extre~e importa..~ce to t~e r.a~ic~a: 
security. A~ the time., the United S~ates had been engaged in Wcr~~ 
War I! for nearly a year, a~d the nuclear reac~o~ ex~er~e~t had t~= 
poter.~~a~ for m~king a ma~or contr~bution to the war efz~r~- A 
success~u: nuclear fission reacticr., er. a proper scale, wc~:d 
release ar: i~cred::.b:y enor~ous a~o~~-: of e~ergy~ a.:-.d cou:~ ~r=c~~ 
a~ ex;:;.cs::..:::r: c~ ir.-.:ie::se propor-:!.cr.s. The pcs~!.::i-:..1-ity t!:a: sc:.:::.~:.=-== 
cf the Ax:.s rowers m!.ght de~elop a dev:.ce to ac~ieve sue~ a 
fr::.g~te~:.:-:~ e:q::ilcsicr. mac.e ::.m~erative a vas-: e=:~r-: -- t::.e !'<!a!".:-.e.-:::a:-•. 
Froje~:; - - w:. .:l::.n tte Ur.:. ted S-ca::es to de•1e.::.c:i;: s:ich a de-;:.:::e :::.~s:;. -= 

I-: was in tr.is ter.se, wartL~e enviror.men~ that ~a:~:.:-:ckr=~: 
was ask:i ~= produce the key urar.i~ COffipounds which were r-ee~ed. 
before ~~rt::.er progress could be made. Dr. Com~ton a.r..d h:.E assc:::!a:~~ 
at the ~r.ivers::.~y of Chicago already had apprcached severa: c~~er 
major che~::.cal producers to ask their assistance, but they all de
cl::.r.ed -- partly be:::ause of c~r.er ~art~T.e comr.:~~ments, ar.~ tar~:y
ce=ause c~ the difficulty a:1d ris~ i::volved ir. ~he ure.!'::.>:.:
~~r~~i=a~~o~ ass~g~~e~t. 

To produ:::e the r.eeded urar.!um fuel, !...~pure ura::=-~~ :::~::.
ce~:::.~a7,es ,:cu:d have to be purified "=Y ex-:ract:.or:. with e~!:er. :~a:.:e-1:_ 
be~ore ~~~ ~he ex~r~:::ticr- beer. achieved or. a::y~r.i::g bu~ a :~~:ra:=r;' 
s~a-~: E~~ ~75~ ~~ t~a~ 2=a:~ sca!e, t~e explosive a~d e~~a-::.: 
::a-;·~~e - _.. -:.::s =-- ... =-w: .. :""·= r &:- ~ \,,,:.=. cp s~:=.::!.::l e:<~remel:1 haza.rdc us . 

:::r. Con:-::r':..::.r~ tur.:-.sd to Ma::..::.!.:1ck:?'od-;:; beca'.!se he W;.E f'R"'~ ~ ~ ~-.... - -

~~~--=!"l :,:-_e :crr!par .. :,:S oi:-cst~.C.!!'lg re:;:u-:aticr. fer ·sa~e:!:r pr~~~·:::.::g ~:..g:· ... -. 
Q.'..la::. -;,:, , i::.:.gh-puri ty pro due-cs, a!'".d because he kr.ew 'that -::::.e ·:-:r.:;a:-.:· 
was exper~ i~ ~a.~dli!')g ethe~. 

Malli!'lckrodt ac·cepted the challenging assigrunen~, a:1c. 
within 50 days, the Company accomplished the "remarkable ac::::.e·;e:-.e:--.:. 
of P!'O<i". .. cir..g r.:..g~ly purifie~ urar::!:u.::i oxide on a tonr.age scs.::: .. 
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-6- 152653 

At that time, the Company's uranium products ir.cluded, 
uranium trioxide (U03, or orange oxide), and uraniu.~ dioxide 
(U02, or brown oxide). later in 1942, Mallinckrodt star~ed pro
duction of uranium tetrafluor!de (ffii'4, er green salt). Wher. the 
first self-sustaining nuclear cha!n react!on was achieved en 
December 2, all of the uran!um in the pile was in the form o~ 
uranium diox!de produced cy Mallinck~odt or uranium metal preparec 
by others from intermed!a~e materials produced by Mallinckrod~. A 
£ew months la~=r, in July, 1943, Mallinckrodt started its firs~ 
metal plant. 

During the 25 years that it was involved in uranium 
produc~ion, Mallinckrodt made numercus contributions to uranium
precessing technology. Th!s report discusses most of the 
Company's major coP.tribut!ons includ:'...ng the development of the 
fi~s~ ccrr.rne~cial precess for ether extraction cf uranyl ni~~a~e; 
~he first ccntinucus e~he~-extract~cr. process; the tr~bu~yl 
pr..csphate-he:-:ane process fer ura~ium pu!'i.fica~~cn; the pot ~recess 
for ccr.verting u~anyl nit~ate to c:-ange cxide; the flu!d-bec 
der::.-::-ati.cn sys-:er.: for prcc.ucing U03; the i'i:-s: factory precess 
for produc!ng br~wr. oxide; L~prcved ~ethods !or catch-type, fac~=:-; 
prcduction c-:: g:-een salt; the ccntir.~ous-process, st1r::-ed-bed 
reactor for prcducing green salt and brown oxide; advances i~ 
con~inucus-pr=cess product:.on cf green salt by means of the 
Mallinckrod~ i~~cgrated flu:.d-bed system; improved methods for 
ca5t:i.ni, and red.uc:.ng urar.:.U,"Tl metal; and the d:.ngot and elec~:-o
ly~ic reduc.:icn P~ccessef:i i'ol· '.lJrodueir.g u:r-.niu.7-. m~ta.1. 

Sectic .. III ~s a history cf the admi~:.strative develop
mer..: c~ the St. Louis-area uranium cperaticr.s ceginn!ng w!th the 
initial e~~==ts i~ 1942 in ~£llinckroc~•s bu:.ld:.ng 25-2 resea~ch 
labora"Co:y a~d c~n~inuing through the f~nal ac~!v!ties a~ the 
AEC's w;:d=n Spr:.r.g fac~::.~y in 1966. 

~hs sutjec~s d!scussed ~~ See~icn I:I ~~~:~ce o~gan!
za~:.cn a~d rr.anage~ent, Y.!.a~l:.nck:-od~'s cxper:.e~~e a~c qua::.::.~~~=-:~..s:: 
con~ractual arrangements, physical fac:.li~ies a~d plan~ sc:-,:.ces, 
material accountability, plant secur:.ty, a~d heal~h ant sa~e~y. 

Section I'll deals with production and costs. In add!.~io~ 
to d!scussing cost acccunt!ng, the section prc•1!.des ar. inte:-:;;rsti7= 
narrative concerning Ma.ll!.nckrod':-AEC negotie.t~ons, ar.c o~he-::
pe~tine;,t subjects related to production and costs. 

Sect!.cr. Vis a crief state~ent sum.~ar!z!ng tr.: c~nclus~c~E 
or authorities concern~ng the significance of the work accomp:!she= 
s!~ce 19~2 by the Gove~nme~t•s St. Lcuis-area ~raniur.:. o~e~ations. 

• 

• 

• 
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For almost a quarter of a century, Mallinckrodt 
successfully carried out its uranium-processing contracts with 
the Government. The CompanyJ always surpassing its commitments 
under the requirements of the contracts, continually worked to 
lower costs, increase production and improve quality. 

In April, 1966, when the AEC announced its plans to 
terminate its St. Louis-area uranium production activities, 
Dr. Glenn T. Seaborg, Chairman of the Commission, praised 
Mallinckrodt for its excellent performance in the Government's 
atomic energy program. He called attention to the Company's out
standing record of accomplishment•for production operations and 
related process improvement and development programs. Dr. Seaborg 
said that Mallinckrodt "can be justly proud of the important role 
it h~s played in the advancement of p,eaceful uses of.atomic energy 
and in our nation's defense efforts.' 

# 
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Section II 

Technological Developments 
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Sectio~ r: 
Par"L. l 

CO~IlaRCIAL REDUCTION AND CASTING OF URA~:~1M META~ 

The continuing effort to produce uran~u:n metal has teer: 
t~e s~~g:e u~i~ying element in both ~he history~~ the cr.e~~s~ry 
o! ~ra~~:m: a~d t~e history of Malli~ckrodt Chem:.:al Works' 
i:1•::i:ve:::er:.: i~ uraniUJ':l :product.ion technology. 

T~:refore: to provide a proper perspe~~!ve for .:~s c~~ire 
t=c~:.~~a: r.~s~ory o~ uranium prcductio~ activit~es in the S~. ~o~:.s 
area, i~ is ap~ropria~e to begin ttis se~t~on o: the co~~:c~:.on 
Re;or~ by discuss~ng M~llinckrodt's role i~ urar.~ur.i me~a: prccuc~ic~ 
eve~ tr.o~g~ the Corr.pany's initial activities did not include pro
cuc~ior. of the metal itself. 

tv!a!.linckrodt has played e.."1 important J;art in ura::iu.":". 
:?:eta: .:.ec:ir.c!.ogy ir. the United States since ,the :'irst ser:.ous 
ef!orts were d:.rscted towards the deve:opment c~ a commerc~a: pro
duci::ion :;:rocess. 

'I:-.e t'ir:n !'irst baca::-.e i~•.;ol~:1ed. in the uraniu.-n-:ne-:a: 
c.s·:e::::i~::-.e:-. i: p:!"ogra.1:1 S..=-:: Apri:, 191!.2, wher. the Co:::pany s tar-:ed wor~ 
;;o de7e:c£ a process fer pre-;:~~ir.g ·p1::re praniurn_ d::.,oxicie {:CC·~: . or . 
or~w~. ox::..ae), or.e o:' tne key ~::-cer:r.ec:.a-:e rr..a-cer:.als requ:;,.:-e ... =-~ ~:Ie ·~-1~i-~a~~~:.~:::,:o~:: ·u!'·~~~:;._,:·;='::0E:.:. . .... , ... , . . ·. 

In J~:J: 1943: the :c~pa::.y started a ~:e~t t~ pr~=~~e 
the me~~: i~se:~. Ir. s~ do~~g, Ma~li~ckrodt beC~~e or.e o~ ~~e f:~s~ 
i~d~s~~~a: cor.cs~~s i~ ~~s r.a~ion ~c ~~od~~e ura~iurn meta: c~~
rr.ercia~:y. Since the~: ~he firm 1 s Ura:1ium Divis~on has CQr.~~~~ec 
to make ~T.pcrtant con-:r!~utio~s to i:nproving the technology o~ 
~ra::ium meta: productic~. 

The tecr~l'lology of co~imercial uranium cetal productio~ as 
practiced by Ma.llinckrod.: -- a.l'ld by ether industrial firms i!1 bott 
:he ~n~te~ S~a~es and a~roac -- was i:1~luenced significant:y by 
ear~ie~ ~:torts to prepare, urar:ium metal. 
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The first successful preparation of ura.~iurn metal was 
acr.ieved in 18~1 by Eugene Melchior Peligot, the French chexis~. 
Pel~got prepared the meta~ by the tr.er~ite reduction of ura::~u.~ 
chloride with potassium metal. 

Martin Heinrich Klaproth, who discover2d the eleme~~ 
uranium in 1789, had first tried to prepare the metal by reduc~ng 
uranium oxide with carbon; however, Klaproth's experiments did r.ot 
yield the free metal. More than a ce~~ury later, in 1893, t~e 
French chemist Eer.ri Moissan reported success in obtain~~g the 
metal by using the same reaction, b~~ at higher temperatures t~a~ 
those employed by Klaproth. 

It was not until the 1920's that research on ura.~iu.~ 
metal preparation begar. to arouse the interest o! scientis~s i~ 
the Un~ted States. 

In 192E, sc~=~~ists at the U~~,ers!~y o~ New Ha:::~st~re 
r:~or~ec t~e ~=5u~~s of r~sea~ch or. ca:cium red~c~ion of u~a:::~~ 
ox~je a~c o: urar.~\.L~ ~etrachlor~de. I:: nart of the work "tne 
~es--~-~-rc e~--~yc~ a ·oo-b-reMu~·~cr r~-o~ess i~ ·-··n_•~·.~. ~~-... C~- -.,."C- - •••:'-v -"-" :,.a. ....,, \.. :..._ •• :- - --- n - -

2.:.u:'ld•..:.-n c!"~cio'3..s w:!.th:.n a steel bcmb •11as charged with e. :ir.:,x-:::.:.re 
o~ uran~'..l~ ~e~rac~:oride and ca~ciu=. mc~al. The bo~b was hea~=d 
by e:~.::tric,al resis-:;ance heaters t•:, -:;t,e ignition tempera"t-.ire o~ 
the c~arg=, and tr-2 reac~~on fused the uranium rr.e~al and calci'.l.~ 
cr-loride pro~~c~s. A ~assive li...=:p c! ur:r.ium~ ~~~ch weig~ec 
aoou~ tr.ree ~ounds, was recovered, a~d according to the li~i:e~ 
ana:yt:.:::al data 1:hat was publis.l:!ed, the metal w-.s c>.pp1are::tly o'.!' 
good q_ual:!.~y. This process, known as tr.e "Ja:nes Process," was 
~he firs~ urar.iu.~ me"tal process capable of producing massive 
~=~a: o~ ~oss:,c~y gooc ~ua~i~y by si~~:y prshea~~~g tr.e c~arge. 
'!!;e :ne~hoci has large-scale poter:-:ia:!.; r:o-:-1ever, ·:...; invo:!.·vec se•;sra:.. 
:'act.ors t~at posed maior c.isa~vg.tag;s. 

I~ t~e ~o::.ow!::~ yea~s, res~archers a~ ~estingtouse 
E::c~r!.~ (;~.r;:~.::B..~i~:: a:::= ;.:s.-:e.: =::::.t:..::~s ~ ~:---~.: ·s:-:p2ri.-:-;.e::~ed ~.:! -:t. 
o~her ~ec:ir:iq·.;es o~ prod-.;.c:_~g ura::::..:::: =s-:a:. ?"::-::;:ii.;.c't'ior. was c:: 
a very sme.11 scale, howe•,er, a:-.d by :.9:,9: ti':e ~o~al a.'!lour.~s c:~ 
uranil..U'!'l me~al produced by bo~~ c~ t~:s~ co~pa~!ss probably d~d 
nc~ ~otal more than lC pounds. 

Between 1939 and 1941, r.~wever:- the prsparation o:' 
i t 1 d . , b i " i"-I . 110+"' ~H .... i,.;- -uran U.'!l me a_ su aen_y ecame s gn ___ can~. ,1· ,1,,;'tO,il,'! a-!°'u ar.c. 

,.P~St-z;assn-.an report.ed that the resu;.-:.E. of their experimen .. s or. 
neutron bomcardner.t of ura;.ium wer: ex;la~r-able cy a fissio~ 
process. whE~ other researchers i~ to-:n tr.e tr.~-::d States ar.d 
Europe checked the experiments, nu:lear fission was con.:'!.rmed 1 

a::d some sci:nt~sts en~isioned atom~c ;nergy be!~g achieved 
~r.ro~gh a se:r-sustain~r...g, fission er.a~~ r:actic~. Subseiue~t~yJ 
a ~ur.iber o~ s:ien~ists: believing tna-: ~hs release of e~orrnous 
e~ergy ~is~ ~Pin ~he a~oo could cec~=: a ~~ior ~actor i~ o~r 
~a~ic~al secur!~Y: urged t~at rese~r~~ oc n~clear ~cerg~ be 
s-::!"cr:gly suppor-:ed by t!:e :::'edera.~ g~Y-;r!'"_TJ:e:-.-:. 

• 

• 

• 
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Gradua:ly, more Federal attention was gi7er. to the 
sun-co!'-: of an e-comic-energy prog::-am; however, there was relati·:e::.y 
litil~ effor~ towards the procuremer.t of uranium matal. Urani'U!:: 
me~a: ~roductior. in the Uni~ed s~ates sti~l was measured in 
quan~::.~ies of g::!"S!!lS or oun.:es as of December 6, 19L;.1. "At. this 
poir.t. 11 col'!'.ne:?.1ted H. A. Wilhelm o.f. Arr.es La::ioratory ir:. .t'!is repor-: -
on the hist.cry of uranium metal production in America, 11 just 100 
years a~~er Peligot first prepared me~allic urar.iun, the demar.d 
for t~a~ metal skyrocketed ~o pour.c q~a.ntities, wi~h earliest 

•· • • - • ~ II poss~~~= cre~iver.es. 

Ir.~1:-.::..a:. Mal~~nckrodt Ir:vo"!.·1e!ne:?.1t 

T~us, ear~y in 19~2 ura.~iu.7. metal operatio~s were 
exp~~dsd, and the first serious atte~;ts were made to develop a 
prac-:~ca: p~o~ess for p~oduc~ng U~a.?":!.urr. rr.etal of nuc~ear-reac~or 
q_ ua: !. -::,·. 

In c:,f.r.ectior. wi-::: these e:~::::-orts, Mall::.r.ckrod~ was 
a5;_:r __ -~ - ... _ ... _e-... - TO dc .. eio,-. 2. cor.: .... e ......... -, .u,.. .. •n· ;,,._m- p'•-,.,-1""1."ca ... .,o,.... 

_;\. - '"'V C:.t...\.l ..:',.,:---~ .,. . -.;;..Y - :"' . '-•4_ -~~c;:.~. -~-~~ ... - ~-..t..!.. _...._ •• 

;rocess cased er: r.~e so:•.fcil::..ty of ura~yl nitrate :.?1 d::..er.hyl
e-:t-:z-. (?"or ad:::::..-:ior:al de,:a::.ls cor:c ::!'n:..ng Y.alli:-:ckroc-: 1 s ear::,
work ::..:: t:-.:..s. area: s_ee Ssct::.:::ir. II, Par-c 2.) T:-:.e Mallinc~roc.-: 
pr::>cess !.~i-:::..a::y was to go as fa~ as produc·ing __ 1.p:.?,.n:!.'..l.i. .dioxide. 
o-:.::e~~ riere ca~:e.d upon to C.e·velop n:ct~ods for reC.i;c!.~g tr:e o~::..de:; 

So~e ot tr.e mettots for producing the m~r.ai required 
~ra.::::.-.;.~ ts~ra~l~oride (UF4; or gree~ sal~) as a,.~ i~ter::.e~ia~~ 
rr.a-::~!.a:. To su~ply this m~~erial~ g~esn-sal~ projuc~ior. ~~o
cesses. we!"'e s-:ar<;e:d. at E. I. c'..l ?or:-: de Ne::zours Cor:Fa.::.r, I::::., 
a::C. ;;a.~·s~.a.• . .;- C~.s::-.!.~al Cqn:pa:-.:f :s.::e ir: -che S\:.JnITler o~ 1 ... 9~2.. 
~~-~"-~~~ ... ~- e~c- c~~ .... ~e~ ~:=, rro~i•~-"'"n- later t~~+ vca'"· (~~ 0 ••----·••-••-'-'_.._, .__ __ ..,. _____ -. v•• :,-- ,..._. ___ _,• .. c.... ~•-- ~- -• -v-
..:ie-s::.:•- ~.., S.::,n--'O'"' TT -:::- ...... 'J:; ) ,._.,._I:'_ s- 1 t·-,:,a···s· t-,.;,.,,,.. ,;_;.;:·~--\-,'€ \.,;. •---=- -•• __ ..,.:,. •• --, .1.C::.-W ...,. '-1_;:_ ..... C::.- n • .1._ .. ., t;..•C.--::::...,_ 

~r~~ -:~ree ;rc1~:ers -- a:: ~s::.~g ~a::i~6krodt bro~~ oxi~e. 

-:::: ::..::. ... ::-:- se:.:"'-s·.:.s :.:.:.::i:-.g :_:a.::.~-rea::t::..e:: r:u:: :,ea~ p:!.:.e 
was opera-:.ed s~=cess~;.i:..l~· b-:=::ea::: -c::s •'7-:st Sta:1CS cf S-:e~e; ::.;:1 
a~~~~ ~~i~srs!-:y of Ct~~af~ c~ ~=~==~sr 2, 19~2. A:~ o~ ~~e 
U!'e.::::z. us:d ir. ~he p!:e ~!=--~ ~=--- ti""' .. e ~=~ of cor:.p!"esss::. l:'·:~ 
prod~ced by Ma~:ir.c~-.rodt c~ ~ra~iun: ~e~al ureuared by o~ters us!~~ 
i~-:er~s~ia~e, ~uri:'ied ura.r:!u:r. co~~~uncs produced by M~llinckrod~~ 

E·10:·.;--;·_· on O &' T" ~ 1 C .. . Y. - P d t · .,_ · ne L;as c, o::-_ir..erc -2.~, ~!etaJ.- ro uc ion Process 

T~e S"Caig Field ;~le waE -:~s rssult, in large part, o:' 
work ~Y the F~u~or.ium Proj~ct, wti:~ was orga.:1ized and directed a~ 
tl:e :::-...::.-,ersi ty of Chicago l:y P.r-:hi.:..!'" Eolly Comp tor. with the 
ass::..;-:a.r.ce o:' .F.:!.chard L. t:;a.?; a:::i ::crjian H::.lberry. 'I::e projec-c 
was g::..·,sn the c:>ce name 11Me"';a.l:.'.l:!"'f:..::al F?ojec-:." to pr~v!ce a war
t:..~e t::..sguise f~:!' the orga::~za-::!.c~·~ nuclear developcer.t studies. 
rri-::. --.--"'e" ... .,_.,.,..,.,.::,-0-,.,y , .... ., ... ..., ,.,-~ -'i"'·~,:;.,. ... e~ b·· R•~:.-.- · -•··- ::,- J..., - 1., -C:.w"-.J _ _ ., - 1 w •• -- • .:. we:.;:; --- __ ..., - .,,f - --,.u::.rc .!..OS.!"., l'le.S 
r.a..--::;::. -C!':.e "Me-ca::urgi.cal L&."=ora.~o;;,::-·. ·• _ 

··~-
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When the Metallurgical Project was beir.g estab~ished ~:: 
February, 1942, Dr. Frank H. Spedding* of Iowa State College~ 
Ames, Iowa, was invited to participate and to direct the che~ica: 
researc~ ar.d development activ!ties in Chicago. In addition, a 
program involving metal-preparation studies was established a~ 
Iowa S~ate College. Later, melting and casting of uranium were 
also stud~ed at Ames. 

By mid-June of 19i!.2, the Icwa State group he.c. demons~r:::e:: 
that graphite could be used -- withe~~ excessive amounts of car=c~ 
pickup -- to contai~ uraniur.i metal during vacuum-induction melti::f 
and cas~ing. 

During most of the remainder of 1942i the melting and 
casti::g a~ .Anes were done by a. process called 'drip casting." 
~r.e rr.e~a: charge was ~laced on a gra;hits grill that was located 
a~ tte botto~ of a graphite cruc~ble which, in turn, was s2a~ed 
ever a ~ract.~te ~old. The cr~cible-=ol1 u~~t was inductic~ heatE~ 
ur.der a vacuu..7. ir. a large s~:.ica tube. The assemcly was rnai;.~a{;.e~ 
:..~ a ver~ical positio~ with the induc-:ion coil placed around ~~e 
o~~s::..ie o~ ~r.e s!l:.ca tube. Dur::..ng -:~e melting-cas~ing process: 
~tc l!~~!d rr.eta: flowed fron the crucible, t~rough the grill, a!:c 
::::to -:.::e n:olc. 'Which -was heated to a "te:nperature near tte me:. -:.:..:1~ 
~ci~~ c: ura::iu..~. Oxide fil~, sku:l; (thin layers of reetal), a;.d 
ox:..::e s;cr:.g-c were held by t::e gra_;!::. :.e grill. Afte!" casti~g was 

co~p:e-:.ed, the asse~tly was coo:ed to rocm terr.~erature and tr.e~ 
d~s~a;.~led to r~DDVe the ingot. 

A!though a satis~ac~ory ~=~~od of melting and cast~~~ 
r.ad tee!i den!loped, it was s-:ill r.ece.sse.ry to develop a practi~a:. 
ura;.:.·~~-:?r.e-:a!. ~repara~io~ }::ro:::ess ~!:a-: could be a.pf lied or: ar: 
i!1dt:s:r.~a: s~al:. · · 

I:-: -:~e early wcr~ C;. :::eta!. p ... eparat~on e.t .Arr.es: urs.::.:.t:.::-. 
cxi:i:: "l;~s use1 w:.:';l: the ~s.r:cr: .red~.::-::..on met!':od e!n~loyed ear:;.ier 
cy :-~c::..:;ss.=:; !":.=··.:e·:=!': -:~e ::e:-·:::-. :::::-:=.:..::a:: !.!i. t::e ne.:tal ca~sec a:: 
undes~ra;:;2.e br:..i::~le:1ess i:: -:::.: -:::ro-~i.:.::-:. Q,:,her reductan~s we!'e 
tr~ed wi~~ the uranium cxids, =~~ r.o~s resulted i~ a sa~isfac~ory 
ura:.~:ir.:-meta: ~r;parat~or. ~r~::ess. 

In the summer of 19~2: the grou~ at Ames obtained a s~a-
quan~ity of uranium tetrafluoride fr~~ the Metallurgical Frojec~ 
!n Cr.::.cago. The Iowa State ressar:::~e!'S atte~pted to reduce the 
ma~er:al to metal using cal::i~~ as t~s reductan~- At about the 
same t:~e -- August, 1942 -- c. J. F.~icen, at the National Bureau 
of St.a::da::!'dS, a:so conducte-.1 exi:e~:.:r.s::ts on the· reduction of UF4 
with ca:cium. Eoth the Rodde~ experi=ents and the Ames experiments 
were s~~cessfu!. 

*!:·r. 2:i:e::d.i:,g ·was one of the or~ii;':.r.~: ~roil~ of t!.:ree t!::e o-:.~;r== • 
here tr. P.~:berry and Dr. Cc~;~o~ -- ~ho l~it!all~ co~tactec 
Edwa:::i Ma~::=..r.~¥:r-:,dt, Jr., -:c :-sq,1.1s:-: :::::.s co.::1=ar::y' s pe.r-:icipar.::.o:-. 
i~ t~e project i~ April, 1~~2. 

...: • 

• 

• I JL,___ ___________ _ 
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Subsequently, efforts on the green salt-calcium process 
were expanded at Ames. By mid-Septe~ber, 1942, with addi~io~al 
green salt available, the Ames group was able to increase the size 
of the UF4 charges and, thus, ob~ain uraniu.~ yields averagi~g ·· --· 
better than 90 per cent in massive p:..eces of metal wr.ich were code
named 11 biscu:.ts. 11 

To complete the process, several biscuits were melted 
and cast, by the drip-casting method~ into a single ingot. Ingots: 
which were cast as solid cylinders, approximately 2¾ inches ~n 
di~eter, were cut into sections two ~o ~hree inches long. The 
sectior.s were code-named "eggs. 11 

When tr.e chain-reaction p!:e at the University of Cr.!cago 
was f~rst opera~ed, it contained nearly equal e.rr,ounts of metal 
froffi West~ng~ouse, Iowa State College a.~d Metal Hydrides, a~d 
severa:!. tor:s o::' pressed cylinders: a:.so referred to as 11 eggs," 
o:: ura::.:..·..u:: d:..'.Jxide produced by Ma:;_::.i::-.ckrod~. 

::::: No·,e::.:·cer, 19~2, t::e A,:.E:S group bega:-, exner!.!;.e:-. -:s -::o 
e.• ... ·e...-.• --·.-.--- +;..,::. roc:c:~h.:i-:-,, o-=- c:u;...:.a., ..... -.:.., .. n-a::-... ec-=,,.,.. (M--\ .. ~o ... c--;c.: .. ,_ _.... ....... - ~ ........ _a...:---'-J - - -'"' C...-l."'"'""'-~-f:; ...... :;::.•" ----- ·~, 4,, - c. __ t,,,,,,.:._ 

:.~ t~e co~b-rei~ction process. Mag~:siu.~, if i~ could be usej: 
wo~:d c~:er· 2. n~-::"ber· of advar:·"(;ages o-;er calc:i,z .. ·· T!:':.ese a::·:a::t.ag:i: 
we:r-e: 

Cor::.~ercia2-grade mag~esiu,~ would be less like:y 
to cont.a.~inate the rr.e~al. 

- The weig~t o~ the zag~esil.lr.l req~~r~d for 
reduction would be a;proximate~y tr.ree-fif-:~s 
~te weigr.t of the ca:::.-ur::. requ:..red. 

~~= cost of t!1.:a- ma~:-.:S.:.1.l!:: wou:a. be appTox:.~a-:.e:.::. 
~ive to ten t:.~E-S ::ss thar. the cost o~ ca:c~u::-.. 

r-:.-.:: -== : ... ..; : .,; -;•- :~~E -· ..,;.. 

ca:.c:.u::.. 

E;-:pe!"ime!':.t.al de·,elc;me:-::.t ~:-. t.he mag::.esiurr. process ;ro
cesded we::, and af:er Jan~ary, 19~3! ~he e~t~~s rr.c~a:-pro=~c~~~~ 
opera~:..o~ a~ A!:1es e~ployed the mag~es:.u..~ reduc~ion technique. 
Ano~her cta~ge made at Ames was 1r. t~e casting operation. The 
original dr~p-casti~g process for re=~~ti~g a:.d casting was rep:acs~ 
wi~h a process using larger equip~~r.~, and a crucible cor.tei~ing a 
va:ve for ~our~~g the liqu~d me~al i~~o the mold. 

T~~se industrial firms, i~::ud~~g Mallir-ckrodt, studied 
~~e ~=~a:-;z-oiuction processes devs2:~ed a~ Ames and used them as 
g1.;:..-:.es !.r. !=:a."a:a!..'1g their own me"ta:-;:-::>c:u•:~ion operat~oi;s. 
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Industrial-Scale Metal Production Process At Mallinckrodt 

Mallinckrodt started its first metal plant in July, 19u3. 
The boffib-reduction operations initially employed by Mallir.ckrod~ 
were adanted from the basic uranium tetrafluoride-ma~nesium bonb
reduction process used at Ames. There were, however; significant 
variations from the Ames process in the remelting a.~d casting 
operations. 

The first major step in the metal productior. process at 
Mallir.ck~odt was preparing the reactor vessel -- a steel bomb 
shell -- for thermi~e reduction. Preparation of the bomb began by 
lining it with a refractory material. The material used was 
electrically fused, low-boron dolomitic oxide (CaO.MgO). A:ter 
the bo~tom o~ the bomb had been covered with the refractory, a 
tapered steel mandre~, with its di~~eter increasing from bottom 
to top, was positioned in the center of the bomb shell, and the 
anr.u:ar s~ace between the ~a~drel c::d the She~l was filled w~th 
line~ r::a~eria_, Pr.eu.--:.a:.ic jolting was used to pack the re:fractor!,
tigr.~ agai~s~ the bomb-she:l wall. 

~he next steps in the Mal~i~ckrodt metal-prepara~ior. 
~rocess were charging and closing the bomb. First the stee: 
mar.are: used ir. lining the bomb was cautiously removed fro~ ~he 
reactor she~l. Then the charge, cor.tainir.g ura.~ium tetra!'luoride 
1~~:.::1a~s~y c:e;.ded with mag~esi~ chips, was fed into the lined 
cavity a~d ta~ped. Next, a suitable thickness of the same 
:refra::::.ory r.aterial used to line ·U:.e: side of the coir.'b was packed 
o~ top of the UF~-Mg charge. The ca;ping opera~ion was co~ple~ec 
oy bo:ti~g a solid-steel cover plate onto the top of the bc~b she::. 

A~":.sr ca.:;;:~ir.g, tte ·oom1:: was placed i:::.o a top-~oa:::.r:~ 
:ur~a:e for ~iri~g. 

.. ~.: thougt tr:s ~sazt:..~n be~·w-een uran!'U.r.l te~rafluoride e.::C. 
:ia.gr.es::~---:: :.s =:-:.:~~--=r:.:!.~: -:::.: ::~a~ c~ -:.he reaction is r.o"'; su!':':!.cie!::-:: 
ty i~se:~, to ;rov~de ~~e f~E:.c~ ~s:essary to ac~ieve adequate 
separa:.ior. of ~ne reac~:.o~ produc~s -- ura~iu.~ me~a: ar.d ~ag~es:.-=. 
fluo ... ., f'C. T:.-e.,..c-f',... ... e ~r . ... he U'-='r -V- reAuct-t on ....... ocass the e,..,t.: r;:. ----· ,.,_ ----...i ... j --· """' . I.!.•-.;. ..... - ~- ... , - •• - -
bomb was ;re-heated in a fu~nace ~o provide the additional heat 
required to achieve co~p:ete fusio~ and separa~ion. 

(Ur.~s~ these ci~cumsta.~ces, ther~ite 
reduction o:cu~s w~en the temperature of the bomb 
reaches app~~xi~a~e:y the rr.elting point of the 
mag."1esiUir.. ilh!.le ~:1e prc-3.ucts of the reaction e.re 
i~ their molten s~a~es, the dense liquid uranium 
metal sir.ks to tne bottom part of the bomb and 
collects i~ a pcol: and ~~e meg~esillr.;-tluoride by
product -- the s:a~ -- co~lects on top o~ the poo~ 
of liquid me~a:.} 
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Af~er this reaction had taken p~ace, the bo~b was 
removed from the furnace end cooled to room temperature. 

T~e cooled bomb shell was tr.e~ transferred to a~ un~cac:~g 
or "break-out" area where the st:.e!.l \\as opened and the products 
wi~hin were removed. A pnetL~at~cally operated jolter was used tc 
jol~ the shell and, thus, discharge the entire contents. The 
so:idified metal was removed as one large massive regulus, which 
was re:'erred to as e. "der"by, 11 a code nEU:1e replacing the previous 
code identification Which was "b:!..scu:!..t. 11 

Magnesium slaij adhering to i:he metal was broken or cr.i~;•:,::. 
loose, ar.d the cleaned derby" was tr.en weighed. For acccuntabi~:.:·.
records, the yield from the reductior. operation we.s deter~!ned by • 
the weight of the chipped deroy. The reactior. vessel wa.s clear:.e:: 
and re-:urned 'to the loading line wtere it was prep2.red for a:.otr..e~-
"r-..:.::." 1'he 1.i:'e of a bom"c s:iel~ was a:;iprox::X:a~ely 150 r'..l~s. 

U~ to tc~s point, t~e pat~er~ of the rr.etal pre;arat!.o~ 
u~=cess a~ Ma~li~ckrodt close:y fol2o~e~ tha-: of the ope~a~io::s a~ 
Iowa S.::a::e co:::.:ege. Mallinckrodt 1 s n.e: .;i:.g and casting ope:?"a-:::.o.:-.s: 
howe7er, varied considerably from t~e P~~es melting and cas~i!.g 
proc;ss w~!~h ini~ially e~~loyed dr::.;-~as~i~g equ::.;~e~t a~d was 
la~er modi~::.ed for pou:!"ing. 

T!::e me:'.. tir.g-casting process a~ Mallinckrodt was carr!.-=::.-· 
o~:; i;. a:: i~duction-heated, largs ~ac~um vessel. T~e i::d~c-:io~ 
coi~, whi~h was positior.ed ~~ the ce~~=~ of tr.e vesse:, s~rrour.de~ 
a g:!"a~~:..-:e r.:e:~i~g cr~cible a~d was ~~er=ally ar.d e2ectr::.ca!ly 
~~s:;:a::;::! fro::-. i:.. A pour::..::-.g ho:!.e, -.. .. :-.!:c~ was ks-F,t closed r:e:r:.a.:::.
:=.:.:..~0 d·;r:..::g rr.e::ir.g, was ir:corporat€j i!'1-:o tr.e bo-:tom of the 
=;:.:.:.::s cru=ib:e. Gra.~h:..te rr.olds were ~o~r.ted i~ ~r.e vac~t:.::: ~~~ 
·==:.::::-; 1:::e bo-:tor.: o:' the mel '4;::.~g cruc:.::-:e. 

I~ the ~e:~i~~ p~~~sss: ~~e ~~a~f~ rr-~~a- i~ ~~~ 
was me~ted by inc~ction ~ea~i~g u::de? ~:.gt vac~lZ!i. Af~er 
ctarge nad melted, the pour hole wa~ o;er.ed mccr.~r.i:a:ly: 
li~~id me'tal poured into tr.e grap~~~s ~c:ts. 

T::res Ma.io.r Process Inrcrovements 

a:--.. C -~-..... -::: 

Follow~ng co~struction i~ 1950 of a ~odernized a.!'ld 
r.~c~a.nize1 metal plant, Plant 6E e.t ~estreh~~ S~reet, develop~er.: 
w~r~: a:t Ma:i..linck!'od-r. resul :.ed i:i t.r.res r.1aic!' .c::..=.::ge.s in t::e rr.etal 
process~ng opera~ions. These changes -- which ~e~e made to ir.creas~ 
~!"ocu~t~on: i.'r.prove quali'tY: a..'1.d red·..1ce cos-:s -- invo!.·red: 
·,:, :.!:c!:'easir:g t.r:e size: of derbies e.::c. cas~ in;;-:ts; (2) carryi!'lg 
c~~ tt: casting operation to encourage vaporiza~ion of impuri~i~s 
-=--..~- "-:.-,::. -,..:...-i:::a-:- C""''C-ib1 e ~,,.,,. to pro"'c-e "ho- ---... --1 ... - 11 o&' •,.,e ;..--....... - - -··· '-'·-- - -.a;..,--~ - ...... - - O...J- .~ .., ~- \..-.:::,,.:-=-••= - ..,.. --e::.. -=~:~: a!:C (3) ~si~g recycle =:ag as rs~ra:i:c~y l~r.e; i~Etsa~ o~ 
Cc :~z:.i t!c l.i!ne. 
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Larger Derbies And Ingots 

During 1953, development work at Mallinckrodt's metal 
pilot plant revealed: (1) that it would be feasible to increase_ 
the amount of UF4 charged to a bomb shell for reduction to metal; 
and (2) that it would be feasible to increase the size of the meta: 
charge to the casting furnace. 

While these pilot-plant studies were still in progress= 
the production plant undertook a.~ investigation to deter~ine how 
it could increase its capacity by 50 per cent. After care~u~ 
study it was concluded that the increase could be achieved by 
modifying equipment so that it could operate with larger un~t 
charges in both the reduction and casting steps. 

To obtain the extra capacity, the reduction fur~aces he~ 
to be mod:.fied to produce approxima~ely 300 pounds of me~al per 
charge ins~ead o: the 120 pounds prev:.ous:y produced. Th:.s cta~~e. 
i~creased t~e s~ze of each derby fro~ about eig~~ inches ir. d~==::e~er 
'ty four inches 1:-:. length to about 12 :.~ches ir. dia'lleter by :fo1;.r 
inches in ler.gth. The charge for the castir.g fur~ace was i~cre~se~ 
from 64J pounds to abou~ 1225 pounds. This ·change increased ~~e 
size of the crude ingot from five inches in die..~eter by 45 i~ctes 
ir. le~gth to seven inches L~ die..'lleter by 45 inches in le~g~h. 

Va-oorizat:.o~ O.:' Inrourities Jrnd "..:o~-'!'o"Ot>ini.:." Dur-ir.e.: Castir.i:: 

T~e results of.an exte~sive chemical er.d physical i~ves-:!
ga-:icn by Mallir:ckrodt of the dis~ric..;tion of impurities i!1 re:.:.e~.::.e= 
urar::.um n:.e:.al led to the development of e. major process i!r.prove:::e::-: 
i~ tr.e mel~ing a.~d castir.g o~ urar.iur.: metal. 

I~ was f'ou!'ld that the que.li -:.y of' ingots could be :i:.:pr::,•,,-e::. 
by red~cir.g the i~purities in tr.e metal through vaporizatior: a~c 
.!"e::iuc:.r.g 'be:.:-_ :.::e ::..n-,F:.:.rit:.es anc the shrinkage voids by "r:o-:--:.c;~.:.::g." 

==~~~:..-::.es fro= t~e re~e:t ~rar.iu.~ were vaporizec d~r::..::f 
t~e me~a: cast::..~g process ~Y su~er~ea:.ing the molten me-:.e~ :...~ ~~s-
r .._.,.,,,,_.,_ c..,. ...... "1,.-. c -.::.vora1 .... , ... .:,..ed ,;.,,.,..recs 'T'he noe1ting po•.., ... o-~ -•-=-'--.., _ . ...,...,_1.,, __ .::_..,_ - 1.;.~ •• ....,_ W.-!;. - • OJ. .a, - ~ .... v -

urani·lll:1 of 99.95 per cent puritg is 2~72.4 F. By vacUU."':l. p";.L,:;:i~,g 
and heating tr.e furnace to 2550 F, ar.d allowing the melt to o~tgas. 
at this tempera!ure for 45 minutes, it was possible to distill 
residual magnes::..'..i.:!l, some slag, hydroge~, radioactive decay prod~c~s: 
a.~d other volatile irr.;urities from the melt. 

11 3ot-toppir.g 11 ir,-.ro:::.ved controlling the casting op::ra:~ic::: 
to cause the ingot to solidify from bottom to top, and t~us to 
cause L,ipuri ties i~ i::le poured metal to float to the top o~ t::e r.:= ::= .- -
T~is was acco~p~ished by crea~ing a s~eep temperature gra~ier.~ i::: 
the mold. 
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In the casting equipment, the ingot mold was posi~~o~e~ 
d~rec~ly under and in very close proximity to -- aln:ost tou:~.i:".f -
the remelt crucible. The upper part of the mold was insu:a~ed~ 
but the bo-:tom portion was not. Wr.en the metal charge was ms:-:e•:. .• · -
the heating, together w!.th the ir.su~atir.g sleeve arour.d t!".e uppe:?:'· 
part of the mold, created a steep teffiperature gradient from the~=~ 
to the bottom of the mold. When the melt was poured into the mo:c. 
the temperature gradient caused solidificatior. to proceed fro~~~~
bottom to the top of the ingot. 

Tr.::s. casting practice nor:nally produced ingots w:tth 
prac~ically no internal cavities, a.~d the directior.al sol~dif::
catior. caused the nonmeta~lic im~urities to concentrate at the~~~ 
of their.got in a shallow layer that subsequent~y could be cropp:i:. 

Tr.e Use .C!' Rec.yc:e Ma2nes!u.r:i siai P.s Eo!'!",b Re:'ra:tory Li:-ie:?:' 

?rom 19!;.2 ur.ti: 19:;!1, }~a:lir.ckrodt used electrica:.::,
::';;.sec., ::.::::,·1-torcn dolo.ci tic oxide as re!'.ra.ctory li!'ler for -:r.e ::=::-.: 
s::e:.:s. ·A:. ::r..oug:: the do lorn:. tic o.x:.:::.e had good re:'ra.cto!"y c.::ar~~-=_::.:?:'
istics, i:: wa& re:atively ex~e~s:..ve (costing etout $:50 a 'to~;: i~~ 
beca~s= i-: is tygroscop:c, it requ:red close contra~ o~ sa;.~::.;.~-
ar.c. rr.o:.s-::.::re cont.en'i:.. Excessive mo:.st:ure in t!"'_e li~er wou:.c:. ca>.:.si: 
~~dss~:?:'a::e sic:.e reactio""s -- s~ct as l:ydro~ysis-6f the gree~ sa:-: 
-co brcw:-1 ox:..de -- ar:d, therefore, ::.ewer bomb yielcs. · 

Seeking a more pra.ctica: refractory liner, Mall~~ckroc-: 
bega~ devs~opment work in 1952 o~ tr-e use of the bo~b-reductio;. 
ty-p~~c.uc-: n:ag:1esiu."!l fluoride (!~g?2 ) to line t::e reductio:-. vess:-:.. 
The ad7a~~ages o~ magr.esiu.~-fl~or:..c~ slag were: 

F-:.lse:i ma~r:es!.un f:::.:..ori~e i::~oc:.uce::. t:.r tl:e 
tr.er~:~e rea.ctio~ of DF4 ar.c Mg is prac~!cal:y 
!"!or.hyg"?"oscor,ic. 

~~e cos~ o~ ~~e =a~~~s~~~ =i~~~~i: r~~~~c~~ 
i ,.. .. i-1 ,: .-••; -;:,._-:.r--.-c c-- ----.,_,.-_.,._ -;.. ·~-·'"0- e._. O ... ..:...J ""'•·- ":"~-.!:'c ..... e - ._. ..... 1-- w-.-:.i... .... E S-::.=-
to a for~ suitatl: ~o~ li.r.e~. T~::s a.--::.c~~~ed w
about $10 a ton. 

- By using the slag as li..~er: i~ was poss::~~e to 
avo1.d conte.m::na.t!.o~ of the me-:al w:: ~!1 o,.:::'.:.side 
sources o~ unces!ratle i.mpuri~ies such as boro~. 

!':.e con:pa.>:y 1 s work on emp:oying re-~ycle s:a,; as bor.1c 
:~~e= ~~~:~c:.ed the devs~cpment cf a oethod tor cr~s~~~g and gri~d~~f 
the ma.s:::1esi:ur. :fluoride to convert it to a usal::le forrr.. The dev~::.•:>::
:r.ent wc.:?:'k was successfu!, and by 1954, recyc:E Mg slaf hac per:i.a- -
~e~~:J re;:acsc dolo~i~e oxide as refractory li~er ~"" the bomc
rsd1~-~-:-;.:..~Y-. ~recess. 
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Conclusio!'!s 

Mallinckrodt has played an iir.portant role in the field 
of uran~u.~ metal preparation since the spring of 1942, when the 
Metallurgical Project at the University of Chicago first reques~ed 
the Corr.pa.~y to prepare certain pur~fied ura.r.iurr. products for use 
in the chain-reaction pile at Stagg Field. 

The Compa.~y•s first techr.ical contribution was the a:mos~· 
irr,mediate developmsnt of a success~ul commercial purification -
process to produce the brown oxide required in the productio~ of 
urar..iurr. metal. Shortly thereafter, the Compar.y also ins~alled a 
process for producing green salt. 

I~ July 19u3, Mallinckrodt's role was expanded when, 1~ 
add~tio~ to producir.g L~portant intermediate materials, the £ir~ 
star~e~ opera~ions to produce the oetal i~self. Followi;.g the 
bas~c process developec a~ Iowa State College: Malli~ckroc~ ~e~~~= 
o~e o~ the f~rst corr.mer~~al enterprises in the cour.try ~o pr~d~c~ 
ura!:~tz. meta~ o~ an industrial scale. !n subseque~t years, t~e -
f~r:.: ~ace o~going process L~~rove~e~~s to increase produc~~c~~ 
i!::pro,e qua~i~y, and lower costs. Shortly after World War II, 
Mal!.i!"l.ckroc:: beca:ne the only plar.t i:-:. the t!r.5..-:ec: Sta-;e:s -co co:-. :::.!:.-:..:e 
to proc:~ce virgin u~~:.um metal. 

T·.-10 rr.ajor i!:!no·.rat5..ons ~!1 ::r.etal procuct:::..or. tec:-.r.o!ogy 
developed by Mallinckrodt are covered in separate subsections o~ 
th1s re:;c!'t. 'l'hey are the "d.ir:got 11 

( d:.rect i;.got) !'!letal process, 
wr.ich is d~scussed i~ Section I!, Fa~t 11, ar.d the electrolyt~~ 
redu:t~~n process, which is des:r~~ed in Section Il, Far~ 12. 

CO[:.":a:..~ed ...---:-
- I • 

I'::.e fo:..~owing nur..bers re.fer to b~bl:.ograp:-.y er.-:r:.es 
wti~~ a?~ -che ~r:..r.cina: sources for nore de:tai:ed i~~or=a~ior. o~ 
the u~a..~:.".l.~-~eta: deve:opment work described in th:..s suts:c~ior.: 
6, E. 9, 10, 11, 12, !3, 15, 19, 21, 22, 41, 44, 45, 57, 63, §7: 
10, BE: 89, 91: 92, 9c, 102, 105, 106, 107, 108, 109, 119, 12e, :2s, 
133, :35: 136, 137, 139, 140, 14:.., 142, 143, 144, 1~5, 14:: l5C: 
126, :c~: 167, 168, 186, 190, 198, 199, 201, 202, 2:..l, 216, 222: 
223, 22i.:.. 

A1d~tional references may be round i~ some of t~e sour:es 
ind:!.ce -:ed ~.'bc ·:s. 
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,se·ction ::rt\ 
;Part 2 

DE\i.::.LOE•U:N':' OF TEE FIRST CCMNERCI.~-~ PROC~SS 

!~ ~r.e s~r~~g o~ 19~2, rr. A::~~ur Ho~ly Co~p~o~ a::c ~~s 
col~eagues fro~ .:;~e ~etall~rgica~ LaboTa~ory of the ur.iversi-::y c:-
Cr.icago were work~~g on a sacret project, part of the now-~a:::c~s· 
Ma~~a~-=a~. Froie~~, ~o de~o~s~rate a s~~f-sustaining c~a~~ rea~~:.=~ 
i.r. a:: a-:o!:::.c .!'eac'tor. T:ie~r proje-=.: req'.l:..re=. the ccns~r~ctio:-: c: 
a 11 i.:.ra:::.::.:..--: :r;:.:e." 

:or -::::: a~o.:::..:: .reac-:or· to work, ura::!.ur.: o:~ a ve::;;· ~:.f:: -
degree o: ;~ri~y Mas req~~red. fupuritie; wou:d ac~ as nc~so~s 
:l."""- t.!l~ u~c:.~~-..:...7 .. :;:::..:e: thsy 1.\fc-ulC. 1~~ .. ::..bit ~he dee:.~::: c~a!.!: reai:::7.:..::::-_ 
by a:sorti~i ~:u~~~~s. T~s s~~=ess o= t~~ p~2:, ~~=~=~ere: C:p~~~=j 
or. he.:,,ri!"lg ·...:.rs.:::.~ rr.a::er!a:s ·,-t1::..ct. w:1·s :"": .. se :;~ -::::.: . .-:~.: a::.;.::·:~:"';~.--
espe~1a:1:,· e:e~e!':.tS such as boron, cad..~!iu...~: a::~ t:"_e re.rs ea::-:..-.. s:. 

Under -:::ese circ1~sta.'1ces ~ O!l Apri: ~7, 19.:..;.~ ~ ~::-. C=:--.. ;~~
a.sked Edward Ma'l.:inckrodt., Jr.; whether he wou:d r:e.-.;s ~:.s co~pe.:::, 
atte~p~ to pre;a~e the_pure uranium compour.ds u:rge~~!y ~ee~ed ~o 
co~plete tr-is project which was so vital to the war e-:for~. 

Dr. Co~pton a.~d his co:~eag-~es discussed with 
Mr. )1a.::i::~k::-oi:.-: tt:e 'Coss:.bil!t:,-· o-: usi!'lg ether exI:ra.::-:!.or:. a 
method o-: ~uri~!:ation which had bee~ demonstrated to be ade~~a-:e 
on a ~aboratorJ scale, although it had never been acconp::.sr.ed er. 
a :a~ge: co.::.~=~~!a: scale • 



,,·.:, 

I 
I 
I 
I 
I 
I 
I 
I 

'.,··t 
., 

I .: J 

I 
:'" l 

I .I ., 
e,J 

~~ J I 
'J I ·:: 

::.-,, __ 

,'? I ,;J 

"I I ,.,__·_ 

_] I 
il I 
.. ,., .... 1 I ·::·-:-; 

·.:,, 

.I I 

-19- 152653 

The difficulty of the task, and the dangers associa:e~ 
w~th ha::dling ether had led several major chemical producers 
previously approached by Dr. Compton to decline his request. 
Mr. Mal!inckrod~, however, agreed to try to solve the pro~::..e!:l. 

The ~asic laboratory pri~ciple had been discovered 100 
years earlier by the French scientis~ Eugene M. Peligot. The 
immediate task at Mallinckrodt was to attempt to apply that pri~ci;:e 
on a large scale to purify, in tonnage ~uantities, the urani~ 
compounds needed. 

The Process 

Peligot employee the solubi:ity of uranyl ni~rate ir. 
dietr.yl ether to obtain urar-iu.~ that was free of other me~all~c 
elemer:ts. 

T!"le basic Frocess involv~s c.:.-ssolvi:1g ci<ysta.ls o:' .u:-a::~·=--
n ..,,. .... a+,,. n' -v--r\_·n,-~t· _;,,· ·(uo2·(M03'.-- 6··,.,o c,,.. Tn·..:) i""' d"e ... hy-: ·e ... =--·-~ ~-~- v- t::.11::. ... .., ..... -~ ~ -· _ Je:.•. n~ _; __ - _ vr·,~- .. -~ - w ~ ..:.. ....... t:_: 
se;ara~i~g tte ether a:;.d wa~er layers ~ha~ for~, ar.d eva;ora~~~g 
t!:e etl:er to re.cov.f:;r:-. ~!';.e pu:ri!':..ed u:-a::yl. ·r..::. ~ra'te. 

T!";e FUrif 1e:i-t£fi:-iy! ti~ -:l'c.t(! "thus ob~a:.i1ec.. C2..~ be· t:.sec., · 
as feed fo:r producing 1.::rar:.::.U!:". o:d .. ::es whicl:, in tur:::, ca:: be use:i 
to proc..ice U!'a:::!.u..~ rr.etal. 

Prove~. Exuerie~ced. Scie~~ific Ar.d T:~hr.:..ca2 Cauab~litv Rec~::.re~ 

A~te:r Fe~igot's i~it:.a: d~scovery, a r.'l:mber of i~ves:i
gators had re~or~ed the explosive reaction o~ ni:rate w::.~h e~~er, 
a-~ co~se~~e~-;:y, the ~rocess was co~siderec by ma..~y tc tc da~g~~~~s 
r.o:. o~:y or. a :arge sc~le, but ever. o~ a laboratory seals. 

T~ere:ore, wr.oever was to a~~empt to deve~ou t~e ~arge
sca:e e~h=r extraction process to produce the highly ~~r:.~::.ed 
·..:.:·:.:.:..:.:..-:. ::!a:.e~·::.a2.s r.ee:.s:! 't~0 the Ct:icago g!':::n.:.p woulc. r.a·;e -;:, ·:: a:_-:-: 
"t.:> :c~e w::..:r. ~r:e dangers ir.•:olved. 

· Ma::~~ck!'od~ Che~::.cal Works was as~ed to a~te~p: the 
ass~g::.~e~t fo:r two chief reasons: 

( 1) 

(2) 

The Company had a repu~ation for exceptio~al ski __ 
in producing h~gh quali~y, highly purifie~ c~e=i:a:s. 

Tl:roug~ previous work, the Compa..~y was a:s~ we~~
kr,own for its experience a..~d skil: in ha::c:in~ e:~~-

• 

• 

• 
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The I~itial Mallinckrod~ Ether Extraction Process 

The formal rese:arch project, e.~ firs-: called 11 lJre.:1iu."':l 
Oxide S.L. 42-17, 11 was officially started at Mallinckrodt o:: 
April 2~, 19~2, or.ly one week a~ter Dr. Comptor. had ini~ia::y 
asked tr.e Co~pa~y to undertake the assig::mer.t. Mr. Mal:ir.c?.:.rod~ 
had made ar. ora~ agreement with Dr. Com~ton to work on t~e job for 
an ir.i~ial fee of $15,000. The projec~ na.~e, including ~he 
a.bbreviatior. 11s. L.," was purposely chose.:: to i."'!'lt:Y tr.at 'the 
uranium compound was simply ar.other o:: Ma:li::ckrod:. 1 s li:-~e o~ _ 
standard luminescerrt che:n~cals. Eowe•:er, usi~g the te!":.". "ura::iu:: 11 

was agai~s~ gover~~er.t security reg~la~~or.s~ a::.d the na:.:e of ~~e 
project was cha.'"!.ged to "Tube A~loy D!.ox:..de. 1 

Ma!.linckrodt' s i:;rime.ry res ear::::: ar.d developrne!".-: tas?.:. 
was to try ~o tra..~sla~e tr.e labora~ory ccnce~t i~to a :arg:-sca:e 
process. 

:~ ~:-.e p~ocess -:r:.e..-; 1'-!al::.:..::::!t!"O!~ Si . .l:s.eq_ue~tly was 
succsss·:-....: :.r. de·,;elcpi::g! the s~ar-::..r:§; ::a:~cr::.a.: was co::r.::e:!'c:.e.::y 
a··e.~~~ ...... - 0 -...-,_""' ..... ox.;,.:.0, (-u· ,-,..) "ii-c ""'-, .. ~- .... ..,a.._" .. ox..:~- w---- -ri..:-..; --

~ --~---- --~~~ . --- 3~- . --- ----c· -- -~ -~~c == =~~=- w~ 

to~ co~ce~:~a:ed ~::.:r:..~ ac~d i~ larfe s:a.:..~lesa~st~el ~a::ks :o 
prod~~= a c~~~e ur~yl ~~tra~e so~u~~~~. T~e u~ar.y: n~t~a~e 
so:u~::.o:: was tr.e~ fil~ered ~b.roug~ a s~a:..~less s~ee~ fil~er prsss
a~d subse~~e::~~Y con~e~~rated ~~ ~a~ks r-ea~ed cy stea..~ co:..:s ~o 
t ne boii~-- ..... ,oi,..,- c~L:.F~O-;.,) o-~ P"'l"'e ,.,....,.,.....-- ... .::.,.,.~T'C. he·•e.nvc.·,...--e 1.;,. ---•-e ~- .. .i. ... '- - ... _ ~... """-~1.:- 1..,_1.._c:.-- .. -" ., ... -~'"' .. 

A~ter ~he mol=e;. crude ura~yl r.~tra-:e was coo:ed to 175°F, i: wa.s 
pu.~ped d~rec:~y i::~o cold e~her. Tte wa~er layer a~d e~~e~ laye~ 
separa~:1, a~d t~e e~her layer w~s ~as~:d witr- smal~ a..~o~~~s o~ ~ 
dis::..:lsd we.-:er. T!len ~he purifie~ r::at-e~ia: was re-ex-::--e.ctec:. fy:;:::---· ·
t~e e-:;r.er w:..-:.~ re:a-:.ive~y large QUa::~i-:.ies o~ d:..s~illed wa~er. :~~ 
so:i.: . ..:.-~!.::,:: o:' ptl~e urar.y:. r.!. :,rs::e~ 'J1:::..::: c~r:::ai.=:e=i sor.ie e~::.er, ~-:a: 
l:ee::ed .:o t.:-.e coi:.:...:::g :i;::0::..:1-:. to c.ri~;e o:":~ ;:;::.e e-:!':e:?". 

'!tc st:.ts:~~er:~ s--ce~s i:: :;::to=.~::.r.~ c:;:·:..=.es we~e -t?::~":::c.: 
de~:..:ra:~o.::: c~ -:~~ ~ra.~y: ~itra-:e :~ ;rci~:::e =ra.:::ge o~~~e ;~=~---
and UC3 red~c-:.ic~ ~= brow= o~ide {=:2;, 
The ?ilot P:.a.r..~ 

The urgency of 'the projec-:; recr...!ired -:;r:.e :Me.ll:..~.:::-:~ot-: 
engineers and scie?::!.sts to utilize exis~!.:ig .facili-::ies e.:--.d. 
e.·,ai~able supplies a:.d equipment tc ::leve:op t::e process: ce.:?"r:t c··
experL~ent:s, a.sss::=:e plant equipme:-~::;, a..-r:d cor:st.ruc-: tl:E- p:a!"l-:: 3 

, .. 

e~ ext.re~e:y s~or~ period of ti~e. 
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The pilot plant for the ether extraction deve2.op:r.ier:t w~:r~ 
was an alley between two buildings at Ma~linckroa~•s faci:i~ies :.:--. 
downtown S~. Louis. It was there ~hat Mallinckrodt perso~r.el se~ 
up ar. apparatus which, if it worked, was to be ~he pro~o~ype for 
the large-scale extractor. 

The prototype was fabricated entirely of stai~:ess stee:. 
It consisted of a section of pipe: 8 feet long ar.d 2 inc~es in 
dia.T.eter, to simu~ate the extrac~or, and a 3/4 inch pun:~ which 
mixed and cir-culated the water ar.d ether. In a·ddi tion, ::ecessary 
piping and valving arra~geme~ts were provided for t~e u~~~ whic~ 
had a capaci~y of about 1.6 gallons. ~ 

The prototype, employi~g the ether extraction process 
described above, was successfu2.. It ac~~eved the sa.~e ~:7e~ o~ 
purifica~io~ as was achieyed ear:ier on a smaller scale i~ the 
labora~ory. Cr. May 9: 1942, S!?.!!:~:es of the uranyl n!tra~e prod~:ec 
in the froto"':ype ·ex-::::-actor were s::i:;::;;:ec. for ___ testi.."'lg to ::r-~::ce~o.:-_ 
U~iversity, tr.e U~iversi~y o~ Cr.!~ago, a.~d the Nat~o~a: =~rea~ o:' 
s~a~dar-ds. The product passed a:: existing tests tta:. co~:d bs 
a~~:ied for purity. 

Tr:.e next s~ep was fer Ka~:inckl'"odt-tc at.:c:::p~ t.o des:.;-:: 
a;.d bu!~d a full-size, p~a:.~-sca:e extractor based or. t~e s~cces~~~~ 
pro~otype of the "pilot p~ant ir: the alley. 11 

Again, the :i;:roiect rei'.l!:r-ed the Ma!.lir.ckr-oc.:. fe!'sor:::e:. 
ass!g~e:. to the projec:. ~o use e::a::.'.:.e.ble l'!later·ials EL"11i i!. ;-;;_r!.;-.;y 
of desig:: a~d co;.s~ructior. sr.or~ cu:.s. Fo~ ex~:.;~e, ~or so:::e 
equip:::e::~, ro··..:.g:-. ske-:c~es i!:stea:i o:' fir:ishec: dr2:w:.::gs We!'e use:. 
toget~er- ~i-:~ arou::d-t::e-c:ock s~per-v::.sion by the Ma~li=c~roc:~ 
e!1gi:ieers. ~ so:::.e cases ske~c::es were ~o~ e--..-e:: used. ::-.s-:ead.·: 
c~~s~r~:~io~ was bas~d en d~agra,..,:.s chal~-draw:: o~ ~~e f:a~-: i:oors 

:;-·v!"-r,ur:a-;e:.:t, 1ri!°:::-. the cor:s-:r~c-:.!.or:. ·tJas reaC.~_; ~o ;rocee':.: 
Ma:.:i::ckrod~ ~ad two -ou::.:dir.gs a.·.-a::.:a:;:s: ar.c: -~hey wers ~sec. -:o 
ho:.:se :.::e p:a::t-sca:e sys-:e:-:1. C::.e o:' -=~= bu.:.::i:!.!'lgs, E\!:.:='.:.::g :;:: 
is show~ in the ir.se~ in Figure II-2.l, which is an aeri~: view 
of ~he mair. St. Lvuis plan~. 

• 

• 

• 
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.. ·., 
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Figure II-2. ! !':=~ LO(;.A':'Ic~: 0? =t.:-:~I:m 51, or.e O:' the -::•:~ buii.:iir:f~ 
that r.cused :r.e i'irs: p:.a::-:-sca:e ez.t.rac~or, 13 sr:o;·:r. 1:-. .:he i:;se-:. 
i!i tr..:.s aeria: t:.:iet.,! o::' :.-:a:.:i!:~::~:,d":'s ~a:::1 p:a:::. 
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Most of the materials and equipment used in the plant 
were obtained from a supply which Mallinckrodt had accumulated prior 
to 1942 in anticipation of possible war-time shortages. The Company 
had several 1000-gallon stainless-steel tanks a.nd an adequate supply 
of stainless-steel pipe, valves, and fittings. Mallinckrodt used 
its own facilities to fabricate most of th~ other equipment needed. 

Start-up and shake-down problems were minimal. Once the 
processing began, the plant was operated 24 hours a day. 

Advantages And Disadvantages For long-Term Production 

Although the initial ether extraction process described 
here was designed for a short-term project, it was actually used 
for a four-year period. In evaluating the process from a long-term 
point of view, several advantages are evident. The plant-scale 
process required relatively small capital i~vestment, and as a 
batch operation it also permitted multiple use of equipment such 
as tanks, pumps, and pipes. Furthermore, it was a simple process 
and because it required very little instrumentation, it provided 
additional economies; 

Compared with a large-scale continuous process, however, 
the early ether extraction process had the disadvantages of higher 
operating costs and lCMer uranium recoveries. Its main disadvantage 
was that it did not provide sufficient decontamination of the 
uranium, and prior processing of the starting materials to relatively 
pure concentrates was required. The continuous process, described 
in Section II, Part 3, was developed to overcome this problem. 

Conclusions 

Mallinckrodt's achievements during the first stage of 
what was to become a 25-year uranium production project are 
considered outstanding by authorities associated with the work. 

The Company's chief accomplishments during that period 
were: 

(1) 

(2) 

Performing the extensive research and gathering the 
large volume of data necessary to translate a con
cept, demonstrated previously only on a small 
laboratory scale, into a workable, plant-scale, 
tonnage-production process. 

Under the handicaps of limited information, time 
pressures, and wartime shortages, designing a 
prototype extractor and conducting research, 
analysis and experiments to prove the effectiveness 
of the newly developed extraction process. 

• 

• 

• 
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Under the sa~e hand:.:aus. 2..r.d w~~r. l!~ited sour::as 
of supplies and equ:..~me~t, desig~:..~g, constr~c~~~~
a:.d opera~ing a p!a~t for sa~e, co~.:::.er~ia~, larg;:· 
scale ether extrac~io~ o:: uranyl r.~~rate. -

The difficulties of acco=~~ish!~g t~ese tasks i~c:ude~ 
not only dealL~g with a number of previous!y unex;lored aspects o~ 
nuclear uhysics, but also tr.e effe~-:~ve and nra~tical ~ee~i;.~-o~
the-rninds of two different groups -- the Ur.iversi-:y of Cr.icago 
physicists, a.'1d the Mallincl-:rodt c:1c::1ists -- fr~ir. ,:.·,,o c.is~:.:1c.: · 
scie~~ific disciplines. 

The exceptional coopera~~~~ be~wee~ these ~wo groups 
was de~or.s~rated by the fac~ that o~:y fi~ty days fro~ the s~ar~
of the project, the necessary da~a were gathered, the p!a.~-: e~~~;
ment desig~ed and assemb~ed, the ;~a::~ built: ar.d the prod~c~ 
produced at a rate of reore tha.~ or.e tor. per cay to serve as ~~e 
sole source of t:uri::ied urar:i'!.:.I!l fer- -::;e ~•lar2ha:~tan P!'oject v:e:: :..::-:~ 
1943. • 

~er ... ry I:ei:o::.~ S:::;~:'=: i~ !":·~= :l:'=:.cia: re•.;~e·_,, o:"" a:.c==-~ --- -
e!':.e!"g~:- wor;( dur:.:-ig tte war, s:.:r.-:.:e:. :.:.~ ~a::::.::~krod~' s acco=;::..s:-_-::_e:--.::s 
dur:.:.g -c::ose :fi:rs:. ~i~-;,y cie.:,·s. Ee Es.:.c.: 11 :i:~ was e. re::r.ark2.::.e 
achieve~en~ to ~a?e deve:ooed a~d t~~ ~~to ~rod~c~io~ o~ i sea:~ 
O ,&' t\., 0 Q'l"'Q."e,,. o,&' o ... e 't'Or, pe~ a·-y - :;..,,. ....... <>CC ~-0 ..... t ... - .... c:~o ....... -',..,- -..-occcc·•· .... .!- - - • "'.;. •• - t:. c:. .!-'-"""""" ___ J. - _c:..;.. __ _ ,. __ ..,_!: ~- .. --... 
i::~~re co::1.~e!"cia: oxide 'to ox:.de o~ a degTee o~ p~:ri-;,y seldo~ 
ac::ieved e·,en or. a laboratory scale. r! 

Additional references rnay oe found i~ so~s of the sou~:~s 
i:-id.:..cated above. 

Jl 
rr 

. -I 
~JL-------------~ 
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Sectior: 
'Pc!:f~~3-

DEVELOPMENT OF THE CONTINUOUS ETEER-EX!':lACTION PROCESS 

In 1945-46, Mallinckrodt Chemical Works develcped a 
cor.tir.uous ether-extrac~ior. process for pur~fying uran~:.i.~, a::d 
desig~ed and cons~ructed a large, to~r.age-scale plar.'t us~ng t~e 
process. ~ith con'tir.~ir.g ir.".prove~e~~s, ~he process re~a:.~ec ~~= 
sta::.darc. o::ie a"": Mal:'..i~ckrod't I s E-:. :;:.ou~s opere:~i.on u~s::.: :.s:~-;
w~e~ tri=u~yl-p~osp~ate-hexane was i~trocu~ec to re;~ace e~~=r. 

T::e orig~na: bate~ e-:her-ex~rac~~on process: deve:c~ei 
O!! a crasr: cas:.s, r:e.d several disa~:;ar.tages. ( T!1e batch rne-:::od 
is discussed i~ deta:.l ir. Sectior. !~, Far~ 2,) C~ief a::or.g t::e 
d:sadvar.~ages were high operatir.g costs ar.d low percer.tages o~ 
ura~i'..l.~ recoveries. Further, re~ova: of certain conte:r.:.r.a::~s 
fro~ the ura.r::.ur::. was ir.su~ficie~-:, a~d ~he ree'thod requ~red 
re~atively pure co~ce~tra~es, wt~c~ ~ace ex~e~s:.ve prior pro
cessi~g o~_tte s~ar~i~g materials ~e~essary. 

Tt.e New York Operat!.ons C:::'i~e o:' tr:e Ma:::1a.;~a:: I::!.s-:::.~~.::-: 
i~i~ia~ed activi~y to ex;lore ~~e ~~ssici:i~y cf overco~::.::g -:~e~= 
d:sa~var.tages. Tte office assig~ed -:o Yal: Ur.iversi~y ~he -:as~ 
o~ investigatir.g the possib~i~ies o: a cor.~i::uous e~her-ex-:ra~-::,~ 
~ec~.r:~que ~~a~ would use feed s0:~~:~~s prepa~ed d~rec-::y :r~= _. 
pi-:chb:ende cy n~tr~c a=~d d~ges~io~. 

~he Yale work ~::iicated ~~at ~he a=~roach rei~~t ~e 
feasi~~e, if a nu.'D.ber o:' complicated inhere~t-problems-cou:d ce 
solved. 

!::1::ial Develonment Work At Ma.:1:.r.-:::rod~ 

In the spri~g of 1945: as -:te Yale studies were be~::ig 
completed, MallL"lckrodt began resea~~:1. 1:.0 develo:E= ·e. f'ina:: co::"1;::.::-.-..:.::·.:.~, 
counter-current ether-extractior: p::·ocess. Work was ai.-ne:i a~ :'i!::::'..!:.~ 
a me~hod wtich wou:d use feed sc:u~~=~s Prscar~d d~rect:y ~r~= ·-·· 
p:.tchblende ores, or crude conce~tra-:es conta:.r.i~g 30-cC per ce~~ 
:-::.ack oxide. 

• 

• 

• 
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Mallinckrodt had to solve severa~ co~ple~ proc:e!:1.5, 
soce of w~ich were revealed in t~e work at Ya~e. T~e ~ajor ~~~~:~~ 
were to: 

- develop sa~isfactory met~ods "to·prepa~e 
suitable feed s·olu.:ior.s. 

- cut dow:1 or. impuri t,y (especially rr.o lybde:i.t:...--r.) 
carry-throug~ duri..~~ extractior., 

- get more co~ple-:.e: re:c-.,ery o::' urar.iur... 

The total job was two-fo"2.d: ( l) de·.reloprr.er:t. c::' workai: :e- -
methods for preparing suitable feed so:utions; and (2) researc~, 
developmer:-:, a.'1d design of' the cor.ti::uous e:<.tractior. process a:-.c. 
equipme:-.-:;. 

~-:a:..:..ir.ck:-od:. wo::-ked or. de·:e:c:;:::.::g "tWO me-:::ods :'or 
pre~ar~~~ :eet su:u~~o~s -- c~e w~~~ ;itctc:e;.de (cor.~a~~i~~ 
rad~::...~; ~s ~~e s~ar~i~g rr.a~~~ia:, c.!'".d or.e usi~g rac...:..\;....7.-~~e; 
co~ce!'l-::-a:.cs. 

'.::°!le n:e-:~od that Ma::.linck.roc.:; ci:eveloped for process:.::g 
pitc:-/cle::c.e i::vo::.ved severa: steps. F:::..rst, the or!.g!.!':.a.2. rr.a-:e!':.a.: 
was grou~d: a!id the~ it was digested w:::..th nitric acid. Tte 
res'..::::..i::i::~- so:ution, howe·,er, conta!.r.ec r2.c:.t1.r.1 a:-:.d sul!'a-:e, l:c-::: 
o~ wtic~ ~rese~ted acc.itic~al proo:s~s. 

::-!e rac.:.u::; posse a pro·o:-e=. co.::: teca:::-se 6:- !:~s i:::-.r.er-;:-:.: 
re.:.::.oac::.·i:::y haza!'ds, a::d 'teca~se o:' :.-:s ::ig:;. Yalue. ':'~e s·..:::a:f; -- -. 
i!' r.o-: re::0·1ed frore the so:!.".l-:ior:. -- \•:c;;.:d ca~1:-e r;re~ii:::'..-:e::::'..:,;. a:-.:. 
mecha::ica: ji!':i~u:ties dur:.~g ex~ra~::.o~. 

:.:~::.:!.::ck~odt :'o·~::.:: tec:'_-;.:.:z·..:~.s -:o o·t-e~::o:::e t~,es·e pr.:::-::::-. .:.·
rr:-~e e:,:=;s.~ su:.:'a":e in the d!.g:s-=.:..c:: ta::-::-! i,Je.s !'"ezo~-.-e:.5: =~=- ~!'=-
c~;::.. ~a:::..~g t~e sulfate with bariur. car~o~ate whicr. also c~
preci~:.~a-:;cd the rad!.um as sulfate. T-~e precipitates were re=~~~~ 
·:::y cs:-:.-:;r:..:'~~e tec.hr..iques, leavi~g a .f-e~d so:i..tion wit~ ~i::t:!.~ 
bari':.i. or sulfate. 

Mallinckrodt's preparatior. o.:' feed so~utio~ usi~g c~c=:.~a: 
concen~re.-:cs free of radium or sul:~ies ar.d cor.taini~g o~ly 
relativ::!.y s::iall ~':lounts of su:fa~e or calcium, invo2-ved s:.:::p:y ::.:-.-:· 
d~ges~i~~ ~~ t~e co~ce~~rat:s w~~~ ~~~?~~ acid. The res~lti~g 
s~ur~y: a~~=r adjustment of !ree n:.~r:::..~ acid ar.d urar:~:.u:: co~~e~~: 
was used d~rec~ly as the extractior. ~ee~. .:; 
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One obstacle remained in i:::e prepara-:ion o:f the ex-::ra~~:.~:: 
!eed. It was incc~ole~e uranium disso:ution. To disso:ve ~he 
ura!':iurn completely required an ex;:ess of nitric acid. Dur:..::g -::::c · " 
extraction process, the ether stri~pci the aqueous feed of a~:..c 
and tr.is caused precipitation to occ~r. The precip~tatior., i~ ~~~~, 
caused sludging and e~ulsion which i~~erfered with proper opcrat:.~~ 
of the extractior. equipment. Malli~c~rodt's solution to the 
problem was to add a con~rolled cor.ce~~ration of ni~ric acid ~o -::~e 
ether to prever.t the stripping. 

Pilot Plar.t Develoo~ent Of The Conti;.~ous Ether-Extrac~ion ?r~cess 

In addition to solving the problems associated w:.th 
developing feed-preparatior. processes= Mallinckrodt also had to 
solve major problems in developing tr.e extract~on process i~ss:f. 

I ... .,.he s~.,. ..... r: o-=- 191.!.5 a 'C ... o ... p 1ar:"" wac: b, ... -:·- as 
•• ""'"·· ::J-.L·•c - . , --- "' - ·"' .. """---"" e.:: 

2..~r.ex ~o t~e batch e~he~-ex~ractior. ::a..~t then i~ use. T~e ;:.:~-:: 
~la~~ was used to ca~ry out the ex~e~sive expsr~=~~a: work :s~~~~t 
to deve:op~e~t of a prac~ica~, con~~~~o~s, cou~ter-curre::~, d~::
cycl: et~er-ex~rac~ior. p~ocess -- o~c ~ha~ co~:1 be ~~s...";s:a:e~ ---
a pla::t syste:; .. 

I~ terrr.s o! the physica~ c~e~istry invorved, tte co::
tinuo'L!s i:;rocess that Malli:1ckrod1: de-:::oped was ba.sica:.ly .:.de::-:::..~e.: 
to i:he ba~ch process. An aqueous ura::yl-r.itrate feed so!~~!o;. !~ 
dissolve:. in diethy: ether. Then the ether e.~d water layers tte:: 
form are separated, and the puri~ied ~rany: ni~rate is reco~erei 
by furtr.er t~eatme~t o! the ether so:~~ion. 

T~e co~ti~uous process de7e:oped by Mallinckrod": ta~:~= 
cycles: (1) acid ex-::ract:.on, a.~d (2, r.eu~ral extractior.. ~~e 
process is illus~ra~ed in Figure II-3.: 

Acid Extract:.on 

The firs~ s~a&~ of the ac~~ cycle was the ~~~rac~::..o:: 
co:-.....~~, a ~~be packed w~~~ sma1l cy~::..::=r~cal sectio~s o~ cer~!~ 
pipe to nrorr.ote i~~~~a~e ~ixing o~ ~~= aqueous feed a~d tr.e e~te~ 
phases. -T~e et~er was tne cor.tinuo~s pr.ase and was in-::rod~ced i::~~ 
the column at the bo~to~. It flowed counter-current to ~he ac~eo~~ 
feed which moved by grav:.~y froo the ~op of the column. A!ter 
passing through the extract~ng colu.~.r:, the uranium-enriched etr.E~ 
phase overflowed fro~ the top ar:.d was carried by pipe ~o ~~e 
bottom of a wash co:-..:..~.n. 

The ether solution carried ·,1!::.t. it traces of :.n:~~!':~.:t.:.es~ 
s~me o: which w~re c~sso~v~d: ~d so~~ c~ which were mec~a!"-~ca::~ 
e~trained. (Fart of the mo:ybde~ur:i, cscause i~ is solub:e !~ e~~cr, 
was o~e of the ilr.pur~-::~es ~c.a~ we.s ~~~~:..sd throug~.) 

• 

•• 

• 
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Figure II-3. l T:-~ FIRST CG!vflF:RCLA_:, cm;T:~·rG"Ot;.S E7E:::?.-D:T~_:,,_:;r::,:: s·:-:-s:-:::::-: 
was developed by Mallinckrodt as a dual-c~·cle process. 
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After it left the extraction colun ... n, the ura.~~u.~-rich 
solver:t strea~ was the-'1 passed throug~ the wash colu.~.r: w~ere srr.a:: 
a~ou~~s of wa~er were useu to remove some of the impur:.~ies i~ t~e 
solu-:ion. 

Re-extraction was the final step ir. the ac:.d-ex~ractior. 
cycle. Large amounts of water were introduced into the ~op o! the 
re-extraction column. The aqueous pr.ase, :flowi~g by gra..-ity fro~ 
the top of the colunm, mixed w~th the uranium-ri~h solven~ which 
flowed counter-current to the water from the bo~tom of the colun-.n. 
As th~s occurred, the ura.~yl nitrate, molybde~um, ~d other 
re~ai~~ng impurities were re-ex~racted into the water phase. 

To overcome the problem of impurity carry-through, 
Mallir.ckrodt had originally developed a method usi~g charcoal to 
absorb the mo~ybden'tZ and phos~horous compounds preser.t ir. tte 
e~her-~re..~y~-~i~rate solutior.. However, the c~ar=oa: ~=~~od was 
somew!:c::: cl.l!::·cersome e.."".d exper:.s:.ve. Ulti.'nate::;.y~ the pro·o:.e:: o::' 
i!::pur:. .:.y carry-through was o·.;ercome i:y deYe:op::..er:-: o:' ~!".e r:eu::ra:. 
ex~~ac-:ior. cycle. 

Neutra: Extractio~ 

Ma:2.inckroc.~ de•,elope::i the ne'..l."":Ta~ ex·-:rac-t:.or. p!'ocess 
to co:q:lete :i;:t:.rificcS:::io:r. 0£ t;-.e :p!'oduct produced. du:-i::g ~he ac:.~ 
extraction cycle. 

• 

'I::e first s-:ep in t!:e neut:ra~ cycle wa~ ~o boll ":~e • 
ure.:-.::.::;.-::-ricr. wa:..er so :.ution (-.,.·;_-:h i::::;:uri ties) t::a-: had bee:: proc.t::.::.- · 
i::. t::-.e re:-ex-:re.ctior. colur.-.n of tr .. e a.:::id cy~le. The boi~~:1g :'i:?"s-: 
d~o•,.re o:~!' 1:!'"" .. e small a.-:ou:-:t o:' e~!" .. er re..1nair:i~g i~ ths so:u~!.o::., a.:-:.-c 
-r:her: was co:-:::.:.r:uec. -:.::> o.r:.ve o~f excess water a.-:d ac:.d. 

Ir: ~he procsss, tr.e heat (2ec°F-30C°F) cor-ver"':e.1 ~~e 
rr.oly~ce'"u.71 :=.!:c. ttos~::or::>us preser.t to comFOU.~ds w~:.~~ a~e :.::so:~==-= 
in ne·.:::~a~ e-;~er. c~::E;q_~:;.-c:y, C:ur:.~g fur-":?:e'!' tr~a~e~:::. 1.-.•~-;!"_ · 
e"':t.er, -:::e ~o:ybde!:'lt::::. a:.1d phospr:.orous i!llp'l...ri ~~es wc'l...7:.d :;:y::, acc~:::~a.:::: 
the ure.::i z .. 

~~ ~he nex-: s~ep of the neutral cycle, tr.e cc::.ce~tra~e:i 
urany:-n~tra-:e hexa~ydrate so~ution produced by the boi:i~g 
overation was added ~o r.e'.ltre.l ether· on a ·cont:!.~uous ·be.sis e.t a 
high tempe~e.~ure in a mixing char.ber. This resulted in ~~e 
extraction of e.?prox:.=.a~ely 85 per cent of the uranyl r.:.~ra~e 
into 'tr.e e-:her so~ve::::... Fi:'t=:!1 per cent re?:le.:.::.ed wi-:h the water 
phase whi~h was ret~:-:-.e:! .:o t:-.s aci=.-e:<tract:.or: cy::e for recover:,· 
of the remai~.ing u1·ar:!.tl.r.l. 

• 'j ______ ___,____ ________ _ 
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The extract was then washed with a small ar.our.~ o~ wa~er 
to remove remaining impurities. In a fL~al re-extrac~:.or. co:::...1.::, 
the uranyl ni-:rate was ex~racted from the ether solve~~ i~to ar. 
aqueous so:ution. The small amount of ether contai~e~ =-~ the wate~ 
solution was then boiled off leaving puri~ied uranyl r.~~ra~e as 
the final product. 

Develoument Of The Plant-Scale System 

Ma~hematical scale-up based on the pilot 
the des:.gn of the p!ant system. 

'O '\ ,. ...... - ___ ..., det.err.:i::e.:: 

The plant, which was put in operation in 19~6, worked 
very well, and the first product was of the required purity. As~~c 
from a few rr.:.nor mechanical prob~e~s, which were qu~c~:y so:ve~, 
no major diff~culties of a tecr.nical nature were enco~~~ered. 

I~ a period of a;~roxir.:ate~y one year, Ma~:!~ckroc~ car~:.;d 
o·.;t e:ne::s:.•re labo:!'atory ~d pilot-plar.t researc!'l e.r:c ::€':e:o~:r:€~:.-: --· 
ac~iv:.ties tr.a-: ulti:nately resulted in establisr.ing, ~or t::e f:.rs-: 
tir.le a~yw~ere 3 a continuo~s: dual-cycle, counter-curr€~~ ether- . 
extra~tion process for pur~~yi~g ura~~u.~ ~roe crude o~e or c~~~=~
tra~es. Mal:.i::ckrod-: effectively tra.::s:2::ed the proc=-s.s i!:-:=' a - --· ·
success~~: F:a~~ sys~=~ fo~ procu::::~~g pur~~~ed pr~d~c~ ~~ ~~:~~-
to::!"'iage seal:. 

T:ie c~:-:.t:i.!"luous process de-,eloped by Ma:::~?:c:t~~c~ :-_a::. 
ma.'"ly adva:1:.ages o•,er t!""-e batch p~o::::ess whi::::h it r-:;;::a:e::. '::-_e 
con:i~uo~s pr~cess reQ~~re~ ~ess ma~eria~ ha::d:in~! :sss eq~~;~eC-~ 
~LTJe, ~d l:ss c~e~~:a:s ~or spe=i~ic ra~es o= ;~~~~~~~~; a::~~ 
wr.~ch r~s~:~e~ :i.~ :ower ccs~s. 

!"- adc~~~on, the mu~~i-s~age acid ex~rac~io~ resu:~ec 
in recover~es of more than 99.6 per cer.~ compared w~~~ S; per ce~~ 
using the batch process. Furthermore, because the process 
included a second extraction step, the final produc~ was so~e~r.a: 
purer tr.an tha~ produced by the batch plant. Flexibi:~~y in t~e 
use of star~i~g rr.aterialE was another dis~inct advar.~age o~ the 
conti~uous process. 
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The chief disadvantages were that, though greatly impr~ved, 
recoveries of uranium were still incomplete, and that the potential 
hazards of working with ether were still present. 

It was possible to get higher recoveries with a newer 
solvent discussed in Section II, Part 4. (Based on a uranium value 
of $10,00 per pound, an additional 0.1 per cent of recovery is 
equivalent to one cent per pound in processing cost.) 

Production And Costs 

Production and cost details are contained in Section IV. 

Related Documents 

The following numbers refer to bibliography entries which 
are the principal sources for more detailed information on the 
development of the continuous ether-extraction process described 
in this subsection: 5, 8, 10, 19, 41, 67, 87, 93, 104, 122, 155, 
176, 186, 190, 199, 201, 211, 222, 223, 224, 225. 

Additional references may be found in some of the sour~es 
indicated above. 

# 

• 

• 

• 
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Sec~i~r. !! 
'Far-: .. l;. 

DEVELOPMENT OF THE TRIEUTYL P£CS?SATE - HEXANE F~CC~SS 

FOR 

llRANim-4 FUR::::?::).':IOH 

The first pla.::t-scale ura~~u.~ ~uri~ica~i~r. sys~c~ ~o 
use t:r::.::~tyl pr.osphate ('I'.=?) in t.e:-:.c..'"e as t!"le ext::!"a.ctar:-: ·,•;as 
started a~ We!do~ Spr~ngi M6ij, ih,J~~~;-~;57. T~e s~ar-:-~; 
cu:~::.r.a~ei seve~ years c~ researc~ =.::c deve:op~e~t by Ma::~~c~~~~~---
C~e::ica: Wo:!'ks a::d m.ark:::: a maior a=.-;a.~ce ir.. uran:......_r:i :f:!"ocess:.:-.g. :~ 

:Sac kz:r-o u:-.c. 

P .. s ea!'ly as 1950, seeki::g an i:r.:,rove~ent O\Fer -r:::e i:se c.7· 
ether as a!':. e:-ctractan't, MallL'1ckroc~ began to study otl::er pote:-:::..a:.. 
solven~ extractio~ systems. Earlie~ work at Iowa Sta~e U~:.vers:..-:1 
and at Ca~ P.::.jge Na~ional Labora~ory hac indicated the ~cssibil:~~ 
tt.at T;? rr.~g~~ ~e used. I~ Cctoce~, 1951, Mal~i~ckrodt's ~ee:~~--=~~ 
co~plete= their i;.~tial ~r.vestiga~~~~s a.~d cor.cl~ded tr.a~ =!~J~e= 
'!=:P '1-:o~:d c-e a cor.side~c..:::y bst.te~ s:<tractant than etr:e:r. 

Develop~e~t of t~e TE?-k~!"ose~e siste~, 
a~ Fe~~a~d, Chio, beg~;.~~ng i~ Ja~~a:!'y, 1954, was 
orig::...::a:. work at Ma:l::..!.':..ci;.:r::-::l':.. 

W!°:.i~~ .. 
bas.e :! 

·.,;as 
.... --

T~e t~o ch::..e~ reasons fc~ ~he selection o~ di~~~ed '!5~ 
to replace ether as t~e extractar..~ i~ urar.ium purifica~~o~ were: 

(1) Safety. A system us::..~g T~?, which is stab:: 
to h~gh concentra~:~r.s of nitric acid at 
te~peratures norma:~7 encounte::!"ed in t~e F~~:
ficat~on proc=ss, is rela~ively free o: ~~s 
potential naza!"ds present in ether sys~e~s • 

(2) ~ccnonies. Lower ca;!~a: a!:.d opera~ir:g c~~~s 
are possicle ir. a F~~::..:icat~on sys~e~ us::..~e 
c:-~u"te:i r=:. ~=?., -.. ;:.-~h i ~s high se:ec~~-.:-:::::=-
~~r ura:-.:.::.:::-.... -<t!-rc.:: ""--=~c=""""a· ... ·y bet:•e-r ,....~,...---=y.:-=~ :!;_-•-~ ~-•-:-.~ -- • .__ -• V -. ____ , _____ _ 

f~~~ c~es ~~a~=~~=~· =~r~~e~~ore, ace~~a~: 
"""U_,..~-,, r- .... ,,... ..__ ..--.,~_. .... ~ -;....,...4""1,U-~ -1,,,..::. '::ll'-""J;""" '"·c:::- o-.... 
~ -; ~:.-; :~--..,=~-~= ~--~: --:.-:_ =-~- '-' =-; "'~·- --'-'- -- --= -a s_.,e-- ; .. -- .;::._ ,.. ____ -. __ c. 
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Need For Dilution 

If ~3P were used as a solve~t in the pure s~a~e, 
certa::.n of its phys5.cal properties would create prob~e::r:.s dt::?"i::g 
extraction because: 

The density of TEP is so nearly iden~ical to 
that of water that good phase separatio~ i~ 
liquid-1:.quid extraction is d~~~~cu:~. Ir. 
addition, this pro~erty of T=? would ~~ter~ere 
wi~h the operation of a cor.~ini..:o~s sys~cm. 

- The higr. v:!.scosi ty of TEP reduces t!::.e e.:'.:':.cienc~: 
of extractior. and ~rorr.otes the forma~ior. o~ 
s~ab:e emulsions when agitated w::.~r. aqueoi..:s 
so :.utior:s. 

!~e h:.g~ degree o.:' s~abili~y of ~~e u~~~:.~~e~ -
ura.r.!w-·l r.:.-:r;:..t.e-T::F ccrr.plex is. s·u.c~ tha:: rs
ex~~ac~~~r. o~ ~~e ~ra~~~~ ~or~~or. be~~n=s 
d:..L~fic~:_:,. 

d:.sadvaz:~ages of TE? by lowcrir-g de~s~~y er.d v~sc~s::.~y a.~d 
i~provi~g phase separation ar.d mass ~ransfer. Ma:l:.~c~roc~·s 
early in7estiga~ions revea:.ed that the lower ~ara~~!c hydro~ar~c~s 
would serve as suitable dili.lcr:ts. 'I'his was subs-can-:iatec. by -:::c 
favorable res"t;J.ts a;;r.ie-.re~ Wi.t.h tt.e use of' ke:r:;sene as t!':.e d:..~'.lu!'".: 
for the Ferna~:i plar:.-:; a!:c oy the i.::.:;:!'oved oce:?"a:::!.on us:.r::: r=-••·=--e 
as t~e di~ue~~ for the We:.dor. SFrir.~ ;:a;.~. 

The basic puri!ica~ion proceEs at ¼e:coc Spri~g :..~7o:.7es 
~our rr.aior ste~s. 

F~rs~~ ni~ric a~~~ is ~s;d to digss~ ~~= 9re co~c=~~r~~~. 
~~c~, the resu!-::~g slurry is extrac~ed with the d!lu-:ed ~=:, ... 
t~e -ch~:?"~ s~e~, s~all amou~~s of wa-:er are used to was~ i~~~r=-~:.~s 
rr~~ the ura.~i:.t-bearing ex~ra~~. F~nally, t~e clear: ura~~-=- ~~ 
re-extracted into water, and the so~,ent is recy~led. 

Figure II-4.l presents a generalized flow sheet 
trati~5 the process. 

.,-,,·c:-----""""-
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AQUEOUS URANYL NITRATE SOLUTION TO BOILOOWN & OENITRATION 

Figure II-4.l THE BASIC TB? PURIFICATION PROCESS involved 
four major steps: diges~icr., extraction, washing and re
extraction. 
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Pilot-Plant Develonment 

In 1954, when des~gn work for the Weldon Sprir.g p:a::~ 
was started, the exper~ence w:.th the TE~-keroser.e process a~ 
Fernald indicated that some L~prove~ents might be possib:e. 

Subsequently, Mallinckrodt carried out an exte~sive 
pilot-plant development program which resu~~ed in four ~aicr 
advancements over the T5?-kerosene process. They were: 

(l) Selection of hexane as the diluent insteac o: 
keroser.e. 

(2) Design ar.d developme~t of pureper-decanters as 
the primary extracticn cor.tactors :.r.steac o~ 
pu'.:..se colUJr-"!S. 

:Cesig::1 ar:d develop~e~ ... c: 11 !:"!igh-capaci~y 11 -;l::s-= 
cc:t:..7.!;S w:.~h advar:cec ~:a~e :or.~igura~:o~ a;.~ 
c~a~~=d pla~s S?a~i~g !c~ mere e~fic~e~~ rc
ex7.rac;,ion. 

(4) Use o~ a s:urry feed w~t~ r.~gher ura::i'UI:! e~= 
lowe!' r.i tri~-ac::.! cc::cer.-:ra~:.or.s. 

The Use Cf Eexa~e As A riluent 

Al.:.hollg!:°: kerose:::;e had bee::: used with favorable res·..::.~.s 
at the Fer~a:d p:a~~, Ma::i~ck~odt -- ir. its laboratory a;.d 
pilo"C-p:!.ant researcr. -- sought ar. i=-pro-;ed diluent for 'l:.S; i:: 
~he We!don Spring fa=~~i~y. 

Eexar.e was selected beca~se 
aeva~tages over ke~~sene. 

- !'he lo1Ns::-- :.:::s :~ . .--::, ::.!1C: -.risccs:. ::y o:- t.::-:£:.::~ 
resul~ed ~r. i:nprovec phase scpara~!o~ ==-~ 
cor.sequer.~:y perrr.~tted grea~cr capa~~ty ~
extrac~ior. cor.tac~i~g equipme~~-

The lower ·v!..scosity of TEP in hexane i=:;ro·,ec. 
mass trans:'er • 

- F.exa.~e offers greater staoility than kerose;.e 
ir. the ~rese~=e o~ n~tric a~~d. 

In addi~~or., because the lower v~s=os!ty of hexa.~e 
res~:~s i~ less e~tra!'f-~e~~ of i~puri~ies du~ing prima~y ex
~rac~icn, it produces a purer prod~ct. Fu~tr.er~ore, beca~se 
~cxa~~ is reore vo:a~~~e thar: kero5:ne: it ca~ be co~pl:~e:y 
~=:::c·i-si:. =~- Q'!.s~:.:!.a::ic:-: ~~~~ 2.q_u;cµs strea..~s. 

• 

-
. .= 

• 
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Develooment Of Pumoer-Decanters 

In early experiments, sp:!·ay columns, jet-mixer 
columns, pulse colU!!'.r.s, a~d various ~ypes of m:xer-settlers 
were tested for use ir. the primary extractior. s~ep, The ur.i~ 
that proved most sat~sfactory was t~e pumper-decar.ter. 

The pumpter-decanter is a ~ype of mixer-set~ler in. 
which the org~ic and aqueous phases are first ~~xed exter~al:y 
in a centri:'ug.._l pur:lp an::. the!'l a:10,.;ed to separa:~e in e. ta..'1.k or 
decanter. 

The chief dif!erence betwae!'l the pum~er-decan~er and. 
conventional mixer-set~lers is tha~ the pumper-decanter has 
provisions for inter!'lal so:vent re:Jcle. This permits a hig~ 
ratio of orgar:i: to aqueous in the ~~x pump, great~y increasing 
the solids-~a~c~i!'l~ capa~i~i~y of t~e ur.it. · 

Evo:u~ior. o~ t~e pumper-=e=s..~ter de~!g~ was basec o~ 
+.he fo:low~~g experL~e~ta: observa~~ons: 

To obta~~ tr.e·-goc~ ~~ase cor.~a~~ req~~rec for 
hig~ ex~ractior. e:~~:~e~cy, v~~~rous agi~a~~~~ 
is r.ecessa:?:"y; r-ow,e·:-er, whe!1 ag:::a::ed vigor:,us::::~ 
~he T3F-texa~e a::= ~~e aque~us s:urry have~ 
te!:ce::cy to emu:s:..:':,r. 

Ey ma!r.taining a ~~~h solve~t to aqueous ra~io 
(a+ 1e-c• 10/1) ~~,:: e~u1 c~~~~~-~o~ o~ob1 e= .... - c::.-- ' ...... - .... _______ ....... - - - ·"' 
is redu~e1 s~bs~c:::.~~a:2y. 

Whe~ t~e sys~em ~s =?era~e1 w~~~ the.less v:..s::~2 
flu~d (tte solve~~. as 'the co~~!nuous phase, 
cons~deratly less e~~ls!:ica~.:..or. r;sul~s. 

Af~e~ rr.~~ir.g, se~a?a~io~ o~ ~~e t~o phases is 
r.ro-o-!-,e..: .,.,~1 ... - ---=- ::,- . ••;::.- ... { ~,.. __ .. -··o·•c) p· ..... ::: ... ,:;::. ~ l1• ..,,.__ .-.LJ-- .. ""••- ___ , ___ .., ,-·-_.., ___ .,. ""'- - -

~s ir: ro-:a.r:, :r.o-:~=-~. 

Cperation o~ t~= p'.l..~;er-~s:an~er SJS~=~ designed by 
Mallinckrod-c is illust.ra,;ed s.::r:e:na:::..:a2ly i~ 't:-.e :::.:..agrarn. show:: 
in Figure II-4.2. 

A general view of the pi::-~er-decar.~e~ equipme~t as i~ 
api;,eared in the plant is shown i.!": -::-.s photog:::-a;h in Figure Ir-.::..::·. 

t• J---------------------------------....... ----
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EXTRACT TO WASH STEP FRESH SOLVENT 

Figure II-4.2 

EXTRACT FROM 

SECOND DECANTER 

ORGANIC 
RECYCLE 

MIX PUMF 

FIRST 
DECANTER 

EXTRACT TO MIX PUMP 

OF UPSTREAM UNIT 

ORGANIC 
RECYCLE 

LAST 
DECANTER 

RAFFINATE 
TO MIX PUMP } MIX PUMP 
O!= SEC:NO 
OECANTE~ 

RAFFINATE TO 01S?OSAL 
SYSTEM 

RAFFINATE FROM BOTTOM 
OF UPSTREAM DECANTER 

SCHEMATIC FLOW DLA.GP.P...:,: C-F PUf,,!PER-DECANTERS -- e:1c. .!::-:~~=s. 

• 

• 

• ]-----------------
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Development of High Capacity Pulse Columns 

Pumper-decanters and pulse columns were compared in 
the pilot plant ror possible use in scrubbing and re-extraction. 
Although the pumper-decanters performed satisfactorily, scrubbing 
and re-extraction operations required a large number of stages. 
For this reason, pulse columns were selected as the more economical 
equipment for installation in the plant. 

In all of the intitial experiments using pulse columns, 
instability of operation occurred when the solvent was the con
tinuous phase. Therefore, the conditions were reversed. The 
columns were operated with the aqueous phase continuous, and 
more stable operation was achieved. 

For the plant installation, a single column was chosen 
for the washing operation. Two columns operating in parallel 
were installed for the re-extraction operation. 

The use of hexane as the diluent, and the increase 
in the capacity of the pumper-decanters made it desirable to 
increase the extraction capacity of the pulse columns to achieve 
a balance between extraction and re-extraction. Since the two 
re-extraction columns could accommodate more transfer stages 
than were actually required, an attempt was made to modify the 
internal design of the column to permit higher extraction 
capacity at the expense of a small decrease in extraction 
efficiency. 

Extraction capacity of a pulse column is ordinarily 
limited by the degree of emulsification. Since emulsification is 
the result of excessively fine dispersion of one phase within the 
other, any increase in extraction capacity would require decreasing 
the degree of dispersion of the orge.nic within the continuous 
aqueous phase. This was ultimately achieved by developing an 
internal column configuration involving plates with: large 
(3/8 inch) hole diameters; relatively large (33%) free area; Teflon 
coating, and wide (4-inch) plate spacing. 

These developments resulted in high-capacity re
extraction pulse columns. The columns have nearly three times 
more extraction capacity, using TBP-hexane, than other pulse 
columns used in similar operations with TEP-kerosene. In addition, 
the capacity of the columns also was increased by 400 to 500 per 
cent as a result of the developments. 

I·_---------------------·-----·-----------···· J 
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Developrne~t Of The Hi~r.-Uranium, Low-Acid Flowsheet 

Until the time of the TEP-hexane pi:ot-plar.t 1~0.-es.::.
gations) the feed concentration ord:..nari!y used in uraniur.:
extraction operations was 200 gra~s of uranium per liter i~. 3li 
nitric a:id, When the pu.~per-deca::ters -- wi~h their ab~l~~Y ~o 
handle feed slurries high in solids car.tent -- were develo~ed: 
it beca~e possible to use a feed slurry with an increase i~ ~~e 
ura.~iu.T. ~d a decrease i~ the acid concer.trations. Therefore, 
a higt-ura~iu.~: low-acid flowsheet was develoFed. 

The high-uran~u::i, low-acij flowshee~ offered t~e 
.fol.lowing advantages over previous syste.!:!!s: 

- It sabs~antia~ly increased productior. ca;acity. 
The chief lL~it to the capacity of the ~u=:.per-__ 
deca;.~ers is the volurr.e of t~e aqueous s~~ea..':: 
tha~ ~~:y ca:: ha~c:e. Conse~~ently: a:: i~crea5c 
i~ co~ce~~ra~~cn o! urar:~um ~~ the ~ee~ rss~:~s-
i~ a.~ a1~ost p~opo~~ior.a~ i~c~ease i~ u~a..-.!::....~
ex~~ac~ion capac~~y. 

'!'he low-acic: fee:i e:i!r..:..na-:eo.·-i:he need, a::j c:;::-.
sequer.::: expense, :'or r.::..-:ri~-ac::.d re~o7e:-:.-· :'re::-. 
~:-..,. r,,.z---.,ne. ... e (a·"'c:--~ ... c.·;' st't"e-""' W"'-h 10·· ~-•..:: ""-'•- c:,. __ ..:,.,. '-' ---~- - C::..:•L• -.,0• ,~•c;::.. __ _ 
conce~~ratior., i~ is more ecor.o~ica: ~o ~s~~ra:::..:e 
a~d d~scard ~~e n~~re~es the.!: to recover ~~er: 
by boildo~~ a::d co~ce~~ratio~. 

- Sa7ings were a:~~e7ed as a res~lt o~ t~e ~-~--~.,. 
~ua:.~i~~es o~ r.~-:~~~ a~ij ~eq~ired, 

- The l.ow:...a~i:! s-:res.:r, decrease=. ·~cr~os!.o!:: ~~o:::::-.. s· 
t~rou~hou~ the sys~effi, 

:ae-cr.e!' control o::' i.~;ur:.::.!.ss was p:::-:,•.0 ide::.. _::e 
r..:.g:: co!:=e::::rc..ticr: cf :.;.~ ... 2.-~:.·=. .:.:: t::.e :fee=. ;e!'- . __ 
~~~~s~ a r.~g~~~ deg~ee o~ u~ar.i'll!:': satura~~o~ 
of t~e so~ve~~ a~C a ~~~seq~=~~ redu~~io~ ~~ ~~e 
a..~o~r:~ c:' :..~pu~!-:Oiss :a::-~!..:C. :9'or1,1ard :.r. -=~ .. e 
prL7.ary ex~ract. 

Sca~e-Un ~o A Fla~t System 

The pla.~t design was based or. opera~ing c~r.d::..~~o~s 
di;-:::-i.Yed from the laboratory and pi~ot-~:ar..-:. wor~ desc~:::iec. a::c·te ~ 

In June, 1957, the full-sca:e refir.ery s~arted o~era~~c~: 
a:-.-::. all eleme!".i:S per!orrr.ed satisfa~~o:r-ily. '=~-e ~:a::-: o~:ra::c!: 
w:.-:::out major di:'.ficulties from ini-c:.al sta!'t-~; ~ ..... -~ ~ t::e ~-?e:.::o!". -
SF~:..~g facili~y was clo~ed ir. 1966. 

I ,J._____ ___________ _ 
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Conclusions 

Develop~ent of t~e tributyl-hexane process -- !~clud~r.€ 
Ma:li:1ckrodt' s laboratory research., pilo l..-plar1t wor!(, pla2;.t . sca:e..~ 
up, and ongoir.g improvements -- made Weldon Spr~ng ~he most 
adva~ced uranium-extract~on plant in existence. 

Major economic benefits were derived from the tecr.:.r.ica: 
and operational deve~oprner-~ and the advancemen~s ~hat Mallinckroc: 
achieved. 

Because of the comprehensive a.~d intensive r.a~ure of 
the pilot-plant work, the ~lant that Mallinckrod~ designed was a 
flexible one. Thus, even though basic designs ~d sizes of plar.: 
equipment were frozen at a~ early stage, 1~ was possible, as a 
r~sult of cor.tinu!ng developr.en~s and systemat~c s~udies o~ 
opera~~~g condi:ions., to ap~rox~~ai:ely triple the ca;ac~ty o~ 
the p~~~~ wit~o~~ addi~ior.a: rr.ajor ca;~tal expense. 

The res~l~i~g e~onc~~es i~ plar.t opera~~or. co~,:r~c~-:ed
suos:.a.:-.-::.a_.l.y ~o a::o-..;~"'!g -:i:e A~: ,:::, c:.ose c.own t::e c:der e.::d cy-
-~e~ c~~-· 0 ·e e-~~. "~"ccs- rc•~ne.~r ~a,• 4 nic ac.~.--·~,•na· ,_·.". c"!.,.._~-----w ... ·- ...,_.....,~ ... --~ ••• 1w- ::'-....,, - ;: __ .L. .. .l -.:, • .... ;j_ - -"~ - -

c~e:rs:,;:..~§; costs a:or.e ~o-..a.:e::. ap;ro:d.ma'tely l m:.llior. ~r:ua:ly, 

Froduc~~c~ And Cos:s 

Productic~ acd cos~ details are con~ai~ed i~ Section 

T~e ~o:low~r.g nu.~bers refer to bibliograpr.y e~tries 
w~ict are the ~~i~~~=a: so~r~es for mo~e deta~:ed i~:o~=a~~o~ o~ 
t ~e d,,_.,.,..-:o-,-c.~:. o&' ... :;..c 'T-=-::. ..,e.,--e u.,..e."' 4 '.ll!l pu.,.. .. ..-.;c.,-~o,.., ,..,-r.., .... .c.i:---

•• -.;;;;; -- :••·-··- ~ ~·-- --· - •• _ .. c..... - ·"- .. -·-- '""--- ... ~-::"""--;: .. 
descr~~e~ i~ ~r.!s s~cse:t~o~: 10, 13: 16, 41, 57: 67: E~: t3: ~?! 
94 ,-:.~ ~--= .. •~ -::- -::-?· -::~ 1..,.- ""~c,_ ,~7 i=::::, --;-- --- ---·-, __ ._, _t1..,.,._. ~--: -..,,.-, __ ,, -.,,.,-: ,..:S: _._: --;., -.,..,,.: ---: ~--: c::-:::-;-

223, 2~!!.! c2-. 

Adcitional 
indica~ed aboJc, 

re~ere~ces may be fou~d ~~ so~e 

# 

,...-~ ..,_ 

• 

• 

• 
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DEVELOPN:ZNT OFT~ POT PROCESS 

FOR 

152653 

Sec~ior. II 
,Part<5 

CONVERTING t.rRA~-Y~ NITR~T5 TO ORANGE OXIDE 

I~ t~e spri:;g of 1942, as a r:.ajor part o:.' i "CS i::::.. :.:.a:._ 
wo!'k ~- co~~ec~:..or. wi~~ the Manr-at~ar. (a~om!c bo~b) P!'oiec~, 
Ma:1:.:-:c!.{r:::c.:: Che:::.:!.cal Wor:(;.s deve~o:;:ed the pot process foz
de!":.:5.::rat:!.o:: c: ura:.yl r:i :.::-ate to ~reduce ura~iw:. -tr:!.ox::..de 
( '·c- - .... o ..... ---e ox-=a·e) •.;"'-'"' cor.-~----=-- ..... e-=-~ne,_..,_,..-., -1,,,-... ,j' '-'- -c.··!: .:. • .,_..... .~ .... ,u-.. ~ - _.._ -·-·----, ..... :: . 
process re~air.ed the s~a~dard de~:!.~~~~:!.or. method at·Ma:::."c~r~=~·s 
.S-:. Louis-area opera-:ior:.s u:-::til t:-.c We::0.0!"1 Spr:..r:.g ac-::.·.r:..":~es · • .;:::--: · 
te:r::::..?:.a:ted. 

I:. Afril: :9~2, Ma~lir.:krcd~ assigned researc~ c.;.c 
e""gi~Eeri~~ perso~ne: to seek so:~~::..o~s to two ma~or ~e:r...:::..:a: 
~rob:e:::s in e:ffor~s.to :;:rod~ce ~~e tig~ly purified ura~iu.~ cc~F~~'"~s 
r.eeded ty ~r. Arthu~ Eol:y Co~~~or. a::d t.is collea~~es ~or ~se ~~ 
ti:.s e:;-:;:e~i.~ .. e!"lta: r.uclear reactor a:, 't!°:e Ur:.iversi'tY o:' C?:i:!c.g~. 

O~e o~ the pro~:e~s was ~~e develop~ent c~ a sa~e= 
~:::-..:::e:rc:!.a:.. :t::e!'-e:<t.!"actio:-. process. (Fo::?" details., see Sec::.~:: ... ::: 
:; _-: 2.: :-;-.. e c~::s~ i=~o::::r.. wa:S to deve2..op a pr-ac-:.!.cs.=.. ;?~•:;.ss ~~~ 
~:>:-.:.,-~;:.--:, :..~ .. g -: r .. c i.:.:ra;.~-: r:.~ :,ra~e J: ~o~~~ ~ :..:: -:.c a s a:tis:'a:-:ory ,;~a:::.:.:...7.-
~r~ox:..de ;r=duct. 

T:-,e ef:'ort to c.s·1elop a ura:1iu.":l-trioxide p!'ocuctior. 
~recess was started at V.1:.:!.inckrodt 1 s Je:rs.~Y City, N.,J., fac!.:::.-:::. 
T~~ :c~;a.~y already was ~reducing red merc~ric oxi~e the!"e by a· 
p:r::icess sb:.ilar to the or.e being conside?"ed fo!' use i.:. cor:ve:!'-:!.~-~ 
U!'ar.yl r.itrate to uo3 . 

Int.he me:rcuric-o:<ide production a"'; J'e!"se:, :.::.-:y, a.r: 
acue:ous. acid solution of mercuric nitrate was hea~cc a~d s~irre~ 
S .f..,,.~ ... ~.:. 0 0,•c:iy 1.·,.., S"'a1 1 stain1 e"'" s ... eei k., .... ties ,,.,:.-e ,.,o··.:.: -··""'-""C::.--- ...,__ .i,,I ••• - , - --- I., - -"" - • ..... -~ ------

gra~ua:ly evapcra~ed, ar.5, as the t~mpera~urc rose., tte ~er=~~~: 
r.i-:.re:';e deco~posed. ti~tric-acid fur.tes we~e dri·1er: o~~ t:.' "t:':e :':ca-::: 
a!::i !.~~ :r.::-~·..!:-!:: o:~i!: 1.·1c.E formed as the re!Ila.:..r::..~g _;::r:. ::~=-:. . 

~!---------------
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The Basic Ba~ch De~!trat~on Process 

The method that Mal~inckrodt decided to investigate 
for producing orange oxide was similar to the mercuric-oxide 
process at Jersey City. 

The process i~volved t~ermal deco~positior. of urany: 
nitrate in pots. A highly puri~ied uranyl nitra~e solution is 
heated and agitated in specia::y fabricated stainless steel 
kettles. The heat drives off the oxides of r.itrogen e.nd water., 
and, in the process, the solutio~ is ult!Jr.ately transformed to 
uranium-trioxide powder. 

A sketch of the type 
prese~~ed ir. Figure r:-5.1. 

den~tration tots use~ is 

~!.g·...1re II-5.:. S:?E:I.~L:L-£ F_;._=:.ICA·l'..:..J S:..!_::~~:.2~~ 
S~EE~ FO~S W;re used in t~e batch deni~rat~o~ ~~~
cess. 

• 

• 

• '. J J....__ _________________ _ 
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Initial Exuerimental Work In Jersey City 

Mallinckrodt research perso~nel iniT..ial2y tried 
ther!:':al decom~osition of uranyl ni~rate in the laboratory, a~d 
the experL~ent proved successful. T~e next s~ep was to ~ry the 
process in the plar.t. - --

The University of Chicago group arranged for several 
thousar.d pounds of black ura.~iU??: ox~de to be delivered to the 
Mallinckrodt plant in Jersey Ci~y. The first step i~ the plant
scale ex~erL~e~~ was to dissolve the black uranium oxide in 
nitric acid. The resulting solution was then filtered into the 
S"t.ai~less-steel kettles. Next, the coal fire which hea~ed the 
kettles was started, and the stirrer was turned on. 

As t~e heating and stirr~ng proceeded, the water 
evapora~~or., the thickenir.g of the mixture in the po~s, and tr.e 
brow~, r.:.~roge~-oxide fU!'!":es com~~g o~f i~aicated tha~ T..~e 
ar.ticipa-:ed decomposi~ion of ure.ny: n:.trate ·was occurr~r.g. As 
"the reacT..ior: co~tinued, tr.e materia:. ir. the kettles beca.";1e ~o:i~:-:.~· 
a:-_d -..i:..-:i.--::a-:ely turned into a brig~t orar;.ge powder -- tr:e sc".lgh::~ 
a~~er ur~~~:r:;--:rioxide product. 

A:-:er the experL~ent was repea-:ed "twice: ea:~ ~~-e 
w:.tt si:r.-.:.2.ar results, the Mallir.ckroc.t resear:::.!'le:rs co::.:lu::iec t!:a-:-· 
"the ~rocess co~:d be used for ~lanL-SCa~e produc~ion o~ the 
necessary ura~i~~ trioxide. 

A~~;r T..he basi~ ~rocess ~aa oeen cevelcped a::.d prov;t 
i:1 Jerse:~- Ci~y, t.r"~,e r.~~-; .Fr.~~~er..s. 't~at Malli~ckrodt !aced co:-.~e!"!"' .. e=. 
t::e ' a::: ::ii.:::.s :..·t. i:::>:: ar.:c if.s:.a: :a ti.on 6:' "the eq_u::pment nee:5.ec. to 
e~:,_at.:.::..s::.· the· ura..."1iu.tr.·-tr:!.ox.~¢e pro9,UC't_ion .. Plan~. in s·.t:,~ ,tOiiis. 

:~ a-.-o::..d usir.g coal fire, w:-iic:-;. was both cur.::e:rsor::; at.c 
:--.c.:. ... ~ .:::;:---::~:,:: -== b.ea:: ~=---= :reac-;::ior: pots i~ Sr,. I.01.£is = i"!e.:::..:--.=:t~~C-:. 
tui~: eas-:i~si =~tch ovens. Tte ~=sig;. was CaseC 0~ ~r.a~ o~ t~e 
o:.:.-f'i~·e-:: ~~tc:: O'.riens us::d to hea~ ~he :mercuric-o:ti::ie rea:::-::l.o:-. -f::-:E -
e~ ~:"" ... s ·:=:-.pa!;J·' s ;::.an:, i:-. r,Iontrec.:, ':a~a:i2.. .. 

Ma.:.~i.nckrodt's personnel in Jersey City 'triec -:o pur.::::a::e 
stai~less-stee2. kettles for instal~ation ins~. Louis; r.oweve~, 
stai:-_.::..ess-s~eel was practically ur.availa-ole at. the ti..:le. E-1er: °f-:::Y" 
hig.!:-:i;::-io:-:..t:; o:-ders, e. rr.inimum of three to six months was req:;;:..r::. 
for :ie::.:.-,ery. :'o ge't tr.e job done !.n time to meet the r.eeds c:' -:::e 
Ch~cago gr~UP: MallinckrodT.. decided to dismantle t~e red-~xice :=-~=--=
in Jersey Ci:;~, and ship the equipm~nt on flatcars to St. Louis. 

j.___ ___________ _ 



I 
I 
I 
I 
I 
I 
I 
I 
I 

t I 
] I 
j I 
J I j 

J I 

J I 

J I 

J 
I 
I 

l I 
] 

-45- 152653 

Another problem beca-111e ev:;,dent when the eq_uipme?:t arrived • 
in St. Louis. T~e shipreen:: included 220-volt, two-phase, gear-
head motors for w!:ich ttiere was no appropriate electrical i;:ower 
at the S~. Louis plant. This obstacle was overcome when, throug~ 
the resourcefu:ness of Ma~linckrod~'s personnel, specie.~ tra.~s-
formers were loca~ed wh~c~ ~or:vsrted the three-phase power of ~r.e· 
St. Louis plan~ to two-phase power. 

Activ~~ies Duri~£ P~ant Start-Uo 

A!ter t~e installatior. of the necessary equipme~t was 
completed, the s~. Louis plar:.t was ready for start up. 

At first, the p~ant opera~ed w~thout incident. The 
equipner.t perfor~ec satisfactorily and the denitra~ion process 
proceeded as a~t~cipated. However, as the reaction m~xtures i~ 
the Pc~s bege.::. to ~hic~e~, a mechar.ical problem deve~opej: ~he 
ag~t~:crs cega~ ::o b~~d. As ~~e binding cor.tinued, tte ~cad or: 
t.i:e rr.c-:ors "th.a:: cro\re the ag:::a-r.ors i:1crease::i ur.til tt.e mo::ors 
:':.:1a.:...:..y tors loose carry::_~g with tte!!l large c~1:r:ks o::' the co::cre-:e 
~loor "to w~:.c~ t~ey had bee~ bo:~ed. - · 

7~e d~7.agc.~as ~:~ai~cd, a.~d ~o ~rec:ude fu~~her _ 
occ~rre~ces, Ma~~i:ickrodt ~~s~a:led stro~ger cra~es for t~e mo~o~s 
ar:Q. --•-a-~~c ,r ada·;+;cr -~e b~~~ec o~ t~e c-l.·r~c~s we~-• C:.S:-..,, ~..,_,,- - • -•! - "'- ••: L,... -c..- ._. • J.~ .,_..., - -- - C - . - --

C C.a!:S;d to preve~~ bi~d:~g. A~ter t~ese cha~ges were i~cor~cra~e~: 
the p:a~~ opera~ed withou~ ~ur~~er s~g~ifica~t tecr.nica~ d~~fi- - ~ 
cul"t.j,es. 

O~e o~ t~e ear:y de;.~tra:~or. ke~~:es is s~ow~ i~ 
T- - .,..... __ -:,.~. 

~~e ~ro:ess i~~~~a __ y de7e:c~e~ by ½alli;.=krod~ i~ 
:~~~ ~=~~~~~:C ~= == ~~= t~s~~ ~~~~~~~~~=~ ~e=~~~:cgJ used f~~ 
-=rcd·.:.~1::.or: o= t:: -# ~!:r:>u;::~-~-=- -.:::e c::: =~= -::!.~~~ ... .:,- c= ~ :::i-?:".a:-~~-:..a: 
processi:ig in t::.:1 S~. l.o·,.;:..s/·.-;"e::..=.o:: .S~r::....::€; a~sa.. 

A n~ .. =c~ c:' i.=;?0·1-s~er:~s a::=. :c~:':: .. e:::e!':":S we~= !r.:.=e: 
hcwe•rer~ over t::e years. Wt:.::: the urar:.:.u.":l ~rocess·ir:.g o:per~::ic:: 
moved to Malli~~~rod~'s ~es~~ehan S~r;s~ ~~a~~: three maier 
~hanges were i.~~orporatec. They were: 

{, ) 
\ .. Z~s~a:lation o:' bur~ers d~re:~~Y ur.der the 

-:;::, :s -..o re=:ace the D\.:'tc:. :n~-a?:s. :·i!:ic.:: r.ac. bee~ 
used at t!:e ma!.n St. Lo'l.:.iS :p:a~'t. The resu.~.:: 
was ?::ore efficient heatir:.g. 

(2) Z~s~allatio~ o! a mor~ effec~~v; and ef~icie~~ 
~:.~ric-acid ~e~o7ery sys~e~. 

• 
_:.,.--='" 

• 
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Figure II-5.2 DENITRATION KETTLES of this type were used in early 
production of orange oxide. 
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Replacement of the manual unloading technique, 
which had been used at the main plant, with a 
pneumatic unloading system. The pneumatic 
unloading operation 1s shown in Figure II-5.3. 

Figure II-5.3 PNEUMATIC UNLOADING, which replaced manual unloading 
of the denitration pots, was one of the improvements Mallinckrodt 
made. 

• 

• 

• 
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---...... Section I: 
Par-c 6 

D~LOF~N? OF T~ =:.-;;::D-54· DENITRATION SY.S'!'E~! 

Mall~~ckrodt Cr.e~~ca: Works' activities ir. deve!o~i~g 
a flu:.d-bed process for de::i:Tatior. of urar..yl nitrate to produce 
u ... a:-~u.111 ... ,..-:o-,i,..e (UC o,..~ .... -:. o·<.~~ ... -. were ,s""a·...,te,..· a ... Jie:ia·,.,:r. .c:,...;,.. .. __ - -- . '--- -· - 3' -=•;- . -~-, . " - -.- v ... - ..... '-!-'•-••; 
i:1 "t~e le::e 195c. rs. 

_:-:e !:;.iid-bed ~:!'cie~-: ·:,i;as or:e o:' a nu::f;:;_er o:' a::::c:::-=.~s -
t.;;ro~g::o•.::: .:he cou:-.;:;r:,r ;:;o ~;-;e:~~ a co~.:!::uous :;:rocess tha-: woi...::~: 
be a more eccr:o:::ica;., r.:.ore e:::':.:::.:..e:-• .::, a:.d r.ore e::'ecti•:e ~e-;;::cd. 
of de~~-;;ra~ior. ~~a~ tte es~a=::.s~et ;ot process. 

The pot process, wt:.~t is ciscussed ir. da~a:.: i~ 
Sect~or. I~~ Far-: 5, is a ca~c~ o~~ra:ion. It involves ther=a;. 
deco~FOSi~:.or. o~ a hig~ly pur:.~iei, urany: nitrate solutio~ i~ 
.spec.:.a::y facri~a~ed, s:.e.:.:::ess s-cee: pots which are r.ea-:ed b~: gas. 
burners. ~he ura~yl ni~ra-ce so:~~io:: is heated and agi~atec i:: 
-:::e ~o-:s. Wa-:cr is cri·;e:: o:: a::.:: r::.::ra:.es dec:>::1pose g:rad~1:.:·~y. 
~ts sc:ut:.o:: is trar:.sfcr=== ::.rs-: :o a dough, and fir.a~::.y ~o 
ura:::.U!r.- :rio;<id; powder. A ~::e·z.a-::.: con·.:-ey:..ng device is e~!=:o:.re:. 
to re:::c-,e ~~e i::c·,1der fr'.;;:::. -:::e :;:c--:a :;or su'bseque::t use :.:. gree!'l
se.:-: prod·..:.:~ior., 

'i':-.is ~ro::ess wcr:::E :•:e ___ . _-: is a si~i:::.e o~era:::.o:: w"-·· 
the added adva~-:.age o: s!.~:;::..::.-;y i!". e~:ui'.:)r.ie:rt -desig::.. F.ov:e·-:er, 
the process a~so has ss·;e.ra: :.:..sa::.·1a:::.1:.g-es, i::cludi~~: 

(l) Direct oi::era-:i::g cos~s are high. The process 
requires ~~::y o~e~~-:ors to run a large n'l.lr:lber 
o-t pots. 

r2· .. ) 

(3) 

Cos~s are ~=-~t =~r e~~ipme~t ma1ntenar.ce. The 
s~air.less s~ee: ?~:a ~ave a high failure ra~e a.~c 
require fre~ue~-: re~:aca~ent and/or repair. 

Co~~rol cf te=~era-:~re and other techr.ical 
factors i!".~:~c~:~~; ;roduct quali~y 1~ ~r.e 
~rodu~tior. ~~~:e1~ =-~ limi~;d, 

(~) ~je syste~: a~~;~~ =~e, ~~~se~~s sor-e tea!~~ 
!:a~ard.s asso:!.~:.== ·.:::::: c~a::g-a-c:•:~~e C:~s~ e.~C. :-:::::;s ... 
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Pote~tial For Econon::!..es A~d !m-c:rove:. Qual:!..tv 

Early work at Argonr.e Na~~or.al Laboratory ind~ca .. ed 
tha~ der.itra~ior. in a fluid-bed rea~tor migh~ be a feasib:e 
alternative to the pot ~ro~ess. 

With fluid-bed den:tratior., it seened likely tha .. 
sigr.i~icant savings could be realize~ in the cost of equip~er.t, 
operatior.s, a~d mainter.ar.ce. Furt~ermore, the fluid-bed reactor 
would afford better centre: over tec~.nical factors, such as 
temperature= whicr. i~!lue~ce the qua:ity of material produced 
duri~g deni~ration. 

The Pluid-3ed Reactor 

A fluid~zed bed is a bed o~ solid particles supported 
cy a ~:u~d !lowing ~~ro~~~ i~ at a s~ecific velocity i~ a.~ 
upwar~ direction. I~ ura~~u=. prod~c~ion, gas is used as ~~e 
flu~d. Tr.e bea is cor.ta~~ed i~ a s~e:l, a~d to allow for 
expa::sion, the bee. is r.o"t rest·ricte:: or: top. 

W~er: tr.e gas passes t~ro~;~ at the proper ve:.oci .. y, .,_ 
ca~s~s ~~e bed of so:id ~articles to expa.~d. The particles tecc~s 
sus:t::e!:ded in the gas, 2.!':d i~stead o~ resting upon one another, 
they separate and rr.cve acout free~y, essu1ning the characteris~~cs 
of a fl'..l.id. 

Dev-; .. o-crr.ent Of The Fluid-=ed ?rocessin~ Tech11iouc 

Ir.itial develo;::::ent o!' rr.a-:.erial proc-e--ssing u.si:;g f:;;.:.~-= 
bed re~~tors occurred i.:. tte United s .. a~es in the petrole~~ 
i.:.dustry duri~g t~e.early l94~•s i~ con~ectior. ~ith e~fo~~s to 
es~a=:isr. a be~ter pro~~Es !'or pro~~~i~g gasolir.e and o~l fro= 
c:rude petroleu.111. 

T::'= pe~r:>le~ :..:-.::.us-::!"y I s :·:;>=tk made ! t au-ca.rent to 
c"~s-=r-=:·=r.: ~:-- .:>~::~!" ~~=~==! :..:.:::~s-;1·~-:s. -:::a:: :'2::.iid-b'ea. ree.c~ors 
offered a !:~m=•er c~- c::-::. ... ~.:::..-,e :":.s:::.:.~ss. 

~'"-e~'l" ,...,....:,..C.; __ • -,.;-._.-.._ ___ C l,0 '1"" 1• •c.•• (1) Y"" •~ ,--
••• __ ~- --· -:-.:,1,::.- c...-. ,c...:..c;.~,=- •• c_uc._c.. _ e __ ,_e __ e,_"' 

... e,...:ce.,.-""•i.lre con•ro~ t-::·· ........ .a.,,._u"-·· o:o 0 .... 0 ,...a ..... o,., (3) ""i·c- ... hea-\., •"•- _ c:,., • "" ..,., -; ,._....,.,._.__ •• J.W.,,.:. .:. !:'-- i,,,.L ••J J,.;, =::.1.• ""' 
transfer rates, and ( 4) e:-:.::elle.:.t :-:u.i::-solid contact. All of 
these features have sig~i~ice.nce i~ ~raniu.~ processing, and the 
first tr.ree are especial~J i.~porta~~ in thermal denitratior. o! 
uranyl r..itra-ce • 

• 

• 

• 
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In the first s~e~ i~ fluid-bed de~itratior., a bed o~ 
uranium trioxide par~ic:es is f~uicized by a gas (usua:ly ai~ 
and/or s~earr.) and heated to 5c:°F-7000F. At tha~ tempera~ure 
range, evaporation and ~her~a: decorr.positior. of urar.y~ r.itra"':e 
occurs. P. uranyl n:.tra--ce s.:i~:u"':!.cr. (UNi::, urar.yl nitra~e hexa
hydrate) is ~he~ sprayed in~o t~e fluic-ted reactor. 

When ind~vidua: droplets of tte spray er.ter the fluid
bed reactor, they are hea~ed by contact wi~h individua~ urar.!.'l.lre
trioxide par~icles movi~g abou~ freely i~ t~e de~itra~or. T~e 
heat causes rapid evapora~ior. ar.c ther$a~ decompos1tior. of t~e 
droplets a~d trans~orms tr.em into urar.iu.~-trioxide sol:.ds ~d 
ni~ric acid fumes. 

The che~:.cal re~ct!.or. that occurs is ident~ca2 to t~e 
reac~ior. in the pot proc:ss. Eea~ applied to the ura~y: r.itra~e 
hexahydrate re~oves wa~e~ a::d ;.!.tra~es as gases, ar.1 ~rod~ces 
ura::iu:.1 ~rioxide as tb.e re~a:.::::.:::g sol~d. 

TJ:::like 't:1e pc-: ::1e~::c::, f:"-4i:i-t-ed. c.e!:"li tra~ior: has t:-.e 
ad~a~~age o! be!r:g a co~~i~~cus ~recess. As denitra~i=~ o~ -:.~e 
.:.ra~y:-:::.. -:.ra~e .:~q_uor f-:c ir:-:.o ~:-.e reac-:or oc:::·.irs, tr.e vo:.~--::~ ::"""': 
ora~ge oxi~e i~ the be~ ir.creascs, Tt.e ex~;SS over -:~e orig~~a:.. 
Vo ~U!~e o~ uo- 1·~ +~e be~ ~-~~~scr~- -~e p~o~~c~ T- :e co~ - •. , - _j ...... -·- - - -=-;:,- - --· ... ~ \...... - 1.,,,4. "'. - \,,, .a..- ... -

ti:::~ous :y re=ove1 fro~ ~~c reac~o~ a~ a regu:ar rate, ce!~g. 
re;:acei 'cy newly proch~::e:: cra:::ge-o;d::ie ~ro::::..ct. 

The e~co~~agi~g res~:~s o~ Argo~~e•s labora~ory s~c~~~g
e: ... :':>:r-:s ~!'o::iptcd a~ ex~e::si~,·s: fu:~-sca:e :research a::C de·;e~:>~=.e:=_:: 
~:-~g~~ a~ ~::e l~a::1.:--;ck~:,d: fs.~:.:i ~:..es !.?: s~. Loi;.is. :-::.e ~:.:::...::.a~s·~ 
lor.g-ra:::ge c::~ec-::.."ie o:: ~::e ;:rogra.--:: was to c.eve:.op a p:rac-::.::a: 

.fluia-·::ed. de::i .. ration s:;s-:.::r.: ~::a:: wou:a be success:'~~ o:;. a. ~:..a:-/: 
sca:e. 

::-.. -. _:~-:, , :. :;:..::-:-~:~:..: ·-~:.:::..::-:--:-:: !':ac~cr: scr:.ew::s:: 
larger t~an ~~= firs~ s=a:.l-s=~=--= ~ea=:o~ a: Argo~~e: was !~E:=··~~ 
a--: Ma::!.inckroc:::.' s .::;;es:.re~.a:-. S-::-::s-: fa~!.:~~:, i.~ S-c. Lo~~.5. A 
ske-:c~ of_ tr.e !':ac~o1"' ,~S- s:-.. c:•1:--_ :.~ ?!..~~= =:-5.2. 
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Figure II-6.2 DESTREHAN STREET PILOT-PLANT FLUID
BED DENITRATOR. 
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The Destrehan Street pilot-plan~ fluid-bed de~i~ra~or 
advanced the design concept of the Argonr.e der-.!:tra~or cy incor
porat.ing seve!"'al improveme~ts. The majo!"' ones are lis~ed be~ow: 

(-; ) ,-

(3) 

The Argonne reac~o: had been r.ea~ed wit~ ex~er~a~ 
heaters only. The Destrehan S~reet unit e~ployec 
18 internal, ele~tr~cal bayonet heaters i~ 
addition to 42 extcr~al heaters. 

A~ Destrehar.. Stree-:~· the off-gas syste~ used a 
cyclor.e instead o~ sintered ree-:al filt.ers~ which 
had bee~ used at Argonne. 

At Argonce, the pro~~ct had beer. withd~aw~ fro~· 
the bo~tom of the Cei. W~th tr.e Destre~a~ Stree~ 
reac~or, the produc~ disc~arged throug~ ar. over
flo,-; oi::er::..ng e."; th~ 7'0!) of the =:ed. 

T~e Weljon S;rir.~ u::~: ~~s cc~s~dera=:y more versa~~~~ 
the:: t!:e or.e at Des-:re::.a:: S~reet ar.d per:n.i t-:ec grea:~er·· !':ex:.::,:..:·::::-::_r 
of opera-:icr. i~ ~er~s tc~h o~ c;eT~~i~g cor.c~:.~ons a~d ~?p~~c~~o~ 
ra:e. 

c~e o~ the maier differe~~es be~wee~ tte ~ew ~E:do~ 
S~r:.::e; c.er.:. ~ra-:or e.!:C ~he or.e a-: :-es.:re~an S:.~,eet was t::.e :r.e-:::o~·- · 
o~ r.ea~::..::g. I~~~= W::~o~ S~r~~g rsac~o~, hea~ ~as s~p~::e~ Cy 
~o:~er. sal~ ~~rc~:a~ir.g throug~ 3:: or.s-~nct~ s~a~r.!ess-s:ee:-==
cayo~e~·t~=es loca~ed i.~side t~e r:a~~cr. ~~= Destre::.e.:-. S~ree:. 
des:.g~ r.a~ used ~x~er~a~ a~d i~~=~~a~ e~e~tr:.~al hea~ers. Tc 
~ro,;:.d.e te:::.cr t::roe:-c.~·i.:.re co:::::!:~:. .. - 1-= =-~ e--~.: ca1 hee:~er•·-= ,..;ere 
r::;::a~e.:i :.:: -::-.e ::.:;, ==-=:.g:!: i:'!:::: -:::; ~;::;~_;;:~ sY:::"t::: . . ~-:-: 

Ths origi:-.al iie~do:1 S;r!.~.~ :p~:.o-;-;:a::.-:. :t!ui=.-:ec. 
de~i~rator was later :oc:.~!~d 2s s~=w~ !~ F:.g~rE ~:-E.4. 
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~igure II-6. 3 o?.:~::1AL WELDON S?:tIN·:J 
PILOT-PLANT FLt!ID-:===:i D!NITRP.TOR. 
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Figure II-6.4 MODIFIED w;:wo1; SPR:NG PILOT-P!.J>.:NT 
FLUID-BED DENITRATOR. 
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The chief differe~ces between the modified equipr.e~~ 
and tr.e origi~al. e~uip~ent were: 

(l) A stainless steel, steam-jacketed fi~ter a!:d 
a blow-back device were installed i~ the moc~::.e~ 
de!1itrator in p~ace of the cyclor.e se_para:tor ar.d 
refeed system used originally. The r.ew filter~~~ 
sys~em consisted of three filter b2..."1ks, each of 
which had five porous-metal fil~er e:eme~ts. ~~~ 
£ilter ba~ks were au~ornatically back-blow~ a~ 
predetermi~ed in~ervals with pre-heated air. 

(2) A new rno:ten-salt r.ea~ing system w!tr- beyor.et 
tubes of varying ler.g~hs was instal:ed in pla~s 
o~ the orig~nal mol~e~-salt syste~ wtic~ usec 
tubes of equ~l ler.g~h. 

I:; ~a.:r·, 19c4, a ~la.r:-:-s~a:e fluid-be= de::::..1:.ra-::..:::-. s::-=:~
was i~s~a~:ec a~ we:Ccr. S;~~~g. !~s Qesig:: was base~ o~ ~~e -
e:{~e.r::??:C.E. a:!d k~ow:ec~s gair.ec. fro::: the p:!.:o-:-p:a:-.:. wc:rk a-::. 
Des"t.reha!". S-:reet. a_';d at We'.:.dor.. S!=r:.::g. -:- - -

Start-un activ::.~~es, which bega~ in Ju~e, 1;64, were 
in-:e::-·t:.ipted by specia:!. v;ork elsewhere in the p~a~~. Ttey were 
res~~c~ ir. Dece~ber, 1964. From t~e~ ur.til AF~il, 29cc, the S~Er:-
U!= war;< ir-.vo1·1e:d adc.~t:..onal devslc~r:.e?:.t. 

A~ first, it was fou~d t~a~ the urar.~u.~-~riox~de f~C~~~~ 
c~ -:~."; p~a.~-c-s~e..2-e s:ys-:::-. ~..,as ::at reacti-,te e~ou~~ fo~ s·;::ssq:~::-.:: 
r..:;:::.rcf2.!:.or!.~a-::.ion to me"c.a2.-grade grse~ sa:!.-:. The q·.:.a:::. -:.;; o-; .:::e 
cr~.::-.g':: c:<.ide ~rodu.ced ·~1as, howe·.:e:!"': idsa.l .for use ::..:. e;a.s;;;o"t:s . 
~=-~~~s~cr. p:!.a;.~s. 

~o £0:7~ t~e rea~t~~it.y ;:!"'oble~: f~r~~er a-=·~-~,=-~=~~ 
~-:a.s ~c::C:.:.::::e=., a::d 2. pla.::ned e:-:;ez-:...~ental i:-r:::>g~a:: :,;::,s e;.::~:i-==~. _ 
~~~s a~d!~:.or.a! researc~ an~ de~e:cpme~~ ~er~ res~:~ed ~~ a ~~=,-~~e_ 
a:-.s·.·:er to t:-.s proc:!.em. 

The: solut~on was 'tO soeY- tr.e as-produced \JO~: i~ ura!":.:: -
n~~~a~e. The resulting ~reduct is as reacti'le as OrL.ge ox~de _ 
prc=~ced by the pot process, and i~ can be processe1 ~o ~~~a:
grade g~een sa~t while usir.g only ~inimum req~ired a.~o~~:s c; 
r.y~:!"'oge~ fluor~de. 

This ar.swer t~ the reac:ivity prob:!.em was ~O~;.d a~ 
a:;,~:!'o;-:.!.:::e:':ely t.he 52..'T,e tim1:: that the clos:!.ng of ~:1.s :.;e::::~ S:;r::.:-.g . 
fac:.:i-::; -was a:-;r.our.ce1. "When 'the :plant opera:::io~ ·,;as -:.e~:r.:.:-:ao;~::.~ 
acd:.~iv;.~~ wor~ was stil: needed or- one rema.~~~r-g ;r=~~c~:.:~ 
prot:~~ -- tha~ o~ f~~=~~g optL~i;::: operat~ng ~o'"d~~~=~s ~'- -::.~~---· 
p :a~:.-~-: c~:e s:;s-: e?"C. 
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Cor.clusions 

Cor.-~:i::rehensive resear::.h a.::-:iviti_es 2.!:d pilot-pla!:: wcz-k~ 
at both Welde~ Spring and Destreha~ S~reet res~lted in t~e 
successful develop~ent of an ope?-a:::.onal, p:::..ant-scale flu:.:i-bed 
denitration system to produce urc.:-.:.~~ trioxide for subse~~e~~ 
use in the production of uraniurr. ~e-:al. 

The program I s main obje•:-::.ve -- to de•1elop a flu:.1-
bed der:.:. t.:!'ation :process which wou:=. offer adv2.!ltages ma.!.ci:;.g i-:. 
more prac~ical tha.~ the pot process -- was achieved by the 
Mallinckrodt work. The maier adva::~ages of t~e fluid-bed ~roce~~~
wt.ich were established duri~g the ;Xtensive develop~ent e~~~r-= · 
ins~. Lou~s ar.d at Weldon Spring: are: 

(1) The syste~ is more e:ono~ical ~~an the ~ot 
process. Cpera~i~g: equ:.pmea.~, a::d mainte~a~ce 
cos-:s are lower. 

( ,.. \ c... 
' 

The pr~cess ar:d e~:..:.:.;~err::: pro·:::..de more co?;-:.r'.J: 
over o~era~ir.~ cc~~=-:~ons tha~ tr.e pot syc::~~ 
o:'=~ered. 

?ewez- r.eal t~ ar.d sa::-e-:y ~reca:.:::ior..s are r.ec:ssa.~y 
because the c:.ose:: ;:,·s7,e~ recu:::-es poss::o~e ::a.za~::-E. .. _ 
.f!'Oin dust 2.!:d fi.l!::€:. 

P~oduc~ior. A~d Costs 

':'r.e fo~low:.r:g numbers re::s!' tc b:.:,:.::.c~ra:i;;:-.y er:-::~:..-=s \•:::.:..:::-_ 
a~e ~~~ ;r~~c~pa~ scur~es for ~~rs ~=~aile~ ~~~o~=a~!on o~ tte 
:':.uiC..-:.c:c.-c:e.:--.::.:tra-:io~. de·,-:loprie::-: ·.•:c~k desc::. .. :.~~~ _!..!:, tr::..s s·-=.":se:::.::::: 
2.: --: ;':: 3C.: CC, E:T~ 2C: ·:3:! -: : :€:--! :~:::_~~ ---: :;.~2: -::~~-
22~., 22~. 

Add:..-:iona~ re~ere~ces :a~ ~e fou~~ ::.~ $C:e o~ ~~~ sc~~=~~ 
indica-:e~ a"t:ove. 

• 

• 

• 
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Sectio::: I! 
Par.: 7 

DEVELOPMENT OF THE FI~ST FACTORY PROCESS 

FOR PRODUCING BP.OWN OX:i:DE 

In addition to develop~r.g a com.~ercia~ et~er-ex~~actio~ 
process ar:.d a :pra.c~ica'!. process for con·.-erting urar..yl-r:it::-a-:e 
:..ntc ora~ge oxide, a third ;m~or~a:::t ac~ievement by Ma:::.~c~roc~-----
Chem:ca.l Works i~ its ini-:ial work on t:::e Mar.ha.ttar. ?roie.:-: was ·· 
tt.e dev~lOF!!:er::c o~ a pla:-.t process :'or producing ure.r.i~ d:.o:~:.~e 
(brow~ ox:.deJ or U02)-

Ur.til AprilJ 19~2J wr.e~ Malli~ckrodt was called ~~o~ 
to provide hig~ly purified urar.:.u.~ com~ounds for use i~ t~e 
experime~~a1· r..uclear reactcr be~r.g developed at the University 
of Ch:.cago, there had bee~ relati?ely li-:tle work on the reduct:.=~ 
o:' urar~::..w:-. trioxide (orar.g; ox:..c.e, or t;C3) to urani1..:.m d:.cx~c.e. 

Alt~ough the litera~ure cor.ta:.~ed some ir:fo~~a~:.or. or. 
t!:".e pre~aratior. o: brown ox'!.de by rea.ct:.ng orange oxide \\::..-:r: 
tydroge~ as tr.e r~ducing gas, Ma~:inckrod~ had to eva.:uate the 
o~e~ation ar.d develop a p~ocess wtich c~uld incorporate t~e 
rei~ctio~ into a pra~t~ca.l, fac'to~y-~roduc:~on sys~err.. 

In the bas~c process w~ic~ Ma::i~ckrodt deve:o~ed: 
-ura:;.:.-:.:. i:rioxide, which was prod·.::ec b:t ~.he pc-c process, was -c,.;:. 
into stainless-steel trays in a s~ainless-steel box. The box 
was placed in a ~urnace where, at a rela.-:ive~y high te~pe~atureJ 
the rec.ucing gas was passec over 'the uc3 • 

The orange oxide reacted witr. tr.e gas to prod~ce t~e 
sc,1.;;ht-a:'1:er uraniU."ll dioxide. 
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Ini~ial Researc~ Efforts At Mallinc~rodt 

pecause the Un:..versity of Chicago group needed the 
uraniu."!l proc"J.ct.s urgently: and beca:.~se o:r tne cot'!seq_uent. p:tess·..:!"e: ~-
toward i:i:..~ed~a~e- development cf a UC2-production process, 
Mallinckrodt's i~itial research work was concerned primarily 
with investiga~ing the cor.ditior.s r.ecessary to achieve an effic~s~: 
reductio~ reaction using hydrogen gas as the reducir.g agent. ··· 

I!'l t=-:e first e:q:eriments, a small stain~ess-stee: tra~.
f'illed -cc various deoths wi-::h ora.""l..::e oxide was used. The tr:..r.1a~·.
factors exa.mir.ed were: (l) the opt~~um operating conditio~s, __ • 
includi~g ~e~~erature~ thickness o~ ~he U03 layer in each tray, 
and t.he heating time req~:..red ("to a~~ain 95 per cent or bet~er 
U02 assay material); e.r.~ (2) the ex~ent, if a.~y, of corrosior. c~ 
the sta:..~:ess-steel trays. 

A:~-:e:?" e. nu.-:iber o:~ · exper:.:::e~~s, tr.e co::d::.. ~!.or.s .r::.::a::~~ 
--~e~ 1- • .... e -~~o.,..a•o.,..y we~e· a ~e-- 0 ~atur- o~ 13~0°- ~u~~-- ~ 
WI- ....,. ..... ""--- ---.1 - oJ - - • .... --~ -- 'C - V ~ """" - ·--e: ~ 
::o·..1r- ~o f':.•,e-?:our heat:.:-,~ :pe.r!.oc.; cooling to room te:-::~e!"atu.r: 
be:'ore 9:;:e::i::f ~!:e be:< (-:o :;:rever:.,; c~<idat:.o~ o:' tt.e d:.oxic.e); 
~~d a :i-~~c~ o:?"a~ge o~:.je laye.r. ~~ese co~ci~io~s ~u.r~~g 
- ""--~~-:~- --s·-~- • -:,.. - ........ .,.a· c..;...;~,.. of - o,. ... e- pe:- ,..- '"•C-.:.-e::1 .... _\. ......... .:.::..-_.,ea ___ ., •• e :-•cu'---·· c. ..,c-':1c ce .. :.. i.: ~ 

assa:..r mc::e~ia:. 

c::--.,.---1-:
&..,; -~- ... ..,._ 

Wr:e~ the p!.a-::-t was star-t:e:: up, it was necesse.ry to 
inc~ease t~e ~e~pera-:ure ~o 1500c: :'~r ar. eig~t-hour period ~c 
cttai~ sa~is:'actory brow:: oxide (9: ~~r ce~t or bet~er u02)
T~e tr2.ys WE!"= :'i.lle:i t.o a. def-:h c:' :1 L'1ches to 2 inches, a:::. 
-:he ar .. o~:-.~ o:: r::,.::roge~ re:r~~r=d for successful red~ctio?: ,~2.s 
cha.~ged ~o ::ea~:y do~=~e ~;.= ~r.eore~:.cal req~!re~ent. 

~ar:y i~ 13~3: add~~iona: s~u::.ies were conducte~ ~o 
ex~:.::: -: .. -.: s=': ... e~-:s of -:e::=-.;e~a:::urs =..::=. r:~t.:rat~ :::>:: UC·~ r:d:...:.:.:..~o:: 
wi ~r: t3·Cl·~g::::. I-;; was z._.:,-..1::C tl":at·---:::-s r:.:::..::!..:;:: ~=~~:=. :=-: 
accom'C !.isf'.ed at a tenroere. t·J.re co?:s :.::e~abl v :oWe?' tr:;..~ :;~ : 1

::::: 

and tha-: :.::e reduct:ior. ·was appa::-e:::::~r ur.af::e~'tcd by c.:.::ere:-.-: 
a!:iOU~ts of r.~~ra~e prese~~. 

The Fla~~ Process 

F~gure II-7.l 1:1ustrates ~he type of eq~~;cer.t ~s~~ 
in the early p~a.nt operat~on. 

• 

• 

• 
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Figure II-7 .1 FIRST FACTCRY ERCW:T-CXII:E P.ROD'l:CTION e::-:i;loyed ba::::::: 
reactors such as this one. 
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The plant reactor was a stair.less-steel box, a;pro: .. i
mately 13 inches high, 17 inches wide, a::d 47 i~ches lor.g. One 
end of the box was welded shut: and ~t:e o.:her was fit.:ec w~~~ a 
bolted end plate coc~a~ning inlet a~d ex~t pipes for the reac~~~f 
gas. 

The orange oxiae to be reduced was loaded i~to e~gh~ 
stainless-steel trays whic~·were placed in a rack inside tr.e 
reactor box. The box was ther. closed a.'"!d pm; ir.to an e:ectrica::.:· 
heated furnace whicr. was the~osta~~cally cor.~ro:led. 

Residual a~r in t~e reactor was drive~ out by r~~~r.g 
CO 2 through the box. Then "the reduci:1g gas was allowed to e:: i:.c1· 
the reactor and r:ow over the ora::ge ox~je, The unreac~cc g~s 
was bur~ed contir.uous:y as i~ left the reac~or box thro~gh t~e 
exit pipe. 

A-::-ce'!:' a speci:'ied. t:e~::i~g 1;:.::::e, .. ::e cox was re:::c·:;.:. 
fro~ t!;.e fur~ace ~d coolei toth ir: a:.r c=-~d :!nder c. wa-:er s;~=-~--. 
';-:~er: t::e box he.d cco:.ed to -:t.e p!':>pe::: .:e:.:~:ra.ture., the rea.::~i::.~ 
gas '"as -Ci.l~~ec o~f. 'I!":e::. cc,.. was b~o':::: thr-=,.;.g:: agc.i~ to :re~.c·,~ 
... h ,..,:;.,. -;-- -.,...c: ,...c. ...... ~~ ... :""- .:!= -· ""-... --:=-.:r~·"':,- t"""- ,-...,. ··- •. .:~-... e: _ -c:.C "-··= g.=.- _ -·••=--··-·•!: -·· ... r.e .. _.... ____ r::.._.,__,, -~"' .,._ o, ... -o.•.--.:: 
proc-...;.c~ was r;=oved. 

I~ 'the fa:l of 19~2, tr.ere was a!': a:uts s~or~ag; o~ 
hyd.,..o-·c: ... "as and ..-1-e ,...osc:i· ·c"",.; ... Y o~ uc:" ... - c.•: sso"; ., ... ed (---r- ... :r-~..: • - ;-•- ~ , "'.. ~ - __ ,.to; .... -..i.. .... e:,_ - '--'--ti.. '-- c.--•--1· 
a-::r.-.cr.~a 'to !'ep:ace l:yc.rc~s:: as tr..e rec-...;.=:i!"!g gas was ir:ves-:ifa:e::. 
Tte c.:.ssoc:.a-:ad e!:".:::o::.ia ~er~o~~e:d qui-:e we::: a~d a.!: E.!':"-~=~ia -
cracE.er was ~::.s~a::ed as par-: o~ tr.e sys~e~~ 

A-: f~rs~. li~~le ~~i.Cc..~e::.-:a: work was dor.e ~~ c.e~e!::".:.::.~ 
t . · ... co"",:;-=:-t-•or;,, f'o-r -.-.=.,:;,.c ... -;or- ••::;,...- .;...,e c.,...,,..~-ed ,,, ___ ,,...,"' :ie oes _ ...... ___ .. ~ _ • __ ...... _ ..... "'---·~ ..... _ .___.~ ~---------. 
Eowe,,erj i:. te~s...--:-.. ;' a;:~a!"'e:1t ea~::.:r i:-:. l~..!.3 t.!:at proC.~c-:::.~!: de~.::.=-=.1-s·-_ -
ccul~ r:.ot ·ce ~=-= ·~::Cei- ~::e O!'.:e:-a-;:..::.g c:,::c.::..~:.:::s th::: :::~a:::.::e::. ---

The:::e:'ore, a progra.'!l o:' e.x:;:er:.~e:-.~s was carr!.::: :. :.:.-: 
to exa!Ili~e ~he facto~s a~fecting re~uc~:.or. !.;. tne !'ur::a~= a;.=-;~ 
exar.i~::.e -:.he co::c.!::!.o!..S necessary to :::H::~ ;r::,::'.lc-c:.::,:: r~q·.:::.~:::::'=:-::~---

-. 

The resal ~s of the inves'tiga~ior.s showed tr:a~ -.-.,:.-;:: a___ _ 
few cha~ges in opera'tion and by redesig~ing parts of ~~e rea=~=~ 
box, it would be possible to increase the pla::t 1 s capac!.~J-

~~ was co~cludee that t~e f~r~a~es s~ould be'!:'~:: C!. a 
d:.!£erent ti~e cycle, the weight a.:.d d~str:.bution o:' tte u~~ =-~ 
the box. sr:cu3..d be c~a."lged, ar.d the speci!'iec. :nethod of oper~:::.c!-.. 
s!:ot::!.:i Ce aC.!':ers:. -=~ :are!'"~;.!.:,. :esig~ cha::g~~ i~ tr:e e~~:.~:::::--.
were made to i.r.:prcvi:: the gas f:.ow. 

• 

• 

• 
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After additional experiments, it was decided -cc c~ar.ge 
the operation by starting the box a~ its peak pressure ar.d 
stopping the gas flow at the end of four hours (two hours before 
the box was to be removed from the furnace.) The resu~ts of ~hese 
changes were good and red~ced the cor.su.~p"tion of cracked a,::-1.!;.o~ia. 

Investigation Of Other Po~ential Reducing Gases 

During a period of three years, in acditior. to eval~
ating t~e use of hydrogen and cracked e!I!!r.Onia as reducing age~~s: 
four other gases were extensively studied to determ~ne their 
poter.tial values for use in reducir.g orange oxide to brow~ ox~d:. 
Tte ctr-er gases were anhydrous air.monia gas, wet hydrogen gas, 
ertificial gas and natura~ gas. 

The research was carriec out i~ both the pilot p:a~~ 
a:1d tl:"!e pla.>:~. 

~~e resu:ts o~ ~he reSea~c~ i~dica~ed tna~ cra~~=i 
a.'r..:"T!on:.a was -che mos-r. eco~o::iical, rr.os:; readi:.y a·1a:.:able, ar:d. 
r.ost easily usable o~ ~~e gases evalua~ed. 

W~th the use o~ a~r.ycro~s a_":l,~onia, a larger q~a~~:.~y 
of the gas wo~:d have bee;. required -- i~ cornpariso~ w:.~~ cra~~et 
a.'71..~0;.ia -- to achieve a g~ven assay. 

T~e research ir.dicated t~at tt-e use of wet hycroger: fas 
cou.!.o offer i;:cssible ad·1a::-r.ages as a red.uci::;.g ag~r:~ in a reduc-:.::.~:: _ 
u~it desig .. e~ to use a series gas-.:':ow arrar.genent of boxes. 

Arti.:'icia: a::c ::atura: gas were fot.::ci ur:satisfac:.or~: 
as rec~ci~g age~ts, becat.se their ~s~ would result in tr.e 
formatior. of heavy carbon de~osits wr.icr. wou:d flake and cc~
~a.~i~ate the U02 produc-:.. 

Co:::: :· ... s :.or:s 

T~e ba~ch procesE wti~~ ~aili~ckrod~ developed for 
red'..l:::i::g ,;.ra:::..1Z ~rioxid.-:: -:.o urar.i'..,;..-:. d;.oxide was simple anc. 
e.:'.:'i;:::~ive. 

The method, w~th LT.prove=e...~t modifica~ions, was used 
c~ntin~ously for seven years, fro~ ~942 until 1949, to produce ~te 
uo2 required for the Uni~ed States a~o~ic energy activities. 
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In his official government report., Atomic Energy For _ 
Military Purposes, which was completed in 1945, Henry DeWolf Smy~h 
commented on the brown oxide produced by Mallinckrodt. He said, 
"This oxide is now used as a starting point for all metal pro
duction., and no higher degree of purity can be expected on a 
commercial scale." 

In 1948-1950, when successful continuous processes 
were developed to manufacture green salt, significant advantages 
were indicated in a potential system which would combine a con
tinuous U02 process with a continuous UF4 process. Thus., work 
was begun to replace the batch uo2 process with a continuous 
method. (See Section II, Part 9-J 

Production And Costs 

Production and cost details are contained in Sectio~ I~. 

Related Docu.~ents 

The following nu.~bers refer to bibliography entries 
which are the principal sources for more detailed informatior. on 
the batch process for producing brown oxide: 6., 8, 9, 10, 11, 15, 
41, 43, 6,t 10, 95, 99, 111, 113, 114, 115, 162, 112, 185., 18c, 
201, 222, f23, 224. 

Additional references may be found in some of the sour~es 
indicated above. 

# 

• 

• 

• 
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Sectior.. I: 
Part 8 

FIRST FACTORY PRODUCTION OF GREEN SALT IN ST. LOUIS 

The start of Mallinckrodt Chemical Works' urer.ium
tetraflucride (UF4, or green salt) plant in April, 1943, repre
se!'lted tr.e culmina-:ion of a "crash program11 by the Company t.o 
ins~all a com.~ercia:, ba~ch-type gree~ sa!t operation 1~ St.~~~~=-

I:: the years fro~ 2943 t~ 195~ (wt-en Me.ll~~ckrod~ 
in-:roducsd the stirred-bsd green-s~: t reactor), the Corr.pa::r ::.:::;r::·:c:: 
the process ar.d equipment, and employed the batch techr.ique t~ 
prod~ce a major por~ion o~ the gree~ sa~t used for ~he Ur.i~ed E~a~~s' 
atomic e~e:rgy opera~ions . 

Ee.ck..:ro'..l.:::d 

Early experiments to deve:op a process for co~ver~i~g 
highly purified ure.r.ium dioxide (Uc~, or brcwr. oxide) to ura;.~:.:::-. 
tetrafluoride, which is commonly kn5wn as green se.l~*, were 
ur.de!'taE..en by researchers at Ma2.lin~krod~, Johns Ho:pki~s l'!".::. Yers:. ~:, J 

E.I. du Pont de Nemo~rs & Company, ~inde Air Products Co~pa:-:y, 
F.arshaw Cr.e~ical Co~pany, e..r:d otr.ers. Wet methods a::d higr-
te~perature, gas-so:id reactions were investiga~ed. 

The dry ~rocess which was ~inally selec~ed fo~ co~
rr.er:::ia: productior: ir.,..ro::..,rei -ct.-: r.::.g~-~enpera-ture reactio;. c: .... ~ra:::.:.:...'"': 
diox::.de w:. ~i: ar:;;yd:?"ous h:t·d.:-ogen i'l;;;oride. 

*Ar: early type of "green salt," potassium uranium penta.:'luorice 
(KUF5} -- not what is referred to as green salt (U?4) today -
was projuced in 1942 by Wasting~cuse: for use in the::.r meta: . 
operations. The process e~ployed the rays of the sun in e. p~c~=
chemical reaction o! uranium ox~de with potassium fluoride. 
Be,..e.,,se tn· is W"'S -,;-e..,. .. ~,y "' "-.. ,,.~ ... ··•ec- ... .,,_.,.n p.,.OC"'CS -,-- .... --'-·• 

- ....&. - c;;., --- _c;;. __ , c;;. ---- n c;;....,'---- - -- ''-!.""'c:.·•--• .. : 
production became a serious proo~em. By late summer, 19~G: ~~e 
uncertainty o:!' sunlight a::d ~~e a·,ailab:.:i ty of uraniurr. te-::!'~- _ 
~-: ' "I"',; .. 1,,,. ; • • • C: • ..:- r. - :.- '"'t:: c. .,, - ... • - ~ • 1 - - : .,,... s- e - ,.:; 0 T •r-y,:- 1· ,,, "T" - - .: --.i..uo __ c_e., w,,_cn 11e-----•~--O"I:.-- ----- '-'-"'-= -·· ., c. ... - r---5 .. ""•·'='--
~Et~: cp:ra~io~., led to t~e a=a~to~..:1=~~ o~ ~~e su~l~g~~ pr=~~~=-



I 
.1 
I 
I 
I 
I 
,I 
I 
I 

J I 
J I 
J I 
J I 
] I 
J I 
]I 
J I 

J :! 

-66- 152653 

By late 1942; this process was adopted by Ma::!.:i::.ckrodt, 
du Por.t, Harsr.aw ar.d Li~de for large-sca:e produc~ior. o~ UF4 . 

The Easic UF4 Process Em~::!.o~ed At ~a:linckrod~ 

In the basic, batc~-type~ green-sa~t produc~!on procesE 
initially adopted by Malli~ckrod~, anhydrous hydrofluoric acid 
was evaporated and passed over hea~ed brown oxide, wh~~~ was 
contained on graphite trays in a graph!~e reac~or. 

The hydroger. f:uoride (~?) gas reacted with ~he broh~ 
ox~de to form the sougtt-ai'ter gree~ salt ~reduct; ura~~u.~ 
t~~ra!luoride. Water, which was a by-prod~c~ o~ t~e reactio~, 
and excess hydrogen-fluoride gas were neu~ral~zed ~d d~sca!ded. 

Pilot-P:ar.t Ecu~n~e~t 

The pr~~ary c~~~or.ents o: t~e i~i~~a~ F~:o~-~::.::~ 
eou.;_ "°"'"'..._ "'! .. r,=.,._,,e. - .P••-r,...,...,.,t:.• - -,...-~i,....c..:.. • • ;-~ .... :... ••t-c reac.:.o!' _ .a..1,1m-.... "-·-· a _u.-~.c.--~ c. l=>-c.: • .:.-.e co.<., _w•,--·· .. c.-

con~a!~e~ i.!: t~e furnace, a~c i;. w~ic~ ~~e r.y~rof:~cr~~a~~o~ 
ree.~:.:..:'r: ~ook p~ace; a~= gra;:::. :,e -:.~c.:rs, ·N:":i~h ~e::.d. ~:-:e '":r::,·::!":. 
ox:.cie L: ~::e g!"a;:::.::e 'to:-:. A w~::c.e!". c::Eo!";--:::.c!: .:c;;e:- "l,as usec 
for nc~~ra:~zi~g ~~e was~e gases frc= ~~e reac~ior.. 

T~e fur::ace c~nsistec o: a f!re-br~::::k shell i~ wr.ic~ a 
st.ee~ 11 co:'fi!111 was 1r.oun~2d or. gr:.~e ba:!'S. _The co!'fi?; ha::. a 2:-:.::.c::. 
square cross s:::::-:::.on a::.c. was a:;:;:;:::-~x:.=.a-:sl:; .S fee~ :6:-.g. Or:e e::c
of the co.:':'i::-:. was fi.:;~ed. wi~i': a c.oor~ a~d tr.e other e!".c. ::ac. ~1-;o 
l½-i::.c~ s.:.eel ~i~es wel~ed i::.to ::.: a::~ ~r~~T~cir.g throug:: ~~: 
furr.a:::e "L-;a:.:::.. T!".ese p:.~es ::el~ ca::--·oo:-:: -:: . .!°::-'.:s w~ic.n_w.e~= ::se:. 
i::tr~d~::::e the rea::::-:.s.~.:. gas a!:q ~o re?::o:.·e tr-.e "Naste gases. 

T·...ro gas bur::ers w:2·e i::.s-:c.::!.ei ur.c.er the cc:::.~ to 
t:rovide r.ea:. for t~e rsac-:.io::.. J..::.ey- .:::-.c :'~!'st· ex;eri::s,:;..:;a: r-.;.::s _. 
o::s c:"" t::e 'bur::ers was re!!:::-.-::=, a.:-:~ ::r:s !"s::a.~::::.::.g c::s :::az -~--.:.-:-.:c.

u~dsr t~e coffin. 

Te::?pera-:ure i::. t~e f:.:.r::.ace was cor.":.ro~le~ =.a:::.:a:ly c::· 
regulat:!.r.g the gas a~ci air f:i.ow. A ther::iocoupl.e placed ::.e.:!.::.- -::.a 
bottom o~ the coffin was used to measure the heat ger.era~ed oy 
t.he turner. Heat distr~bution i:1 other sections of ~he cof!'ir. wes 
deterMi~ed by a ther~ocou~le mourrte1 i~ a pi~e insta:la~ic~ ci~s~;~s:-
t~ facilitate the measurement c~ t~mperatures ir. var!ous locati~~s 
v~r~ug~out the cof~i~. 

J~---

• 

• 

• 
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Grat:t!.'te Eox A~d Trays 

The graphite toxin which the hyciro~luor:..~a~:..o~ o~ t~e 
bro,.,_.:: oxide oc:::urred was cons'tr-:.icted of' graphite s::eets O!"!e ir:c!: __ 
thic~. The box was entirely closed or. i~s outer sur~e~es. 

Pou:- graphite trays were installed withir. the box to -
ho~d the brow~ oxide charge. The trays were s~aggered ~o force. 
the reacta;.t gas to pass over all of the ch~ge ma~eria:. D~ri~~ 
opera:ior. of tte reactor, the reac7.ant gas: w~ic~ was i::~roduce~ 
into ~~e graphite box at one end of the bo~~om tray, passed over 
the e~~ire ler.gth of the tray, the~ up to and over 'the ler.gth o~ 
the second, third and fourth trays respective:y. 

Af7.E:'!' it had reacted with the brow:: o:-c:..de 1::. 'the i'ou:--:!': _;__ 
tray! ~he gas, together w:..~h the wa~er vapor tha~ ~o~=ec du:-i~g 
the ~~action, le~t the box fro~ t~e se.:~e end a-: w~:..c~ i: ~ad 
e~~~~e~. (See Fi~~re II-7.~, ~ec~:...on II, ?ar~ 7j 

Two types cf gra;~:..:e boxes were usec d~r:..~g ~~e ~~-~~
c:a!':-: ~xper:...:::e::-;;s. One .::.y::;:e e:::::;:2.oyed so:!.d s:.de p:..eces :':;-:: 
;up;c~-:icg t~e trays. W~e~ tte reac~cr was operated, tr=~= ox~~e -
a.r:c g!'eer: sa: ~ bec2.m.e wedged be-:;.:ee:-: t.r:e side p::...eces a:::i .:.!':e -:ra:,·=. 
Th~s caused the trays to bec9~e ja:-..=.ed a.~d mace tr.e~ c~~~~cu:: := 
re!':lO'Te. I~ acdi tion, t~e ex;a::.s~or. of the ma~eria::.. .:.::a-: wa.s 
\'1eCge::. betv;ee:r: the trays 2.!':d t.~.e rough har:d:ii!"lg req_::!.!'sC. to re::.=..::: 
the trays caused some brea_~age 'to oc~ur. 

To a:leviate these pr~t:e~s, ar. i.!:.prcvec box ~as des:..~~e~;
de·.-=:c::;:ed: a..~d tes-:ed. In the ?"!:W box, eac~ tray was s-:.i;por~e:i 
u;c::-. -:::e o::e be.::..ow by a narrow g:-a:;:h~ te pla.~e, the :::ei~.::"L c:' -v..·:::.=.:-. 
was e~::.la:!. ~c -t;:;e d:..s~a:-:.ce betweer: 't.:-.e ~rays. The s;:a!: o-: ea.c:: -::-a::: 
was t~e s~e as tr.e wic~~ o~ ~::e cox, a::d eac:: tray's e~g~ fo:-~e.:: 
a por-::.~:1 of t:;e sice o:' t::e 1::cx. This ciesig::. e::a:::-ac. es.=h -:r~::· 
i;o be :re:mo·;e:d eas:.:y to;et~_er w:.-c!:: i'ts own t..:o s~::..;; :;:.e-=es. :::-.:.::-: 
were :o cra:~E er :-e:esses w~ere g:-ee~ sa:~ erk~=~~ o~~~c co~:~ 
acc·:.i=.~:a~e! a..~c. ca~se tte tray to become je=.:r.ed. 

Was~e gases, which were composed of hydroge~ ~luoricie 
anc. water vapc:r, were re:noved fro:n the fur::ace and cor.·:e:yec to a 
wood"::-, absorpt:.on tower. The piping orig!.na:ly ir.stallsd. for t::::..s 
syste~ was rr.ade o~ iron; howeve:r, corrosio~ a::d scal::..r.g o! tpe _ 
mRterie:. caus-ed pl\:ggi::g 'to occt:r. To .~l;_!Tli!'la,-:e t::.:...s '.;!"ob~e::, 
brass p~pi:!1f ;,:as i:1s :.a::cd as a rep:acsreen:, ~o: t~-= ·.;::sa~is:'e.ctc::.":a· 
iron pipe system. 
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The wooden absorption tower was approximately or.e foo:: 
square by 15 fee1: in le~gth. Tr.e tower was suspended over a~d 
partly wi 1:hin a 30C-ge.llo·n iron tank w!'-.::..ch was :filled Wi'"Cl: li.-::e 
slurry. T!1e lowe:r e:-:d of the 1:ower d.:.pped below the liquid leve:::. 
of the slurry. 

Slurry, whi~h was drawn off ~he bottom of ~he tank, was 
pumped to the top of the tower where i~ was applied to neutrali~e 
the H? off-gas. The top o! the tower was vented to a:low the 
neutra:~zed gas to e:scape i~to ~he a~~osphere. After i~ had bee~ 
used, the slurry was discarjed. 

Develo~ment Of Effec~ive Reactor Opera~in~ Co~ditions 

I~ additio~ to desig~i~g ~= develo~ing the equip~e~t :,.;. 
whic:i to carry om; tr-.e hydro:luorina-::..=r. react.ion, the other pr:_=.a:::-y 
objec1:ive o:~ Mallinckrodt I s de:ve:op-::e::-: activi-:ies was to es"ts.c::..s:: 
the rr-os~ e~fec~ive procedu~es ~or pro=uction operatior. . 

.Ma~2.:..::ckro:::: 1 s. labors::ory a:-.:: p::.2.ot-p:..ar.t. st-:.ldies s::::r.•:e:. 
t~a~ tte ~os~ ~~po~~a::~ ope~a~ir-g var~a=~es i~ ~he hydro
fluo~~~a~~~~ r:actio~ were: te=;era:~~e; t~e qu~~~~Y of ~y~r=~=~ 
~l~oride e~;loyed duri~g the rea~tic::: ~he le~gtr. o~ t~e tte 
powde:?" was re-:a:.::.ed ~:: t-te :reac~or; 1::-,e arrar,ge:ne:-:.~ o-t· t.::e b"row::-. ·-
ox~de ~n the reactor; a~d the degree o~ ree.ct:..vi~y o~ the bro~~ 
oxide ci:a!'ge. 

P.::other 11 Cras::. F!"oc;:!'a.':-! 11 To Ac!:~e7e Fla::t-Scale Produc~ior. 

Ma::i~ckro~-: s~ar~e1 ;:a::-:-s~ale ~rocuc~io~ of g:?"ee~ 
sa2.t· ir: April, l943 -- or.ly a few !r..c:-.-:::s afte!' 'the Co!'!lpa?1y ::a~ 
s-:ar-:e~ la=ora~ory work ~o se-: u~ a g~==!: sa:t produc-:ior. prc=ess~ 

Tr:e need :for gree!: sa.:-: ::~ :::e~ t::.e detila~ds o~ ti:e wa!" ·· 
ef::"or~ re~u:rec ~he Co::-.pa.::y to ca::-:-:,· =·.::: a "ere.sh p:rogra=. 11 co:::;:ara::.e 
i~ ~a...~y ~es;e~~s ~o ~~e spec~a~~:a~ ~~=~y-Cay·urar..i1.:...~-pur~~~~a:!=~ 
sce.l=:-~:i:, fro::: labora-;o?y 1:0 to::.-i:e~-:.a:r J:~~C::..:=-:.ic!':.., :.:-: -c.::e· .=~! .. "!..:~
o~ 2942 ( see Se::tior. II: Fart 2). !-:a~:,- out-of-the-ordir:e.r::,· ::r.e-::-.c::s 
were: usec t~ p~~ t~e p:ant i!: o~ere.-=~~:: as ra~idly as poss~~:e. 
-:::"' ""r"" .. , ... , r.c "r. -:- e::i-ri ·.c-r 1•c,... er'' c.T'~-'"",...- t so""' , ...,.1,,., c.- ..... .c. .... • o. e .• c:..ini::-e, c::.- .... , .... e ---l.-- .e.- .. ___ .., __ o __ up .. ,.e --·---
ex~rac~ion opera~~oc, instead of usi::g detailed eng~ne:ering fra.~:.::gs: 
eq~ipment-ins~e.:la~ion plans freque~~:y we:re ske~ched roug.~:y O!: 
s~all sr.eets o~ paper or were chalk-drawn on the wa:ls and floors 
of tr.e: building that ~allinckrod~ lease~ for ·construc~1on of the 
gree~-sal~ facilities, the sas~ and door works adjacer.t ~o ~~e 
~o=F~::y!s rr.e.~~ St. Louis plan~. · 

Ma:!ir.ckroc~ engine:ers er:.c ~-=her technical person~e: 
:pr:>v:.d-=:::. ara:=::d--:r,e-c.:o.::k s~perv!..s:!.c:: a::d on-site a::s·tJers to a.~:, 
~r:>c:2~s ~ta-: occ~rr;c duri~g t~e: fa~~-paced project. 

• 

• 



Process And Equipment Imnrovements 

The type or batch reactor used for plant production 
is shown schematically in Figure II-8.1. 

HF 

Figure II-8.1 EARLY PRODUCTION OF GREEN SALT was a batch process 
carried out in assemblies such as the one shown here. 
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The reactor unit was made o= rirebox-qua:i~y steel. 
It was approxi.~ately 24 inches hig~ :y 20 inctes wide by 6E inc~e£ 
long. It had a hinged, g~sketed doer ar.d was ~ou~~e= in a gas
f~red fl.trnace. 

At first, graphite tray esse~o:~es, s::..~i:ar ~o 'tr.ose 
described above for use in the pilo~ Flar.t: were.p:aced in tr.e 
reactor box to hold the brown oxide charge. Ir. l94L, Mallirrckrod~ 
replaced the graphite trays with trc..YS ma.de of Mor.el, a r..ater!a.: __ 
tha-r. was less expensive and less s,.i-:::iect to br.eakage 'tha:-l grapi'".:.:;. 

I~ the origi~al plant: r.yt~ogen gas was fed i~to eac~ 
reac~or separate~y through steel p~~es in para:lel ~low. 
Mallinckrodt improved this process a::d ach:.eved more econor::!.:::e.: 
use of HF by installing a series gas flow to reactor ba;_~s cor.
sisting o! ~ive reactors. Late in :~43, the Co~pany rr.ade er.o:~er 
i.~prove~e~t to the system by replac!.~g ~he s~eel pipes w~th p:..pes 
made of copper. The copper pipes wsr: no~ o~:y ~ore c~ra~le --
ar:c, i~ t~is sense: more eco~o~:..=a: -- bu~ ~hey were a~sc less 
haza.=-:!ous t::a!: ;:;;1e steel i;ipes. 7::-= ~yd:r-0::::....::-::.=-~:: e.•ci:: c::r:r-o:::sc -:::--=.. 
s~ee::.. p:..pes, makir.g pi~ toles. ~ers::::r.e: wer€ i~ jec;arcy o~ C;~~f 
bu:r-::e:i by acid t::a-: could co~= t::ro';~:1 "the p:..:: .::c:es. 

!:: ;:;~e ~reduction o~era~~=~: br~w:: oxide wa~ s~;~:ie~ 
to ;:;~e gree;.-sa:.; F:a~t in dru.~s: ea~~ o! w~i::~ c~~~a~::ec a 75-
pour:d tray load. The uo2 was s~r:a= ~~~or~~y o7er the reac~or 
trays wi~~ a co~b-like dev~ce w~i=~ :or=.ed a series o~ ridges o:: 
~r.e surface o~ the browr. oxide. T~~s uneven sur~ace exposej a 
:.arger a!"ea or tr.e cbarge to tiir~c-: e=.S co:i.:ac-: i:r.a~ a s~oo"t;: 
surface wo·.::c ha Ve ·exposed. 

A co::~ro:lir.g ~~e~=cco~;:e ~oca~e~ be:ow_~~e co:~o~ 
!!'! -• ... -a~.,,,,, ... - s-eac-y rec.cTo.,. -e..,n-.,.e.-••,-e o&' ,:--'7-o-;;, · c::--0 -= .c.~••""" -•-- c::. -.. wi. ~ - "" • ...1_i::_c::.. ...... _ - --•..J • - .-1V - • 

?•!al:i?:ckro~-:.. co~ducted st·~dies w:::.c:--. .s::o·,•i;:d. ~::a~ t.:.g!1.c~ ~e=;e~a-:·w:~-=.: 
wou:d r.e.·1; c.a:.:eed excessi·;e cak::.::g c:: ~.!:= s~r:'a:::e o~ ~::e ~O'l•:d-sr: 
2.::C ~=-~=o:::~:e-ce cor.:vers:..o:: o~ tr:e t~=· .. ::: c:~::.=.e ~ ~!:e !.ewer ;a!"-: c~ 
~l:e ::e:., :o::•;e:1"' :::s:-:pere.~·..:res wo·..:::. ::=.-ie ~~~".1=-~== ~::=-~ "t~·; =~:::•;~ 
o~~c,s te re.;a~~ed in the ree.c~or :o~ a :~::ger period~~ o=~~~~ a_ 
sa~is:ac~ory degree o~ conversior.. 

A.; "the temfera.:ure spe:i:'::..s:: a'.:)o•;e, a.::c ;..he:1 ~~e hycr~~;::· 
fluor~de gas was to be discarjed a:'~er pass:.::g tr.rough five ree.c~=~~: 
reter..:!.0?1 ~ime for the powder was a:;::;:roxi::la::e:y 20 hours. W~e!"'
larger n~~ters of reactors in series ~ere ser~ed cy the se.!ne ga~ 
strea~, lo;.g&r re~ention times were required. Thus, wr.e:: 15 rea:~=-=-~ 
were o:: a s:..~gle gas s~re=--~, eact rs~~tor ~a~ to be re~~i::ed i~ ~~; 
.f· .... r:1ace f:>r ap,r..ro;<: ... ma:.e:..y 40 ho::.r::. 

• 

• 

• ]..___ _________________ _ 
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The HF gas fed to a reactor bar:.k was controlled to 
keep the total supply eq~al to approximately two to three ti=ss 
the theoretical a.~ount of gas required to convert brown oxide to 
UF4. With a bar.k of 15 reactors in series, the gas supply cou:d 
be as low as 1.5 t~~es the ~heore~ical a~ount necessary. 

In the original p:ant, the gas flow to the reac~ors 
was cor.trolled by two pressure gauges which measured the d~op 1~ 
pressure across a..~ orifice. In 1947, Mallinckrod~ improved t~e 
gas-flow control by replacing the orific~ meters with lias::e::oy C 
rota.meters. 

Conc:!..usions 

In April, 19~3, approximately or.e year after its 
successful fifty-day sca:e-u; of uranium puri~icatior. to produce 
uo2 ir. tonnage quantities for the Manhat~ar. Project, Ma:~i~c~roc~ 
comp:.sted another "crash i:rogra.?:1" to ins"t.al:. a ·oatcr.-process, 
gree'--salt produc~~on plar.~. 

T~e r;'!.a~": servec t:-.e na:::!..cn by prcduc:..r.g a ma,:or I=a.:-:: 
o~ t~e urar.i~~ te~ra~l~oride ~or a~o~~c e~ergy opera~io;.s fr~~ 
19il3 U;.~~l 1951. ~urir.g t~a~ per~od, tr.e Compar.y improved ~o~~ 
the trocess and tr.e equip~e;.t ~o make tr.e batch gree~-sal~ opera::~~~ 
more economical ar-d safer. 

In 1951, the Company replaced its batch-type gree~-sa:~ 
reactors wi~h new, contin~cus-process, stirred-bed, screw-cc~7e~or 
green-salt reactors wh~ch Ma:linckrod~ had inve~ted, desig;.e~ a:-.c 
deve2.oped. 

?~oduct~on and cos~ details a~c cor.~a~ned i~ Sect:.o~ " - '. 

T!:e fo:.:.owir.g nu=.b·ers · refer to bibliography e::-.tr:.es 
wr.ic~ are t~e ;rir.cipa: sour=es for more detailed ir.for~ation C;. 
~~e ta~c~, green-sal~ produc~~~~ process discussed i~ t~is s~=
section: e, 10, 11, 67, 90, 98, 110, 112, 116: 117, 134~ 13S, :::: 
186, 20:, 216, 222, 223, 224. 

Additional referer.ces may be found in so~e of t~e so~~=s5-
indic~~=C above. 

# 
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Section II 
Pa.rt 9 

I DEVELOPMENT OF THE CONTINUOUS-PROCESS, ETIRR:.7;-BED RE/i.CTOR 

FOR THE PRCDUCTION OF GREEN SA~T AND ERCWN OXIDE 
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In 1946, Mallinckrodt Chemi~al. Works bega.~ experime~~a: 
work i~ search for a continuous process for the production of 
urar.iu.~ te~rafluoride (UFil, or gree;. salt). T~e wqrk u:~i:!:a~s:y 
resulted in tr.e de•1eloprr.er;-c o.:' a u~~~:ie, s~!.rre:i"-oed reactor 
wr:!.ch e~p:oyed a screw-cor.•.reyor for t::.-a!':s~or't.i~g -c;:'!.e mater:.a:s :.:-. 
process. 

.I:: tte course of tl:e work; .. :1e eq_':li:;;-::-.e!"!t ar.d t::.e froce~s 
were adapted to the production of ura::.iu.'il. d:.cx:.de (uo2 , or crow::. 
oxide). Ey corr.bining the contir.uous VO~ process wi~h the cor.~~::.~c~s 
UF4 process, Mallinckrodt was able to bui~d a ~la.~t ir. whicr- U=~ 
was produced continuously usi..~g uran~~~ ~rioxide (uo

3
, or orer.ge 

oxide) as the s~arting material. 

Back~rou:1d 

Ir. 1S43, Malli~c~rod~ .:'irs~ ins~a::e= ca~c~ rea~to~s ~-.,._ 
the reactio?: of t rown oxide wi -ch a::r::_::.rous h:,·-:.rcge~-fluor::.de (ii.~=: 
gas to produce green salt. (A ~ore de~a~:e~ disc~ssion o~ t~e _ 
batch gres~-sal~ process is preser.~e~ in Se~~io::. I:, Fart E. ~~e 
process worked we:l, bu~ by l~il3, i~crease~ ox~~e productior. 
threa~e~ed to e~:eed ~he capaci~ies c~ bo:~ ~ne green sa:~ a~:. 
tr.e ~e~a:. p:a.r:ts. 

Faced w~~h a need for grea~~r Froduc~~on capacity: 
Mal.li~ckrodt technical personnel prc~osed ~he idea of stirrir.g 
the oxides and green salt, while co~veyi~g the~ countercurrer.~ 
to the reacting gases. From 1948 u~~il 1951, through its 
laboratory and pilot plant work, the Company developed the r.ew 
conceot into what was considered by a":.lthorities ~o be a "radica:::; 
nave:?.'' greet sa'.!.-:. process -- 'the s-;;;i:::-r~d-bed, screw-co:weyor 
reactor process. 

·- ·• 

• 

• 
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The Basic Stirred-Bed, Screw-Conveyor Reactor Conceot 

The basic stirred-bed reactor concent that Mallinckrod~ 
developed for green-salt production involved mechanically conveyi~g 
U02 through a heated tube at a specific rate by means of a sere~-:/ 
agitator mechanism, and at the same time, passing anhydrous hydro
fluoride (AHF) gas through the tube in a countercurrent manner. 
A typical stirred-bed reactor employing this process is shown i~ 
Figure 11-9.1. The continuous stirred-bed, screw-conveyor reac~o~ 
for brown oxide production is nearly identical to the green-sel~ 
reactor. 

The type of rotating, stirred-bed agitator/conveyor 
located inside the reactor tube is illustrated in Figure II-9.2. 

h •hf llade 

Figure II-9. l TY?ICP.L STI.?.RED-EE~ G~~=~ -
SALT REACTOR ASSEMBLY. 

Figure II-9.2 AN AGITATOR/CONVEYOR of the type 
shown here rotates inside the stirred-bed reactor 
tube. 
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In all of the development work, the AEF gas was i~tro
duced into the reactor at the product-d~scharge er.d (to gi,e the 
desired counterc~rrent flow), and the exr.aust gases were r=~o,ei 
at the UC2-feed end o!" the reactor. Heat was applied ex-cer:::a:.:.:.; 
to the reactor d~ring the process. 

Objectives Of The Research And Develo-omer.t 

In all of the work that Mallinckrod~ did to develo~ t~e 
continuous gree~ salt method, the c~~ef objectives were: (l) tc 
de"Cer=ine whether the continuous process wculd be practical; a~d 
(2) if the process were practical, to deve:op the operati~g ~ro
cedures and process-equipment designs on which to base co~struc~~=~ 
of a large-sca:e production ur.it. 

The co~structicr. of Plant 7 in 1g5~ marked the rea:~za-:~=~ 
of these goa'.!.s. 

Ex~er.sive Pilot-Pla~t Deve~~me~t 

'I!:e e:~-:e:1t of the pilot-i::a~t dc .. v-e~o~!:le!:~ is i~::.:.s-:~s::e~ 
by the :~ac-c -r.r:a:: a to-:a:. o:' 36 diffc?""er:.t · cor.·;eycrs a::d f'o~r -
d .:-f'f' ...... - b-c-= ... ")" rct ... .-,.:-1- ( ., ... :-. a,.:;d;t.: ~ •T .,..., __ .:c,_.c:\ ··--,..c -'-•-e.e .. w c..--- .ec::. O. U .. --S ,W.Li.,•. ,... - -Or.a_ va.-'-c."'-'- •--; w: __ 
desig..-:ec, faor:.:::a-:ed, 'testec .!:.!':d e·..-a:.uate:::.. 

Dur:..::g the de•.re:l.oprr.er:.-::: progra:r., the comreyor des:.g!".. was 
found to be a~ ex:::eFtionally crit:.~a: var~a~le i~ the o~era~~~~ ~:._ 
the sti~rsd-bed reactor. There!ore! the grea-:es~ part o~ t~e ~~:~-:
F:ar:~ w~rk was ce~o~ed to deve:o~ir.g a s~!~ab:e cor.veyor. 

p, .... o.,...;.: na..,,.•; ., ....... cw. reactor wou"! d haV"' bee- to~a~, ., 
ur.sa-::.s:f'aci;ry- t;;a;se -it. -se;:ned t~ ca:.i;e c::- ~:l:r;··ca...1t~r.g-~:1de!:" 
a~os~ a;.y cond:.~~o~s, e::.d d~d not prov:.de ve~y gocd a;~~a:.:c~. 

:-; ,,:as :"i: ... a:::; de~e~ni:-ie=: tea~ -c?:c ~=~--::lo:-- :o ::-: ..:s== 
i::. ":.!".e c=::.:.::..::.~".!s rea.:::tc!' should haYe tr:.e fol:owi!"lg charac:.er:..s-::..:::s: 

- To ac~~eve co~plete hydro~luori~ation, it m~st 
be able to convey ~a~eria~ slow~y throug~ ~~e 
react.or. 

- ~o produce a unifor~ly r.ydrofluorinated produc~: 
~he cor.veyor must provide good m:.xing. 

=~ must be able to revolve at a speed hig~ e~o~f~ 
~o prever.~ caking of the uo2 feed and the ~F4 pr:> :.uct. 

• 

--

• 
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- To enable the hydrogen fluoride to co~e ir.to 
intimate contact w~~h the brown oxide. the 
conveyor should a::o~ the reacting gas an 
unrestricted flow. 

The conveyor must be made of an a:loy that has: 
a high creep stre~g~h at elevated terr.peratures, 
reasonable workab~:~~Y, and resis~ar.ce to A?.F 
and HF-E~C at hig~ ~e~peratures. 

A total of 36 d!.:'ferent c:::::veyors we:?:"e tried in the 
pilot plant.* 

T~e ~inal four co~veyor c:s~gns s~udied were of the 
compound-conveyor type, Eacho~ tr.e~ had three flights w~th a 
6-foot, 9-i~s~ pitch, and each was a~out 11½ i..~ches i~ dia~e~e?. 
The N·...::1ber 3t cor.veyor, wt~;:h was ~::-:e last conveyor reade for t::e 
~i::.o~ plarit a::d which was s·,.f?seque:-:::.::. cpera:.ec as a proc.uc.;~o!': 
u~~ t, had t·.-;e:.ve l,t--ir:ch· cy 4-inc!: t:i· ~-inch de:'~ec-:c:?:"S: wi:::c~ 
were weleed ~o ~he ins~de s~r~aces ~~ t~e r:igh~s, ~o ~e:p c~::7~~ 
a.~d ~ix t~a rea~~or mate~~als. Tt~ !e~:ec~ors were s~aced 
equ~dis~c.!':.~ be~~ee~ the feed and t~e d~s~targe inner r~~bor.s. 
"Y" bre.ces were ir:sta~led about e.-;::,:::; l!J. inches for s~re::g~~ a~c 
support. 

The Reactor 

Duri~g the reac~o:r-uni~ te~e:o~~e;.t progra=:: var!at!.o::s_
ir. desig~ fac~ors tr.a~ we:rE i::ves~~~a~ed ir.c:uded: rr.a~sr~a:s o: 
construct:.o~, ~he size o! ~he ins~~e die.me't.er of the reactor t~:e: 
t~e le.~gth C:' ~r.e re~cto:r: the le::g~~ of the cs&~ed se=~ior., t~e 
~ethods o~ r.ea~i~g ~~e reac~or e~d ~t: arrar.ge~e~t of t~e r.ea~~~g 
ur:i-:s: ins"':.r'Ur.lentatio:: de·,::.ces :'or ::;:-:~ro::!.ling and rr.or.:.:~o.r~:::~ 
't.€?:" .. :i;:era~ures, and AF.2 f::,.-1. Mecr-.a:::.:a::. :fs.~~O?'S e:<a'!l!.:-:ec. i::c~.':.:.de~!.: 
-e--o~s ~o~ ~c0~~~~ UO a~r •~--:- J~-~ -~ 0 re-c-o~ -e·"odc ~~~ 
6'.J. ...... u. ~ - ~ ----- .. ~ ·2 g,.. • ..,. r. ... _ ~---· ..,,,.__ c;. '"' - ~ ,.1- ..,, .. ,l - .... ...,_ 

dr!.".,-~::g ~hs. ~o::..,1eyors a::~· :'or ~~::::::~:::..::g tf" .. e!:. ~!":.s::ie ~::e ~-=1~~=:-:--: --= 
and met~ods ~;:,r removing a.~d t.a.~d:~~g the cisc~arged ~roe~~-: a::~ -
exhaus-r. gases. 

*Descr::.pti•,re detail on each of the 36 conveyors wt:ich were ir.ves~~:.; 
gated in tr.e pilot plan~ and c:,t"-'!.e~:.s on the results they gave z::a:r · 
l,.. ~ • • u~ro-c ... NrV'O ---:;:. v--,. k dt Ch -l - f,T • ... e .:.OU."'l.a in ... r.J:. repor .. 1 _ -.i._j..:.-: -~ci..!..J.nc ro em-ca_ i'IOrKs., 
s~. Louis: Missouri, D=~=~=er 22: :;50. For more speci~ic da~a 
co~cerr.~ng ~~e ongo~~g d=vs~opms~~ o~ the con'ti~uous precess., :re:':~ 
~:, the se.riss of Mallir.ckrod't Che:-.~::al Works {.MC,i) re~or~s e~ti'tle:: 
ll;:::.,. ............ sc F.- ....... 'I"- o"" p~ -.-.... T" -;;-, ,,,, ... ~ 1,1,. ... -.. on U'::', p ... od·•ction ;::,, Co ... -i ... ,·-,•c --J=-- - .C::~'-'- "J ,_ __ ..,,_, --;...&•• T•--•• - •,4. - W. -•.... ••""-••"""'-"--

Me~ho ds . 11 
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The final pilot-plant unit was a douc!e pass rsa~tor. 
During testing, it produced a large q_ua."'lti ty of high qua:!.!. 7.J t:?·,,. 
I~ was later used as a produc~ion ur.it for Fla!:~ 4 2.!"!d as a re-ru~ 
unit i:1 Plant 7, 

Material Of Construction 

Selection of a suitable material of c~r.structio:: was one 
of the chief problems that had to be solved in 7.~e dev;lo~~e~~ of 
the co::~inuous-process, stirred-bed reactor. T:.e ma~er:.a: se~ecte~ 
had to have: extre~ely low corrosion rates uncer the react:.or. 
cor.di~!.ons; good s~re~gth at temperatures rang:.~g as hig~ as l5CC0

:, 

ar.d good resistance to a great deal o~ abrasive· a.c•tion. 

During the development progra.~, more -:~an ten d~~fere~~ 
metals were testec as possible materiais of co~s~ruct~o:: ~or the 
reactor ar.d/or conveyor. Tr.e metals tr~ed ir.c:~jed: s~ee: for a 
reactor a:::d conveyor, F.as-:.elloy C for a rea:::tor a!':d co::v:y::r, 
Mor-.e: :~or a rea.c-:or li::er and conveyor, a::.:..::.::~"': :'or a.-·res..~-::or _ 
li~e~, ~a::.ga~ese Fla-:ed s~ee: for a ree.c~or, =~=:::~e: fore. rea=~~~ · 
a::d co::.-,eyor, Cope: for a reactor ar.d cc::veycr, .::upe::- !·r::..::::i:e: (7:, 
~er cs::-: co;~er: 3: ;er cs~-: n:.cksl) for a co~~eyo~, ce.:~r~zet s-:ee: 
for e. :.onveyor, c.!"'.c ::::..::.:.ur.:. R for a re&:::-:::;!" a::.:. ::!=~s:,or. 

A~~sr ~~e lo~g testing pro~rarr:, 
Has~e::oy C were :'ou~c to be sa~is~ac-:ory 
ar.d r:::u.~ R e.::.d !::.conel were fou~d to be 
tU'bli. 

bot~~-~~:!!:: Ea!:~ 
~ . . ;or ~::e ag~~e.~or;co::.7ey~r, 
acce~-::ab:e for ~~e ree.=-~~r 

P.!:O~hc!9 s:..e;~~:'ica!"".:, opera~i~; var:..a-::.~· ·-:::a~ ~!"a.s ::-::e::- - · ~ ~ 
s i:v-e:.:.-· :.::i,,estiga~ed d"..l~i.::g 4t.~e cie 1Je:.o-;~er.7.. i;r::,fra!":: was t:e::~e~.:.~:.:.!"e .- -· 
cor...::ro:. T::e ter::-:ere.-::-.:.res o:~ t.t:.e rsac-:ors i~:':·.:e::ce~ c:>~:: -:::.e - -
q_ue.li-:y of the procuc;:;: a::.c -::;e ex":.e~~ o:~ ar.y :;::::-ss:.b:.e ca?:.::.::.g a::c;cr
plugg~~; d~~fic~l~!es. 

Ear::, '.:.:.:::::::-a-;;o:-;,,· work ind:.ce::;ed. ~r.a-:: a-: -1~-:-~.:::: a ..; . :;;:er 
cen~ c~::.?ersio~ o~ UC~ to UF~ sou:d be obtaine= in less t~a~ o::e-
te .-t-i.. -:.-c t4..,.c, ..-.:-:•-=-,.f,.; -+ 7:::v-'-'";:I r-, . .,...,,...._ •~ ... ""- ... ,,. o·evc·o.,..,....e,...--

•• .,,1 • ., •• __ ... _. --~~---- ~- .; -· ..,..., ___ •!::: "'··- ~~--.J ·-- .:---· ••""' 

work, ::owever, a-:-:e::::;.:.s ~:, operate a-:. hig~er 't;."':;erat-..:.~:s resu:-:.ed. 
in excessive ce..kir.g. The caking ei-::her stopped the cor.veyor or 
resulted in the forrta~::..o~ of hard lumps w!~~ le.~ge sec~:.o~s o~ 
unconverted bro~n cx~de in their ce~ters. Dif~iculties ~er: a~so 
encoun~ered in experi:ne~-:s a-: lower te:r.pers.:turss. The :.ow 't::::.pe::·a
tures :resulted i?: cor:·.,.e~sic~ rates so loii that: '!.:' a;~:!.=~ on a 
plant scale, 1:.hey wou: d. i::a::: reg_u!.rs-::i ur:::·easo::a=::r :a;rg:: a.-:-.::-:.;.:-. -;.s 
of equ~pmen~. 

• 

-

• 
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Ultima~ely, the temperature ~roblem was solved by 
a gradua~ed tem~era~ure rangi~g from approximately 700°F a.~ 
where the uo2 was fed to about iioo°F where the UF4 procuc~ 
discharged. 

usi:i.g: 
~he po:.::~ 
was 

Inves~iga~io~s i~d~ca~cd tha~ the basic procie~ ~~ ~he 
conversion of brown ox~ce to green sa:~ concernec trans~erring hea~ 
away from each particle c~ U02 as it reacts w~th the hydroge~ 
:fluoride. 

Eecause tte :r-eaction i.s higt:y exoi:.her:n::..c, ex.;reme~y 
high par~icle te~peratures woult have res~lted i~ the hea~ were 
not removed at a rapid rate :f~orn the vicinity of a reacti~g 
particle. The subseQuent fusi~g, which apparently results fro~ t~e 
high particle ~e~perature, inter:erec w!~h the c~ffusior. o: gas 
reQuired to cor.tinue tr.e reactior.. :: mar.y part~cles reac~ec a. 
hig~ er.oug~ tem~era~~rs; large ~asses o~ the material wo~~~ u:~~
ma~ely ~~se and ev~~tua.::y cr~pp:e t~e ag~~a.tor/~or.veyor ~e~r.a.-.~s=. 

I-: bc~2:."'ie e--..-:::..::e::-:.: -r.tere:'ore: "t~a.~ cor.::rol.leC. r:.sa~:..ng w:.s 
very i:::~~:'-:a:-:::: c.::C. fo~ -:t:!.s rea..sor:., rr:i..;.: -:.:.-zc::e e~e.ct.r~cc.: !-6ec.ti~~ 
was se~;c~ed ~o~ ~ss ~~ ~te p:ar:~ des~g~. 

The P:a::~ Process 

The process a.~~ eq~~pne~t desig~s that evolv~~ ==or. ~t; 
p::.lo-::-pla.."1t de•,eloprne!'l~ work were red:iced to prac~ice e.nd f::.rs~ 
operated a~ F:a~t 7 i~ 1951. Tr.e type of s~irrei-bed hycro
fluor~~a~ion reac~or e~~:oyec is ill~s~ra~ed scte~atica~~y i~ 
Figt.re :::-9. 3. - · 

T~e ~ype of g~:e~-sa.:~ ~e.r:u~a~~ur~r.g sys~em w~~c~ ~a£ 
i~s~a:led a~ t~e Ne:dcj S;r::..~g p:a.::~ is ~::~s~rated i~ t~e sc~~~a:~: 
represe~ta~::.or. !~ Fig,~re ~:-9.~. The ~Y~~o~~uorina.~ior. rea~to~s 
we~e a~ra.~ged i~ ba~ks c=~~~s~~~~ c~ ~~~ee horizo~~al ~~=~sJ ea~~ 
o~ ·,i~:.ct was 22 f~e:~. le!":~ =~,. :': :.~ch:s ~:1 =i.a:::e-:,e1-.. ::::e ~e~~-=~:
ba:1k was arranged. i!': a .,l-S~~=-=a: s-:.ac:k. 

The des:.g:1 o: t:-.e firs't stirred-bed reac-:or p~e.::t was. 
based or. a produc~ion of 233 ~ou~ds o~ gr:e~ sa:t ~~r r.o~r ~:? 
reactor bar.k. T~is ra~e was achieved al!nost ~-n::ediate:y upon p::~: 
s~art-up, ar.d as a.dditior.al experience was gained wi-ch -cte sys'te!::: 
product~on rates increased. 

'!:·110 major shake-do:-,:: proble=s arose in co:ir.ect!on w~-::! 
~~e i~creasc c: VC~ ~=:= ~a~es teyonc ~hose spec~fied for ~r.e 
or~gina: pla..~~ des~gn. 

.:.. 
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TYPICAL S'ECTION 

F.::..gure TT-C ~ -- _,·. _,,, 
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One of the problems in~.:olved low con .. ,:ersion and,.'or ca~:.!"' . .:. 
which resulted f.?'o:n d:.:':'ic-:1:!. ty in mai=l~e.ining e. low er.oi:.g:: i:err.pe.?"a:_· 
ture in the firs~ two zones of the first reactor. The second · 
proble!':l i!'lvo:.Yed the retur:1 of dusr. f:?"om the o:'::-gas s-:rear:. to 't!".e. 
reac-cor sys-cem. When t::e carbon-tube f'il. ter, wl:ich we.s lo,:a~ed 
above the top reac-:or, was back-blown, a large ~u~~~r,y o:: rr.e-:eria: 
would suddenly dro~ into the top reactor tube a,.;.d place a.~ add~~io~a: 
load on that tube's cor.veyor. Both proble~s we~e al2ev~a-:ed thro~g~ 
minor cha.~ges i~ -che cesig;.. 

Use 0~ The Stirred-Bed Reactor For Produc;nk E.?'own Cx~de 

Late in 1948: Malli.~ckrodt atte~pted to reduce o?a.nge 
oxide to brown oxide in the cor.tinuous, stir.?'ed-bed, scre·,.;-conve:,or 
equipme~t tha~ was being used in the pilot-pla::~ deve:op~e~~ o~ tr-: 
continuous gree:.-sal~ process. 

Ti-;o of the pr:.::ci~a.: ct~e~~::-;es O!."' tte ir.~:!.t.a: ;:..::~er~~.:!:-:a.: 
Wc .,. __ ':c_ w-.,..... (i' to .. =--.,..,.-=,..e ,., ... e-""="" -..., •. , ---.,.. .... e.,,.---i.l ... "' b.,.,.. .. _ o••-= .. - · .. -· 'C- - • - I '-""- ..,;:_.,.____ nl. ,-J.,._,.. -..J\"f ~t::' .... - _ :::, ... • _ _ ._,i\.,. •'--~': 

coulj te ma~i i:. a c~c~~~uc~s. screw-co:::7eyo~ reac~or; ~~~ (2) :;~
~i~d t~e ~os~ e~or-o~~cal ~yi~=ge~ ~a~e, r;~~~~~o~ ~~~e ~~~ rsa~~~=~--· 
te:npera:.:i~= =--":)r -C:!e p.;od~c~:..or: o-: 101\i-"::E-!:':!=era:t~~= brow1: o:•:!~de. 

I~ t~e -:e~~.r.~ca: re~cr~ wr.~~h St:n-.::-lar~zed t~e firs~ ex~~r~
me~ts, i1: was concl~dej that brow~ ox~de could te ~ade i~ ~;.e s~ir.?"e=-
bea- r 0-acto_ .... a::a. ~.ha't i~ WOil, a· 11 c.o,, .... ~ 0'" SUi-'!"lar::c: i .... UC asc:':.·· 11 _.,. __ • ... .... "-""--c..- - -J::1~--: ... 2 --.::: \., .. C:.-

wr.ich was obtained froffi the catch equ~F~=n~. 

The ple:.-: eq,uipr..e?:t and procedure t~a:: u~::i:::.ate::,· evo:.,.·ec 
was S~":'!:.2.a:r 1:0 1:h~t used for ti:e g1~ee:: sa: "; ope.ration. - -

Cor.c~us:-o:::s 

I~ conc~~v~g t~e idea a~ t~e s~irre1-t=c reac~=~: a~c 
1!1 S:.tCSeque~t:y d:·:::op:.:1~ the CO!':CEf:~ and rs:::.:.c:.!:g ii; 't~ ;!"=.::::..::; 
~0-:' tte c::;r.-:!.!'lU:>1.;S =~::,C:~c-:::..or- 0~ t~-;!: ::Jr0,.,,1:-: =:-::..i~ ~.C g!'~"::-.. · £s.:-:. :=-
Mallinckrod~ acr.ie·;ed a maio:r brea::-::-:o~gr. i:-. ~::ra::.::.:~ :;:::-~ ::·.:..::-: :'...:):-_ ,.. -
tec~ology. 

The advantages of the conti~uous sys~e~ we.?"e r.i.=.~::~s. -
The brown oxide a.~d th2 green sa~t were purer a~d more u~~:~::r~ ~~ 
qua:i ty tha."l. the uo,. a~:i UF4 produced by the ear~ier ba-:c::: .?"es.~.:o::·i.:.: 
Equally sig~i:icar.t~was the fact that the process made i~ ~ass~::~ 
for cos~s to be g~ea~:y reduced. Fur~hermore, with the E~:.r::red-c~~ 
~ 0 -c~o~e •ha e-•~,..e -~'"'C.UCt;o~ o~c~~--=o~ -- f~-- UQ tC -~~~~ - -c:.. "" .. -, ""'"'·- .,,..,, __ - ::-- o,J J,- .... .::,-- _.,,_ • .:. - ~ ... Jo 3 !:::- '-"---

Sal~ -- was safer ~~a~ e~er be~ore. 

:..-
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.. 
The process was so successful that it was installed at 

all subsequent United States green-salt production plants. The 
equipment is still the inaustry standard for the hydrofluorination 
step. The use of fluidized beds for the ~o2 step was started in 
1956, and by 1960 fluid beds had replaced screw reactors for 
brown-oxide production. 

Production And Costs 

Productfon and cost details are contained in Section IV. 

Related Documents 

The following numbers refer to bibliography entries. 
which are the principal sources for more detailed information on 
the continuous, stirred-bed, screw-conveyor reactor process 
described in this subsection: 4, 8, 10, 13, 16, 19, 31~ 41, 43, 
67, 78, 132, 153, 159, 160, 171, 173, 179, 180, 185, 180, 19c, 
201, 222, 223, 22il. · 

Additional references m~y be found in some of the sources 
indicated above. 

# 
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Sect.ior: I: 
Fa:tt ~c 

ADi;ANCES !.!'! CO!'iT!~CCCS-?ROCESS P~ODUCTION O? UF4 

F:rom 1957 to 1963! Me.l:i~c:trod~ Che~=-~a~ 1·7cr~s 1 l;ra:-.. :.:=. 
Div:::.s:::.or. ca~r!ed out resea~=~, ~=-~ot-~:ant w9rk ar:d ~:a~~-sca:e 
a:::-ci•.,.-::::!.es t!:rot;.gh wtich 1:te Cc!:i~an.;1 de1.reloped ~ ope~a.-=:e, 
i~~egra~e~ sys~e~ for prod~c~~~ ura;.::..'.l.~ te~ra~~uori~e (~:~~ c~ 
greer: sa~~) o~ a co~~::..r:~o~s casis usir:~ pure urar:yl r.:::.~ra~= as~~~ 
s~ar~i~g ~a~er:..a:. ~~e i~~sgra~ed system cor.cine~ ~~re; se;ara~= -
flu::..d-~ed processes develo;ed ty Ma:~inckro~t -- de~~~ra~::..o~ o~ 
ura::y~ r-i tra~e to produce ura=-.i'..l.~ 'tr::..~x:::.de ( uC~, or o!'a::.ge o:<:..de ~, -
,-crluc-.;or. o.r- U"' +o ,, ... a-.;- • .,.. .;-'o·r-'~ .. r-,,.... or b.,.IOW"" ov~,-;e' a,.,a· - -'-"" "'- .. - Li-:, .., """"- •• -..L:. •• w_ .,..L~- • . ..;.,_2, - •• -•~- J' •• 
hydro~luc:rinatidn o~ UOQ to prod~ce green salt -- so t~a~ tf.e 
product o~ eac~ s~ep was a;. o~tir.:u.~ fee~ to t~e succeec.~~~ s~:;. 

I::• .. -es-:!.ga :.io:: o: -:::= poss:.::::..li -r-:t· of e!!:;lo:r:_:-_g a f:~:..c.-t~= ·· 
~ec~~~ue i~ urar.~i..;r:: pr~~esE~~g was ~irs~ started i~ :~53 a~ A~;~~~e 
Net:.or.a: Latcrs:':ory :'or use :.~ co?1tir-.~ous-:;rroce.ss de-:-.::.'~ra:::..o:--.. -··
add::.. tior:, a s;;:a::::.-s~a:..e ;:.~!.::.-'::;cd re~:t.o:- 1\!as d=s!.~::ec. a::.: "Jse:: s:::- -
P.rg:r:·.:-.e f:>r e:-:;:~i::e:c:ca-:.:.::: ::-. -=~e ;~=~t:.:.-:!:>~ c:~ C:--~:•:~·- :::-::.::: ='~==-:~ 
or2.!"lge oxide .s.r.d o~ the ;;r~::: .... ::;ior: c: ~::-eE:: ~a:-::'~·==:::·=:~::=:::.:..:-:.---· 
In 1956 at tte Oak Ridge Gas:ous D:.~~usior: ?la~~, V~!.~~ ~ar::.t= 
Nuc~ear Corr:~a.r:y ca!'ried o~~ c..!';. exper:..-:i.e::ta: progra..~ w::::..~:: res:.:.:-:~:. 
i.!1 the success:'ul plar-:.-r,-sca:.: oi:era:.:.c:: c~ a !':"..;.!.1!.z:;:.-'te-:: !"e~·~::-::-:-::. 
reactor designed to use pc~-process ora~ge oxide as ~~E feej ~a~e~~::. 

Whi~e Argonne and Union Carbide were stu1y~~g ~r.= feas~
bi~ity of the fluid-bed cor.cep~ as er. approach ~o c~r.~~~~oas 
process~~g, Ma:l~nckroct alrea~y was using a success~~: co~~~nuo~s 
process -- -:::.e s~irred-bec. rsactor -- 11!:ich the Cc?.rca:::··' s -:-:::.:·:so::::-;:.. 
hac cor:ce~vec ar.d developed d~!'i~g the period from 19~~ .to·:95~. 
Ma:l!:::c~~odt ~sed ~he stir!'s1-~ed ·reactor process for ~s1~~~~on 
uni:-.i'.::. :.957 -ar.t. for hydrof:.'..lc::·~~aticr: un.;il -c.he We'.!.:::o~ ~~;,·~:-.f ~:~:-.: 
~as c:osed 1:: :96€. (Detai:s concernin~ the deve:o;~e~~ o~ tr.e 
s:i!'~s~-te~ re~:t=~ are pr~se~~ed ic Section II, ?ar~ 9-~ 
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Deni~ration o~ u~anyl nit~ate to uo3 remained a cat~h 
process. However, the premising inves~igat1ons at Argonne ar.d a: 
Union Carbide encouraged extensive development by Mallinck~od~ ~~ -.-· 
make the entire UO~-UF4 prcduction sequence a continuous process _ 
at the St. Louis-area uran!urn precessing .facilities. 

The installatior. of a pilc~-plant fluid-bed den!trator 
at Mallinck~odt's Destrehan Street plant in 1957 was the first s~ep 
in the Ccmi::aqy 's long- term ef.forts to develop an 11in teg:-a ted 11 !'lt:.:'..c
bed sys~ern for producing g~een salt. 

Develooment Of The Fluid-Eed Denitrator 

The nine years cf work, from 1957 to 1966 1 which ~ia!li~c~~=c~ 
devoted to developing an operable, plant-scale, flu~d-bed denf~~E~~=~ 
process represented the la~gest and rncst significant part o~ ~r.e 
Corr.pa~y's develcprne~~ eff~~~ on the entire integrated flu~d-bed 
system. A detai:ed desc~~~~ior. cf M=llinck!'oct's extensive p~=g~~~ 
tc deve~cp the flu~d-bed ce~~~raticn p~ocess is prese~ted i~ Sec:!=~_., 
Pa~t E • 

l~ 1952, shortly af~er ir.~t!al operation of ~he Dest~e~~~ 
Street p!lct-plant fluid-ted den!~ra~or proved the feasibili<;y c~ 

• 

the f1uid-bed ~oncept, Mal~inckr-od-: s~arted design and cons<;:-i.:c-::.=!': • 
work en a pilot-plant flu~d-ced reactcr for reducing U03, produc6d 
1n the fl~~d-ced denit~a~o~, to U02, Although the~e haa bee~ 
previous work en fluid-bee reducticn of pot-p~ocess UC3: there~~= 
besn no previous develcprr.e~t of a fl~:.dized-bed reactor· r~~ rec~~~~g 
fl~id-bed-prcdl..!ced uo3. 

Burin~ the reduc-:ion-reac~cr developrnen~ progra.~, ~he 
ef:ec~s c~ al~er.L~g certa~r. var!ab~ss were examined to de~er~:.~e-
1::r.:!.c!"! cp:ra.:.ing cor.ditior.s wot!ld ach.:.e•1e opti.'m.:.r:i prcc!uct:.Y~.::,r as 
A~l: as gjod prccuc~ assaJ. The va~i:bles investiga~cd :.r.c:~d~c: 
sclids fesd ra~e; bed he:gh~ a~d~ therefore, act!ve volume of th~ 
~eac~cr; fluid!z!r.g gas ve:cci~y, a~d the resulting deg~ee cf so:~cs 
c:.x~~g; ~nd ~empe~a~u~e. 

7..~e Fi:-st Pilot-Plant Reduction Reacto~ 

The original design of the flu!d-bed- reduction reacto~ 
was based on data obtained from Un!jn Carbide Nuclear Corr.pany a~c 
p~eliminary laboratory stud~es of c~~r.ge ox~de ~reduced by the 
fluid-bed process. A sketch of ~he ;ilo~-~lant flu!d-bed reduc:::~. 
sys~em as i~ was initially desig~e~ ar.d bu~lt is shewn in F~gu~e ::-:0.1. 

• 
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Figure II-10. l INITIAL DESI'::i~i OF P:~O'I-PLANT FLUID-3ED 
REDUCTION SYSTE-1. 
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The reactor unit was a stainless-steel pipe 5·reet, 
9 inches long, and 5 inches in diameter. Centered within the pipe 
was a tapered mandrel 53 inches long. The mandrel's botto~ dia~;~er 
was 2.89 inches, ~d it tapered to a top diameter of C.63 incr.. 

The tapered mandrel was a unique feature of the pilot
plant reactor. It was incorporated into the design to control fl~~~
ization velocity, and thus, to help prevent turbulent solids mix~'"~ 
which could cause particles of the orange-oxide feed to "short- · -
circuit" to the product line before they he.d been completely redu::e=:. 

During operation, dissociated ammonia was metered into 
the bottom of the reactor through a gas-distribution pla~e made o~ 
porous metal. Orange oxide was fed to the top of the bed throug~ 
e. 2-1,nch-diameter feed screw. The brown-oxide product was re:noved 
froffi the bo~tom of the reactor through three 1-inch-dia.!:leter ho~es 
which sla.~ted towards a downcomer welded to the botto~ of the 
rr.andrel. Fro~_the dowr.corner, the uo2 powder·passed throug~ a:. 
expar.sion bellows a~d a rotary valve to a cooling screw and e. 
drur:".r.i~ng s~a~ion. 

A screw-type sa..":lpler was located at· the cooli~;: screw 
discharge. Off gases left the top of the reactor throug~ a c~£
eng£gir.g section which contained two porous metal filters for 
removing powder from the off-gases. Electrical heating ele~e~~s 
clrunped to the reactor shell supplied heat to the reactor at f!ve 
heating 2ones. 

The Research Ar.d De•ielo-o~ent Pro&:ra.rn 

Much o~ -cr.e i:-ii":ial experimentation was devote:. to 
estab~~s~ing the operating and design conditions necessary to 
achieve increassd product quality through decreased rr.~xi~g. A 
te~hr:ical report dealing with this aspect of the d!::velopr::ent e:':c·~-:: 
s~ow:d that the s~ngle-stage, pilot-plant reduc~ic~ reac~or ccu:c 
__ c;~~~t~1 to ~r~du:e a product equivalent to th~~ prcd~~e~ ~Y 
~3 w:::-rr.~xec stages in ssries. 

Following the m!xing exper~~e~ts, developme~t a~ti~~t~es 
~urned to produc~ior. of uo2 as feed for the hydrofluorina~ior. 
reactor. Data derived from this phase of the pilot-plant effor~ 
estaclished more finnly the reliability of the system. 

As development of the integrated fluij--bed sys~e~ pro
g~essed, it was found that the capacity of the fluid-bed r.ydro
fluorinatio~ system exceeded reduction capacity. A larger flui~
cs~ reduction unit was installed to overcome this lim~tation. A 
sc~ema~ic diagra~ of the larger reactor is showr. in Figu~e I!-:C-.2 . 

• 

• 

• 
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Figure r:-1O. 2 T!--::E ~-'!OD!~IED PI:::..OT-?~-.\::T PLUID--:::-;;-7 .RE::::i-cc::::; 
REACTOR was larger -c::a:-: t~e or.e in th= i::it:!.e.~ sys~e::i de.s!.;:-. 
shown in Figure II-10.l. 
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The new unit contained no mandrel, but was built with a 
removable baffle plate down the center of the reactor tube to a 
point 4½ inches above the distribution plate. Orange oxide was fed 
into the reactor by a screw conveyor located 4 feet, 9 inches above 
the gas distributor. The brown-oxide product overflowed through a 
downcomer located 4 feet above the distribution plate • 

The center-baffle design served to separate the feed and 
the product, and thus, prevented short-circuiting of unreacted 
material. Another object of this design was to evaluate the 
potential of operating the system as two well-mixed reactors in 
series. The results of mixing studies, however, indicated that 
under operational conditions, only one-stage operation was actually 
achieved. After some additional investigation, the two-stage 
concept was abandoned. 

Subsequently, the demands for high-assay UO for hydro
fluorination led to a return to the original reactor ~esign. Both 
the mandrel and the bottom withdrawal system were employed again • 
Because the size of the reactor shell had been increased, the uo2 production rate was adequate for the capacity of the hydrofluori;aation 
system. · · 

The fluid-bed reduction system that ultimately evolved 
from the pilot-plant development consistently produced high-quality 
U02. In the final system design, the product was transferred 
directly to the hydrofluorination system. 

The Plant Fluid-Bed Reduction System At Weldon Spring 

The first plant-scale fluid-bed reduction system for the 
St. Louis-area operation was installed in 1957 as part of·the 
construction of the Weldon Spring facility • 

When the Weldon Spring plant was built, the plant-scale 
fluid-bed denitration system had not been fully developed. Therefore, 
design of the fluid-bed reduction equipment for the plant had to be 
adapted to operate on pot-process UO~ feed instead of fluid-bed uo3• 
For successful operation with pot-process UO~, it was necessary to 
modify the single-stage reduction concept that had been developed 
in the pilot plant, to a two-stage configuration. A schematic 
diagram of the production unit is shown in Figure II-10.3. 

• 

• 

• 
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Figure II-1.0. 3 TE::: FLUID-='.£:) ·2-~~.r::m,1-n:~1.!DE PP.ODUC'!':ON 
R::ACTOR desig!:.ed fc:?' the ·;,;e:cc:-. Spring i:l-at.t was acapted to 
OJ?erat:_on po-:.-process uo3 by ~:.:ploying a two-st.age con
figura .,ion. 
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The reduction equipment consisted of two vertica~ 
stair.:::.ess-steel cylinders. Each was 6. 5 feet r.:.gh by a~;rox~!::a-:e.::,· 
one square foot in cross-sectional area. Orange-oxide feed ente~F.-:: __ 
the si1e of ~he first tube where it was partially reacted. T~e 
rnate.!.·ial then overflowed into the seconci tube wt:ere the reaction 
was cor::.~:!.eted. 

Mallir.ckrod~ started p!lot-p~ ani:. work aimed a:. de·,re:::::-::~ : .. : _ 
an o~erable fluidized-bed hydrofluorina~or, the third major co~: -
por.f,:.--: !:>:' t!:e i:::tE:grated fluid-bed sysr.em. • 

In add~~ion to establis~~ng ttE: ~~ys~cal co~fig~ra~~o;. 
of :te rea:~or sys~e~, t~e deve:ofme~t work was desig~ed ~o fi~~ ~~e 
s;;::::.: .... "!...! c;:era-:i::g con:ii t.ior.s req_~ireC. "too ~rodu-:e n:s~a~-g!'a::: g!'~E!": ~~.---
., .. · - --,..o- -" 1 ,-.::,4 -:...,:..; ... .,..oc·,.,..,.,.c• u,- 11 ..,.._.,.,.,.. ..-.~.,..- o-- -;..e 1.·-··-c:-"-~-''"''" -•: - - - ... - -'-""-_,- ... ._ ....,-l:'- w\..:- ""2 • r. ~,.i.C:.1,,,"-'- ~C:.- w • v.. .~ ._ v- ';..-=:::; ~-w •• 

:·.:> .:-"!s :::. or: exper~~e:::s i!"!"Jol ";1:_::g rea::i:or ·le :~e ~ so :ics rr.!.:-::.~.g: 
~~~fe:ra:~re~ ve:oc~~Y of ~r.e f:~:.1~z:.~g gas; a~d so:ids fee~ r~:e. 

The orii!.~al tydro~:~ori~a:cr teste~ i~ tte p!:c~ p~a~~ 
was a si::g:.e-s;:age ur.i-c. .A diagre:.-, of 't!-.e reactor is s::oim i:-: 
F!.gure II"-:!.J.4. As in the flt::.d-bed reduc.:ion ur:.it, a tc.pered 
::-:2.!'ldre:. was i:-.~orpc:ra.-:e1 w:. t.~:.!'! ~!".e re·ac"tor ~ute. 

J.. sc!:'le~a-:ic c.ra".•1i~g o~· '!.:-.e h~·drcf~uc.r:..::a:.ior: sys-:e:: as 
or!g:.~~::y bu!:~ ~s stow~ i~ Figure rr-10.5. 

::,.;r:.::g o:;:era-::.io!"., vaForiz.ec. anhydrous r.y:iro:-1{.·cr~c a:::.c-
: . .;::? · :,·a.:. :::at.e~ 't.o ·a:;:prcxi:r.at.e!y 22C•°F before rne"Ee"fir.g. ':::-e 
~:~:.~~~:.~i g~s ~as pre~ea~ed elet~rically in a sec::.or. of ~:.;ep 
c.:-.;. ~ _-;;.:.·;.:. -:::::. :-:-:. -::!:ro·..:~.:-. a J:C!'"o:.is x.eta2. d!.str~:c-:.::.::>!":. i:::.-:.:. 

A sc.r-;:•; ~o;.vey~r was used :o feed t:ra::::~ diox:.de !=:.:.~ 
~~~ ~~a=~~~ ~~~ a~=:~-s~~t F!~d~ct ~as r~~oveC ~~o= ~~c ~e5 ~~ ~ 
ciowr.::c:::"!· '.···rou;:-. :~cur l-:.nch :-.oles in the bot-;:;orr. o~ tr.: rr.s.r.dre: ... 
Fro!:". ::::e cowncor.-.er, tha powder entered an expa.";S:!.o~ be::ows a::c 
'tr.er. :r.o-r<:c. ,;hro·..t~r-. a ro't.ary va2-.. e to a cooling sc:!"ew w:::.~!'l co?:ve:,·-;:::. 
the gre=~ sa:t ~o a drurr.ming station. 

T~e reac~or waE divided i~to six heatin~ zo~eE. t~c ~~ 
whic:. v!t;:;re wrapped with electric heaters, and four of wi::!.cr:. wer= 
cor.tained wi~~~n a radia.~~ furnace. Thermocouples were used i:o 
co::.tr-J: t:·.e z:::ies. 

• 

• 

• ·1 -] _____________ _ 
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Figure II-10.4 PILOT-PLA.i;1' SiliGLE-STAGE FLUID-BED HYDRO
FLUORINATOR. 
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filtered through porous metal filters to 
The off-gas filters were periodically 

which was preheated in two parallel 

In the initial experiments, operating instabili~y and 
below-specification product were encountered. After the equip~e~t 
was moc:f1ed as shown in Figure II-10.6, the re:iability of the 
operatio~s was considerably improved, but high-quality green salt 
still could not be produced. 

O~e of the major operating difficulties experier.ced with 
the s~~gle-stage hydrofluorinator was reactor plugging. Investi
ga~ior. s~owed t~a~ the plugging was caused by build-up of cake or. 
~he rea:~~r wa:l. The cak!~g appare~~ly occurred a~ a.~y ~o!~~ o: 
h~gh tO; cc~cen~ration. 

3ecauE: of the p:ugging tende~~Y, low fl~~c!zir.g 
ve:oc~~~es, wr.ic~ retard solids mixir.g, could no~ be e~p:oyec. 
Insteac: hig~ gas velocities were required to ac~;i.eve the degree 
of agi~a~ion needed to reduce the plugging. With the result~~g 
~ig~ degree o! solids mixing, acceptable green sel~ could not be 
produced in ~he si~gle-stage reactor. 

Deve~O"()?:-.E!1t Of Tr:e Two-Stage Hydrofluorination Reactor Syste!:l 

Subsequently, a two-stage fluid-bed hycrofluorinatio~ 
s:,.rs-ce:::1 was developed for use in the pilot plant. A sche~atic 
drawing o::: t~e system is shown in Figure II-10.7. 

In the two-stage hydrofluorination design, a new hydr~
r:uori?:a-:ior:. u:::i ~ was de•;eloped .for opera~ion, in serie·s, ahead o:: 
tne .::-:·.:.:.:.-:ec. !"'_:.-•:."r~::::.'..:.or:.:-.=.ti:n U:!1:.t pre·,iously used in the sii;~:e 
s~a~= s:.,·.:"Ce::::. ·r.: ::.::..::.::....-::iz: ;~-.-1,;er-ca~:::..:-,g tendencies, the first 
s~age was des:..g!'lec. to operate wi.:n the solids i~ e. well-rr.:..xec co::
d~~~or.. The dasigr. of the new rea~tor unit incor;orated in~er~a: 
hea~-:ra::s~er s~~=:~:s ~c re~c~e more efficiently the ~ea~ ge~era-:;:. 
during ~he reaction. 

The ini~ial oneration of the two-stage syste.~ was co~
pletely successfu:. The equipment performed perfectly, end it 
prod~ced high-qualitJ green salt • 

Addi~ional experimental studies showed tha~ particle size 
of the uo2 f'eed tad a sig~i~icant effect on product quality. Coarser 
brown :;xiae: wi tt :C:igh~r i::-:ipier.t fl~:.dizing velocity was f'our:c. ~~ 
yield a better green-sa~~ product than fine ma~erial. 
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Figure II-10.6 THE MODIFIED PILOT-PLANT SINGLE-STAGE 
FLUID-BED HYDROFLUORINATION SYSTEM was more reliable 
than the origin&l system shown in Figure II-l0.5. 

• 

• 

• 
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F~gure I!-l0.7 PILOT-PIANT TWO-STAGE FLUID
BED HYDROFLUORINATION SYSTEM produced high
quality green salt. 
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Operating temperatures were another sig~ifica.~t fa~~or 
which appeared to affect the quality of the UF4 product. T~e 
temperatures used for the reduction process also were found ~c be 
important. Experiments indicated tr.at the optimum reduction 
temperatures for subsequent Eroductio~ of specification UF4 were 
in the range of 1160°F to 1150°F. 

Develonment For Plant-Scale Installa~ion 

The deve!op~ent program for the fluid-bed hydro~:uorinat~c~ 
process included the desig~ of equi~~ent a..~d definition of op~r
ating criteria for a pla.~t-scale pro~uction system. 

After a tcorough evaluatio~: it was decided r.ot to i~stal~ 
a fluid-bed hydro~luorinatio~ plant a~ Weldon Sp~i~g. StirrsC-teC 
hydrofluori~a~ior. equipment was alrea=y in operation there, ar.d 
a~thcugh sav~r.gs a~d o~her a1vantag~s wou~d have been rea:ize~ w~~~ 
the new plant process, it was felt ~~a~ the benefits wou~= ~o~ justi~y 
tr-e expenses i~vo~ved in re~ovir.g ~~s E=Aistir.g stirred-bed e~~~?=:e::~. 
2.::c. c::>r:str~cting e...-:d ir.sta.llir.g the r.e~..- flu:.d .. bed equipmer:~. 

Conclusior:s 

. T~rough a co~prehc~sive a::~ extensive progra.~ o~ researc~, 
p:J,.ot-plant work, and plant-scale.. a:-t:.-;~ties, Mallinckrodt deve:.oF.e~ 
the .first cor.tir.uous-process, 1rr::.ag!·c:.:.ec fluid ··bed sy5te!r. for pro
ducing l:igr:. quality, metal-grade grca:: salt i'roc refined ure..'":j·: 
!'l~ . .-~ra-;:e as r.~e s~a!'tir:g materia:!.. '!::e development progra=. was 
carried or. co~~i~uous:y i'or six years -- from 1957 to 1963. 

During 'tr.e coi:.rse c::' 'the wo?k, Mallinckrodt e.ci::ie•;ec. 
se·;era2. major ac·.rar:ces !..r. t:l'at:!.tm:. p.!'::,.:uctior. teci".1.."lology. 

:::::::-.;c~.e!"::':s c~ -::·.= ::..::a:. s:•.;-:e.":l, w:-::..:1':. was capa't~e o'!: 
success~ul opera:.io~ o~ a p:e.::~ s~a~=, i~c:~dsd: a cor.~ir:uo~s ::.~~d
bed process for de::itra.tio:: o~ ura!:::-: r:.:..u·ate to produce ora::fe c:,:-:._::.e; 
a co~-:i~uous f.l:~:.-::-bed t::roces$ .fo!' re=ucirig fluid-bed UO-: to :::ro't::: 
oxide; and a cor.tinucus-tlu~1-bed pr~:ess for converting~fluid-cet 
UC2 to metal-grade green salt. 

In co:r:iparison wi 'th o-:.he:r :i;::-ocesses for producing gree?;. 
salt, the major advantages of the i:-.-:egrated fluid-bed process are_: 

- Tte mobi~ity o~ tte fluidized solids allows tr.e 
reaction processes ~o be carried out in cor.tinuo~s 
ope?'a~ior.s. 

Excellent t:rr.i:erat..:.rs control ca..'1 be e.chie·,e~ .:r. 
the f:uidi-? =·::-oed r~a.:tions. 

• 

•• 

• 
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- Due to the agitation cf ~he solids, h!gh hea~ 
transfer coe£fic1ents can be obtained betweer. the 
solid particles and hea~ing or cocling surfaces. 

- Because of the large su~!ace area of the flu!d~zed 
particles, high reactior. ra~es can be obtained. 

All of these £actors ccntribu~e to mak~ng the 1nteg~a~ec 
fluid-bed system mere economical, mere e~~~cient, and more effect~ve 
than cthe~ green-salt producticn processes. 

Although only the denitrat!cn ccmponent of the integra~e= 
fluid-bed system was used in the plant process at Weldon Spring, 
i~ is l!kely that the ent~re integ~a~ed ~2u~d-bed system, becaus~ 
c~ its nume~ous operat~or.al and eccr.cmic advantages, w~ll be e~~:~yed 
i~ a~y future urar.~urr. ~recessing plar.ts that re~g~~ be bu~l~. 

P~~duct:cr. Ar.d Ccs~s 

Produc~:cr. and ccst de~a~ls are ccr.~ainec !~ Sect~cr. 

?.elated Documents 

The fcllcwi~g nt:..~bers re~er tc b~bl!ography entries wr.~:r. 
are the pr~ncipal sources for more detailed ir.~or:nation on advar.~es 
in ccn~:r.u~us green-sa:t p~oduction processes: 8, 10, 16, 30, 4~, 
46, 54, 66, 67., So, 103, 166, 169,-·170~ 173, 199: 201, 222, 2~3, ·22t.., 
228. 

Add:!. ticr.E.1 re:'e?:'ences may i::e f .:-~r.c. ir. sor.1e of the s:,u~:::e.s 
~ncica~ed above. 

• .JJ. 
'TT' 
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Section II 
~sr<•tY'!it'.kl 

DEVELOPME:NT CF THE DI!'iGCT PROCESS FC.R PRODUCI:TG 1JR.~::Culw! M:::T~ -

The Ura.."lium Div-isior. of Ka'.:.:i..inckrod~ Che??:.:.cal Wor~s 
carried ou-: ex-:e::sive r:s.ea.rc:i ar..d cevelo:pme::t activ:.ties to 
ss~ablish a Frocess for producing ura~ium rr.eta~ tha~ would y~s:i · 
Furer me-:a~ i'- greater quc:..r:tities a~~ at lower cos~s tr.an t~s 
reduction ar..d cast~ng process. These results were achieve~ ty 
' ' - ~ i· .,., k O d - l C ..; - ' • ... - .. .&' ... h - 3 

... -~ - ( - 1· - "';.. .. ,.., - ... ) . 1•.a __ .• c r .., - ,_.,,,,e_op.~cn ... o_ ., e C.--·=""i.. a .:e .. i..-.:. •• =:::>:.. process .. 

Eackc::round 

The first practical ur1:;_~i1..:..~-~etal productio~ process 
su~table for use on a~ i~dus~rial s~a:e was the the=~!~e bo~b
reduction process deve~oped in 1942 a-:: Iowa State Ur.iversity. 
(?or details, see Sectiou II, Part 1.) 

T~e ca.sic process, which ~as a~aDtcc for co:..r:1ercia: 
produc-:ior.. b:,· l,:a!2.inck:-::.ci-:. in July, 1943, ir.7olvec. ~-.-10 key s-:e;s; 
~~er:n~ts ret~c~:.or.: a~~ castir.g. 

T::ie?:r.::.::.e re::::..:ctic!"'; was car:r!ed out ·in a s-:e-el bo::"t s::=--•
F:.rst, the s.~e:.:. was ::..::.e:: w:::;t. a re:ractory n:ater-ia~. A-: fi~s-: 
do:!):r.itic ::..:....~=: ·::::~~:: -:•:a~ :r:~A;.~:-:::;::.:· ::<pe!"'.S!:~w=, we.s 1;.se:i as -:.!:: 
refractory ma-:er:.al; ~o~e?er: de7e:.:;=ect work by Ma:!:..::.ck:ro::~.:.~~ 
to the use o: a more prac~ical a::.c ~:r less costly re!ractory 
l:.ner -- mag::es:-~'n f:·-1:::,!"!.;;.e slag, a ::j-:;rodu~.: cff t::e bo!:lb rec-..:.=--:-=...=.::. 

A!ter the bo~o shell had been line~, the bomb was c~ar~=~ 
with a mixture of uranii.l.~ tetra~luo:r!ae (uF4) and a reductant. I~ 
the early work at Iowa St:a~e, calci~ was used as the reductan;;; 
however, it was soon r~placed by rr.ag~esium~ which offered seve:ra: 
adYe.r:tages over calciur.. 

The c!'larged bomt: was cc.pped and placed in a furnace 
~~e?e the re~u:tion react:..o~ oc=~r~e~. Duri~g the reaction, t~e 
furnace prov:.ded the heat require~ to achieve comple~e fusion ar.j 
separation o~ t:he reactior: pr=d·;c-:s -- ura.ni"..lr.'l meta::. and mag:;es:.z 
~:ucride (MgF21 . -

• 

• 

• 
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After the reaction ha5 take~ place~ the bcmb was take~ 
ou~ of the fur~a~e a~d cocled. Ther. the shell was cpe~ed a~c ~~=
products were removed. The solidified uran~um me~al w~ich was 
produced was referred to as a "derby. 11 

The second phase of the metal-production precess was 
casting. To produce uraniu:.: metal cf the size and sha~e recu~re~ 
fer subsequent uses, several derbies were ~el~ed in ar.-i~duc~~~n 
bea~ed crucible and vacuur.i cast in a graph~te mold to for~ a~ i~g:~ . 

In the early work et Mallinc~rodt, the reductior. fur~a::s 
pr::,d·oJ.ced apprcxiir.ately 120 pounds of :r.etal per charg_e. Eact. der:::_.::~ _ 
was ato~~ eigr.t i~ches in d~ameter by four incr.es in ler.g~h. !~e 
1r.e:.a~ c:.arge f'cr t~e casti?1g fu!"nace weighed approx::...ina-:e:.:, 6.'.:.:::: 
pct:.::ds. Each :..r:g~-c ce.s-c was a1=prcx:...~s::-a:..:i ii"1e i::ct.es i:: c:.c:-"::e-:e:-
bJ 4~ i~c~es i~ :e~gth. 

T!'l::-=i.;g:: :. ts de·ve~cpme!:.-:. wc:r~: Ma.:...i-~::c!':~::;C:c. i~~~sa..se::. 
J:-a.=:-: ~e.J:a~i ~y c·=r:sid.erac:.~·. Red~C:.!.=!"'- fu:rr:ace"S w~re n:c~:..:'~s:. 
pr:::duce epprcx:.:::ate:y 300 p:::ur.ds o:' :r.etal pe:?" c::.arge. '::::..s :.:::::!"s.a~s-:.· 
t1".e s:.ze c~ eac:: der'::iy to a:;i::r~xir.la::e:y 12 ir:ches ir. dia.::.e-cer :=y 
a;prox!.mate:y .:.'c~r inches i!; length. '!he che.!"ge :fer T.te :::a.s-:::..::g 
fu~;.ace ~as ir.creased to a~out 1225 ~:::unds, ac.d th:.s fur~~er 
increased tte s:.ze of the crude i::gots. 

Ear:.:,- stud::..es cc::duc'te:i "by :,fa.:.lir:ckroc.t to co::::;:ere: -:::e 
~u~:.-cy c=- dert:.es a~o ir.g:::T.s revea~e:. ~~a: t~e derb::..es were c: 
:i:lire!" n:etal e;<:::e:::;'t :for a t:-.i:: layer c:- imp~ri r.ies cor.-ce:-;:re::e:: a-: 
-tr:-a s1.:.~=a~e. 

T~is fac~, toge~~Er ~=-~ta ~rend :owa~d lower!::g :::::- - . 
~e~a:1:.c iccl~s::..:::::5 1~ rea~~c~-i~a!e m~ta:, !!':~:.c~~ed ~~~re~~~:! 
be ad.·,·c:.~ages :..:: :;:'!"::c.'.lcir.g ar. ir.g-:i-:: :i:.rectli frcre the bcr:-.i:;-re:::i:-:::..::: -
s~ep a.r:d en"C:.re:y e~~~ina~:..~g the va~~~~ casting ope:?"at:.:::r.. Ee~~=, 
Ma:.:!.i::c~rod~ s~ar~-ec. er. ir:ter:.s:.ve pr:g:!'am to de·,elcp a c.:.re~:. ir.;::::: :- -
11 d!.ngct, 11 ura.r-.:..um-!::e-i:;al pr::;:.uc~~on p?":.cess. 

Eased on the kncw:edge the.~ only the surface cf as-:-ec.~;:::.. •· 
(direct) metal was impure, it was cc~cluded, ir. pla.!'.n~ng ~~e i~~~~a: 
development work, ~ha~'larger pieces of the reduced meta: sr.cu:d 
give better perce~tege yie~ds cf ?~~s metal t~a~ small ;:..e~es. 
Therefore, larger quan~~ties cf g~ee~ sa:~ were reduced ~v f~?"= 
larger dingots. 
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In sum, the dingot concept which Malli~ckrod~ develo~ed 
involved: (l) eliminating the msl~ing ar.c cas~i;.g of urar.~ur: rr.e~a: 
in graphite crucibles and molds which conta.~inated the ingot proc~:~; 
(2) producing the final ingot directly from the bomb reduction; a'-i 
(3) increasing the size of the ingots to produce a product with 
optimu.~ percentage yields of pure metal. · 

The ~o~b Reac~ior-

Because the dingot concep~ eliminated the casting ste~ 
previously used in uranium metal production, Mallinckrodt 1 s 
devs~op~ent work was concerned primarily with factors involved i~ 
the bomb reaction. 

T~e general chem~stry of the bo~b reac~~on in the c~'"g~~ 
i=roce~s -..:as esse:-:i;;ia.:.ly tr.e sa.'T..e as the.t i~ tr~e derby-prodt:.ctic:: 
bo~~ reac~io~: wr.ich is described i~ Se~tio~ :I, Part l. 

I~ the cir.go~ reaction gre~~ sa:~ b:e~ded w~tc c~~nne~ 
~ag~esi-.r:-. was packed i~to a steel bo~b sheil w~i~h was lir.ed-w~~~ 
powdered mag~esiu.~ fluoride. The bo~b was r.ea~ed for a speci:~e= 
period in ar. electric furnace: and tr.en ~he charge was ign!.ted 
electrica~ly to start the reaction. Or.ce s~a.rted, the reactio'
proceeded sponta~eously. Molte~ ura~~um metal.ar:.d magr.esium 
fluoride slag were formed. The urar:ium, having t"he· higher de:-ls~~.:'~ 
sank ~o the bo~~om where it solid~fied as~ la~g~ ~etall1c mass. 
The s:ag f:oa~ed and a~so solidi:iec . 

The te7elonmer:-: ?ro..:ra..'"!: 

T~~ c~ier goa~ o: tte ce,e:op~e~t i=~ogra..~ was to es~a=:~~~ 
a d~r.fo~ process w~~ch wo~:= procuce hig~-qua~:.~y, reactor-g~ace 
~ra_~~~~ ~etal i~ o;~imum qua.~~!~~=s a.~d a~~~~~~-..:..~ cos~s. 

The d~~go~-~e~al y~;:~ fr~~-~~: ~ed~~t~or. operat~or.s ~as 
deper.dent pri~arily upcn tease Ofera~~~~ var:a~les whic~ i~~~~e~~=~ 
the length o: ~L~e ~ha.~ the proc~cts of the tc~b reactio~ re~a~~~i 
mol~e~. Beca~se of ~h:!r ce~s:~y c~~fcrer.ces, t~e lor.fer ~te 
products were a~lowed to remain ~ol~=~, the ~ore effic~e~tly cio 
they separate to form a single n:ass!.•r= piece of pure u::--8.!:ium me-ta:. 
ar.d a sing!e massi ·re piece o~ magr.es:.um slag. 

p_~ong the variables ir.ve£~~gated dur~ng the develoi=mer.~ 
progr~~ were: the size anc shape o: ~~e bcmc she:1; heat transfe~ 
into e.::d out of the bomb; the relat~=n of the choice of bomb-charg~ 
const~~uents to the evolution of hea~ during ~he reaction; the 
ir.fl~e;.ce of the viscosity of the s:~g prod~c~ upon me~a.: separa~!o~; 
the c~a~ge quantity; the use of e.cc~~~ves; anc firing time. 

•• 

• 

• 
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Ecrnb Ge~metr,y 

Considerable attenticn was devoted to t~e e~fe:~ of be~~ 
geometry on the quality and quantity of tr.e yield. 3cmb geometry 
influer.ced heat transfer into and ot:.t of the bo~c, 2.-""ld hea~ tra'"s::= 
was or.e of the funda..~ental factors affecting the borr.b yi~~d. 

Durir.g the develcprnent progra.~; var!.ous s!.zes ar:.d sha;e~ 
cf di~gcts were tried incluc!.ng a 450-pour.d rectangu:ar ~~e, ar.j 
cylindr~cal shapes w;~gh~ng 900 pounds and 14CC pou~ds. ~:le~·the 
size o: the dingot was increased ultimately to 33cc pounds, it wa~ 
found that the optimum shape for separating the me~a: frcra the 
slag was a rig~t cy:inder 18 inches in both dia~eter a~c he!.ght. 
This -sha:i;:e was a:::..so the best for sca:::..p!.ng a:1d e:<tr'..lsicr.. 

'I::e t:.:;::;:cr 
C~a!'::ter r-ai a large d~a~e~cr e:~d c~~~a~ned ~cs~ c~ ~~e =~arge. 

T}':e cor.s~s~ed o~ twc connec~ed c~~~cers. 

was C':!".!;e::.ed by a !';.a.red sr:c-t:.:.der t:: the sr.:.a:'ler ::.ewer c::a.7.cs:r: 
·,.-:::.ct. he2.d ~::e :r:clt:t=!':. rne:.a;.. a~~e!" ~he reC.uc~=-=~ reac-::..=r:. ~ .. 1:..s 
c:::mple:ed. 

~~e geometry o~ the 33GC-~cund di!;gct cc~= cffere~ t~s 
slowest ra~e cf cooling possible. i~ addi~ion= the st.a~~ ~er=-~~:E~ 
t:.~::.for~ ccc:ing. A~other sha~e ~ight have caused pcrt::.=;.s cf ~te 
~e~al raass tc cool fas~er and en~rap slag. 

Ecrnb Pre::.e<::: 

T~e f~r~ace ·s~hedule was a.~c~her 4 mpcr:a~t cuera:~~~ 
var~ac:e i~ves~iga.~e= d~ri~g the deve:cp~e'-~ prcgrs=:. 

Cor..trc.: te::-.pe::-a~ure i:ad e. ma~or ir...fj_uer.c; :,.:-:, -:::::e: y::.e::i · 
c~ the be~= rea=~icr.. ~~ the te~perature were se: :=~ ~=-f~: t~e 
rsact:.c~ ~·1c·\..l:::. Cegi:: ::e::.:- t!:.e c~.a!"'g:-li:1er ir.~crfa== ==~=~= c:t.e!' _ 
par:s of t~e cr.arge t.ai been heated su~ficie~~ly ~~ prc~ag~te t~e 
tcmt rea=~~=~ ;~c~erly. T~e res~lt would be peer produc~ separa:~:~ 
e::d lo:•1 me:a:.. :.r:.s:~. A te~pers.ti:re ~oo low also co1;.l:i rssi11 ~ .. "" 
peer y~e:c, er c~~:= preve;.~ the rea:tion free occurr~r.g. 

'1!:e fur::ace sc!.ed.ule which was finally adopted was a 
compromise bet~~esr: the h.!.gh and low tempera:ture e:<.tremes. A cc:::,r:.: 
tempera~ure of ll50°F Nas e~ployed fer fiver.ours wi~h heat app~i=~ · 
in all five heatir.g z=~es. At tt.e e~d of five h~urs: tsa~~ng o~ 
the upper zcr-e was st=;;ed, wt~:e hea~~ng cf ~~e be~~== zone ccn
tinued. Tr-is causad tte reducti=r. reaction t~ s~e.r~ i~ ~r.e bot~c~ 
of the metal ca7i~y. ~~e result was a yield cf cet~er tt.an 95 
per ce~~ cf rela~ively slag-frse mc~a:. 
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Ec~b-Charge Comnoner.ts And Heat1r.~ Conditior.s 

Another aspect of the development program ir.vo!vec 
selecting those bomb-charge components whic~, together witr. 
magnesium metal, would provide the most £avorable hea~s of re
ac'tior:. 

Production-grade green sa:t conta~~ed so~e ura~iu.~ 
dioxide (uo2 ) and uranyl fluoride (U02F2 ). Investigatio~ duri~~ 
t~e dingot aevelopment progra:n ind~catea tha~ very lit~~e benefi~ 
i~ heat evolution resu!ted from the reductior. of uo2 duri~g .the 
bomb reaction. However, investigatior. d!d i~dicate tha~ the DO~?~ 
conta~~ed in the bo~b charge of~ered a very defir.ite heat acv2-~€ags. 
(!~ the sa~e se~se, it was four.d t.~at there were some acvar.~ages ~~ 
ds:ibera-:e!.7 acdi!':g urar:!.um tr.iox:..de (UO~), w?:ic:: dela~·et -:?:e f~::.g ~ 
~!.::.e a:1c. a::!.so had a high heat o::' react.:::o.,. ':!"'.e use o!' s;;;.c:-. ad.~:..--::.·;.e!::i 
::cweve~, t-.ad 'to be cor.t.:rolle:i ca!"e:a::.ly 1:0 t,!"s·lsnt too r::-..i:::-. hes::,- · 
-.-1::::.c::. cou:c. ca.:.1se a b:!.oi-iou't, a:::i .. o pre'le!":.~ -:.~e product:.or: o: e:-:-
c ;,sr::-'vc .,,....,c·•-t.s o~ ... a--"'S"Ul,.. o·,-•·~- (V. C' ,.,h'~h co·--:r'l i...-,·e a c:·c-,.~ 

- -- '- c;;....._ \,,4,6..., - .,. ~--~ - ·- ""'-~-= J,. .. ~ ,~ "·----- ~-- .a..c:=.,:J ----
~er:"ta.: e::::ec~ -- as ind!.cated la~er-i~ t.~is s~csection -- o~ s:a~ 
v:scos~~y.) u:~L~a~e:y, i~ was ce~~r~i~ed t~at the UO~F2 co=:c;.e::~ -~ . . . . t 4 J:, • • • , • ... ,:; • ,.. --c::.e: -wa .. e!" so.:.u::.!.e con en" -- o.,, t.r:e cr.arge s::cu_a no" excesc. .:: . ., !=-=:::' 
ce::.,;. 

s:a.: Vis cos:!. tv A~d Meta:!. Secaratior: 

I~vss~igation ind~cated ~r.a~ the p:::-sse:.ce cf ~oo_~~ct. 
-._·::;;, t:o2::=-2 .: ·i.1ranous urar:ic cxid.e (t:'-0;:-), or rc

3 
migr.t pre•1::-.: gco::. · 

bcEb y~e:~s. j ~ 

A va~ia~:e tha~ was per~~::e~t to t~~s aspect o~ t~e 
ce·,e:!.o:;;r.-.e:::-.'t p:rog:ral:". was ~he p!"eser:=: o:::. a.~c:::.·:.U:. oxalate i::s'?:..u:::e 
(A-::) i:-:. t::e cr:arge. ?.sca~se t-.:: -:-::::-.s:.s~s c-:' ap:pro:c~ ... :na.:.e::.y c0 :ps~ 
ce~-: -.;:'= a.::d 2C :;;e:!'" c:~-: t· J: :.: :.-: :-.. :.-s ~ !:!:~-~:-. 2-~·""'e~ r:=a.-; c-~ r-:;a-:-:·!_o:-. 
W._- -:.·-, rn- ~ ....... s ~ '"!!l t'ra- 1·~ •. ,.: -':.- - ... ., -- • • ·-·-- ad.c;.••- "--'-'· •• ., ~-4 •'-••• ._..._~ .. ,:~--• 

When Ma2li!':.ckrod~ s~C~sc ~~e prcp:r~ies o~ ~ix~~res c~ 
magnssi'l.ln oxide B.!.d magnesiu=i ~l~c~~de, ~~e i~~a ce~ive~ i~d:.~a~e= 
that sma:1 additio~s of MgO to the p:roc.uct s:a; could ass:l..s~ in 
lowering t.he melting point as muc~ as 72°F. ~igher cor.centratio~s 
of MgO, however, pre~ented conplete pro~uct S;paration even a~ 
temperatures o!' 3092 F. The prese:::e o~ unc~ssovled MgO in the 
s~ag appare~tly contributed to increas~r.g v:.s~osity -co a poir.t a': 
w~ich 1~ i~~er!ered considerab:y ~~~~ c~;a~ se?aratic~ of tr.e 
metallic u~a:.ium. 

The det~imen~a~ effects o~ t~s pr::ence o~ ezcess~ve e=~~~~s 
o:' -AOI a~d 14g0 led to the establisi:"-':l~:-.t o::' a green salt speci!fra~ior. 
., - w:1ic!. t:1e content o!' pu:re ura!::.:.i.::.-:: ~a-:ra:':-;or:.de was rs~:p.!ired --:6 · :"; 
a.: leas:: 9c:. 5 per ce"t a::c the AO! ::c~ :.~ere -:::a:: l. 2 F=~ c:::-:.. 

• 

• 
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The Din~ot Production Process 

Mallinckrod_t started regular p:.ar."t-sca-:.e product:..or: o:' 
crude dingots in ~955. The productio~ procedure: based o~ tr.e 
extensive developmer:t progra!!l, was si!n~lar ir. its basic o~era~ior:s 
to that employed in der~y-~eta~ Froduc~ion., wr-~~h was ~~e !irs~ 
phase of ~he older 2-st~p metal process: T~e deta~:.s o~ ~te c:.::g~~
procedure, however., di.f.:'ered :frcm der::>y pr:::>"ductior: because o:- "L:::e 
larger unit s~ze ir:volved. The ~ho~ograph s~owr. in ~~g~re II-l:.: 
is a~ excelle~t illustrat~or. of t~e difference ir. ur:~t s~ze be
tween a 125-pound derby bomb s~ell anc a 330C-pound di~go~ bo~b 
shell. 

The :irs~ ste; !~ tt.e dir.go~ ~e~a: ~~oCcct~o~ ;~~cess, 
e.s i~ the der=-~~ process, was ~re:i;:ara:::.ior:. o:: ~::e cc::.":; s.::::.:. a:::: 
l~~er. A !:'la::dre:, as s::c\•J~ ir: tr.e ci.:::-a.-,Ja:,., .. d:!"a:•;:.::g iz: :::.g:.:!"e :::--:.:.f., 
was used to ass::.s~ i~ li:.~r:g ~::e bo~~ s::e::. T~= s~a;e o~ t~e 
~2.::dre: fcl:.o·.-:ed., g-:~s~a:J..~,r: ~~.e in~e::--::a: c::,~~o:.::r c:~ t:-.e- =~!:.= s~.e:.:. ·-

A~:sr t~e bc=C r.ac b~e~ li!:ed, ~i2le5 a~C ca;;e~, i~ ~as 
tra.'"!s.:~erred t.: a car tha-: la:::er .forr..e:i ;:;::e bo-:~o!'!l o:' t::e =~~r~ace 
in Wi-'.tich fir!.::~ i:oc:C place, T~e i;hctogre.ph i~ Fig:.;re !~-l~. 3 s!:c".-fs 
a di~got boct i~ pos:.tion ready for firi~e i~ cr.e o~ t~e c~T-bc~~o= 
fur::.aces. 

F~r~:.g o:' tr.e c~2.l"ge ~as us~a:.:y i~eicate~ by e~~~e~ a 
sr.ar~ rise i~ ~e~per~~urs as s::ow~ o~ ~::e recordi~g char~ o~ .:~e
~e~pera~ure co:.~r~ller, or cy a vibra:ic'- wi~~i~ tte bo~c 2.!1~ a 
c!:a.rac.:eristi:: no:.se. T:1e r:c:'...se, -wt.e:: .:re.:-:s:r.:.-:.:e:i '!.O a:: a..":._;::::.:~::.s:
ar:.d lo~d s~~a?:.er, rese~cled t~e so~c o~ ~io:~~t b~::.:i~;. I~ ~as 
i~~cr~a~t to ot-:a::.n a de~i;.i~e s~g'-al.~ha~ fi~~~g had ta~e~ p:e:: 
-;o a 1.ro~:i t.~e da::ger cf_ 2. ·:;:c"~Ou~ :;:::!sa:.~:j· cccur-~~::g i.: a "tc:-:-.= :~_::.?·?:. 
w:::.:.e ::: was ":c:.::-:.g han=.:.<:=.. P. be:::.:: ::.:.:!:t. t=.:.--_;;~!'·._o· ___ :_~---~--a~:-~::--_-__ ::·_..,. =.-=.r=---~~----=_;_:~ 
:""-~?'::ac-: :~o!" O\:.-:.Cccr coc~!~g apz;~:,:•::.:::=.:,e:..:: = ~- _ --· _ -
i,-.-~ ~~ ,,..c~ 
•-C"-...,. - -- _...,. •. 

A::'~e!" tr:.e bor.:c r:.ad c::,o:ed for- t".•10 to three c.a:;s.: .. - ·.•:a~ 
moved to the b~ea.~-out a.r:.d clea~ing a~eas. The bo~b was o~e~ec: 
:.::·J"erted., ar.d s-:ruck 'With a rr.echani.ca:!..::.y operate~ ha-m:i.er "t.:> re?:.::·:=··· 
~he lining, product slag., and dingo: from the shell. Tr.e di~go~ 
was cis::.odged a~d a mechanical i.rr.pe.ctor was used to creak ~~e larfe 
mass o~ slag i~~o snall e;.ough pieces to feed ~o tr:e s:ag gr!.r.d~~~ 
c~r=~i~. ~he ~~c~ograph i~ ~:.g~re !:-~l.4 shows t~E a;~eare.~ce o~ 
s:ag ar.d a d!~~o~ d~ring t~e break-cu~ operatior.. 

:"\.:'I"'---.. •:,..c ~- .... -- n.:..::,.,-.c.c ..._~ -~ ... - e.r.,.::: """ ......... - --o ..... ~•s . .,,.d · .... -.:.-
;, __ w':- -:.·:-: _;i._s::: - -:---- :--- ~-c:.=- ........ e:-':'-- .::-- C.~- w r.=. ·-':---

s e?ara -:sd, a!".:; a::.a::. tiona.:. s ~a.g; ac!r;.eri::g ~o tne a::!...?-:.go-: ,-ias c::.!.p:?ec. 
a·~•:a:: ·.::::h a -_;!".e1..:.-:::.a:~i~ ha.-r:"'.r.:er: ar.c ~::e c.~r:go~ tr.er. "{;as we:.ghwc. 
::..g·~::--.i :~ .... :_:..: ~! =. ~?:~:.:.>g:-=.1=r: s::o:J!:--.g a -!i.!":.go't be~::g c:::..pi:cd -.-1:. -::: 
~~~ ;~e:.:..7.a~~~ ~a=..=er. 



~I 
I 

JI 
I .1 
1• 
1• 
I .I 

I 
1, 
I I 
1, 
I I 
II 
J I 
11 
I I 
I I 

·I l 
I I 

-102-
152653 

Figure II-11.l THE CONSIDERABLY LARGER UNIT SIZE OF THE 3300-
POUND DINGOT bomb shell is shown here by comparison with a 125-
pound derby bomb shell. 

• 

• 

• 



~· 11 
., I 

·1 I ,. 
I 

j 

1 

I 
I 

l I 
l I 
l I 
l I 
l I 
J I 
J I 
JI 
J .. I 
l I 

I 
JI _, 

Figure II-ll.2 SECTIONAL 
VIEW OF 3300-POUND DINGOT 
BOME SHELL, LINER AND 
MANDREL. 

Figure II-11.4 IN THE BREAK
OUT OP-.t.R.A.TION, the dingot, 
product slag and the lining 
were removed from the shell. 
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.. - •••• - •• 11 n 
. ·~· ...... · ""'·-~_-._•_· .. j...J" _; : 

Figure II-11.3 DINGOT BOMB 
IN CAR-BOTTOM FuR~ACE ready 
for !'iring. 

Figure II-11.5 DINGOTS WERE 
CHIPPED WITH A PNEU~.ATIC HAMMER 
to remove any slag adhering to 
the dingot after the break-out 
operation. 

J' ----------------------------------------
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Figure II-11.6 is a photograph of a 3300-pound crude 
dingot produced by the process described above. 

After the chipping operation, the dingot underwent a 
11 scalping 11 operation in which all of its surfaces were machined 
to remove external layers of contaminated metal. The photograph 
in Figure II-11.7 shows a dingot being 11 scalpedn in a vertical lathe. 

Preparation Of Dingots For Fabrication 

Dingots produced by the procedures described above 
measured approximately 17½ inches in diameter by 17 inches in length. 

Because of the short length of the scalped reguli, diffi
culty was experienced in attempting to roll them in the existing 
rolling mill. The solution to this problem was to add a primary: 
hot-forming step prior to final fabrication. This also permitted 
the use of those bomb shapes which produced optimum yields of meta!. 

With the original concept of the dingot process thus 
modified, Mallinckrodt started pilot plant studies to investigate . 
the use of press forging for primary fabrication of billets suitable 
for rolling or extrusion. 

Although forging was adequate for the experimental studies, 
it had certain disadvantages that made it undesirable for full
scale production operations. It was a multi-step, high-co·st, low
volume method of production. In addition, forging was not conducive 
to producing a uniform product. For these reasons, forging was not 
used for the plant operations. Instead, extrusion was selected. 

Extrusion, in contrast to forging, offered the advantages 
of being a single step, high-volume production process with the 
capability of producing a wide variety of shapes at moderate cost. 
Gamma phase (1800°F) extrusion was selected for the Weldon Spring 
operation because the pressures required were lower than those__ 
necessary for alpha phase extrusion. 

In preparing the machined dingot for extrusion, it was 
first sprayed with a phosphate glass-alcohol mixture. Next, it 
was heated for two hours at 1900°F in an induction coil, after 
which it was transferred to an inclined table covered with powdered 
glass. The heated dingot then rolled down the inclined table into 
the die slide of the extrusion press. 

Subsequently, the dingot was extruded through the die to 
form a uranium-metal rod approximately 13 feet long by seven inches 
in diameter. The extruded product~ which weighed approxiniately 2650 
pounds, was cooled, and subsequently cut to lengths suitable for 
further process~g to slug form. Figure II-11.8 is a photograph 
of a section of an extruded rod produced by the gamma extrusion 
pro.cess described above • 
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Conclusions 

Through extensive investigation, research, pilot-plant, 
and plant-scale work, Mallinckrodt's Uranium Division successfully 
developed the "dingot" process for producing high-quality uranium 
metal that is suitable for fabrication to usable sh~pes directly 
from thermite reduction. 

Production And Costs 

Production and cost details are contained in Section IV. 

Related Documents 

The following numbers refer to bibliography entries wh~ch 
are the principal sources for more detailed information on the 
dingot-process development work described in this subsection: 
lOt 13, 16, 21, 29, 32, 40, 41, 57, 63, 76, 86, 89, 97, 119, 120, 
12~, 165, 173, 187, 199, 201, 202, 2ce, 222, 223, 224. 

Additional references may be found in some of the sou~ces 
ind~cated above. 

# 
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Sectior. ~~ 
Part 12 

rE"VELOFMENT OF THE ELECTE~LY!lC re:r~CT!O~ F~OCESS 

At the time 'that Malli:-:.ckro=.t C:1emical Works' c.eveloi;:::?.e::::. 
work or. elec~rolytic reduc~ion ·at We:jon Spring was started: t~e 
es::.abl~s~ed ~ethoc of uran~'.l!:l ~e~a: prod~ctior. was ~he re~:~~-s::.e;, 
ba::.c~ ;recess discusse~ i~ Eec~=-c~ ::, ?ar~ 11. · · 

~:.e:!batcli~procl~SSj'J,j.::vo1"'1:es"';':he~-r$'.dtic1:'io"filf.of:i/;.\.1:-F.:.~~-=~:.·;-, 

,~ii~~ifi~ti!!~!!~~~f-lif~~~i!!~i!!lf~;'.' 
the greer; sal~ is p~aced into a re::'ra:::tory-!.ined 'bomb" si:ell w:..::: . 
rna-r:es;,,~ cu~, ~rotne~ cos-iy -~-e~~~, ~~e bo-~ c~e11 ;5 L~e~ 

1 e_.. --'•• ..,"lE:,,J' g,.., 1.- - L,_ u~C:..,. _ -C:.-• -•• 1J.-., ._•" -- _ V&.l •• 

hea'ted, and ~he UF4 and Mg react to produce a uraniurr. me::.a: dir.g~~
T~e ~eta: is then rolled, ex~rudec, or forged into ~sable s~a;es. 

Pcss!.c:e Ecor.orr.~es 

Elec~rolytic rec".l.ctior: a;::=earsc. to of:'e::r :i;cssi~!~!. ~ies c:~
g!":a::.e!" ec~r.o~y, be: a•.:.s e re lat:. ve:y :.:::ex:;:e~s i ve ca::-bcr. a.::c. e:ec-: r::
c i ~y wo~~d oe us~d i:::s~ead of t~e ~c!"e cos~ly hydroger. f~~o!":::.de a~c 
:nag:: es:.. urr: . 

M~l~=~-sal~ ~i~~+~oiy=~c ~a~ bes~ ~sed cC~:.:e~c:~::7 ~c~
mar-.y years ~o i; ro ci'.lce suer. me :;a_s s.s a:.:=.::..;;:.:..-:: a.--:d r.:af:-.:-:: .::.: . .:.: : :·::.-:-: 
their oxide forms. F~r~her, elec~ro:yt!c reduct~on ha~ t;s~ e=.;~-~s~ 
b~r Wes-:ir:g!".ouse to prepare the first ura:1!.um meta: use~ i~ -:::.e 
Mar:ha:-::.ar. Frojec~. 

EackE:round 

~he early electrochemical work in the atomic e~ersY 
:;:r:>g!"a!!! included p~ocesses at wi;sti.!:.ghouse Electric CorFors::i:,:-:.: 
~os A~a.-::os Sc~ent:.~~c Laborato=y a:-.c Arg~~e Nationa! La:~!"a:~~y. 
All of these processes operated a~ te~peratures below tte me:::.!':g·· 
poirr: o::' uraniu.";l. As a result, ":i:ere were a number of d:::.ss.c·:a.~~a:;s:i'. 
C:::..e:: e=.ong ~her:-, were low yiel:is of metal ar.~ troublesc.:is :::-s::::.:.
da-:icr.. 
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. In the low-temperature operationsJ the deposits of meta~ 
on ~he cathodes were bulky, tree-l~ke structures resembling stee: 
wool. The deposits trapped large quantities of the electroly"te 
which was difficult to wash free w::r:hout incurring extensi.ve rne"t.22. 
losses. Because of these difficulties, and because the quick success 
of thermite reduction at Iowa S~ate University offered a practica~ 
alternative, work on electrolytic reduction was suspended and no~ 
pursued for uranium production until several years later. 

In 1957, laboratory-scale work at the AEC's ~ells A~o~~c 
Power Laboratory (KAPL) indicated the feasibility of producir.g 
uranium metal electrolytically at ~emperatures above ure.r:.ium 1 s 
melting point (2071°F) -- a much t.igher temperature tha..~ used fo~ 
aluir..i:ium or magnesium production. · 

Development Work At Weldon S"Orin~ 

Wi "Ch the KAPL results ex-:e:Jding the pote:itiali::ies o-:' 
e:ec~ro:ysis, development ef~o~~s were started at We~do~ Spring. 

Two major process proc:e~s revea:e~ in the KA?~ 
to be over~ome in the developmer.1:; work at. Weldon Spring. 
were the settling of the brown oxide into the uranium 8.I;d 
sol~bil~ty of ~he oxide in molten sa:ts. 

\-;Ork r.a:: 
'I"heS~ 
the lo;,; 

In addition, a third ar.c even more funca.~ental proole~ 
ha~ to be solved first. The problem was how to contain ~ol~en 
ura~i~ and molten fluorides at te~pe~atures much higher than r.ad 
bee~ uscj previous:y in large-sca:e electrolytic techno:o~y. T~e 
sol~tion had to be one which wo~~d r.ot result in U..'ldue conta~~r.a~ic~ 
o~ t~e ~reduct me~a:. 

Care~~l cost studies, i~volvi:ig reasonable tec~..::ical 
assur..~~ior.s, i~~ica~ed that i~ ~hese problems could be Eo:v&c, a 
mors econor.:.ica.: ~rocess t.i:a..ri 't::c l~ - .Mg t:ie:r:nite FTOC::ss c:::.;:.d :-C:C.-~ 
deve:.oped.. 

In the work that followed, t~a!.li:,ckrodt 1 s in!:::..a: ns-:.::.~ ·
employed a graphite hearth for the ca~hode and a cor.s'll!'::.a::e ura~~:.:.~ 
diox;i.de-carbon anode. The materia:s for ~r.e elecirodes ·:1ere c::os::-. 
as being the most likely to preve.?:t oxide contaminatior. o: tte 
uraniu.~ metal product. The approach was successful er. a ~aboratory 
scale. However, because of the ccs~ of preparing the a.?:o~es= 
attention was turned to develop~~g a direct feed ap~roac~. 
(Co!:curre~tly wi ,:.h Mallinckrodt 1 s :'i!"st work., the Eureau o:' ?-~~es 
develo~ed a labora~ory-scale process usir.g a rod-type catr.oa:.) 

• 

• 
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The Froductior. Process 

The electrolytic process that Mallinckrodt ulti=a~ely 
developed on a pilot-plan~ scale employs a cell such as th= o~e 
shewn in Figure II-12.l. 

The cell has a graphite hearth, or pct, which ac~s as 
the ca~~ode. Direct curre~t is intr~d"J.ced thrc~~~ graphite a..~odes 
wh~ch are suspended in en electroly~e composed of bariu~ fl~cr~de 
and l:. thium fluoride, arid containi!'lg dissolve:i green sal~ a.nd 
brown oxide. Reduction takes place at a temperature cf 2,2co° F. 

The molten ura.~i-:l!!l is then vac~u.m withdrawn fror- the ce~~
and p~ssed ~hro~gh a hea~ed graphite tube. Tl:e pour er.d of the t~te 
is pos~tioned over a mold w~thin a~ e'iacua~ed sr.closure. Tr-e ~as~
~~g ~s e~tr.er s~atic or, fer t~bu~ar sha;es, cer.tr-:_f~gal. 

:,._ s""J.cce.ss.:'..ll elec~rc::.::,tic precess wc-.;:d be like:.:,· ::~ 
cf!s~ ~~o chie! adve.r:ta~es ever ths magnesiu~ the:~~te pr~=ess. 
'!'l::e ::.::·.-a:::: ages wculd be: 

(l) Lower c~st (probable, but not ye~ prover.). 

(2) Un!formity of product, includi;.g ~hat produ:e1 
fro~ recycled scrap. 

At the ti~e the ~eld=r. S;?':.~g ~lar.~ was close1: a:l c: 
-:~e bas:.:! prc-ble:r.s in de·.,re:cpir.g th~ elec1:rc::rcic red·..:.ctic:-. ~r=
cess .r.a: beer. solYed. It is esti!:!a-:e:i, t.owe~1er, ~ha~ one ~~ two 
yea?'s :.: .:-..:.r-:he~ wcrk wc,;.::..1 be req_'.;.:.red tc o~-:i::.:.ze i;?:_:_cp:::-a-:!.n~ 
.,,a:r:..at:es a:.d -::.o de.s:.g:: a prct~t:-,;; ::::: !.:-: -:-::.:..:.:: ~:l-= e:..:r.:=:::.:s 
of the ~r~cess could be de~cns~ra~e~. 

There is little doubt the.:: i.f a cor.:;::!.s"'::s"2.7 new -..:.~:.=:'!:.!::.
process:.ng plant we:-e to be built, ~::e e:.ec~=-~2::,·::::...c ~recess w::;1.:::: 
be prs.ferable to the therm:ite process fo?' ins~a:.la~i:m in the ne~-, 
facili~y. Whether it wculd be advantageous ir. a:1 exis~ing pla:.~~ 
to replace a thermite process with the electrcl:,~i.c process wot;,:d 
depend on many factors, including the outcome of ar.y additicLal 
exper~~:ntal work. 

P~~duc~icn and Costs 

Production ar:.d cost deta::...~s are cor.ta:...~ej-i~ 3ectic~ r;. 
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Figure II-12.1 THE ELE~TROLYTIC F~I:·":::TION P~OCESS de·.relopej b,:: 
Mallinckrodt used a pro":.o~y:pe ce:l, s::.ch as tl':is ~::e, :fO'!' pr:::d...:cir:.; 
uranium metal from brown oxide. 
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Related Documents 

The following numbers refer to bibliography entries which 
are the principal sources for more detailed information on the 
electrolytic-~rocess development work described in this subsection: 
ll, 15, 49, 56, 57, 64, 65, 68, 96, 126, 131, 148, 149, 152, 221, 
222, 223, 224, 226. 

Additional references may be found in some of the sources 
indicated above. 

# 
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MISCELLANEOUS TECHNICAL DEVELOPMENTS 

Section II 
,.-Part,·13 

In additior. to the major uranium process develop~en~s 
discussed i~ de~ail in the preceding pages, Mallinckrodt Ch~~ica: 
Works was responsible for a number of other i.'!lportar.t tecr.nica: _ 
advances in conne~tior. wi~h the Company's work for the C-over::_~e~-:...; 

Sampling, analy~ical methods developmer.t, plar.t i~str~
mentation, and the aeapta~ion of ura.~iu.~ refining processes to 
thoriu.~ preparation were a~ong the ffiOSt significant of these 
acdi~ior.al technical advances. Ma!linckrodt's contributions i~ 
these specific areas are dis~ussed below. 

Sa.":'lnling 

In the field of sampling and sa~ple preparation, ~he 
acco~plisr.ments included the fo~lowi~g: 

I~ the sa~pling of domestic conce~trates, the . 
Company pioneered enclosed auger sar.pling ~r.::..c~-
was more reliable thar. the established ope~ 
auger method of sampling. 

- Ma!l::..r.ct:r::>dt ir.trod~ced i.rnnor~ar.:: ne•'°' c:,r:.ce-:,~s 
and ti=::nniques for :::::ir.tro2ling a::::-.os;~e:!.·::..c -
moisture during sample preparation. T~e co~~r=: 
of atmosnheric moisture increas:d. the e.cc"J.re.:•; 
of prepared sa.1uples to a degree r.ot pre·;.:o:.:.s:~
achieved anywhere. 

- The Co~pa.ny developed the most reliable sampl: 
bottling method for uranium concentrates. 

- Malli~ckrodt invented a practical method for 
the volUir..e reduction of readily flowable so~ids 
ha11ing di.verse particle sizes. 

• 

• 
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Analysis 

In the field o:f analytical zr.ethods deve·lo:p~en-:, t:1e 
accomplish.~e~ts ir.cluded the fo~lo~~~g: 

The Company developed a rap~d and accurate 
uranium assay me~hod for ure.r::.um co~ce~~rates. 

Mallinckrodt deve:oued a hot ex~ract:.o;. me~hod 
for e.nalyzing hyCrogen in ura~i~~ me~a:. T~~s 
development enab~ed a s:.ngle tec~:.iciar.. ~o 
ar.a:yze 100 sar.ip:es per day as co~~ared to 
only eight by the vacuun extraction met~od. 

- Mallinckrodt de·:e:oped a mic:."o-spark me-:hod 
of e.r..e.lys:.s. 

The Cor:.paz:y i:.•1e!':-:ed a gas-:":~w !=ro;or-::.o:-:.a:. 
co~nter for USE i~ elec~ror. ~:.~ro-probe x-ray 
analy~is ot e:e~E;.~s hav:.~g ~:.g~~ a~o~ic wei~~~s. 

Plar.~ Instru.~er.tation 

app:!..:cations 
The acco~Flisr.mc;.ts ~~ develo~:.;.g i~st:r~e;.~a-::o~ 

for process cor.tro: :;.c:uded tr.e ~0::ow~;.g: 

The Compar.y deve:o;ei a metr.oa,. and b~:.:t a::.d 
successfully op~ra:ea-a uni~ ~o a~a:yze tr.e 
~ff~gas~tQm the_e:ec~roly~if-dill used~!or 
producJng urar.itu::"~ i:1:t.2.L T?:.e gas was a:.a.!yzi::1 
-~""-r ce. .... ·oo ... !110.""'0"1 .. ,.:- (·--- \ o···,-e,.. en ) .;.; ... .,.~·c··.-• ~• . .., •• •• A--= -v 1 ' .,: • .,, = •• •-2 , I...~."'!·,.- . •• J 

te ... ,.,,.-.luor,; ~,,. (-~-=-,. : ··· . .,_..,a· c~•.,..-;..o,.. d"'o·,~ ~,,,_ {-c ' ·::,- .... --~~:~ ·"- - · .. .;.._~~, ""-.£.!~'·:' ~... ~..,; J.,._ ... A-'--'"- - ';J • 

The pfoblerr.s o:' i:::.~~ sa.::.ple te::1pera:c.ure- va:-y:.:::1; 
a.'!.b :.er::t te:.pera:~ ::.re ar:c co!'ros ::.o:: \•:ere o·:erco:::s .. 

Ma::i~c~ro~~ f5s::.f~S~ i~~ ~~=-:~ a F=~~a~-= ~ys:~= 
to collec~ proces~ d~~a i:: =::.g:.~a~ fur~ or. ~~~c~~~
~a~e for co=.puter ~~pu~. T~e sys~e~ re=or~ed ~~= 
ou::~u.t-of a ~e=.s-~~=-!:a:- c.a:~.r!.c;: !':r E.!:·.; ·1=..r:.a=:= ·.;i,:-_:_-::. 
Cou-:..:: be e·r-rcC's.::.-" as "' 3- -o 1 =-p· c;,...,c.· a"',. n-rec s··.;:..~ 

-¥ •-,:,- -- -- ..... ..... -J ...... -- - - - -- -
o~ a mi~livol~ s:.g~al. In a~d:.t~o~ to the time 
of day from a bui:~-ir. cigi~al clock, t~en~y o:~e-r 
i~ems of infor~a~:.o~ co~ld te recorded in 50 secc~ds. 
T~e cor.sole also ~~cluced ca:ibratio~ e~uipnent. 

- The Company des!gr.sd er.d buil~ a sys~e~ to loca~E 
and measure the '.:..e-;e.:!.. c~ me-:.al below ar:. upper 
layer o~ ~olte~ sa:~ i~ ~~e ~~=c~:ro~y~~c cell. 
The measurement nas bas~j on ~he d~f:ere~~ia: 
concuctivity of~~: me~a: a~d sa:~. 
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- Mallinck!'odt used two s:,ste!:ls to sa.fe::, ci:..ss~-:•:e 
massive urar.iu.~ metal i~ nitric acid. s~:~ a 
process ca.~ become excessively v:..o:ent ar.d 
explosive i~ the dissolving rate is not con
trolled. The syste~ that the Compar.y e~p~oye! 
at Destrehan Stree~ used feed solutior. of ~ow 
acid strength and was programmed on as~~=-
continuous basis. The syste::::. at Weldon Spr~r:g 
used stror.~ nitric acid on a se~i-cor.~ir.uous 
basis. In-both cases:, moni tor::.ng was exte!1s::.:,e 
with provisior. for a!ltor.:at::..c shu-::::iowr. pro
cedures if the process were to go ou~ of cor.-:.r::.: .• 

At the Destrer.an Street facilities, metal se~cus: 
was reacted with wa~er to for~ uranium hydroxi~~. 
Eecause the evolution of hydroge~ rr.ace the Fro:sss 
dar:gerous, e:-:"te::s:.·,re i::str~er:-:a'!:ior:. was nro·,-!.:::~::. 
to contro~ the rea~-:~cr: ra~e a~d ver:~ila-:~or:. 
Spec~al prcv:..s::..o~s were made for a.~ err.erge~cJ::.. 
tr.a eve~~ t~e process were ~c go ou-: o~ cc~-:ro:_ 

- Ma!!inckrod~ desig~ed e~d cons~ructed a sys~e~ 
using a very high spee~ recorder to mo~itor t~e 
speed, posi~ion a~o hy~~au~ic pressure o~ tr-e 
extrusior: press. Because t~e tine for t~e e~~:.r; 
operation was as ~ast as five secocds, de~ec~~o~. 
devices were ~va~ua~ed for respo~se speed ar:d. 
integra~ed i~to tr.e sys~e~ • 

T~e Com~a~y ins~a::ed a ~recess to collec~ a~c 
r.eu~ra:ize S'z.p :~~~o~ a~to~a~~cal~y :or~~~~~-=
recover:,· o:: a se:.::.-cor:tL-:uot:s casi.s. 

The Cor.:ta!":..):- Ces:..g::eC. a::C. c..sse=i~le:i fro~ s::c..!"::.s.:£:.= 
co~;c~~~~s a:: a~~:~g co=~~ter ~r.a~ ~e~~~~~ei ~a~!~ 
dete~.::1!.::e:::..c!":. cf t::e U!"s.:::.~~ ar:=. ::!-:: .. ~: =-~=-=- ~-,·-==::: ~ 
of extract:.on feed ba-tc.t.es. T:.:.s dcv!.~e ;:ro·:::..::.:::: 
a means !or cieter~i:1ing what •ro2.~es o:~ d:.e;es-: =-
recovery c.!':d n~tric acid so:ut~o~s were rs~~:.re~ 
to make up a feed bate~ havir:g a d:S:..!"ed c::>~- __ 
centrat1or. and vo:u.me. 

Ma~linckrodt devised a ~ethod for meas~ring ~~= 
a.~ount o~ ~ydroger- ~luoride (P.F) i~ the ~ur~ac~ 
of off-gs.s i'roz: uraniU!:l tetra:'luori~e {UF,,) 
productior.. The.gas was condensed ar.c the cot.= 
centration ~f HF was dete~~ined by cor.ductivi~y 
rnet~ocs ~s~~g a s~eciellJ des~gned ce:1. 

• 

• 

• 
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- A "UT-2 Core Tester'' that had been develoned 
originally at Ge~era~ Electric, Hanford, -
WashingtonJ was used to test uraniu=: cores for 
grain size, cracks: etc. Mallinckrodt carrie~ 
out development work that resulted in improve
ments to the mach~r.e, end modifica~ior.s were 
made for tes~ing m~y new core sr.apes . 

Deve~onment Of The Sol-Gel Thor~a Process 

In 19E3, interes~ increased in the thorium - 233 ~ 
production cycle, and the A~om~c ~ .. ergy Commission d~rected _ 
Mallinckrodt to explore metl::ods for i:rod~cing a der:.se t~o!"ill!:. c:-:i::::: · -
suitable for use in such ar. opera-:~o~. Ey the er.d of 1963, Ma:::..~i~rcc-: 
had a·e.'!lonstrated a sol-ge: i:rocsss :.~:Jr producing de?:se t.horia c:: a 
plan~ scale. · 

process 
Subseque!":t deve~c;:!':!e!":-:s "cy :,:a:.:.i!-:ckroc.-: 

i!nprove::1e::.~s and i!':.::C\ra-:::~::s. 
f.-'.~-·· --...., ___ ,,_ .. 

The fi~al process e~p:oye1_a flu:..d~zej bed de;.~tra-:o!' ~= 
convert ~horiwn-nitrate solutio!-: to a tr.o~i'l.:!:.-OXide sol. The sc: 
was dried to gel in pot ir:.s-:alle::io:::s tr.a-: were used. previously :':-~ 
the production of uraniu.~ t~iox:..de (~Ca)· The gel was der.si~ie~ =~ 
high-firing i!i i:1ductively hea:~e:. g"!'a:;i:~1 te crucibles. 

Mallinckrodt pr~d~~sc apfroxL~ately 5cc tons or·thor~-:i.;. 
oxide at Weldon Spring in t~e first large scale use o~ the soi-ge~-
process for manu~acturir.g de~se thoria. 

The followi:1g r:~~bers re:~e:!' -.:.::: "c-:..~~!.ograp:-:y e::"":r:..es w:::.:::-_ 
are ~he princ:..pal source~ f~~ ~~~= 1:~a:..:e~ i..~~or~a~io'- o~ t~e 
te-c:".r;.!.ca! c:s-·:e:op:is::-:s =:..s~::s.::.:::· !..:: ::.:!.s ;~"'~ :,.= t...:.:e . .rs:;or!: --: =w::: 
67, 69, 71, 77, E4, 13~, :~l: :~~, 2::~ 2:~~ 2~~, 219, ~22, ~~~: ~~~. 

Additiona: r=~~~c-cc= ~a; :e ~our.din so~e o~ t~e s:~r==~ 
indicated above. 

# 
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Sec-:ion !!I 
Part l 

The Government's urantu.~ development e...~d productio~ 
activi~y operated by Ma~linckrod~ Ctemical Works i~ tr.e St. Lvu!s 
area moved tr.rough several orga~iza~~onal and managerial pr.ases 
during ~ne period fro~ its inccp~ior. in 1942 tr.roug~ ter~~~a~!c~ 
o~ the s~a~dby con~ract in ~9c7. 

~uri~g the firs~ phase, fr=~ Apr!l, 1942, ur.til ~te 
~o::owi~g ~a!l, the operation was pr:.:nari!y a researc~ proie:~ a~ 
the Mal!inckrodt pl2...~t. The chie~ &:tivities were directe~ towar~ 
deve!oping a satisfactory ether-extraction process for cor..?:1er~ia::y 
purifyir.g crude uraniu.~-ore conce~trates in order to produce tig~:y 
pure uran!um compounds for nuclear reaction exper~~ents. 

T~e second phase was fro~ 1942 to 1945, when the activi~y 
still at the Mallinckrodt plar.~ -- ~as operated as a productio~ 
project. Dur!~g the_earlieS"t s~ages of productior., the only ma~er::.a:s 
produced were urar.ium trioxide (DO~, or ora.~ge oxide), 2...~d urar.i;;,.~ 
d::.ox::.::.e ( uo .... , O:!" b!"owr: oxide) • T!-.!:: 11produc1: line" was expa!:dec. ·ia:::; 
i~ 19L2 to fr.elude uraniu.~ te~raf:ucride (UFu, or gree~ sa:~), a~c 
in Ju:y, 19~3, M&llinckrod~ s~ar~ed its first urani·~~ metal Fls::.~. 

Majer g~owth i~ ~u.~t~r o: ;~rsor.ne1 ~~p:oyed, scope o: 
'·'o,...:r ~r.c.· ...... ;,... •• S"...,,-· I~ ... ~ ... ~-.:: .. - ... .., .. ..,....,...-:·.;.-, ..... ...,,·,cJ·t:. -·,..._..o,-"' -J.-:- r-;..c ..... , ...,. :'•·./ --==-- a ... ___ ,__-;:~ -------:: ... .;-. ., _ _,..,.,._ i.. ••• Ue, ... ;;1.,.:... -··-

grOW~h period be5an w~~r. tte t:sig;. :~d constructio~ o~ ~te re:=-~=~?· 
at Des~re~an Street, a~d continued ~~rou~~ the subsequen~ ercc~~o~ 
of a ~oiler r.cuse: servi~e o~!:~::.~g: r.~~a: ~~ar.t 2...~~ g~een sa:-: 
.facili "ties. 

The decision to bu~~d a.~ a1d~tio~al plar.t at Welder. S~r~~g 
and to change to a cost-plus-fixed-~~e co~tract required anotter s~::.~~ 
in managerial and organiza-:ior,al e~;:.asis in ,1955~ 
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. . :With. the opening of Weldon Spring in 1957 ~ - the S't. !.o".!:.s-
·a;rea uranium operations went through a new evolutior.ar.r · cycle·. 
Operations at Des'trehan Stree't were phased out in 1955. T!:e 
refinery operation at Fernald, Ohio, was shut down i~ 19C:2_,_ T::e:: 
there was a gradual reduction of the operating scope of the A~2-
Mallinckrodt contract until final termination in 1967. 

Each of these different ~hases required changing orga~~
zational structures, and manageria: plans and progrS!:".S -- to ~se: 
the requirements of the contract. 

Backizround 

Malli~ckrodt bec~e invo:ved in the firs~ ura.~ii.:..~ ~r~
cess::.ng because of the Company's outstanding reputation for sa:'s:-:;· 
producing r.igh-quali'ty ~roducts. T~ese i~cluded diethyl e~ter a::c 
r.igh-purity che~~cals. 

The Ur.iversity o!. Chica~~ researchers who were wor~~::g ~r. _ 
the wart~~e r.uclear reactor ex~er~~e~~s ~ound that ~r.ey r.eede~ ~~~~:~~ _ 
pure uranium as fuel for 'tr.e reac~or. They k.~ew t~a~ im~~re ~~a::::.. 
cor.centrates could be purified by ex~raction with diethyl e~hsr, :~:: 
that ether was exceptional~y hazarco~s. Dr. Arthu.r Eolly ComF~~~ 
and others from the Chicago tee..~ asked several majo~ ~he~ica~ pro-· 
ducers to prepare pure uraniU!Il for ~!'1e project by the ether !?le:.::~·:::: 
but they all declined. 

As I>r. Compton po:!.~tec o-.r:. :..!1 h::.s boo?i:, ./1.-:omic Ques-::: 
which re2.ates the story o! ~r.e A.~er:.~~ wartime a.tonic projec:.: :.~e 
m,sn",.lfacturers who were approac!"led a:.c declined were r:ot· o~ly e::~ag:·d. 
a2.ready in war orders, . • . 11

:Ei;."':: a:so, 'ttis was a -cask t::e:,· c:.:.:: -::~::= 
want. E-;;her was not only explos::.·re, b·,;t erratic as \-:e:.2.. 11 

Dr. Compton exp~ai~ed t~~ ~=~so~s ~or tur~~~g to 
M2.lli:;.ckrod t: 

"My mind turned to :Ec~·ie.!"d Mal:inck.rod-:, Jr., 
of St. Louis, whose rslatively small ct-a~~cE: 
works specia~!zed !:: ~he production of both 
ether and pure ch~i~a:s. Twenty years before 
we had known each other well a.~d had spent 
many hours discuss~~g the factors that m::.ght 
be responsible for ~he tricky explosions to 
which ether is s~b~ect. Mallinckrod't r.ad a 
well-earned re:;;:u:.a-::.or. !or cau·tion. Alor.g 
with this was a~s~ a r~~arkable record for 
the safety of his e~ployees and a traci~ion 
of s'.:ow care in r.ak:.:.g i.1?1i:ortant decisions. 
We needed h~s care!~:~ess and his exuert 
k~owledge of hew t~ ~and~e ether, bui we also 
r.e:ied fs.s:. ac.:!.::::. ·• 

• 

• 

• 
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Mallinckrodt's Exnerience And Qualifications 

Mallir.ckrodt's unique qualifications, incluc~r.g i~s 
"~rac.!.-~ion of i::~egri ty, 11 had been establisl:ed i!'l its e:e.rly years-, 
prilr.arily under ~he direction of Edward Mallir;ckrodt, Er., who 
together with his two brothers, Gustav, and O~~o, founded the 
Company in 1867. 

Initia:ly, the Co~pa~y produced chlorofor.n, spir~~s o~ 
nitrous ether, and ar. extr~~ely pure grade of the co~-~only used 
disinfec~ant -- carbolic acid. Although the Co~pany a:.most 
collapsed in bankruptcy twice during its early years, the brot~ers 
would not give ir.: they ate, lived a::d slept their business. 

No detail escaped tteir a~te~tion. For·ex~ple, a 
slightly crookec labe~ on eve~ or.e s~a:l bot~le had ~o be re~lace~ 
before a~ order wcu:c be stip;ed. Ear~ a;.t car=f~l work co~~~e= 
w!.~h ""C!".e ~12.11:..::c!'C~od~ 1 s e:<ce-:.le~~ tt:.si::ess s:~se sus-:c;.i~ed a::c! 
r.urt~red the Co~pany in i~s ~~rs~ years. 

T~e bro~~ers• re;u~a~~o~ ~or q~a:i~y was es~a~lis~e~ 
ee.rlv. Z~ May, 1369, a repo::-~er wr~~=-~g abo~-c med~ci::es said, 
11 

• i.:' we mus~ take the!:i., le-c us l:e.Ye tl:e best • . .. fro!:l t::.e 
ME':ssrs, ;~aJ.:inckrodts' we a.re sure to get the 1 :ree.!. s-t~:'f. 1 11 

I~ De~e~ber, 189E, t~e Cc~~s:.y 1 s ~i~th yea~, C~~o 
Malli::ck~odt d~ed. W~e~ Gustav died the •following ~ur.e, the e:.~ire 
::.-espc:-:s:..b.::.:!.i~y o::' the business fell to Edward. 'Ir.e Compe.!'ly 1 s prc
gress duri~g the next ha~f ce::~~ry d:=or.s~ra~ed r.is ast~ter.ess a:.~ 
e.b!.li-:y. 

As t~e fir~ grew, .::.:s c~s~::ess met~ods, busi~e:ss st~~c:~rs~ 
a;.d proc~c~ :i~es kep~ pace. 

I~ 't:'!: :.=5Cs, !•!a:::.,.:k::-c::.-:; b'=g&.n tro:i"J.c!::g a r.~"?':.::er o:::' 
!'le·w ;.:'~:.:=.=·-:.:· :.::=:.::.=!..::~: ::.:1 .. ;:.=.:::.:; ===~~:::; r-:;c.~~~=.:.. Fe!'o:~.:.oe; 
ta.'1.'1.::.::, gal:i.c a,.d py?oga::.:..:: ... ci=s; ~:..:::;r..or:-e-c::ylrr.e-:::e.::e; a::c !'::~!::: 
o~hers wticr. ars ~ti~l L~por~a::: 1.::.r.;s today. 

Dur~~g tr.e l920s, xa::ir.c~r~dt· esta~:ished ~~a~ has bee~~= 
one of its mos~ famous lines -- high purity a.na:ytica: reagents, 
whict. are used i:: commercial a.'1d ur:i~,ersi ty laboratories for 
research a.~d to test the p~r.::.~y of o~her che~icals. During the 
sa.'!le pe:r:!.od, the Company d-;•;e!.oped a ~ajo?" new medium for x-ray 
v~su~:i~a~ion o~ the gal~ claj~~r, ~:.d also bega..~ producing 
p~er.ccar~ita:, a product o~ w~~c~ i~ remai~s tr.e chief supplier. 
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In February, 1928, Edward Mallinckrodt, Sr., d~ed, 
ending an illustrious career of 61 years -- all devoted to the 
Mallinckrodt Chemical Works. In addition to his business achieve
ments, he attained recogr.itior. as a philar.~hropist, having made 
substantial contributions to educational and other institutions 
including Harvard University in Cambridge, Mass., and Washington 
University and St. Luke's Hospital in St. Louis, Mo. 

Edward Mallinckrodt, Jr., succeeded his father as 
Chainnan of the Eoard and successfully carried on the fir~'s 
utradition or integrity." When the younger Mallinckrod-c assu.'lle:i 
direction of the Company, he already had 24 years of working 
experience in the enterprise. A dedicated scientist, he had 
initiated and directed the firm's research which was so succe~sfu: 

·in greatly improving ether as an ar.esthetic. 

Under his leaders:-:.ip of .:.he Co!:lper.y, quality was g:. ·.-~~ 
more absorbing atte;.tion tr.an be~ors, e.:-.d i~ spi~e of the de
pression, the decade of the 193cs was, for Ma:linckrodt, one o~ 
progress and positive change. Es;e~ial:y sigr.ificar.t was th; a==!
tior. of a nu.1r.ber of Pt:.. D. che!:-:ists who were assig:1ed t·o ~ ..,~rove o:.::. 
products a:;d processes as well as to seek new ones. 

The energy, insight and fores~ght of Edward Ma~:inckrod~, Jr., 
was representative of the capabili~y of the e~tire Ma2li~c~rod~ ~a'"ag;
ment tee..~. ¥.L!". Mallinckrod~•s capacity to grasp new ideas ar.c to 

• 

throw h~~self wholeheartedly i~to new projects was never more ob'iious • 
than on that i.~porta.-:t April day ir: 1942 when Dr. Comptor., D!'. i~cr=.a:-. 
Hilberry, and Dr. F. E. Specc~~g arrived in St. Louis to see tk. . 

T~e three scie~tists ex;:ai;.e~ ~~a~ tr.ey urgc~~:y needec 
special uranium co~pounds in tonnage qua~tities. The co=~ounds 
previously hec been made or.ly o~ a ~est-~~be scale, and ~oreover, 
the needed t1a::erie.!. he.d to ha~,.-e a Cei;!'E-e o~ puri'ty seldo~ a~ta!.!":ed 
even in the la~oratory. 

Mr. Mallinckrodt's acce~~a~ce o~ the challenge was e~~=e-.c; 
of his confidence in his compar.y, i~ his Company's organization a.~c 
ma.~age~ent, in his technical d~rec~ors, a:-.d ir. other employees~~~~ 
whose skills success would depe~d. 

His confidence was rewar~ed. Ey May, samples o! the 
uranium products which had been re~uested we~e shipped for tests, a~d 
they met every requirement. Then, overcoming the pressures a.~d ta~d!
caps of a war-cime situation, the Co~~a.~y des~gned, procu~ed the e~~~p
ment fo~, ar.d built a produc-cion-s~ale ex~rac~or. By Ju:y -- o~~Y -
th~ee months after the original request -- the Company was produ~~~g 
the r.eeded ura.~!u.~ on a scale o: a ~or. ~e~ day. 

• 
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Dr. Compton recognized tr.e Mallinckrodt: organ~~a~!o:::•s 
importa~t contributions t:o the atoffiic energy project -- cot~ 
technica:!..ly ar.d in terms of patriotism -- when he wrote, 11 As :!.o:::c: 
as we have in responsible positions men w~t:h such v::..sior.~ s~c~ a
spiri't of adver.ture, and such earnest con·cern for doing -cheir 
share toward the safety of the nat!on, we have good basis for 
confidence in our country's future. 11 

Contractual Arrar.~e~e~ts 

The initial research projec~ a~d cor.struction o~ ~he 
batch-type extraction system was cor.ducted entirely upor. a le~~et 
of in~ent which resulted 1n a for~a~ con-cract on~y after the 
delivery o~ the ir.i~~al material to the Ma;.hattan Distr~~~ in 
July, :91.:.2, 

T::e cor.tractua:!.. arrang-2::e:-::s we.re n:ade di.;r:..ng a ·::.s:.-: 
by Ma.l:::..:ick:rodt perso::ne: -co 'the t."!::..-,ers:!.ty o~ Chica.go S!':.C!"-::...'.i 
a:::'-ce:- I:r. Co:n:E=tor. and l:is e.ssocia-:es had v::'...s:!..--:ed M!". Ma::.::..::ct==!~ 
::..r. S::. !.~u:'...s.. It beca.'r.e obvious that sir:ce Ma:!.li::ckroc.~ :-:e.s t.c 
:ta.·;e C'..).stocy o-:: ura."!it:.m worth se•;ara: hur.d.red 'tbousa:.c. c.c::a!'s, 
e::d s~::ce ~he Co~;er.y would be i::s::a~ling a new p:ar..t t:o to t~e 
process:..~~~ i~ wo~ld be necessary ~c estao:ish some for=.;: agre=
ment, 

D~. Com~tor. ir.dicated tr.at he had available fro~ 't~e 
Na-c.ior.al Defens-=c Research Co~::iit-cee a:. a:r.:our.t be.:wee:-. $::..c.,ccc· a:ac. 
$2C., OOC wl::.ch could be used to su:;:pc!"t the wo:rk. He sugges-:ec. .:::a: 
Mall!~ckrod~ be paid_,15,000 to beg:.:: wit:t. 0:: the basis o~ Dr. 
Corr.p~o::'s o!'a~ ass~ra::ce that ~his a..~oun~ would be forthco=.::..r.g, 
the ~a:li::ckrodt tea.~ ret~r~ed ~o E~. Lou:'...s to beg:.r. work~~ ~C= 
~~"~o-- C~o,--•y •~ero~~--~ the ~---e."Y reC 0 ~~-e~ S, 1e-•e~ 0~ ~-..,,u-'-~• .. --:'·.•"'- v.~ ---"'c:=-: __ .~ _,.,,.,., .. ~ .. _.a.,-., w. •""'"". _ 

::.::te::t ;.!..e~g1.ng t!"-.e s·.:::;. o~ $.1.:,,CO\,,,. 

-w- ....,., c: --:>-.:r . .:----..! ~ ~.,..:.~~--:: J.Jr. :c:n:ctcn related .. "Th:.s 
.. • '. - - - - - - • - "'.._ - -... ;:.. • , -: -:,-· ,..,- ,,~~ - ;., - C: •was, -~- ea?"~] ::.!.C.j•, ~~.._::., .:::: ..• -E: !T"-·---c: -c::.vC-:: \.O_One_ a. J.,• .,,_'- ..... C--

droppSd i~ a~ rr.y o~:!cs. •;.. E.:' ~= sai~, 1 yc~!ll be i~::erss~~~ 
to k~ow t~at ws have !~~a:ly s!.g~ed :he co~tract w!:h Ma:l:'...nckr:~~ 
for pr~::essing 't.::.e f:..r::-; s!.:c;y ~or:.s o:' uran::.u.m. It was t.hs rr.:::-s-:: 
unusua:. si-:uatior:. tr.a-: ! ha•.re e·,er rr.et. The last of the r.a-:e:-:..s.: 
was s~::..~ped from their F:ant ~r-e day before the terms were agree~ 
upon a::d t.:--.e cor.t.ract signe1. 111 

The initia: c~~:ract was =~d!fied several times du:ri~g 
:r.a 25 ·Jee.rs of Mallir:.ci:::-:-c::·s par-:::-~ipat!.on in the Gover:-s.er::::'s. 
atomic energy work. 

.:. 
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Fron:. 1943 to 1946 wben t.:.e r.;a_rfr,a't-::an E::g::..:-!eeri:.g :-:.st?':.~::
supervised the activ~ty, ~he cor.trac-: was a~~inistered on 2. u~=-~
price basis. Under the ag?'eement, Nallinckrod-: was re-:::r.bu.:rse:: for 
its operating cost and ir..ves~::nent ir. invento:::-y accord:.ng ~o a u:.::.-: ··
price which was based upon the conversion of raw materials to 
acceptable, specification-grade uranium oxide. Wher. t~e A~o~:.c 
Energy Commission took over s~pervision in 1947, this contra~~ua~ 
arrangement was continued ar.d it re~ained in e!fect thr~ug~ 1955, 

On January l, 1956, the co~tract was a:~ered to a cos~
plus--:fixed-fee type due to the uncertain star'tup a?'rar.ge?r.e::r.s ~::>'!' 
we:don Spring, a growing probab1..li t~r of Ui.1Usual productior. de:::e.::~s 
by the AEC, and the difficulty of establishing raw materia~ ~ua:i~J 
prior to receipt in St. Louis. The cost-plus-fixed-!ee cor.~rac~ 
re~ai~ed in effect throug~ June, 1967. 

Or.=a!1iza-:"ion 

!11a:!.~ir.ckrodt 's ir:::.::ia~ urc.:-:.:.un pilo~-p!.a.!:t e::'~o!"-: !.!'", :fq~ 
cor.sis-:ed of approxi..'!'late:y 2.q. pe.:r;::.e -.1or::-::.::g as a s :..:.g:..e :;:ro: i::!: 
g~oup ~~Ce~ t~e ~~~e~i~te s~~e~v~s~~~ o~ a ;r~ject ~ar.&ge~. 

• 

Be~weer. 1942 a~d ~945, 'the size and scope of ~~e ~rois:-:: 
gracua!.ly grew. :Res ee.rch, w!::ict. had been a s ::..g!'li:'icar.-: ac-::.-:::::,· . 
from t.r.e beginning, continued to be importar.t; ar.ci proc.uct:.~!'; ,;:::.::::-. 
had been somewhat lL7iited at first, steacily i~crea.ssd in L~For:£~~= 
becoming the project's major fur.ctior.. Ey 1948, the projec~ ~~~:oys~ • 
~50 people and operated api:?"o.xi.rna't~ly $12 :m.!l:.:l.or: wo::·tr:. o:' eo·:~1·:-_-:.-e:-:-:-· 
owr.ed equipme:1t. 

W:.th these char.ges i~ i~s size ar.d sco:;e, t.::e :;::ro:e~: :-fas 
re-org2.r:iz.ed in 1956 into a s emi-ir.de-oe::der.t acti·v·:.-::,· wr:.::..c~ ·was 
identif'ied as the TJre..--iiurr. Di vision. It. oce:-at·e:i as a sere.ta-:~ ~:-j:::':.:~ 
Ce,.te.,. .,.es .... onc:.:·o·e ""or cer•--'r, e.c:c:~ ...... e~ _;:;,...:.,.~s-.,.2.--'sr,;. .... :-........ - ........ :. 

... - - ~ "'-~ ~ J. - ..,,d,_,.,. ----!:·· -'- c:."""""""'.:...:.- .. _ _,...., - ~ ........... --'-; .... ~ 
associa~ed or.~y wi~~ the urar.i'..lT. we~~- The pa~;~~ cor;ora:~~~ 
retained responsi=i~ity for tr.e nor~a2 b~sir.ess =~~c~!o~s ~o: -:.::.::.~~= 
to the u~ar.iu.T. e~fort. 

~!'le specific fur.ct::.ons of -:~e ne~,i Urani~ !:':!. •;isicr. o~-g!?.:::.
zation were the following: 

- Ma~ufacturinE -- The D~vision operated gove:-~.:::e~~
owned equ~p:r.ient to produce puri!ied u::rar.iur.: tr:c:-::.::e, 
ura.r.ium dioxide, uranium tetra~luoride, ar.d ura~:.--=-~ 
~etal in tr.e forn o: recuced regu2! or reca~~-:.!'"~crs,_ 

- o~alit~ Control -- The Divisions' que.!ity co~-:r:: . 
laCora~ory Frov~Ced comp~e~e s~e=!~~ca~ic~ ~es~=--~ 
cf all rc:.w materie.:s., reagen":.s: ar.d f::..n:.sh.ed ;:::o.:".lct; 

• 
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- Research -- A s~all research end develo~me~~ o~e~~~~c!: 
for process and product improve1nent was ma~nta~r.;= 
as an adjunc~ t.o the quality. control laboratory. ,. Ir_ 
cl94.9 :..;-~ 19·51, a· s·epa:rate pilot plant :aric ·· a sepa:r·s::: 
research laboratory were constructed as·pa.rt of f::e 
Destrehari·Streetfa.cility:; The operations there 
gradually increased in size and capab~lity, and~!: 
1956 - 1957 they were relocated at Weldon Spring. 

- En~ineerin~ -- The Division established and ma~~~a~::=~ 
its own engineering staff to deal with the· spec!.:'~:: __ _ 
problems of radioactivity and ventilat~on. 

Disnensa~v a~d Health Services -- The tivisior. crEa~e~ 
ar.d rr..ain-ca:..r.-sd a heal th depa!"tment equ!~pe~ to pr:;·.,-:..,:1; 
er.1ergency fi~st aid treatment and su~vei~~a~ce o~ 
med!cal exa:i.~a.a~io~ progr2.!r.s for all B~vis~o~ e~
p:!..oyees, a::c. to dea: with a:onor:nal a::1 ~o-:e!".::~e.:.:.:l 
hazardous wo!'k:.ng c~r.di~ions -- such as ~~e p!'ese~=e
of :radioact:.v:.ty a:::d the ha:-:dling o! 'to:<:.::: r.ea:::i -

. , • • 1,- f ~ f. 1 . . . d ~ i. (-me-:.a_s l.!'l ~ •• e or:n o:t ine y a1.v::.. e-.; ox aes. .re!' 
a~ci~ional i~~or~a~ior. on the heal~h e.::c sa:!':~y 
operations: see Section III, Part 4.) 

- S,rcno:rt Ser·,:.:::es -- Sucoort services o:!' t.!:e D:.·,r:.~ :.o:: 
included: boiler and steem supply -- incorfora~e~ 
ir.to the Des~rehar. Street facility as a sspara-:e 
insta~le.tio~ exclusive of the me.in Mallinckrod-: Dla:-:-:: 
warehousing; laundry and decor.ta..~ination facil!~~=S: · 
wtich were ~~ique i~ comparison to most o~her 
~!a.lli::;ckroc-: cperations; an extensive library, w::~:::: -
contai~e~ rr.a~~ly classified anc unclass~fied tec~:..!::a~ 
re;o:-ts a:-:,:: jou:-!1a:!.s; and an ela'bora-:e p:ar.:. se::::-:.-::: · 
s:·:;-.;e:::-. :.o :;;!'::::ect ar!d mai:-ltain contra::. o-;er c.a-:.a a:::! 
:;~~ .. =--==-=:::: -.!:.::~~t. ·w::r; classified. (For e.=.d.!. :.!.:ir:.:..: 
~~~o~=~~~=~ ~;- pla::t secu~~~y, see Se~~~o~ !I:, :a~~ 3-~ 

- . .::.=:.!!:is~re:::.c:-1 -- Ad.."'!".inis'trat~•;e acti•;::.:::.es ir.~:·..:::.e::. 
reos-c e.s:;:,ec~s of con-:;·ract adniinlstratic:.: cos'C a~~~:..::~ 
ar.d p2·cpertJ "::ontrol. 

Eeca·.1se :n.any parts of' the operati~g contra::-: ,;e:--e 
classified, contract administration was conduc~e~ 
se:arat=l7 bJ tr.e Dra~ium Division instead o~ by-:~= 
~arent co~poratio~. 
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Under the contract, a fixed unit pr~ce was ~o be 
paid to Mallinckrodt for eacr. pound of produc~ pro
duced, with the provision for renegotiation based 
initially upon cost each quarter and subsequeP.tl:,· 
upon cost each four months. To meet the needs of t~e 
parent Company's standard cost system, as well as t~e 
Division's special need for a negotiation basis, 
special accounting systems were implemented by ar: o~
site accounting department. 

The contract required tha~ Mallinckrodt be 
responsible for certain quantities of govern.~er.~ 
property. To meet this responsibility, the Divis~o~ 
established a property contra: group which ad:n~~~s:e~sd 
effective property control systems. 

- Material Accountabilitv -- Because of the r.~g~ cos~ 
of uraniu..Ti a::d i~s ex~reme strategic va:ue, par~~:u:ar 
err.phasis was placed upon the mai~tenance o~ recorcs 
relating to the l~cation, che~!ca~ comp~~i~~~r.: _a::d 
assay of all uran~u.~ ma~eria:s UP.aer Ma~~ir.~Kro~~'s 
control. The Urar.iu:n Divisior.' s ma-;erial accou::-:.a.--:. 
bility group beca.~e well k~ow~ througho~~ the A~: 
for the thoroµg!".I].ess of its record syste!:15, for ::.::s 
accuracy aria fe:>r the s'evera.l i~novations wtich i-: 
ini~iated. (For further detail on the materia: 
accountability operations, see Section III, Part 2. ! 

Prior to 1956, the organ~zation of the Uraniu.~ Divis!o~ 
not ir:clud~ provision for purchasing, ger.eral ~edger accou~t::.~g! 
bill:.~g, payroll, personnel, a!:d ir.dustrial rslations f~nc~~o~s. 
staff s~rvices were provided by the parent corpora~io~. 

,..;.: ...; ... __ 

Whe~ the decisio~ was mace to cons~ruct t~e we:~or. s~~~~~ 
facil!.ty, it bece..TJe P.ecessary to origina-:e a nsw mc~e o.:' o:-;ar:!.za-:~::.:-. 
for ~~e Ura~iur.i D~v~sior:. I~ was deter~~ned t~a~ ~~ accoi..moda:e ~~=
cos~-;~~s-~i=<ed-fee type contract, the Uranium Division wou:d ha,e ~o 
beco~e a complete:y separate and essentially autoP.omous organiza~~or:: 
e.ltr.oug!'l re.!:lai~~g ~ith.in the basi~ Mallinckroc.~ corpora~e s~ruc:.~re. 

On this basis, starting in 1954, the require~en~s for 
operating two plants -- Destrehan Street and Weldon Spring -- ur.dcr o::e 
central management group were studied. 

An organization plan was developed u!"lce.r ·wh::.ch. each p:ar:-: 
was operated in a line fashion under the supervision o.:' a plan~ 
manager with staf£ groups responsible to a Division Manager who wa5 
located at Weldon si:ri~g. rrew staff' !unctio~s -- i~cl-:.:d:.r:g p·..1rc~as:.::g, 
accou~ting, and adminis~rative services -- wr.!c~ had r.ot beer. ~er~~r::.ed 
prev:ious:y by the u~a~~U."l D::..•rision were added. 

• 

• 

• 
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The two plants were operated and coordinated s~ccessfu~ly 
under this organ1zation plan from 1956, when the water plan~ and 
boiler house started operation at Weldon Spring, until the activi~:.es 
of the Destrehar. Street facility were ter~ina~ed in 1958. Durin~ 
the period, the plants effectively met all of the require.:r.en-:s of _'t::-€ 
AEC. After the Destrehan Street operations were ter~inatec, the 
organization of the Uranium Division was modified to mee~ the needs 
of a one-plant operation. 

Beginning in 1956, the UraniUir. Division prepared 
zation charts each January and submi~ted them to the AEC. 
charts are on file in the Operations Of£ice at Oak Ridge. 

Mana~ement Structure 

orga.ni
These 

T~e managa~e~t history of the Gover~.me;.'t 1 s S~. I~u!s-area 
ura::iUT.'l opera-:ions can be c.ivide-d into -t::ree- d:.st:..r.ct per:.~c.s. 
During each of the three periods, Ma~li;.ckrod~, as a cor;cratio~, 
had official respons~bility for managa~e~t o~ ~~s uraniur. a~t:..vi~!e:. 
Mallinckrodt emp:oyed a dif~erent ma;.age:e;.~ sys'tem· to ac::~~=-s~e::-·
~he work during each of the three pe!'ioc.s. 

In the first o~ the .three periods, from"'"J.942, U;.~i: l9SC: 
Mallinckrodt mc.naged the uranium e!'fort as a "project 11 w!:ch a 
"project manager" directly in charge of 2.ll the project actiY:.ties 
and personne.l. Mallinckrodt· selected the project manager, a.'1 
employee of the Company, with the appro·-121 of the selectior:. by ,::-:-s 
Gover~.me;.,:. Tr.e project mar.ager was assisted by a tec~~!cai di~e:::o~ 
and so~eti~es by an assistar.t project manager. 

!n cia~r-~o-da.:t ir.teraction bet·~een the Govern.~e:::: e.:1~ 
Ma:lir.c.;crod-::, ~he pToje~t mar:age:::- ser·.red as t:he recogr.izec Comp~.:: 
represen~a:::'..·;e f::,r the urar.iu."n opera-:ior.. 

!,!a::~:::k~oC:t: ~ple:r.en~ed a se~ond ma!"lagem~nt s:.,s-:e:n d~r:.::g 
t~e per:.oc :·.:.~:;:: :.~5.: :.~ 1955. A:: the beg:.r..ning of the :per:!.od, as 
noted in t~e acov~ sec~ion on orgar.iza~ic~, tr.e urar.iun e~fort was 
re-o::-gan5=zed 2.s 2. sefarate Compar.y di,;is:'..on -- the ti.rar:::..:..':l D::.·;is:.o::. 

T~e chie~ au~hority for re2nage.~ent o~ the Di~is:.on was 
the "Division ma:-!ager," a Mallinckrodt employee appo:.nted i:y 'the 
Corr.pany wi,:~ the approval of the Government. In ordinary rslatio~s 
between t~e Gove~:1!!lent and Mallinckrodt, the di~ision ma.::a~er was 
recognized as ~:..-a Company represe!'ltati ve for the Uraniu."ll D:. visi:::>r:. 
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Departments were establ:..shed within the Uranium I:,:.,,-:.s:.~:-:. 
to carry out line and staff functions, as described in the above 
section on organization, which were unique to the ura!'l!um cpera~io~. 
Each of these departments was managed by a deFart~er.t mana5er w~~ 
~as responsible to the division manager. 

Personnel, finance and other ordinary business ac"ti·Jities 
not peculiar to the uranium operation were managed by th~ parer.~ 
corporation. 

The third management syster. for the Ura.niu.~ Divisior. was 
established in 1956 when the Urani\l':?l Division was re-orga.::ized ~c 
operate as an autonomous unit operat~ng two separate plants. 

The new management structure was sL~ilar in some respec~s 
~o the one just described. A div:..s:.on manager was the c~:..e~ ma~a~:.~g 
a~~hority for the entire urar.ium a:~:.vity, and he served as ~~e 
Co~peny representative in day-to-!ay relations wi~h the A~:. ~ 
ac.di'tion, ciepe.rtment managers SU:Fer·,:.sed. and contro;.led opera:::..::g 
d~par't~~nts carry:.ng out specifi: f~~ctio~s of the riv!s!or.. 

The distinguishing charac~e~istics of the third ~E.!".a~e~e~~ 
syste~ were: (1) Each of the two p:a~ts was opera~ec ur.cer a 
separate li~e-organization manag~~e~~; (2) S~aff fur.ct~or.s :or ~o~~' 
p:ants were supervised by a sing:e, central manager:1ent g·ro't!:;i loce::c:. ·· 
at Welder. Spring. 

At each plant, a plant ~a~agar served to direct t~e l~~e 
orgar.ization functions wr.icr. inc:~dec. ad.!!linistraticr. and ma~ufac~~Y~::~. 
Eact plar.t manager reported to tte c:::..vision manager. 

I~ addition to the pla~~ ma:lagers, a single, para __ e_ 
middle manag~~ent group was intro=ucej to manage spec~:ic s~~~~-· 
orgar:.ization functions -- ai"!linis-:ra-:ion, persorme:., tec:-~i:::a:. c:':=-=.c:;
ment, anci plant engineering. Se;ara~: mar.agers were=-~ c~arge o~ ea:::~. 
o.:' these functior.s, and ea.:::: n:ar.afe'.'!' reported direc-:;:.y -:~ -:.::c .c.!·,:::..~:::..:::: .. 
?r..~ager. 

T~e sa.~e basic manage~e~-: s~ructure for t~e ~~v:..sion was 
continuea a~ter the activities a~ the Destrehan Stree~ plar.~ were 
termina-:ed. The only di!'ference was 'that only one plan't line
organization managa~ent remained -- for activities at Weldon Spri:".~. 

Managers 

The initial work on the uranium projec't, fror. Apr:::..l: l~~~, 
until Fall, 1942, was carried out ur.der the supervision of Dr. E. ;; . 
Farr, technical director. Dr. J.E. ?.uho~f was active on~~= pro:,e:::~ 
un'til 1943 when he was recalled 'to Ar~y service. Almos~ i!?'.:ne~:::..a~e:y, 
he was assigr.ed by the Ar"J'.j. to WO!'k on tte Manr.a't-:an ?::-:>j ec~. 

• 

• 

• ~-,-------------------------------------------------
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In the !all of 1942, Joseoh Fistere, assista~t to t~e 
president, beca~e the first projec~ manager. Ee served in t~a~ 
position until the spring of 1943. 

Mr. F:!.stere, a native of New York City, atte:::.ded Ccr:1.e:: 
University until he was called intc ser·v:.ce in Worl:i War I. Ee 
joined Mallinckrodt in 1942 after a long a.~d varied career -
incl~ding 20 ye~s in China -- wit~ tee All:.ed Chemical and Dye 
Ccrpcration. 

Elec~ed to Malli~ckrodt's coard cf directors in 1945, 
he was made a vice presider.tin 1947: and in 1949 bec~e pres~de~~. 
Even with these increased responsibilities, he maintained a close 
interest in t~e a~fairs of the Urar.iu~ Division a.~d tcok a great 
perscnal pr:!.de in its progress a..~d ac~i7:!.ties. 

Mr. F~s~ere retired frow Na:linckrod~ in 196c. 

i:2.!"c.,:. E. T:::.-Je:r- beca.~e t~.e 
:."..::: o~e~at.~on se~":✓-:..!lg fr::n t!:e s~-~i::g 
la~e~, frc~ 1955 ~~til 1~5~. 

seccnd mar.ager cf t~e ~~::.:---
" 1c'•3 · .. , 1c-- -C? .., ,_, ~r:-: .. - _._:;" , a::::;. 

Bor~ in Rocheste~, New York, Mr. Thayer, new cr.a~r=a~ c:· 
~r.e beard a::d p~esident· cf Mallinc~rod~, graduated frc~ tr.e 
¥.assac~~set-:s I~s~itate of Technology in 1934 wi~h a BS d~gree i~ 
chemical engineer:.ng admin:.stration, 

Pr:..cr to joining Me.lli::ick!"~d-: in 1939, he was w:.-::: 
A:~e~icez: Cyana~id. E~s early jobs we~= in sales and ~a~ke~i~g 
".:.r.:::.l l:e was a~s:..gned to tl:e Ura."'l:.Ur.: D:..y::.si.cr:, w::.ere he bega::·. as 
a ccnstr~c~:.c~ exped:..ter. Ee rapid:y adv~ced tc pl~~ ~a:-.a~=r, 
~ss:.s~~t pr~je:~ ~a!"lager, and pr~jec~ ~anager. 

Dl;.r:..~g the peri~d when the ~rar.i~= os::eratior. ~as ~~~er 
:::.;s ~---.~=-==-~=: t:e ha=. r.a."'l::; cs:;s:;ort-.:i:::::.t:.es to de?::c:-.s-:ra-:-: .:::.s :r~;;.::
iza:::r.a~ sf-::~s. 

~:.s :.~s:.s-:ence er. the ori;r:y a~~roac~ e!id t~p per~:r-
-:na::--_::._ ".,-,~:f 11;.,.cr.,-•.,,-.,.;,. II 11-ho-r-,•-\..ne-- 11 =--c.· 11,..~•r.(,..=' a•-o--.:,._.., 11 s-c.-

-- ,1,.;. .. -C••V-»,! "'•• -'-:..&.e:,_•-• :,.:.J -• t-:2.J-••= vw-.&.•w--4-, '- •• 

c~ca== oy-~ords. These sta..~dards, tcge~he~ wi~h a thcughtful cc~
ce~~ !~r the individual: the helpful criticis~ for an hones~ ~~s
-take ar.d q•.1ick recogn!. tion for a job well done, brought about tb.e 
teE.:1~·1ork. ·,1hich resulted i~ the expa.'1.si.ons: the technolog:.ca: brea?:
~~ro~g~s: a~d t~e mee~ing of di;ficul~ production goals. Eeccs~~
t'!.cn c; t::-ese cc:r.~r::.outio~s came in 1950 wr.en :•!:-. T~a•;e~ ';;as ::::='..:.: ···
tr_e yci;.nge.st vice president in Mallinckrodt' s t.is-tory·. 

=e se~ved as a technical adviser to the ~r.~~ed 
State Depa~tmen~ at tr.e 1958 L'l.terr.ational Conference c~ 
Er:.;rg:.? a-: Gene·,:.. 

S-:a::e.s 
.£t; :: ?"C!. C 
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Dr. Charles D. Harringtor. served as manager of the _ 
Uranium Division from 1950 to 1955 and from 1959 until the s;~~~g 
of 1960. 

Dr. Harrington, an hor.or gradua~e of Harvard Un~vc~s~~Y 
BS cum laude, MS and PhD in analytica: chemistry -- Ca!lle to 
Mallinckrodt after six years in the chemical indus~ry. Jo!n~~~ 
the Company in 1941 he brought top-notch technical capabi:i~~es i~~o 
the organization. 

Dr. Harrington was born in White Pla~ns, New York: sco~ 
moved to Boston and finally settled i~ St. Louis in 1941. Ee cec~7.e 
acquainted early with uranium, having studied and prepared ~ra~iu..~ 
hexafluoride in 1940while at Harvard. This study, incicerr:a:::.y, 
bec~'!le a part of the desig~ of the gaseous diffus~or. process ~or 
Oak Ridge. 

A!'ter a short ti.'!le in the. Compa:1y' s e.ns.lytica:. la:crs::~r~• 
he joined the uranium project ir. 1~~2. Under his leadersr.!; ~~e 
Ura~ium Divisio~•s technical efforts grew fro~ a har:dfu: o~ ~=~~:= 
to a well-kr.~t, higr.ly comfeter.t te:~.nica::. orgar.ization. F.e co~:- -
tir.ually cont:r:.=-u~ed his tre."T.endous. "tec~ica~ e.-c:.:i~:!..es es;e:c:.a.:.::.· 
in times of crises -- of which --c.here wers many -- s.r.1 or. r....:::.e:?c~s 
occasions persor.aily guided t~e lor.g, laborious plan~i~g ar:~ 
designing of new plants like the gree~ salt ar.d d;..~got processe~. 

He is a co-author of tte took ''Ur~niU!r. Proo.uc--c.io~ 'I~:i::• 
riology," and tr.e 1960 rec1p1e:~i;, o::' t::e J,.::.erice.~ Chcrri1cal Soc ii?.-:-,;_,' s 
Midwest Award. lie beca-ne a vi~e pres:.~e-r:-:. of Ma:2.inckroc.~ :.:: :~-:: 
and in 1961 tra...'1sferred to United N:..:.:lear Corporat:!..on o::' w:::.::: ::.e 
is a vice president ar.d dire-c~or. 

Star.'.:..ey P.. Ar.onsen was ma:-:age-r of the Uraniu.-r. ~;..-;:.s:.o::. 
from 1960 to 19cl. For --c.he ts~ years prior to r.!s appoir:~~e~~ ~s 
division mar.ager, he had served as assistan~ d:.v:.sion ~a~a~~r. 

Mr. A::cnsen, a nati•;e o:" M~nneapolis, M~nesota: io::.:-.=?, .: 
Mallinckrodt ir. :943. 

Star~i~g as a c~enist in ~~e :aboratory, his ab~:~~~~~ 
organize and get things done soon s:.r:gled him out as a corr.pe~e~~ __ 
administrator. He figured pro~inen~ly in handling the gro~~:: o~ -~~= 
administrative fur.ctions of the Ura:.:.um Division, first a~~~: 
Destrehan plant and then in smooth:.~g out the start-up di::"ic~:~!~s 
at Weldon Spring. 

Through the years or.e of~..!'. Anonsen's prime respo~s~
bilities was to develop end a~-ni~ister cost control proced~~es. Ee 
thus played a key role in tte t~ar.~s.:=. D~v~sior.'s acr.!ev~~g ~~s 
enYiable record of steadi:::.y ds~reas:!.~g costs. 

• 

• 

• :]...._ _______________________________________________ _ 
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His progress has been mos~ ~arked. In tr.e ~ra~i~:. 
Division, he advanced from chemis~ to staff assistan~, to ass:.s~a~~ 
ma~ager, and then manager. Retur~:.:,,g to the pare::1t· c::>rpora-::::.or:, !'le 
became corpora.:e vice president a::d ge!1era2. manager d.::' tt.e cper~::io.::.s 
division of whicr. the Uranium Divisio~ was a part. 

In September, 1961, Wil~ia.': J. Shellev was a~noin~ed 
division manager, and he continued i~ ~he post untif AU6ast, 19€6.··-

Mr. Shelley, a nativ·e of ~-::.:::ita, Kansas, was called out o~ 
college to serve in the Army during :.zc~:d War II. A.:'.ter three yea:r-s 
in the service, he returned to the t.i:-::.~,ersi ty of Mi.c:1iga:; where he 
received his ES degree in 1948 and Y~ degree in 19~9 in che~ical 
engineering, 

Mr. Shelley c~e to the tra~:.~ rivisior. d:.rec~:y fro~ 
sc!":.ool c:.r.d s~a!'ted his i::dus-:,r1a: car-esr as an ad..~~::=.s-:~a":i ... :--s a:.=.e. 
La~er r.is ~rair.i~g as a c~e~::.ca~ e::g::.~eer wa~ e1T.plo7e~ w~i:e as£~~~e= ~ 
e.s e. process e~gineer o~ p:!.a:.t pro:::::e=s. This e.xper!e~ce ~::1s .::-::::-. 
S:-.e:ley I s id~ere::-::2.y care::''.1'2. e:.g::.:-.eer:.::g a~1=roach ~o ad...~:.:::~s-:!'a.~:.-;e 
~rob~e~s resul~ed in s~eacy promo~:.~~s. 

Af~er a period of ge~era: a::=.inis~rative respo:::si~:.~:.~:.~s, 
i~ 1955 he was appoir.ted productic~ ~~~trol manage~, responsib:e :'or 
tte critical ~ask of getting ores i~ a::d finished products c~t. 
Duri~g tr.is period the Urar:iur.: D:.7:.s:.or. developed a ~ataria~s co:::~ro= 
orga::ization that became an ex2.!!lp:e o: efficiency a~c ~horo~g~r.ess 
throughout the A~orr.ic E~ergy Co~.r:1:.s$:.~r.. 

Ee adva::ceC 'to tt.e nosi ~:..::}:"'. o: director o= a.d...-::.:.n!.s~re::icr: 
Zr -~~r a-c• ac:c"---..-~ c•z.,.:$4-0n -~•--- ... 1~ •.J.Oc'1 ~ .. •.e ~,•cA e_•=-~-~~~-• -·· -.,- ... , •• ---:=""C:.--"""' _..,_ - .. • ,.c:. ... :=.::-=-- --..:. _, -· l''ir-..- -~ 

.,.:;,..~ 'C""' c:""=...-+ of' ..,1-e Co- -r• J.0 
-,:;,:::_ 7.., ~Cc',,. - ;:;::::"'7 1- ..,.,.~·1"'~e~·· v--- __ e--O--.... _ .,.~ .... p .... y n - ..... - . -·· _ _, o -~•-:•, ,.e !'·"' .:...,_ ... 

su:;-:!--1:..sory cor ... inui~y in ma:1y aspe:-:s o:' t::e ac.:i•::.:.ies associa::e~ 
w:.:.:: c:.osi..!'lg ot:.~ the Ure.~!.u:r. Div:.s!.c::: .. 

A r.a-t.ive o:' Bristol., Fe:-:~s:::·,~ia, ?-!T. l~o:::aco s~~c:.ec. 
f:!'~:-:. 1939 - 1943 e.t the Univers!:ty o: 1'1ich:..;:a:. ·where he earr:ed l:is 
:SA degre: with a major in c:iemis-:r:,r. I=-i 1943, he jo!.:1ed L!.nce A:.r 
Prc:::.1cts Compar.y, Buffalo, New York, e.."ld served there u~ti: 19~6 as 
su~er,isor in the firm's uranium pr~d~~tion plants. 

Ee jo:.~ed Mallinckrodt as a :;roduc~ion e.r:g:.::eer i:: E~p-:.;:-:::.e·!'= 
:946. From that time until final clcse-ou-: of "tr.e u::-a!'"!ium I::i•:is!.or: 1 s 
c:e!'::::i~!'"!s in 19!:7, his career wi't.::. -::::e Ccr.1pa..,y ~vas ce·,o:.e!:. e::~:.:-s:.y 
to :.~s urani-..un processing operatio~s :o~ ~r.e Gover~:.:e::~. 
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During his nearly 21 years of uranium work at Mal~~~ck~:i-:, 
Mr. Monaco served in va~ious administrative ar.d supervisory capa~::ies 
which involved him in almost every aspect of the Company's ura~i~~
productior. activities. By 1965., he had advanced to assister.: c.::.·.-:..s:.o:: 
manager and operations manager. 

Upon promotion to division manager in August, 1966, 
Mr. Monaco beca.'!le responsible for handling the ma.'"ly difficul.:. !?',e.::ag-;- -· 
ment problems associated with the organizational and operatio~a: 
shut-down of t_he Uranium Division. He was cor.cerned w1 th pha.s:.::~ =~-: 
production opera-;ions, placing the Weldon Spring -olant in stancb:, ~.:>:-.
di tion, transferring and relocating personnel either to the pare~:· 
Company or to positions with other firms, and terminating later 
car.tracts. In conjunction with Mr. Shelley, he directed the s~a::==~~. 
operatior.s at Weldon Spring through a site representative un~i~ -:~~~~-
nat:.or. of the contract. 

Re 1 ated rocuten~s 

The fo:low!~g r.u..-=::bers re~er to bibliograp~y en~ries A~~=~-
are t~e pri .. cipal sources for more detailed L~forrr.ation on or~~~~=~~~~r. 

• 

ai:d ma~c~e.:r.e::.; as discussed in this part. of the re:i;:ort: 3, 6, s:, 1 :]., -13, ·-
14, is~ 1e, 19, 23, 24, 25, 36, 39, 41, soi se, 59, 61, 75~ 2:. ~~~ ?~, 
121, 164: 173, 190, 191, 192, 195, 197, 19c, 199, 201., 203, 2::, ~:~,-
2~5, 216, 2i7, 222, 223, 224. 

Ai:iti:. t~.onal references may be found ir. some o~ the so::z-.-:::..s · 
indicated a"tcve. 

J.J. 
rr • 

• 
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MATERIAL ACCOL~l'TAEILI~Y 

1·s2659 

Sec~ion 
Part 2 

I I! ----· 

From the earliest days of its i~volvement in ura.~illr.! 
work i~ 19h2, Mallinckrodt Chemical Works was responsible, ur.der 
its co~~ract wi~h the Governeer.t, for accou!:~i~g for certa::.n 
Gove.!'r..r.:e.::t-owr.ed zna-:erie.2.s wh::.~.h ta!! no-: c!':.ly i..'l'.!::;ortar.-;: mo:::e:a~:,· 
wor-ch c;;-::· e•1e:1 n:ore .s:!.g:::::...fica~t, ex-:::!"e:ne:.y ~:.g:1 s.:ra.-:eg::.c ·:a:~e.
Accou~~i~g for the ura~:!.um a~sc served as a secur~~y meas~re -co 
det=~~ e~d p~ev=~~ d~ve~sion to u~a~~~or~zed sources. 

A~cour.tability can be descr~bed in i~s silnples~ for~ ty 
coopar~.g it with a ban~ balance. A certain a.~our.t of mor.ey is=-~ 
an accou:--.t at the beginning of a month, depos::.ts are addec. ar.d w:.-:::
drawa:.s s-.ibtra:::ted, lea·1:.ng a!'l end-of-the-mo~th balance w!::..c:. CE.:: 
be check:d by p~ys:.cal coun~. 

!~ mor.ey accounting it is r:ot d::..:'.fic:.i!.~ to o't:::ta::..r. a !=E-!:::.~ 
ba:a~ce: =~~ in u~anit:..~ accountabi~i~y, a per:ec~ ba:ance is s~:~~
a~hie,ea :ecause o~ uncer~ai!'lties i~ measurerr.e~~s. 

, -•,r - ,_, __ 
-< ... 

I~ tr.e early ye~~s betwee~ l9~2 a~c 19~6 the·feei rr.a~c~::.~:s 
were c:a:.~ oxide ar.d scc.:.".l!:'l ura."1a°':e: a~:: al~to·.:gh gross!y i=.:;:ure 1 

't.hey w:::-a fai!'ly uni.:'::>!'.:::l in par'tic::.e s!.z.e a?;c co~pcs~ tion. T!1e 
uncer~a::..~~ies in ~he ~easurernen~s o~ ~re~!.·:.!:n. ~~r.te~t were s~a::. 

End-uf-the-month physical i~ve!l'tOries for preparir.g a 
rr.aterial bala.~ce consisted primarily of a ~iece-count of feed m~~cria:s 
ar.d prod~cts, and the sampling of ir.-~rocess solutio~s. I~ the i:::.~~a: 
plan~, t~e in-pr~cess solutions were containec !~ e:.~h~ ta::ks: 'tt:. 
:a~gcs~ o~ wl:i=h was 500 gallons. T:1e s-::,:.u~:.:.:-.s w,,,r= f'a:.r:.j- :;t.~~ a:::: 
cor.tainei little or no solids, making sa~p::ing, sa.~p:e prepara~::..c~, 
a.."':.:: sa=.;:e ar.a:!.:,sis a :fairly s!r.lp!.e t.ask com~a-red. 't~ tt:~ i::•,-a!':to~:t 
-:::-:·:::1niq-..:.es practiced in the moderr: p:::.ar..t.s cons-:r'..i.t-=.ec l:::c!'. 
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As production facilities expar.ded, addit~onal tanks 
having up to 1000-gallon capacities were ir.sta:led. New process 
5tep~ -- the conversion of urar.ium dioxide to ~ranium te~rafluor~~e 
and the ;reduction of uran1u..'fi teli·afluoridc to :net;al -- were also 
added. These changes added co~plica~ions to uranium accountabi:i~y 
and required additional efforts and knowledge of material measure=e~~s. 

Pla..~t Exoansion Reau~res Imoroved Accountabi1 ~~Y Systems 

In 1946, w:. th the start-up of the ne~.z Destrehe.~ Stree~ 
plant buil~ primarily for processing pitchble~de mined in the 
Belgian Congo, many new ar.d complex acccuntaci~ity prob:ems were 
experienced. 

The much larger plant and more comF:ex processes addec ~o· 
the problem of keepi~g accurate inve~tories o~ the i~-p~ocess rr.a~er~a: • 
As was expected, material ba:ance variatior.s !~creased co~sidera::7. 
Mode~n statistical techniques were employed to dete~~~ne the rsas~~
ableness of the material balances ar.d where e~~ort sr.o~l~ be a~;~:.e~ 
to produce more accurate data. 

Also in 1946, the whole program was ~ransferred fro~ t~~
Army to the newly crea"ted Atoffiic Energy Co~..:n~ssior.. A:~to~g~ t::e 
AEC did not alter drasti~ally the basic accou~tabili~y req~~re~er.~E: 
many changes were effected to iffiprove the sys~e~. E.T.phasis was 
placed on statistical tech.~iques to eva~uate material measure~e;.~5 
and their effect on the materia::!. ba~ances. I:: addi -c:!.on to ·-1sr!.!y:.:::g 
i~ver.tory and material balar:ccs the A~C st&rt~d inves~i~a~in~ t~:
control syste~s employed by pri~ate industry i~ acco~r.~!.~g for 
valuable materials such as s~lver ar:d gold. 

Develonn:er:t Of I:~-:::roved Sa.r:-.ti2 .. i~~ Te:::::n:.oues 

In 1951, serious mater~a~ ba~a~ce c~screpar.cies were 
experienced. S~atistical analysis i~c:::..cated ~~at -che sa=ip:i~g o~-
pi'tch:le:1de ores per!'or:ned a:t e:. s:::..-:: :-.ea~ tl'le ::or-: of e::::r,;- was i:-.. 
err<:'r. The Ra~·1 Materials Bi vis:.or: o~ the P:'to::~c Ener~y Com::.iss:.-::: __ 
rev:!.ei·isd the da~a ar:d directed eff'o:ns to c.e-:e~mine tne exter:i:. o: -:::= 
er:ror. 

It was only a:'ter an exter.sive inves~igation a~e the 
join~ effort of Mallinckrodt, the Commission, and the cor.-cractor 
performing the sampling, that the cause of tte error was discc7e~~i 
and corrected. The Uraniu.~ Divisior.•s accou~tability principl:s 
proved sound and were an imper-cant fac~or in ~his i~vestigatior.. ~:.~:::e 
then Mallinckrodt played a major ro~s w~~hin ~he A~omic Energy Co~
mission in developing, improving, ar.d evalua~i~g techniques for 
sar.ipling uranium materials. 

• 

• 

• 
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New Accour.tabi~ity Methods For Advanced Process~n~ Tec~..::ia~:s 

Mallinckrod-: conti::-.ued to develop new accoun~&.bili -:.·J 
techniques to keep pace w~th acva~ces in produc~icn_ tec~~c:ofy. 

In conr.ection with the development of the con~i~uo~s 
ether purification process, the Compar.y developed a spe~ia! me~~c~ 
for measuring uranium in the extraction colui:ms. Si.!n:.1-ar::r, W!le:-. 
the cor.tinuous process for converting uranium trioxide ~o urs.r:i~7. 
tetra~luoride replaced the origir.al batch-type process, Ma~li::ckr==~ 
developed a spec~a~ technique for determir.i~g the q~an~~~~ies c~ 
urar..itw. in the cor.ti.r.uous reactors. 

In t~ese cases a~d others of a s:.m~lar na~ur~, or.ly c~re:~: 
planni~g ir. desig~ and start-up provided accurate da~a r.e~essary ~~~ 
accour.-~E.'bili ty. 

\\jf:.e!":. co=:s~r~ctior: c: t~e r..e:·.·: u!'ar:iu.:i p~::cess!.::g :9:.a=::, ::..-: 
We:dc:::. 8:;:rir:g s"ta?"ted in lS;5, ;:ls.r:s :..::c::.:.c·ec a cor::;::e:.e :'a::.::.:::.· 
for t~e sa::1p:i;.g of a:1 ·feed ma~eria~s as we:: as o~rfer f.'e~er~~:. 
Mar.y ccmestic a~d all fore~gn conce~trates were we:.g~ed: sa?::;:e~, a~~_ 
"a::a.lyze:d for paT-J\ent!' a-: We:dor: Spr:.::-:.g. Or:ly becat:se o~ ::.ts e.:,.:::::::.: 
accour.~ao~2!ty re=ord was t~is im~or~ar.t funct~or. i~ the Corr:..~ss::.=:::'s 
progra.~ en~rus~ed to Mallir.ckrodt. 

For add:. t.ional i~:'or::rra.:.ior. O?; Ma~lir:c?:.rod~' s ac:or.-.:;;::.s;-..;;-.e=:--::s
i~ the area o~ sarr.p:ing, see Sec"tior. II, ?art 13. 

R~~og~izing the need to br:.:::g toge:.te?" a~: o~ ~~e i:::~or=~~:.~~ 
re~.a::.:.·,e .;o a:cou:::ta":1ili-cy syst~s a:::d t:1.e va:ue o~ s-.:c~ s. cc::ei_:.-:.:,:-_ -
~o ~r::.va.:.e ir.c~stry, the A~o~ic Er.ergy Corr.:::issio~ co:::~ra:~ed w~:.~ a _ 
;~::.va:.: fir~ to wr:.te a boo~ or. ~r.e c:~tro: zys~s~s us;= i~ ~~e·:::~=:ea~ 
busi!'les.s •. A:'ter seve!'a'.!. years o: researc!'l a::.d effort, Mana...:err.e::-a-: Z.f 
!·:~clear· Me.tcris.::.:s'·~ ed!. ted by Z-?" . .R. F. Lumb was pub::..sr..ed i:; :~c-.:. .:-:::
't:-.1: f'i~s~ -c~e 2.!':d i:1. a si::gls vol·..i.~:, a:1 o~ the i?"'.:'::>!'::a'tior:. a·=~·.:-: -:::: 
e!abora~e control systems e~p:oyec ~~roughout the r.uclea~ ma~e::-:.a:~ 
i~dustry was available. 

Matthew N. ,,Kuehn, who was in charge o-:: Ma:linc:-{;:-oc.~•s 
materia: accour.tabilitr. program, cont~ibuted tr.e cha~ter on the ~~~e::-.::-~: 
n:ar.age::-:-.:nt aspects of '.feed mat.eria~s proc:ss:.::g." E:.s -:e;~"t re::-.:.:.:::: -· 
an impo::-tant i=idustry reference on sa..-:iplir.e;: ?:easur~e:: .. 'techr.:q_·..:.:s·. 
statis~ical control, collection a~d flow of da~a: ma'terial bala~~~ 
repo~~i~g~ a.~d ir.ventory pro~edures ~n ~he rr.Er:.ag=~=~~ c~ u~~~~::..~ ;==
ductio~ processes. 
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Conclusions 

Mallinckrodt contributed significantly to the progress 
that has been made in the management of nuclear materials since 
1942. Confidence in Mallinckrodt's systems resulted in extending 
inventory periods from once a month to considerably longer periods. 
By statistically analyzing measurement data, it was found that 100% 
measurements were not required to maintain the same level of confi-
dence in the material balances. · 

In the 25 years that Mallinckrodt was engaged in the 
nuclear business, the value of the uranium accounted for by the 
Company amounted to several billion dollars. 

Related Documents 

The following numbers refer to bibliography entries which 
are tne principal sources for more detailed information on material 
accountability as discussed in this section of the report: 13, 14, 
16, 23, 24, 41, 51, 53, 71, 11, 100, 101, 121, 164, 175, 1e1, 189, 
201, 222, 223, 224. 

Additional references may be found in some of the 6ources 
indicated above. 

# 
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Section III 
Part 3 

Because of the tremendous potential of nuclear energy f~r 
both military and peaceful applications, the United s~a~es' a~oc~~ 
energy progra."!ls, including the refi~:L"lg end production of ura.r:i-..:::-. 
produc~s, have always been a~ the heart of the r.a~ior.a: ~~-e~~c
a~d thus !::ave required the highest degree of securi~y. 

During its 25 years of u~e~ill!':l work for t~e Gcver~=-s~~ a~~ 
the na~ion, Malli~ckrod~ C~e~ica~ Works mair.tai~ed a~ ex~e::e~~ 
securi~y record. 

Ee.ck::rour.d 

In the spring of 1939 rticors started to circulate er.:o~g 
scier.tists about the poss~b~lity of a nuclear reaction from ~he 
fission of ure.r.iu.'Il -- a rea.ction wl::~ch could be capab::.e c:' re~;a.s·:.::~ 
an energy force a hundred nillion ti!nes greater than t~e.t of b~r::!.~; 
coal. Tf.!s same year scie~tists vc:u~te.rily agreed to stop pu::is~!.::e 
ar:y da~a wr.l~t ~igl::~ be of m~litary ir,terest, wi~h spec~e.: e=.;r.as~s 
o~ uranium work. By Septe~ber of l~~l, when there appeared a de:~~~~e 
possitility that atomic energy wou!t be=ome associated with t~e ~a~ 
effort, formal cor.trol was in~tiate~~ a~d security w~s ~ig~te~e~. 

Thus, fro!:l. its eaz-liest dc.::s :.r:. April, 1942, .:!'le r:sw 
uranium work goi~g or. a~ Ma~~inckr~d~'s main plant near downto~r: 
S~. Louis was "hush-hush." Si.mile.:?' secrecy existed in all of t::s 
mar:y crga~~zations i~volve~ in ~te a~omic energy program -- cr.e s~:~ 
had little or no knowledge of wha~ ,ias going on at other sites. 
Security was tight everywhere. 

The work of the Manhatta.!':. Project was probe.c~y the bss~ 
kept se~ret in America's h~s~ory. 
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"Tube Alloy Dioxide" And Other Code Names 

When Mallinckrodt formally started the -uranium research 
effort on April 24, 1942, the Company, well aware that the uranium 
work was secret, deliberately chose the name "Uranium Oxide S. L. 
42-17" for the project. The name was chosen to disguise the work 
as bein~ associated with Mallinckrodt's line of S. L. (standard 
luminescent) chemicals and., therefore, not special or-unusual in 
any respect. However, it was determined that the use of the term 
"uranium" was contrary to security regulations., and at the request 
of Government security officials, the name of the project was 
changed to "Tube Alloy Dioxide." 

Code names assigned by Washington were changed periodi
cally to keep the picture as confusing as possible. Documents 
looked more like a menu than a tally sheet., containing product 
names such as orange juice, cocoa, derbies., biscuits, rolls, 
talcum, and vitamins. The AEC letter shown in Figure III-3.1 
lists several of these code names as well as others. 

Many of the code names eventually became common in routine 
uranium-industry language, and some of the terms were so appropriate 
that they still are in use today. 11 Green salt., 11 a very graphic 
description of uranium tetrafluoride (UF4)., is a good example of a 
currently used term, as is "brown oxide" (uranium dioxide, or uo2), 
and 11orange oxide 11 (uranium trioxide, or uo3). -

Government Security Control 

During the period from 1942 through 1946, personnel back
ground investigations were conducted by Army personnel u~der the 
direction of the Sixth Service Command, Chicago. Clearances, in 
turn., were granted by the Manhattan Engineer District (MED). 

During the period from 1947 through 1952., the Federal 
Bureau of Investigation conducted all background investigations. 
Clearances were granted by the AEC. 

During the period from 1956 through termination of the 
contract at Weldon Spring, the majority of background investigations 
involving contractor personnel were conducted by the Civil Service 
Commission. Clearances continued to be granted by the AEC. 

All outgoing shipments were classified and escorted by 
special couriers who were drawn fro~ a guard complement maintained 
by the MED in Chicago. Most shipments went by· rail, the material 
and the courier riding in a special caboose which was made a part 
of regular freight runs. Everything was done to make these runs 
inconspicuous while, at the same time, providing maximum security. 

• 

• 

• :1 : 
] ______________ _ 
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Incoming shipments of raw material, pitchblende from the 
Belgian Congo, traveled by ship from Africa and arrived in New York 
for processing. The concentrates were then shipped by rail on 
freight cars. Special cars were used because the material, packed 
in 55 gallon drums, gave off poisonous radon gas and the cars had 
to be of the ventilated type. 

O!fsi'te warehouse facilities at the Small Arms Plant _in 
$t. Louis were-utilized for temporary.storageof uraniUJD metai_and 
intermediate products. These materials were stored temporarily· 
before being shipped to subsequent destinations: Oak Ridge, 
Tennessee; Electromet at Niagara Falls, New York, for reduction; 
or the Simonds Saw and Steel Company in Lockport, New York, ~or 
rolling into final shapes for ultim~te use at Hanford. 

Physical access to the classified working areas was 
controlled through an exchange badge system. The system was 
ad.ministered so tightly and so successfully that even local in
spectors from the fire department and other civil agencies found 
it impossible to get in, 

Security Administration By Mallinckrodt 

With the start-up, in 1946, of the.new refinery (Plant 6) 
at Destrehan Street, physical security was provided by Mallinckrodt 
guards who were stationed on elevated towers from which they could 
view completely all fence lines surrounding the plant. Each tower 
facility, such as the one :shown in 'Figure III-3.2, was small -
approximately 4 feet by 4 feet -- and contained a chal:r, an intercom 
with guard headquarters, a fan in summer and a small h~ater in winter. 

Mallinckrodt guards, equipped with side arms and riot guns, 
manned the towers around the clock, seven days a week, for four tense 
years. 

In 1947, the newly formed United States Atomic Energy 
Commission established offices on the site and government control 
passed from a military agency, the Manhattan Engineer District, to 
a civilian agency. At about the same time, a Mallinckrodt security 
office was established to administer the new Commission's security 
regulations governing the classification and handling of "restricted 
data." This was mostly an administr~tive change, transferring to 
Mallinckrodt the responsibility to see that educational programs were 
initiated, manuals were prepared, file cabinets were fitted with com
bination safe locks, key controls were set up, security checks were 
initiated, tight rules were made ror shipping of classified materials, 
and visitor controls put into effect. 

• 

• 

• 
)---------------------------------------------::·--=---
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An important part of the new security program, the 
responsibility for processing personnel clearances of all project 
employees, consultants, subcontractor people, and some main plant 
personnel transferred to Mallinckrodt. Everyone working on the 
project was photographed, fingerprinted and provided with iqenti
fica.tion badges. 

In 1949, plant protection functions became the security 
officer's responsibility. The project ca.me within Class 11 A11 

security category and compliance with stricter government standards 
was required. 

Under Colonel William R. Gerhardt (U.S. Army retired), 
the uranium activity adopted a further stepped-up security program. 
He directed the preparation of guard-force manuals, and training 
and educational re~resher courses in use of firearms, operation of 
the alarm system, fire safety and health physics regulations, pro
perty removal procedures, and security control of employees end 
visitors. One of the most noticeable changes was the increased 
military appearance of guard force personnel in new uniforms and 
polished leather. 

Additional Security For Increased Plant Operations 

. In 1949, · a building prog:t~ was completed which provided 
new 6:f'fites, a health physics section, a maintenance building and 
~ril1:t:r,:-g.~d 18:-boratory facilities. Later, the construction .of Plant 
6E was completed together w1th adjoining builcli11gs housing the 
cafeteria, laundry, employee locker and shower facilities, doctors' 
examination offices, security office, employee and visitor entrances 
and guard headquarters. 

In 1951, Plant 7 (green salt plant), directly 
Plant 6, was completed and operations were started up. 
stopped processing green salt, the facility was used as 
area, pilot plant and laboratory. 

opposite 
When Plant 4 
a storage 

The security problems involved in protecting Plants 4, 6, 
6E and 7 were many and varied, with additional ones caused by the 
separation of plant sites by public streets. It always meant con
stant surveillance by guard escort whenever inter-plant movement of 
classified material was involved. Acquisition of the new site at 
Weldon Spring in 1956-1957 alleviated many of the security problems 
experienced in st. Louis. 

Plant protection at the Weldon Spring site required a 
separate guard force organization. As the Weldon Spring operations 
continued to grow, the other St. Louis operations, including their 
guard-force £unctions, were reduced. Ultimately, all of the St. 
Louis-area uranium operations except those at Weldon Spring were 
deactivated entirely, and their small, remaining guard-force 
operations were discontinued. 

• 

• 
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With the installation of advanced plant-surveillance 
and communications equipment at Weldon Spring, protection
~ecurity operations became almost completely routinized. A 
communications post, such as the one shown in Figure III-3.3, 
was the focal point for all security and plant-protect;on opera
tions. 

Figure III-3.3 COMMUNICATIONS POST·was focal point for plant pro
tection and security. 
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The panel board shown in the picture contained receiver~ 
for ultrasonic alarm systems, as well as fire and evacuation alar~s. 
Other equipment includTTd a two-way radio control unit, emergency 
telephones and 11 be·eper devices. 

Additional protection was provided through participaticr. 
in the National Advance Warning System (NAWAS). 

Conclusions 

From the time that the small uranium research project was 
started at Mallinckrodt in the sprin~ of 1942 until the Atomic 
Energy Commission's standby contract with the Company was termina~ci 
in 1967, the Mallinckrodt-operated uranium activities in the St. 
Louis area maia.tained an excellent s~curity record. 

During the entire period -- a quarter of a cent~ry -
there was no serious security violat:cn er betrayal of trust wr.~c~ 
could have jeopardized the nationa~ secur~ty er proved embarrass:.~f 
to eithe~ the Govern~ent or Mallinckrodt. 

Rela~ed Docu~ents 

T:le following nu~bers refer to bibliography entries w~:.:~ 
are the principal sources for more dstailed information or. plar:t
security as discussed in tr.is secticr. of the report: 14, 23, 2~: 
26, 42, 73, 222, 223, 224. 

Additional references may be found in scme of the sc.,z=es 
i!:~:.~ated above. 

• 

• 

• 
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Secti:ir. 
Pa.r-c 4 

Throughout the history of the uranium-process:!.~g opera~:!.~~s 
in the S-c. Louis area: vigo!"ous e:fort was exerted in es~a:~isr.~~g 
a~d ma:.~tai~ir.g adequate hea~~h a.~d sa~e~y prograr.s for t~s Fr~~e~~=-~~ 
o:' pee:;:: :e: n.a te!"ia:.s ar..d opera-:icr.s co~h wi""C:::.n :i;: :!.a::;; s:. :.es a::c. :.:: 
o:ff-s:!..;e areas. 

T~e teal~~ a~d sa~c~y wor~ cncc=passeC e~~~;=s~~-Css~g~~ 
acti7i~ies, opera"Cicr.al disc:.pli~e, medica: progra.~s a~d a~~:.~s o: 
possib:: e~ployee-expcsure t:, ura:-,~mr. tox~:~~Y or c~her co~~a:::!::a~:.==: 
ar.d e~v~ror:.~ental sa:eguards. 

Eack::-rour:d 

When Mallir.ckroc~ Che~!ca~ Works first undertook ~~e 
refi~ir.g a.~d production of pure urar:~u.~ sa:ts and-~ra~:.:.:..~ ~e~a:: 
-che entire project was carried ou~ on a short-term, war-~=-~~ cas:.s 
U;.der tr.e co~tro~ o: the Ma~~a~~a~ E;.g!~eer D!s~r!c~ (~~:). 

I:: was k;.ow~ ~ha:: urar:!um was a heavy u.e~a: ~o~s=~ s~~~ 
as :!.sad. F.owe·re:r: re:a.-ti•;a-:y li ~tle was k:"aowr. a.bou-: ~=-~:.e:::!.:::: ,;:~;:c.s-..:.·:c~ 
associa~ed witc the ~a~er!a: .. It was fe:~ -cha~ tr.e ra~!~a~~!v:.::y :;~:;.: 
of ura~i".l..~ was low er.o~g~ s~ ~~at s~a:: s~ale, shcr~-~er=, c~~~=-J-,=, 
'IJot.:ld r.o:: -p:?"ese:1t a radia-:icr. prc·ole!:1. 

Or. tr.::.s bas~s, the ~aterials were ha.~dled ma!~:y accor~~~~ 
to sta.~dard indus~ry proce~ures ~or r.ealth and sa~ety pro~;c~i~~ 
against the hazards of ordi~ary toxic che~icals. Pre:cau~~~r.s of~~~~ 
nature had been basic tr..roug~out the history of Mal~inckrott, a.::.c ~~: 
Company's workn:en, eng!neers, and che!:lists were long fam!l!ar w!~t 
them. 

Altho'.l.g!:: t.hel·e ·was no 11 f:::~a:. 11 heal'th p:?:"ogra.~ spec:.f!.ca:.:.:,· 
related to urani:u:: r:a::::.::.. ~ .-.~ ·~1her. tt~e wor~ was s~ar~ec i!': A;r:.::..~ :=-=-z; 
there was, r.;ver~~ele£~: a rea:!za~~or. from the beg!~~~~~ o~ a neei 
for spec!~~c =e~s~~=z ~= ;~=~e~~ ~:-= ;~p:=yees' ~ea!~~ fr~= a~y 
dct~be~ta: c~~=ac~c~!!~~=~ :=~~:~~a:.~...:..~. 
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When Dr. Arthur Holly Co~F~on and his colleagues fro~ t~e 
University of Chicago initially approached Edward Mallinckrod~, J~., 
to ask for his Company's assistar.ce in preparing purified ura~iur.i 
compounds for use in their experL~e~tal nuclear reactor, Mr. 
Mallinckrodt was concerned about possible health hazards to his 
employees. He insisted that every ~easure possible be taken ~o 
insure their protection. Therefore, an oral part of the Company's 
agre~~ent to undertake the project included a provision that tr.e 
Washington University School of Medicine provide physical exami
nations for Mallinckrodt employees involved :in the work. 

In the course of the Urar.ium Division's history, seven 
doctors from the Washington University medical-school sta:'f were 
ir.str"r.ental in the develop~ent of a health progra.~ for the Divis:.o~. 
One o:' the seven, Dr. Heinz F.a:':::'~e!', was associated w:1.th the heal:.:: ___ · 
progre::-: from 1942 until 1966 w.h.er:. oi:era~ions at the We!don Spr:.r.g 
faci!~~y were ter~inated. Ee served as tr.e Divis~on's co~s~:~a;.~ 
mP.dical director into the 195cs, a~d subseque~t:y as a rr.ed::..~a~ cor.
su!ta..~t. Dr. Norman Knowrto~, ~~-: a!so or.e of the seve~ Was~~~~~o~ 
U~iversi~y doctors, succeede~ Dr. Ea!!ner as co~s~:..ta::t rned::..ca: 
c.~!'s: ::or .. 

Ir. addition to the consu:~ation provioea by the Sc~oo: c~ 
Mec.i.::::..ne, other ad\·ice a:-i.c. assis-::ar.ce in h'ealth a:id safety pro--:.e::-:::..:::-. 
was provided by the Ur.iversi~y•s De?artment of Pr.ysics a~d by tr.e 
MED throug~ i~s contract with t~e u~:versi~y of Roc~ester. 

The MED had contrac~ec ~~= Ur;iversity of Rochester to 
measure the effec~s of ura~iu::1, F:u-:onium, and rad::..·o.U:! exposure O;. 
ar::....."lla!s. In additior., the Ur.:.. 1rers::..-:.y of Rochester period::..ca::..:; 
se~:. r:e:1 to Mall:!.:-1ckrodt to tes-: dt.s-: conce:-.t!"ation a~ci rac.ioac~:.-.-::.-::.
ir::.:::-~s!::ies a:-id to start a filr::.-::adge service. In ge:iera::!., -c:-.e 
U!'livers:..~y of Rochester provided sp:cia:ized health serv::..ces fo!' -:~e 
S-:. lo·...::.s U!"a::iU?:. ope!'atior. u~t:..:. t:-.e uranium project l:ac. ::. -.:.s .0:-1:: 
hea~~~ ~epa~~me~t. 

As i~d:..~ated above, d~r!~g the early years, ura;.::..u::-: 
acti·r:..:.:.es in St. Lou:..s were operated under .the MED on a s~ort--:er:: 1 

e.~erg;~cy basis. During the war, Mallinckrodt's contract for tt; 
urar.i,z. work was renewed at 6-month intervals -- an indica~ion o~ 
the "t.er::pore.ry 11 nat".lre of the proje:::~. Because the work was i::iti:::c.e::. .. 
to ccr.tinue for only a short period, radiation exposure ~as no:. c~~
s~dsrsd a problem, and no major hea:th progr2.!!ls were requ~~e~. 

A~ the end of the war, when it. was decided tha~ a~o~~c 
energy was hsre to stay -- and along wi~h it: uraniu.~ process:.~g 
the s~a~us o~ the health end safety requirements char.gee s~g~~
f ica:.-:ly. 

• 

• 

• I 
[J_= _______ ......,_ ____________________ _ 



l 
C '-l '-------~=============~-~~-~-=====~====~~-=~=~-----

I 
··1 I 
l 

~ I 
l I 
J I 
;,J I 

H I 
I 
I 

~l I 
;J I 
~l I 

I 
I 
·I 
I 

-146-
152653· 

In 1946, responsibility fc~ operatior. o: the uran:.Qa. 
project in St. Louis was transferred ~rom the MED to t~e A-:o~!.c 
Energy Commissior.. With the passage o! the Ato~ic Er.ergy Act, t::.e 
Comm~ssion assur.ied obligations for sa~e o~eratior. o! =-~s facili~~e.s. 
It was abou-: that ti.me that the St. :.~uis ura.:.iillr. a::'t::.-;i ,;y was 
assigned a permanent status. 

This placed an e~tirely di~~erent ligh: on ,;he he~lt~ a'"= 
safety aspec~s of the ure.r.i-..un pro~ess::.ng work. Radiat::.o~ leve:s 
~ha~ can be tolerated safely for a st.ort per~od ca~r.ot be exper:.::::~i 
inde~in±tely wi~hout some risk of da?::age to heal~h. Also, sc~:j~:=~ 
production increases would brir.g increases i~ rad::.a~icr. proo~e~s. 

The AEC sen~ personr.el to s~. Louis to e,aluate tr.e 
healtt aspects of the Malli~ckrod~ o~e~ated fac!.l::.~y a.~c to me.£.; 
suggestions for possible L7.proveme~~s. The Com..~iss::.or.'s d::.7::..s:.=~ 
c:.' b:.o~ogy 2.!:d medicine t::~oug:: -:~e ::::a::.~::. ::.:.visi.o:: c:~ ~~e :;e:•: ;·:::.·?: 
Opera~::.or.s Of~ice (!'riC), t:~e:..e ~ts ~~~s:.de pc::..cy-=ci?::.~g g~~~; :=r 
the uran~t:...~ project i~ S~. ~~~~s. 

. _ . ,A formal heal~h ~rogr?!=l s::C±-rt~d i~ .::..9.:.i.7 ~:: cor.nec,-:::..o,:: ;;:.:::: : 
the a~ci:c:..on of ·the ?2.ar:t 5 re.:.'i!:ery a-: Des~r~::e:n-s~ree-: s.t.d .:;.-:;s -

:a:t~e!'lda;::t. radiation J:.azara.s. · 

The new health progra:: was s~arte~ en a crash bas:.s to 
provice er.ginesri;.g contro: o~ ~ea:-:~ proo:ems~ an= to es~ab:!.~~ 
procedures and regu:a~ior.s tor ~~e ~r=~e~~~o~ of-persor.ne: a::~ 
ma!:eria:s. 

The F~a~~ c re!i~ery was =~~s~r~c~ed to F~ocess pi~~~,:~==, 
w~ic!": co:;ta:..~ed s:=ag::ii'ic.ar;t a.:nou::-t.s o~ radi~. Becat:.se ra.C.!.."J.;:: g:.·.:es 
o!! ga.~a rays, ~r.i~~ are very pe~e-:ra-:ing: o!':e c: ~::e !~rs~ p~=~e:-:s 
o:' the ne1.•; r.ea2. t:: e:--:--::>rs: was 'to .,_.,or?: :•::.::h er:g:.::-.:er~::g -:o p!"o·::.=::= -:-::::.:3: __ 
sl:ield-,,.,alls o~ co~c:?"e-:e, t:::-ick, leac:: or s~e:: ar:n!.:-:.c. -:::e :;:a::.·-:~ o: 
the ;r=cess c~r.~a::.~i~g rad::.um. Later, urar.i'U.In ores w:.~~ou~ ra=:.::..~ 
wer; s~p;:ie~, .a!':d tr.e ~hi:k s~ield~~g wa:ls beca?:e u~necessary. 
i:.o~~~r ~aior proble~ was providing g~od dust co~tro~ and v~r.~~:a::~~ -
to pre·1er.t ~ha:ation of rad:!.oactive :.-..:.sts or gases. 

F.ealth Deuartme~~ Es~ablished In 19~3 

I~ Se:p-:ember !.9L;.7, :fol!.ow:.r.g dis~uss!.or.s bet·weer. .A'E:.C s.::-:. 
Ma!l~~ckroct rsn~~ss~~a~ivss. ~r. W. E. Ke::..~sy of ~~e New York 
Ot)era ... l.'O"'S Q-f'""~ -c- s•,l--i-.:.e~ ~O Ma~~ .,..,,.,1,-..,.0,.:; ... a C_.,..,..,...cl--c"'si·1e o··-·., - -_ W •• --- ::: '""-•1.L \,,w ...,. '"' J:~ -.!.-••-••- "-'"' -.w.,t,,--••-- y:., _____ : 

of recomr:enciatio::s for t~e i~i-:ia~:.or. of ar.. e:<t=!:S!.11e i;;rogre.r.: -::
protect persor-~e: :ror. rac~a~i~~ ~aza~~s a-: t:.e ;~oie~~ ~:a~~s. 
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This eventually led to the health effort acquiring depart
ment status in 1948, and during the year, major improvements and 
large expenditures were made in expanding the health program. 

Plant Improvements For Health And Safety 

The expanded health program was designed to handle the 
problems peculiar to large-scale production of uranium ~etal from 
all types of feed materials. 

The program's immediate objectives were: to install 
ventilation equipment and shielding, where :required, to comply with 
health protection guides established by the AEC; to educate employees 
regarding the health-protection aspects of working with uranium 
materials; and to establish operational procedures for safeguarding 
the health of employees and for preventing the spread, beyond the 
plant site, of plant materials possibly exposed to radioactive 
conta!!:.ination. 

The first efforts of the newly formed Health Departmer.t 
included the tasks of improving conditions in the ore room, 
developing a dust-control system, and carrying out a series of 
radiation-shielding, dust-collection and ventilation projects. As 
the expanded health and safety program progressed, extensive shielding 
ar.d dust-control facilities were installed in all plants, and those 
areas which could not be brought under adequate control were replaced 
with newly constructed facilities. 

Figure III-4.l is a photograph showing a row of giant dust 
collectors. Dust collection systems were standard items in the 
plant process in the St. Louis area since 1943-44. The collectors 
shown in the picture were part- of a metal-plant dust-collection 
system that could move 80,000 cubic feet of air per minute. 

Medical And Other Personnel-Protection Services 

As part of the expanded health effort, the medical program 
was stepped up, and other measures were taken to protect personnel 
and property from excessive exposure to radioactivity and uranium. 

All of the facilities of Barnes Hospital and the Washington 
University medical school were available, and many special tests 
were conducted there until proper facilities could be set up at the 
plant. Dr. A. L. Hughes, Professor of Physics at Washington University, 
served as consultant on the physics of radiation. The expanded health
protection program included frequent medical examinations, and a 
series of special bio-assay tests, each one designed to measure any 
biological effects of working with uranium, long before any damage was 
done to a man's health. 

• 

• 
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An additional check on personnel was provided by the 
film-badge service which had been started in 1942 to measure exposure 
to beta and gamma radiation. Breath samples, taken periodically 
from those personnel whose duties involved exposure to radon, were 
also used to measure exposure to radioactivity and uranium. 

Initially, Mallinckrodt forwarded the film badges and 
breath samples to the AEC Medical Laboratories at Roches~er, New 
York, for examination and checking. Later, the Company had the 
equipment and technicians necessary ~or complete and autonomous 
handling of the film-badge service. 

Figure III-4.2 is a photograph showing film badges being 
checked by a Mallinckrodt employee. 

A number of other measures were taken to protect personnel 
against excessive exposure to radioactivity and uranium. One of the 
first steps was an employee-rotation program. In addition, a 
clothing-change and shower program was-compulsory for all employees 
who contacted radioactive materials during their work. 

Contamination control was another important part of the 
health program. It was conducted in accordance with AEC rules to 
insure that radioactive contamination did not get carried off the 
site on people's clothing, equipment, trucks, and other objects and 
become widely distributed about the country. 

This program was instigated by the AEC not because there 
would have been any particular damage done by the materials from 
the Mallinckrodt operations, but rather as a part of the Commission's 
nationwide policy, concerning all sources of radioactivity. If 
radioactive contamination would have been allowed to spread without 
control, there might have been many serious effects, not specifically 
on people's health, but rather on various aspects of the highly com
plex industrial society, such as on the photographic and filln industry. 
Such contamination would also make more difficult and obscure the 
detection or analysis of fallout or other indications concerning use 
or testing of atomic weapons. 

Special Employee-Relations Activities 

Employees who had worked on the uranium project for several 
years with few formal health regulations found it difficult to under
stand the new emphasis on physical exams, dust control, radiation 
shielding, and other health and saf'ety measures. 

To explain the program and th~ reasons behind it, repre
sentatives of the health department held many informational and 
educational meetings with employees for a period of almost two years . 

• 

• 

• 
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Figure III-4.2 FILM BADGES WERE EXAMINED for signs of 
exposure to beta and gamma radiation. 
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Health And Safety Featu~es Incorporated 
Into Design Of New Metal And Green Salt Facilities 

The next major phase of the health program bega~ i~ 19~9 
in connection with the design and construction of two new produc~:on 
plants -- Plants 6E and 1 -- to re~lace the old metal and green sa:t 
production facilities at Plant 4, the original plant. The size a~c 
other characteristics or the old plant·were such that expanded pr~
duction could not be conducted in a saf'e and healthy mar.ner While 
still maintaini..~g a reasonac~e degree of efficiency. 

When the new meta~ plant was to be built, all of the 
concentrated experience acquired during the previous two years o~ 
~restling with dust and radiation problems was intelligently ap~:~s~ 
in develo~ing the design. As a resu:~, when the new metal plar.t 
started production, it had only one wo~k statior. with a~ove tolera::ce 
dus~ concentra~ions, and th~s situa~ion was re~ec~ed at a cos~ o~ 
less t~a~ $100,CG. 

Soon a~ter the me~al pla;.~ was completed, desig~ was s~a~~ed 
on a new green salt plan~ across tt~ ~~reet. The major health ac
va:1tage in this new plant was the ne~ horizontal-tube screw reec~o~ 
(see Section II, Part 9) developed cy Mallinckrodt, which repla:e~ 
the old open trays and box f~rnaces that had been used at Plant 4 . 
Because the r.ew reactors were co~p~e~ely enclosed, it was poss~b:e 

-··-· 

to provide first class dust and rad:.a~ion protection. This mea!:~ 
that men could go about t~eir norma: dutie3 wit~out having ta w=ar • 
respire.tors and would have to wear t::~ only durir.g dusty jobs w::.e:: 
the e~uipme~t was opened up for inspe:tion o~ ~aintenance. 

T~e p:e.r.t was also well ces:.e'"ed fro~ the safety poi::~ o~ 
view, especially in view o: the fac~ ~hat hydrogen fluoriae, a 
dangerous cU:d tr~cky che~ical, was i~volved in the plant operat~o::.s. 
Trai:-.ing a:1c excelle::t at~e:-.-:ion to sa:'ety or:. the part o:' tt:e p:a::~·· -· 
ope~a~ors resu~~=~ ~~ tr~s ~:ant·w~;.;.ing a safety award for co~~~=~::.;.g 
five yea~s o::' o;;;ra~:.o!':. ·.-::.~r:out a :cs~-tLtr.e accident. 

Duri~g the 1950s, the Hea:~h Departme~t contir.ued to we~~ 
closely with des:.gn e~gineers to mee~ revised standards set by t~s 
AEC. 

As the r.e.ti~n's atomic e~ergy program expanded, the po~e::~~a
for larger r.t:1;1be::-s o:' people to be s:;.bjected to long-term radiat:.::::. 
exposure led the AEC ~o introduce a series of reductions ir. expos~r~ 
limits. This was done to safeguard :1ot only those directly invo:~;~ 
in uranium proa·.i:.;ior_ a.!"!d other atc=:ic-energy work, b"L:t also, i:: c. 
broader sense, to protect th: natio~ as a whole as well as fut~re 
ge:1erations. 

• 
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To meet these changing health and sa~ety sta...'1.dards 
established by the AEC, as they applied to the ~a:11nckrod~ ura:-.it:.::1-
processing operations, the Co~pany's engineer:.~~ personne: hac to 
alter designs of existing facili~ies as well as construct new fac1:~~ies. 

Cor:trol Tra.'1.sfer.red To Oak Rid,='.'.e In 1 954 
New A~ir.istrative Po~icy Esta~lished Ey AEC 

I~ 1954, control o~ the uraniu.~ ef:or~ ~n St. Louis was 
transferred ~rom the A~C•s New York Cpera~ior-s o~~ice (~ri00) to t?.e 
OkR.z• 0 t· a~~· ("R00) ....... ·•.z • • "-,.. a. -cge pera ior.s !.:. l..ce .... • wi .. r. "tn.1-s c:-.ar.ge, -=ne .r....:. .... 
significantly revised its acim~n~stra~ive policy co~erni~g hea:~~ 
a.nd safety ar.d other functions or the ura.~i~ a:t~7i"ty. 

Ur.ti::.. 195!L, the N;:"00 had partic~pa"t.e~ w:. :::h Ma:li!'1c~r~c.~_ 
in a~l aspects o~ the ~eal~~ a~d sa~e~y ac~iv~~:.es, incl~di~g be~~ 
es~~bl~sh~~g s~ar.Ca~Cs ar.d ~~ple~c~~~~g progra..~s. In acc~~~o~~ ~~e- -
l'Te!.J Yor:~ O~f'ice se:- .. ,e=. as ~r: i..~pcr~a!:~ SC'.:!'~e =-=~ _-:ech.::i~e.: g:...:!~a::~ 
fo!' :-:E:.::i:-:.ckroc.~. :-==-

Oak Ricge, ~~ co~~ras~, a~~!~:..s~srsi ~r.e con~rac~ w!-;~ 
Ma::i~~~rod.; o~ the basis o: ar:. en~:..rely diffe:re?.:~ ph~losopty. 
Accord!.!".& to the new po:::.::..cy, t::.e ORCC acted or.::; in a supe:rv!.sory 
capaci-:y. The OROO l~:.-r.ed i:.s role to that o::' es-=aol:.s::.:.ng he:.:-:.:: 
ar..d sa:'e~y criteria. The contrac.;o:r was res~o?.:si~le -- or. i~s c:•::: 
for ;~p:~~enting activ::..ties to rr.eet t~e estab:ished s~a.'1.daris. 

W:! . .-:h tr.e tra::.s:'er o:' co:;tr::,::!. to Oak :::.::..::ge, the r;ew Yor~ 
Opera~:..ons Cffice, ~o lo~ger i:: c~arge of feed 3a~er!als process!::g: 
tece:.:e the Eea~~~ a.::c Sa:'e~y La~ora~ory (r.AS~) :'or the A~:. v:-:~!.: 
the We::.:=.o:: Spri!".g fac:.::..:.::..es were i:-: .:u2.l o:;e!'a::!.orl, ~_.:..s:. ass:..s-;_c:: 
Mall!r.ckrod~ by perfor~!.~g val~able serv:..ce ~~:-:c~ions s~c~ as 
conducti~g brea~~-~a~i~gs a~d bio-assays. · · -- -

For ~e:aon s~rir.£ flanL, 

The cor.t~nued ex~ansion o~ the urar:.!.-:..:.::1 oner~~~=~E i~ ~~e 
St. Lot:.-:.s area led ~o trie cons.;ruct-:.0:1 o~ a new U!'a::!.:=- :;::E.::-: a-:; 
Weldon Spring, Missouri. 

The des~gn of the Weldon Sfrir.g pla~t to9k advan~age of 
both the Company's and the AEC's acc~ulated ~ea:th o~ ex;e!'ie~ce 
concer::ing the ha.~c~i~~ o~ tea::!.th a.r:d ccr.tam~::a~!.or. p~o~:a~s enc~~::~e~=~ 
!.!'". urar:!.ZL p!'::>cessi::g. Tl:e :;::a::~ !.a:;out at :-is.::or. Spri:.g ~-1a5 pla:-.. :=-: 
to reduce confusior. and lost "t~~e 1~ changing ~:othes ar:d to feci:~~at~ 
control of the spread cf cor..":a=ina-::~o::. Adva::~ed dus-:-co::~rol Sj,•s-:6=& 
~.;ere des::ii::ed and i::s-:a:2.ec. :..::. t!':e p~s.nt; ar.-.: a ·::i.ocsr:1 d~s:;.e:!'",Sa::-~-- a:::: 
e?:!.ergs:.cy t.ospi~al were p:!:'o•,::.:~a. !?: gene!"a·:. -:.:-.e phys!.ca: facili-:.:.es 
:.:-.. C. ;~~ g:!"=--:: for t.sc.: ~!: ar:C. s.a:'~t-y a:. :-reldon S;r!.::g \'Jere c~!':s!.der:::. 
c·.:--:s-;a!" .. =.!.: .. ; !.:: -:::e i::C'.:.s-:~y. 
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The Health Department started its operations a~ Weldor. 
Spring in May, 1957, and because the Department had more of:'ic.e __ _ 
space and laboratory space at the new facility., it headquartered
all of its administrative functions, records, and laboratories 
there. 

Existing health programs were continued at both the St. 
Louis plant and at the new site, and a number of supplemental pro
grams were initiated at the Weldon Spring plant. When the Destre~a:: 
Street activities were terminated in 195e, the entire health operat~o~. 
was located at Weldon Spring. 

The Health Department experienced substantial growth a~ 
the Weldon Spring facility. Two bio-assay laboratories., three me~~~a: 
laboratories for physical examination analyses., and two enviror:.~ec.~a: 
laboratories were built and staffed. -

Safety Pro~ra.~ Exne..~ded 

Ur:til the change fro~ e. unit-price to a cost-~lus-:~:ec.
fee contract, sa.fety progra."ns for t!':e ure.n:::.1..1.m. activities were 
a~~inistered prL~arily tr.rough the ma~n plant, rather tr.an the 
UraniUJ.l Division. However., a separate Safety Department. was crea:::e.:: __ _ 
as part of the Uranium Divisio~•s i;.dustrial relations orgar.~za~:::.oc.. 

In 1959, the Safety Department was combined with t~e 
Heal~h Department. The integrated functions were carried out u~ter 
a Rir.gle director until final e.ctiv~~1es were terminated at Wel~c~ 
Sp.:."ing. 

In addition to the cor.ta=i4atior. control efforts ree'!'!t~c~e~ 
~revio~sly, a r.1.1..~ber of o~~er er.viror~1ental measurement ar.d co~~ro: _ 
progra.-::s were carr~ed ou~ to sa~eguard the com.:~µnities -- bot~_:cca: 
a::d ~a:~or.a: -- o~~s~~= ~~e p!a::~ fr~= ar:.y hazards whic~ mig~~ te 
associated with the ura::it::r! pracessi~g. The progre.rr.s co~ductei a~ ~te 
Weldo~ Spri~g facility to min:!..:r!ize t~e release of ura.~i'l.l!:'!-bearic.g 
Ir.at;;rials to the S'.!rrou~c.i'!'!g e::Yiro:--_-::e~t were operated se.tisfe.c-:c--.:·:..:~.- ·
duri~g the entire history of the p~ar.t. 

Plant-process cr.e~ical was~es and other process resid~es 
were retained in storage facilities located at the site. Trea~=~ 
waste materials were pur:ped to either the process sewer or to se~~:~'-~ 
basins where solids were removed. The plant-process sewer carrie~ 
the remaining water effluent into the Missouri River. 
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Each day, water in the process sewer was sa.~p:ed auto
ma~ically to provide continual measurement data concer~ing any 
release of uranium-bearing material into the river. Cff-si~e wa~e~ 
samples also were collec~ed from other rivers, s~rea.riis, lakes, a:.c 
creeks located within the plant's wa~er shed. In addition; a~r 
samples collected ~1one; and beyond the plant pe!"i.!lle~er were teste-d 
for uranium and radiatior. content. 

Figure III-4.3 is a photograph show~ng wa~ar samples be~~~ 
collected. Semi-annually a.~ extensive survey of the Missouri Rive~ 
was conducted to deter~ine the content of ura:1i-..:m ar.d o.:her che~~~a: 
constituents in the river both upstream ar.d dow~strea.:l !~om t~e 
Weldon Spring plant. Uranium concentrations downstream d~d not d~~~er 
signi1icar.tly from the river's ordinary ura~ium content upstre2l!'. fr~~ __ 
the Weldon Spring fa~ili~y. Additional c~ecks were made by sa=~:~~f 
water at i~takes ~o t~e wa~er p~~ts of the ci~ies o~ S.:. Lo~!s a~= 
S.:. Ct:arles. 

I~ general, s2::;:ir.g o= the e~vircr..~s~~ o~ t~e ~e!do~ 
Spr~~g p:a~~ inc~ca'ted t~a~ urara~-:.ar.-beari::.g ma~eria:s i::. t~e a~e:a __ _ 
wa":er shed a::.c peri:ne-:er air were: subs":an":ia::.y the sa:r.e as le·;e:s 
of r.atural uraniur.1 i~ non-occupa~ional a~eas, never bei::.g more ~~a~ 
a s~all fract~or. of A~C-accepted limi~s. 

For a:l shipmer.ts of urar.~um metal e.::d o~ner ~a~er!a~s 
from Weldon Spring, the re=luirements 9.f' _ _:tJ1e Ir.t.ersta~e Co!:'"-~e:rce 
Commission were met. -- exce"Dt -in. cases ·of shi"Dmer:ts tha::, -were; exe::-:::-: 
'by :5-_9~e sp~~:i.al: pet~:. t :qf_"special_ prov~5-ion •. - Ea.ch ·01.i-tgo:::::.i s::ip::e::-: 
or empty carrie~.was tes~ed ar:d was not re:ease= un~i~ ~~ q~a:i~ie= 
ur.der the ICC reg~~atior.s. 

Uraniu.~ ~e~al s~~pp~d ~rom we:co~ S~ri~g was ~o~ s~~~i~~:.:-.~:y 
radioactive to require s::i;pi.?:g i::1 spec.:.al cor:-cainers. Sera,;: ?:.e-:a:..s 
f:t9:r:. process, areas·. wera nc.~ sp:d _di;rectZ;y. cm·_ !,t!e:, -o~~!'l scr,.ap-i:.~r?:~:: 
lJU t were d:!..spb sec. 'o:' t~~:;:;g":: :1:.cfe~$_ea . t.e.::~;~.r.s . 

Conclusions 

F.ealth a.~d saf:~y activities cont!nua::y i.'T-~~o~== a~~ 
expa.~ded i~ scope during ~r.e history of the St. Lou~s-ar;a ur;~!~~
operation. 

The success o~ the program resulted from ~he i~tell~ge~: 
cooperation and teamwork o! all concerned: including Gove~:1I1:e~t 
reorese~tatives :'?"O!!". the ;,B:J and the AEC, Ma:.lir.ckrodt e~-n:.oj":;S, 
doctors and scier:tists f?"~::!l Washington University and tr.e-Un!•.re!"S~::: 
of Rochester, ar.d many o~hers. 
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Their combined efforts produced en outstanding health and 
safety program wh1ch was responsible not only for protecting the 
health and safety of many people, but also for protecting materials 
and vital industrial and military operations. 

Related Documents 

A thorough account of the health protection measures 
employed at Mallinckrodt's Uranium Division 1s provided in Charles 
D. Harrington and Archie E. Ruehle's Uranium Production Technolog~ 
in Chapter 18, "Health Hazard Control. 11 

The following numbers refer to other bibliography entries 
which are also 1.mportant sources for more detailed information on 
the health and safety programs described in this subsection: 
l, 2, 10, 13, 14, 23, 24, 27, 33, 34~ 35, 37, 38, 47, 60, 72, 85, 
123, 124, 125, 127, 174, 182, 183, 108, 193, 194, 196, 198, 200, 
201, 202, 203, 204, 205, 206, 213, 214, 220, 222, 223, 224. 

Additional references may be found in some of the sources 
indicated above. 

# 
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Section IV 

PRODUCTION AND COST 

The 25-year history of the production effort under the 
uranium-processing contracts between Mallinckrodt Chemical Works 
and the Government can be divided into two major periods -- one, 
the period from 1942 to 1956, and the other from 1956 until termi
nation of the contract at Weldon Spring in 1967. 

During the first period, the work was performed under 
fixed-price contract arrangements. From 1942 - 1946, operations 
were located at Mallinckrodt 1 s main plant at Second and Mallinckrodt 
Streets in downtown St. Louis, Mo. The scope of the project gradually 
grew, and in 1947, responsibility for the operation was assigned to 
the United States Atomic Energy Commission. About the same ti.me, · 
the Destrehan Street facilities were added to the project. 

During the second period, operations were carried out 
under a cost-plus-fixed-fee contract. Additional expansion and 
consolidation led to the erection of the Weldon Spring facility and 
termination of the Destrehan Street operations. 

Throughout Mallinckrodt's work for the Government, pro
duction levels and costs related to production levels were classi
fied. This section of the report does not"include information that 
is still classified; however, adequate unclassified information is 
available to provide the reader with insight into the interrelated 
facets of operating the production facilities. 

Contractual Arrangements 

Many aspects of management, organization, administration, 
operating procedures and Government policies influenced production 
and costs of the St. :U:,uis-area uranium processing projects. One 
of these influences was the type of contract under which the work 
was performed. 
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During the initial period, under the fixed-price co~~rac~: 
all money exchanges with the Government were based upon a fixed 
price for accomplishing a specified amount of work. The contract 
with the AEC provided that 30 days prior to a contracting perioc, the 
AEC would inform Mallinckrodt of the quantity and quality of feed 
materials to be purified during the contract period. At first, tr.e 
contract period was one calendar quarter. Later, it was changed to 
one calendar third (four months). 

L"l .addition.to the basic uranium production operations, 
Mallinckrodt er.gaged in .research projects and construction proiec-::s 
which the Company carried out·:ror the AEC essentially on a fixed.:. 
price basis. Development work on operating processes that were 
already established was accour.ted for as part of the manufacturi::g 
operation. However, development work on new processes or produc~s 
was carried as a separate progra~ i~em, and to secure the contrac~~::g 
o!ficer's advance approval of exper.ditures, Mallinckrodt was re~~~e~ 
to de~ine t~e work care~ully in terms of progra-~ plans, progress a::d 
stat~s during specific phas~s. 

Construction work was subject to somewhat more speci~~c 
nrior definition of details ar.d esti!nated costs. All constr~cticr. __ 
projects had to be described carefully by Mallinckrodt and approve~ 
by ~he AEC before the work was s~arted. After the constructior. was 
underway, sta~us reports and other ~eans we~e used to keep the A~: 
fully informed of the progress o~ the work. 

When ~he cost-plus-fixed-fee cor.trac~ was i.7.ple~entei e.!':c 
the expansion o~ the Weldon Spring site started, the policy o~ _ 
before-the-fact approval continued. However, the costs of a~l pro
gra~s, includi::g productio~ as ~e!l as construction a~d develop~e~~ 
work, were tied directly to fiscal-year expenditures. This cos~
accounting policy was in accordar.ce wi~h the established admir.is~ra
tive procedures of the ABC at tr.e tL~e. 

Co~ce~i~ive A~~osnr.sre 

Frequently, it is assumed t~at Government opera~ions are 
inherently more expensive be~ause ttey lack tr.e eleme~t of effec~~ve 
competition. I~ the case of the AEC feed materials pla.!'lts, such a 
situation did not exist. 

During years 1943 - 1947 several plants, in addition to 
Mallinc_krodt, produced UO~, UF4 a.::d/or U r.1eta!. .... Production contrac-::s 
after ls;,47 were based on ~ompet:::~·;e bids. Mallinckrodt was low 
bidder and thus operated tr.e only ~:ant for these three products ~~~~l 
the Fernald, Ohio plant was b~~lt to meet increased capacity needs. 

• 

• 

• 
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Beginning with the erection, in 1953, of the Fernald 
plant, which was operated by National Lead Company of Ohio, step 
by step competition existed between the St. Louis and Fernald 
operations. Unlike commercial enterprises, competitive data con
cerning costs, levels of personnel, and purchasing prices of 
reagents and materials were made available to the other party. 
The competitive atmosphere remained intense and unremitting until 
1962, and subsequently continued at a somewhat reduced level due 
to the dissimilarity of operations being carried on at the two plant~. 

It generally was understood that a similar competitive 
atmosphere existed between the production reactor operations at 
Savannah River and Hanford. 

Fixed-Price Contract -- 1942 Through 1955 
The original contract provided that Mallinckrodt would 

operate the Government's uranium projects at the Company's facil
ities in St. Louis. On a regular basis, the Government would 
supply Mallinckrodt with specified quality feed materials and other 
items selected by the Government. The Company was expected to pro
vide all of the necessary personnel, reagents and materials required 
to produce the stipulated amount of specification-quality product. 
Under these arrangements~ therefore, Mallinckrodt invested a certain 
amount of its own caoital funds -- in the form of mechanical and 
reagent inventories and operating capital -- in the uranium pro
cessing work at the Destrehan Street site. 

During the period of operation under the fixed-price 
contract, it was the objective of the AEC to operate the Destrehan 
Street facility at its maximum capacity with the feed materials then 
available. Early in this phase of the operation's history, the feed 
materials consisted primarily of Belgian Congo pitchblende ore. 
Later, the materials processed included captured German and Japanese 
concentrates, magnesium precipitates from Belgian Congo and con
centrates produced by domestic and Canadian producers. 

The amount of income which Mallinckrodt derived from its 
operation of the Destrehan Street facilities was determined on a 
regular basis through negotiation with appropriate AEC authorities. 
A fixed price was negotiated in advance, for a specific period, based 
on schedule and feed-quality projections. The Company's profit was 
determined by controlling costs and achieving production schedules. 

The estimated cost figures were based on forecasts, for 
a specific period, of the esti.mated levels of personnel, reagent 
consumption, maintenance, and all other similar items required to 
produce product of specification quality from the feed materials. 
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The Destrehan Street facility was equipped to handle the 
Belgian Congo ore. However, processing of this feed material was 
relatively costly because allowances had to be made for opera~i;.g a 
totally enclosed separation plant for protection against the hazard
ous radium residue present in the pitchblende ore. The concentrated 
materials, which were secured later, such as the magnesium conce~
trate from the Belgian Congo, and domestic and Canadian mill con
centrates, did not c9ntain radium and therefore were considera~:y 
less costly to process than the pitchblende ore. 

During the period of operation under the fixed-price 
contract arrangements, unit prices were established periodical~y 
through negotiations with the contracting officer in the St. Louis 
area. Funding was established primarily on a_historical basis; 
however, major changes in quality of feed materials, in sn~ppi;.g 
methods a.~d containers, and in prices of reagents, materials a~d 
labor were recog~ized for the comi~g period, a~d their in:lue~ce on 
costs was taken into account be~ore the fact by respons~ble A~: 
personnel. 

Unanticipated excessive costs in plant start-up, i~ 
yield, or in reagent cor.sumption resulted in reduced Mallinckrod~ 
income for the period. Decreased costs, due to improved procedures 
and efficiency of personnel resulted in ir.creased income for the 
period. Normally, the subse~uent ~eriod was adjusted at t~e 
insistence of either party in an a::ternpt to br:S..ng the estimates i;. 
line with actual costs. The de~and for a new product, or the 
installation of a new process inevitably caused major discussio~s 
of pricing methods. 

F!'om 1942 until 1948, research and development work was 
carriea out without special fur.ds, a!'ld was cor.sidered par~ o~ . 
Mallinckrodt's routine uran~um-processing operations. Initia~. . 
researc~ was perfor~ed in the laco~a~cry and subsequent develop~e;.~ 
work was ca?-ried. ou~ -- -ti:roug!: "'::-.-= :'ina!. shake-dowr: stages -- i~ 
the plar1t production faci:ity. :-;c ·p.:.lot-p::..ant faci!.i ty was e..\•aila'tle 
for intermediate development. 

Separate, specially :'u~ded, major research and develop::::e:-:: ~
activities began with the establis~zent of a small laboratory in 
1948 to examine the amenability of new ~eed materials to the dual
cycle ether extraction process which was then in operation at the 
Destrehan Street plant. This effort was augmented further, in 194E, 
by the establishment of a gree~-sa:t pilot plant for the develo~ree'"~ 
of a new green-salt process. -

• 

• 
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The p:j.lot plant was essentially a.reproduction of the 
various processes in the Dest.reha.n Street refinery. It was used 
for further amenability testing of feed materials until it became 
necessary to research the process to be used at the AEC plant at 
Fernald, Ohio. 

Development efforts, which continually grew as the need 
for uranium increased, included work on the magnesium-fluoride 
recovery process; the dingot metal process and a forging pilot plant. 
Machining facilities f'or forged and extrudedmaterial.s were established 
and operated for a period of time. · 

Cost-Plus-Fixed-Fee Contract 

The cost-plus-fixed-fee contra.ct offered many advantages 
over the fixed-price contract. New production techniques and new 
products could be introduced without extensive discussion. Con
struction and development projects could be initiated with more 
flexibility in design and program than previously. 

Production scheduling became a matter of discussion 
between feed-material contractors and the consumer representatives 
at Hanford-Savannah River. Production control and accountability 
procedures provided up-to-date inventory and capacity data so that 
optimum levels of operation at each site could be established. 

Costs incurred at a single site were distributed among 
all programs at the site -- production, research and construction. 
Consequently, in any .evaluation of operations at a single site, the 
total level of activity and the distribution of expenditures had 
considerable influence on the a.ooarent cost of a single specific 
product or project. Therefore, sites with large a.mounts or variety 
of production equipment or research projects were able to show a 
lower loading of the indirect cost per project than sites, such as 
Weldon ~Pring, which had less production capability. Considerable 
effort was devoted to seeking solutions to these various problems 
and eventually it generally was accepted that the assignment of a 
new production or research activity would be based upon the incre-
mental cost of the competing sites. · 

With commencement of operation of the plant at Fernald 
and revisions to the Atomic Energy Act of 1954, much of the 
Government's production activity became classified as "Confidential" 
instead of "Secret." Subsequently, rather wide dissemination of 
information about uranium production technology was permitted and 
Mallinck~odt personnel participated in exchanges of information 
throughout the plutonium production ci~cuit. Such interchanges 
promoted better understanding of the influences of cost and quality 
variations. 
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Other sections of this report contain detailed descrin~::.o~s 
of the technical efforts and their influence on the total AEC pro
duction. 

Summary And Conclusions 

Total expenditures by Mallinckrodt during its 25 years·ic.
the atomic energy progre..~ are shown in Figure IV. Comparable pro
duction data is classified information and, hence~ not shown. A~: 
offices have additional detailed information which is available to 
authorized persons. 

Mallinckrodt operated more thar. ten years under each o~ 
two types of contracts -- fixed price and cost-plus-fixed-fee -
under varying conditions of competition, demand for products, a::.~ 
chan.ging raw materials, processes a..11d products. The Cor.ipa~y bel:.s·.-es 
i~ demonstrated the abili~y to produce low-cost, high-quali~y pro
ducts for the Government under both types 0£ co;.~racts. The Co~;=~Y -
believes, however, that there is more incentive to improve O!=era-:::.o::.s· 
and reduce costs under fixed-price contracts negotiated for s~cr~ 
terms. Thus, in Mallinckrodt's opinion, in the long ru~, f~xed
price contracts result i~ a greater benefit to the Government. 

Related Docu..~ents 

The following r.umbers refer to bibliography e~tries- ~~~c~ 
are the principal sources for more detai~ed infor~ation or. p~od~c~i~~ 
and cost as discus~ed in this section of the report: 3, 6, l~, :5: 
16, 19, 23, 24, 25, 364 39, se, a1, 164, 113, 190, 195, 199, 20!! 2l4, 
216, 217, 222, 223, 22'. 

Add~tional refere~ces may be ~ou~d in some of the sour=es 
indicated above. 
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Year 

1943 
1944 
1945 
1946 
1947 
1948 
1949 
1950 
1951 
1952 
1953 
1954 
1955 

Fiscal 
Year 

(last 
1956 half) 
1957 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
r96~ 
196 
1967 
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URANIUM PROCESSING EXPENDITURES 
($1.,000's) 

Production 

2.,721 
.3,147 
2,329 
2,619 
5,327 
5.,951 
5.,909 
5,984 
8.,059 
8,843 
7,943 
8.,185 
9,471 

6,193 
12,212 
12,272 

9.,8~1 
10,6 6 
11.,086 
9.,869 
8.,075 
7,792 
7,lg6 
7,3 3 
~568 

Research 
and 

Development 

Equipment 
and 

Construction Total 

2,721 
3,147 
2,329 

2 2,621, 
260 ~,587 

45 356 ,352 
186 581 6,676 
187 428 6,599 
154 588 8.,801 
268 511 9,622 615=-----~4~15=----~8~.,9~7~3~ 
854 942 9,981 . 
880 1,577 ll~9a8-

446 
1,214 
1.,440 
1.,542 
1,304 
l.,151 
1,172 
1,134 
1.,145 
1,003 

807 
86 

309 
1,237 
2,805 
2,363 
1,920 
1.,9·24 
1.,601. 
1,420 
1.,116 

717 
347 

(291) 

~'2..~'\\:::>n 

6.,948 
14,663 
16,517 
13,796 
li,910 
l ,161 
12.,642 
10,629 
10,053 
8,876 
8,517 
2,363 

Figure IV TOTAL EXPENDITURES by Mallinckrodt during the Company's 
25 years of uranium processing work for the Government. During the 
period 1943-1956 under the fixed-price type contract., accounting 
was on a calendar-year basis. During the period 1956-1967., under 
the cost-plus-fixed-fee type contract, accounting was on a fiscal
year basis. 

c.:·J---------------------------------------
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CONCLUSIONS 

"War, peace, freedom -
each of these we see 
now in new perspective." 

152653 

Section V 

--- Arthur Holly Compton* 

In April, 1966, the Atomic Energy Commission announced 
plans to consolidate the uranium feed-materials production operations, 
at Weldon Spring, and Fernald, Ohio, into one operation at Fernald. 
The Weldon Spring plant, operated by Mallinckrodt Chemical Works, 
would be shut down. 

Both installations had been operating at reduced levels 
as a result of production cutbacks announced in January, 1964. Sub
sequent AEC studies showed that operations could be handled more 
economically by consolidation. 

Production at Weldon Spring ended in December, 1966, and 
in June, 1967, the final standby status was terminated. 

A Quarter Century Of Cooperative Achievement 

With the closing of the Weldon Spring plant, Mallinckrodt 
completed 25 years of continuous service ~n operating uranium pro
duction facilities for the United States Government. During its 
quarter century of uranium work, Mallinckrodt set records for 
exceptional achievements in research, process development, and pro
duction. In carrying out its contracts, Mallinckrodt played ~ey 
roles, together with other companies working cooperatively with each 
other and with the Government, in advancing the atomic age, and in 
protecting the national security. This joint errort resulted in 
major contributions to the science and technology of chemistry and 
chemical engineering, and to a number of other fields including 
especially technical and engineering ad.ministration and management. 

* Arthur Holly Compton, Atomic Quest (New York: Oxford University 
Press, 1956), p. 289. 



~ 1 ·------------------------------------------~----

I 
I 
I 
I 

- ·1. 11 ','J 

--··•t I 
I 
I 

·l I 
) 

'~-1 

I 
·1-1. 

'I -

J 

152663 
-166-

The Future 

The achievements that were accomplished at the Govern..~=.!::.t's 
St. Louis-area uranium processing plants were, without doubt, n~~erous 
and great; however, they were just a beginning. 

Initially, this nation's atomic energy effort was conducted 
to meet military and national defe~se objectives. Later, however, 
non-military, peaceful objectives for the use of atomic energy were 
established, and already much has been accomplished to meet these 
goals. The accomplishments have been achieved through the intei:ige~~, 
coordinated application of this nation's physical resources and 
skilled scientific, technical, and managerial talent both in priva~e 
industry and in the Government. Mallinckrodt, through its uranit.:.:: 
process-development and production work, has participated ~por~a~~ly 
in this effort in the advancement o~ the atomic age. 

In his book, Atomic Ques~~ Dr. Arthur Eolly Comptor. sa~c: 
11 The h~g:1 cost of war, now ths.t a't.:i.mic weapons are in our har.cs., is 
forced on our a~tention with unprecedented sharpness. Or. the o~her 
r.and, there lies before us ur.p~ral:eled opportunity for peace~~: 
growth. 11 * 

Atomic energy has practica:ly unlimited potential for 
adva.~cing ma.~kind. 

Presently, fossil fuels -- coal, petroleum, and natura: 
gas -- are the chief sources for tr.e enormous a.mo~nts of e~ergy ~sed 
daily by modern civilization. Beca~se concentrated sources o~ tr.ese 
fossil fuels "are far from inexhaustible.," it is not ur.likely t::i:.~ 
historia~s of the fu~ure will refe~ to the brief period whe~ foss~: 
fuels were usec as 11 't.he fossil-fue: incider.t. 11 

• 

In a. speech e!ltitled., "T::e Atom's Prot:1:!.se, 11 r:r. Seabor~ 
sa:.d, 11 :Sne!'gy locked in the wor~1 • s t:ra."liU...'Tl ar:d. t::oriu::: ores -- '1-:::.:.c::. 
car. be used as fuel ir. nuclear r;a~-;~!'s -- •is ~ar.y t!::>~.::a~.d-fo:..~- -:·::e:: 
in the known reserves of fossil fuels ••• 11 Dr, Seabo!'g predic~ed 
that 11by the year 2000., fifty per ce:.t of all electrica~ power· wi::-:- _ 
come from nuclear sou!'ces. 11 

These are only a few ind~cations of the future rewards w~~~h 
are possible -- and probable -- as a result of past efforts in ato=i~c
energy research and development. 

Thus, the full imp:!.ica.tior:s and sigr.i!icance of Malli::ct!'od-: 1 s 
uranium-processing work with the Government are ye~ to be realized. 

* Ibid.. .!.J. 
Tr 
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