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1940-1950

(top) West Stands at Stagg Field, University of Chicago—site of world’s first

nuclear reactor and, later, first research on nuclear fuel processing by the
ANL Chemical Engineering Division.

(bottom) Walter Zinn (left), first ANL Laboratory Director, and Stephenrt
Lawroski (right), first Director of the Chemical Engineering Division.



1940-1950: The
Beginning

The Chemical Engineering Division (CEN),
now renamed the Chemical Technology
Division (CMT), at Argonne National
Laboratory (ANL), was formed officially in
February 1948. Its roots extend well back into
the Manhattan Project, however, where it
evolved from a group in the Chemistry
Division of the Metallurgical Laboratory at the
University of Chicago and became a separate
division. A brief review of the Manhattan
Project, the Atomic Energy Commission, and
the Met Lab should prove helpful in under-
standing the various events that led to the
formation of the Division and shaped its future
role as a research and development organiza-
tion.

THE MANHATTAN PROJECT

It is generally accepted that the atomic age
began in Berlin with the discovery by
Otto Hahn and Fritz Strassman in 1938 that
uranium can undergo nuclear fission. Earlier
workers had achieved fission by bombarding
uranium with neutrons, but did not recognize it
as such because they mistook the fission
product, barium, for actinium. Hahn
established clearly that the product was barium
by separating and identifying its decay
product, lanthanum. The thinking at that time
was that neutrons might be captured or that
they might knock small chips off the nucleus,
but gross fissioning of the nucleus into large
fragments was not believed to be possible.

Hahn realized that such fissioning was the only
explanation for the barium, but he was
reluctant to publicize such a radical result
without some theoretical backup. He informed
Lise Meitner, a highly competent theoretical
physicist, of his results. Meitner agreed that
the barium could be explained only by fission
but was troubled as to how it could occur. She
and her nephew, Otto Frisch, also an excellent
physicist, after much speculation and
agonizing, came up with a liquid drop model.
According to this model, the uranium nucleus
assumes a sort of dumbbell shape in which the
binding forces arrange themselves in such a
way that fission can take place. Still somewhat
nervous about their finding, Frisch approached
the eminent Danish physicist, Niels Bohr, who
grasped the concept immediately with much
enthusiasm.

Bohr sailed for the U.S. shortly thereafter,
and upon his arrival announced the discovery
on January 16, 1939, at the Princeton Monday
Evening Journal Club, a weekly gathering of
Princeton physicists. Almost immediately,
related work emerged nearly everywhere. At
Columbia University, Enrico Fermi, and Leo
Szilard measured the absorption of neutrons by
uranium, and Bohr and John Wheeler at
Princeton performed a classical analysis of
uranium fission. Frederick Joliot-Curie in
France confirmed the theoretical model
experimentally and attempted to produce a
chain reaction. Rudolf Peierls in England
determined the critical mass for a chain
reaction. This burst of activity over a period of
only a year or two led to a high confidence
level that a fission chain reaction in uranium
was possible. This discovery also led to a great
deal of speculation about the possibility of a
nuclear weapon, which alarmed many of the
scientists who were involved in the work. The
totalitarian regimes in Europe had created
conditions that caused many of their leading
nuclear scientists to flee to the U.S., which
assured its future preeminence in the field of
nuclear research. But the concerns of the
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scientists over potential nuclear weapons fell
largely on deaf ears in the U.S. Goverqment
administration until Szilard, Eugene Wigner,
and Edward Teller prevailed upon Albert
Einstein to write his famous letter to President
Franklin Roosevelt on August 2, 1939.

Once the administration realized Lh.e
significance of potential nuclear weapons, it
reacted as governments usually do—it formed
a committee to study the problem. At
Roosevelt’s request, the National Academy of
Sciences (NAS) appointed an Advisory
Committee on Uranium (ACU), which was
chaired by Lyman Briggs, the director of the
National Bureau of Standards. Its mission was
to coordinate fission research and to evaluate
the possibility of developing nuclear weapons.
The committee acted slowly and was relatively
ineffective. The increasing intensity of the war
in Europe in 1940, however, brought about an
ever more rapid mobilization of scientific, as
well as military resources in the U.S., along
with a strong sense of urgency. A new
organization, the National Defense Research
Council (NDRC), was formed and placed
under the leadership of the director of the
Carnegie Institute, Vannevar Bush, who was a
well known and respected individual in the
power circles of Washington at the time. The
ACU was reorganized and placed under
NDRGC, but it still remained indecisive. At this
juncture, three Nobel laureates, Harold Urey,
Ernest Lawrence, and Arthur Compton, who
were members of a NAS review committee,
expressed their impatience with the lack of
action, causing Bush to superimpose on
N]?R(; a more powerful agency, the Office of
SC{entlﬁc Research and Development (OSRD).
This office was given jurisdiction over all
war-related  research and developmem,
James Conant, president of Harvard and a
we]l-kgown organic chemist, replaced Bush as
the chairman of NDRC ang became his
at OSRD. Ure
provided the IZQdeerl‘:;engr’ and Compton

4 reorganized

uranium committee known as the S-1 Section
SRD.
Of%qe U.S. declaration of war in December
1941, plus various bits and pieces of
intelligence emanating from Europe that
Germany was most likely attempting  to
develop a nuclear weapon, finally galvanized
the American effort into a strong course Qf
action. The S-1 Section placed Compton in
charge of the theoretical and expenme_nlal
studies of fission and nuclear weapons design.
Compton wasted no time in recruiting the
necessary physicists, chemists, engineers, and
other personnel, mostly from universities and
industrial research and development laborator-
ies, and organizing them into an entity bearing
the code name “Metallurgical Laboratory” or
“Met Lab.” There was much discussion as to
where the new lab should be located. Cases
were made for Columbia, Princeton, Berkeley,
Cleveland, and Chicago. Nobody wanted to
move. Compton made a unilateral decision that
it would be Chicago. His arguments were that
(1) the University of Chicago was receptive to
the idea, (2) Chicago was conveniently located
for travel to other sites, and (3) more scientists
were available to staff the operation than on the
coasts where faculties and graduate students
had been drained for other war work. Between
March and June 1942, the staff at the Met Lab
increased from 25 to 1,250. Much of the
experimental program was conducted in space
under the West Stands of Stagg Field at the
University of Chicago, a rather forbidding
fon'ress-like structure.  The  University of
Chicago Maroons, a football team once
coached by the legendary Amos Alonzo Stagg
and known as the “Monsters of the Midway,”
:Sadhzgf{;red a series of embarrassing defeats,
e U. of C. baseball and basketball
teams, so they had withdrawn from the Big
Ten.
detzx?::j ntirstthemg?s?g'ﬁf th;: Met Lab was to
reaction, and thig bt s
) s effort was placed under the



very able leadership of Enrico Fermi, who was
widely accepted as the leading authority in the
group. In addition to his excellent theoretical
understanding of the subject, he seemed to
have an uncanny intuitive feeling for the
fission process. Under Fermi’s direction,
slugs of natural uranium oxide, and later,
uranium metal, were placed in blocks of
graphite moderator, which were assembled
into a stack or “pile” in a squash court under
the West Stands. This pile became known as
CP-1 (Chicago Pile No. 1). Criticality was
achieved on December 2, 1942, at the stage
that Fermi had predicted. Compton, at the Met
Lab, called Conant at Harvard and told him
“The Italian navigator has landed in the New
World.” Conant asked, “How were the
natives?” Compton replied, “Very friendly.”
This is probably one of the most widely quoted
telephone conversations in history, second
only to the original one between Alexander
Graham Bell and Thomas Watson.

Even before the success of CP-1, it was
recognized that a massive national effort would
be needed to develop a nuclear bomb on a
timely schedule. This effort, which became
known as the “Manhattan Project” (officially
the Manhattan Engineer District), was initiated
in August 1942. Because of the huge size and
complexity of the undertaking, it was assigned
to the U.S. Army Corps of Engineers, and
Brigadier General Leslie Groves became the
commanding officer on September 23, 1942.
Groves, although not a universally popular
individual, to put it mildly, was a highly
effective manager who pushed the Manhattan
Project forward at a rapid pace.

During the earlier studies of uranium,
Arthur Dempster at the University of Chicago
had shown that natural uranium, which is
predominantly U-238, also contains a small
amount of a second isotope, U-235. Alfred
Neir, a postdoctoral student at Harvard, then
quantified the U-238/U-235 ratio as 139:1.
Bohr came up with a theoretical explanation for
the fissioning of U-235 by slow, as well as
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fast neutrons. Leo Szilard and Walter Zinn at
Columbia found that two neutrons were
produced by the fissioning of a U-235 atom,
and somewhat higher values were obtained
later by other investigators, showing that a
self-sustaining chain reaction was possible.
While these uranium fission studies were
still in progress, a new chemical element,
plutonium, was discovered in 1940 at the
University of California, Berkeley, by
Glenn Seaborg and his colleagues, who
produced minute amounts of Pu-238 by
bombarding uranium with deuterons in their
60-inch cyclotron. Ensuing work showed that
Pu-239 was formed readily by slow neutron
capture in U-238:
239

238 1 0
S e =0 he

239 239

RN P> 1e” + 94Pu

The Pu-239 isotope was then found to be
even more readily fissionable by neutrons than
U-235, so it also became a likely candidate for
a nuclear bomb. Furthermore, plutonium,
being a different chemical element, could be
separated from its parent uranium by a
chemical process, which, in principle, is
simpler than an isotopic separation. This
potential advantage of using Pu-239, however,
carried with it the problems associated with its
production on a scale sufficient to produce
nuclear weapons. A decision was made to
pursue both the uranium and the plutonium
options for nuclear weapons in the Manhattan
Project, and Seaborg joined the Met Lab to
head up a major effort on the chemistry and
technology of plutonium.

Three new highly secret projects were to be
constructed, all in remote areas—QOak Ridge in
Tennessee (Site X), Hanford in Washington
State (Site W), and Los Alamos in New
Mexico (Site Y). The first was Oak Ridge,
which consisted of four major installations.
The Oak Ridge facilities, operated by
Tennessee Eastman, a subsidiary of Eastman
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Communist “witch hunts” of the early 1950s
and his security clearance was withdrawn, but
there was never any evidence of disloyalty or
wrongdoing on his part and he was later
exonerated of all charges.

The Manhattan Project was conducted
under the highest possible level of secrecy and
with great urgency. It had a military
atmosphere that was not always compatible
with the personalities of some of the scientists.
A major impetus was to end World War II
without having to invade the Japanese
homeland by amphibious assault, but there
was also much concern over the possibility that
the Germans might develop a deployable
nuclear weapon before the war in Europe was
over.

There was a sound basis for such concern,
particularly in the early stages of the project.
The German scientists had produced nuclear
fission in the laboratory. They had also been
looking at nuclear fusion and U-235
separations and were approaching criticality in
a nuclear pile in a cave at Haigerloch. Their
nuclear program was inhibited somewhat by a
lack of enthusiasm on the part of Adolph
Hitler, who believed the time frame was too
long, and even more so by a serious
miscalculation in its early stages. In 1941, one
of their leading scientists, Walther Bothe, a
highly regarded German physicist, greatly
underestimated the diffusion path length of
slow neutrons in graphite, apparently because
graphite of inadequate purity was used in the
German studies. Consequently, the German
scientists selected heavy water as the
moderator, rather than graphite, which was
used in the U.S. program. The only significant
source of heavy water available to them was at
the Vermorsk power plant in southern
Norway. Having gotten wind of what was
going on, the British mounted a commando
attack on that facility, followed by an RAF
bombing raid which destroyed it. The British
also sank a small ferry that was hauling heavy
water to Germany. At the end of the war, an
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American intelligence force called Alsos
quickly nabbed all the German nuclear
documentation and scientists they could find to
keep them out of the hands of the Soviets.
(Alsos was a thinly disguised code name; in
Greek it means “grove.”) In addition, the
U.S. Army Air Corps bombed the German
nuclear production works near Berlin. Thus
ended the German nuclear threat. Although
General Groves was aware of this fact, he did
not pass the information on to the scientists in
the Manhattan Project.

The Manhattan Project was spectacularly
successful in achieving its immediate objective.
Three nuclear weapons were detonated in rapid
succession:  Almagordo, New  Mexico
(July 16, 1945), Hiroshima (August 6, 1945),
and Nagasaki (August 8, 1945). The
Almagordo and Nagasaki bombs were
plutonium, and the one at Hiroshima was
U-235. The reason for this was that the
Los Alamos scientists were certain that the
uranium bomb would work because its firing
mechanism was straightforward. They were
not so sure about the plutonium bomb, which
required a more complex configuration and
firing mechanism to assure sufficient
detonation for an effective weapon, and they
felt that a test shot was needed. At that time,
the production of U-235 had been so slow that
only enough was available for one bomb.

Although the tide had turned in favor of the
allies in World War II by 1944, vicious
fighting continued well into 1945—the
Normandy landing, the Battle of the Bulge,
Iwo Jima, Okinawa—and it appeared that
many more American lives were yet to be lost.
Victory in Europe came on May 7, 1945, but
the Pacific war raged on until the nuclear
weapons were used and Japan surrendered on
August 15, 1945.

Even before Hiroshima and Nagasaki, there
was a great deal of controversy, both in the
scientific community and in government
circles, as to the manner in which the nuclear
weapons should be used. Some wondered
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civilian control (the McMahon Bill) was
accepted and passed by Congress in the form
of the Atomic Energy Act of 1946.

THE ATOMIC ENERGY
COMMISSION AND THE
NATIONAL LABORATORIES

The main thrust of the Atomic Energy Act,
which became effective January 1, 1947, was
to transfer the U.S. nuclear effort from military
to civilian control. It created the Atomic Energy
Commission (AEC) under the executive branch
of the government and the Joint Committee on
Atomic Energy (JCAE) under the legislative
branch. The original AEC consisted of five
prominent public figures: David Lilienthal
(Chairman), Lewis Strauss, Sumner Pike,
Robert Bacher, and William Waymach. Bacher
was the only technical person. The Joint
Committee was made up of 18 senators and
congressmen, with Senator Bourke
Hickenlooper as the chairman. Although the
military had relinquished overall management
of the nuclear programs, they still maintained a
strong influence as one of the four divisions of
the AEC.

During the AEC “start-up” period of 1947-
1950, a General Advisory Committee (GAC)
provided technical advice and guidance for the
new organization. Members of this committee
were: Robert Oppenheimer (Chairman),
Enrico Fermi, Walter Zinn, Isidor Rabi,
Glenn Seaborg, Lee DuBridge, James Conant,
Eugene Wigner, Frank Spedding, and
Norris Bradbury.

This newly formed group of organizations
faced a plethora of problems and decisions at
the outset. Foremost was the Russian nuclear
threat. It was clear that the U.S. would have to
maintain a strong nuclear weapons program.
The U.S.S.R., using captured German
scientists and engineers, had developed a
highly efficient technology for the separation
and recovery of U-235, based upon ultra-high-
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speed gas centrifuges, and had produced large
quantities of weapons-grade material. The
U.S. continued to use the gaseous diffusion
plants.

When the AEC was formed, scientists and
engineers at the Met Lab and other sites began
to propose many new potential uses for nuclear
energy, the main one being civilian nuclear
power generation. Breeder reactors were
already under consideration. The idea of a
nuclear-powered locomotive came up, but it
was not pursued. Naval propulsion reactors
were proposed, and Captain (later Admiral)
Hyman Rickover, along with the General
Electric Co., designed a nuclear power system
for a destroyer escort. Shortly thereafter, work
began on nuclear powered submarines and the
U.S.S. Nautilus was launched in 1954. Work
had started on the Nuclear Energy for the
Propulsion of Aircraft project (NEPA) and this
program lasted until 1961. The use of nuclear
explosives for civil engineering projects (later
called “Plowshare”) was proposed. Biological
and medical uses were considered to be highly
promising. In addition to these and other
applications of nuclear energy, scientists were
agitating strongly for a greatly expanded effort
on basic nuclear research, particularly in the
area of particle physics.

When the AEC was formed, the principal
facilities under its management were Argonne
National Laboratory (formerly the Met Lab),
the Oak Ridge complex, the Hanford facilities,
and the Los Alamos Scientific Laboratory (then
called LASL). Important work was also being
done at various university laboratories,
including Berkeley, Iowa State, and Columbia.
The Clinton Laboratory was renamed
Oak Ridge National Laboratory (ORNL) in
1948.

Several new installations were built during
the next few years. Brookhaven National
Laboratory (BNL), which grew largely out of
the research group at Columbia, was founded
on Long Island in 1947. Argonne,
Brookhaven, and Oak Ridge, the three original



?!and AQ YoM o1 panunwos 1o payEm
SIYIOM AL sjooyas o3eary) ay papuaye
UIP[IY J1ayy pue ‘sasnoy 10 sjusunrede [eIuar
ur 0SeI) Jo v Yreg apAy a uy PaAT]
SQI[IWE 13y pue S1ay1om qe 1oy a1 Jo Js0u
ISenuod ujg ‘PRI0osSud sem [rew SuyoSmo pue
Surwoour pue ‘sassaippe Surrew [enpiATpur
OU 1M A1 SOWETY S0 1y “[2a3] ajqissod
S4By oy e sem Aunoas pue ‘Armurey e jo
Spaau Areurpio 1agio pue ‘Surddoys ‘Sursnoy
'SIO0YDS 10§ ‘saunxn] moy Inq ‘sanissadau
2@ papraoxd yoym ‘Awry oy jo [onuoo
9[dwod 1opun azom  ‘saduay £q pasopoua
'SUMO) AIMUd AL, "UONEZIIAD WOl Jjo o
A[rearseq ‘suoneso] ajowar ur sumoy Aueduioo
(JRID3S,, Ul PaAI] Aoy droym sayIs Jomou oy
Je ey} Woly JuaIalyIp Aymb sem sarurey oy
PUE SIaYIOM ) 10] Qe RN ) e I
‘uonerado ojur way) 325 03 papaau
sem Jeqy asniadxa pue drysiopes] [eomyoa)
ap opraoid 01 Qe PN Ay WOl WAy o)
pauajsuen aram o[doad Auew ‘Ajrear e suresaq
SaNI[IoB] 3S0Y) SY 'SOWe[Y SO PUE ‘PIOJUBE]
98pry YeQ e seniej Ayl Sunonnsuod
pue  Suruueid uwr  pepasu  A[ajeradsap
SEM JBy) . MOY mouY,, [EJIUYd3) pue dYNUaIds
ap apraoid o) sem dnoi3 sig) Jo yse) Ay, own
ag 1o dnoid amua oy ur JsiSmyrelaw I[3urs
© J,usem 219() ‘N0 pajuiod 20UO WIS BINE]
se ‘Alojeroqe] [eoI3m[EISfy,, SWeu 3pod
ay Jo ands uj *A10jBI0QE] QU0 UT JYI350) HIoM
0] J9A9 SISTIUAIOS PAUMOUSI JAYJO PUE S3jealne]
[2QON JO UONOA[[0d 1S2FIR] Ay} UG ABY [[oM
pIos pajquuasse ay dnoid Ay, “uonedo[ 3UO U
PajRUIPI00d A[2SO[d 2I0UI 3q P[NOYS MOJFd o
ey 1) 2y pue ‘sayoeoxdde [eiuowadxd pue
Juswdmba Jo sadA) Juazayp Sursn ‘sanisIdATUN
S0 Iseg  SnoueA e 3“!’110"“ UaeH
pey sisiorsAyd orwore 2yl jo 10N 0393!({2
jo Ansioatup) oyl e paredo| ‘qeT PN 1{9”‘ ‘u
SANIATO® [OIEASaI JMWIONE [EUOTEU 3} }re i
paiépi[osuoo pey uoidwo) MYy ‘THEI uf

qav1 LI JHL

‘861 ‘6 1oquiaydag
uo 20ed Y00y ‘yuara enuue ue awo%aq sey
11y “oword suuogry sy YL “mou mouwy
OM uonmnsur ayy oyur dofaasp 0y ueSaq TNV
“Auadoxd 1 ang,, sy pue sureu mou SIYIAL
“AUUOSIY 10§ A 2Imny Ay e ‘punary urmig
40 dwreu oyy £q ware oSeory) o ur ojeuew
aBesnes e jo apeiss ap Supnpour ‘Ayunon
aBeqng w PUE[ JO same (oL‘¢c jo aseyoind
A paroxdde soro1n [erousn sy ug
'SIeAA [e1oAas 10y surerSoid juawdoraasp pue
YoTeasar I0joear *g() Ay UT [0X “OAISN[IXA 10U
nq ‘diyszapes] & Aed “oey ur ‘pIp A101RIOQR
SUL "INV I8 YdIeasal 10j0Bal Jea[onu s, uoneu
2 [[e 13)US0 0} /6] UI UOISIOAP S, )Y Y} UT
Jooey Jofewr oy Apaignopun sem sy “1apeay
omureuAp quatadwos ASmy e se sreak Aprea
S)UT TINV PaATas oy pue ‘o[id reurSuo s, muag
Jo uoneiado ayy Surpnpour ‘oafo1g ueneyURA
ay ur pajoaur A[deop uaaq pey uury 1030211
Ay Se UuIZ I[EA\ I AI0JeIOQeT [RUONEN]
ouuosIy ouredaq qeT PN AP ‘Op6T1 Ul

‘T-T 91qeL ur
uaAId st ‘Teuonerado 1a8uoy ou are jey s1al0
PUE ‘I3)e[ J[INQ 219M [ITYM JO SUIOS ‘SANI[IOL]
Teapnu “g') [edound gy Jo IS ¥ SOS61
3y pue SOY6I SN[ 2y) UL I[ING 1M SanI[Ioe)
asodind-feroads 1010 [eI9ARS "O)S OYEP] oY)
ySnoxy) paysnd 1M, Inq ‘auUU0SIY 1 Pajedo]
aq pmoys (topear adA-uorsindord e pue
£10j08a1 SUTS?) S[ELIJEW € ‘19PadIq B) SI0)0Bal
Jofeur oomy) Jey (33 S10qeag pue ‘rowrrayuaddo
‘@195 ‘6b6] Ul unSaq Sem 113Sdp Oyep] A
w (SIYN) uonels Sunsal I010Eay [eUONEN
o jo uondnnsuo) “A[aIag Ieau Pajedoy
‘INTT) Alojeioqe] [eUONEN  SIOUWLISAIT
20UAIMET] MOU ST Jeym JO UONEaId Ay} Sem
Jmsar ayx, “ylom jo 2dK) jeq) 1oj Arojeroqe|
mou © pasodord pue uwreiSord  sourery
SO 9y UM PIYSHESSIP Auredq ‘suodeam
TEQ[ONUOULIAY) JO 3JEJ0APE [OUMEIS ©  SEM
pue quiog-H 4 JO IaUed,, A Pagqnp usaq
sey oym ‘IoRL PreMPH ‘quasaxd e saniIoey
asodmdnnur [ 9X ‘SAL0JeIOqET [EuOnEN

0S61-0¢61 8



BEGINNING 9

Table 1-1. Major U.S. Nuclear Facilities

Multipurpose Laboratories
Argonne National Laboratory (Univ. of Chicago)
Brookhaven National Laboratory (Associated Universities, Inc.)
Oak Ridge National Laboratory (Martin-Marietta)

Uranium Enrichment Plants
Oak Ridge, TN (Union Carbide): UFs diffusion plant
Portsmouth, OH (Goodyear Aerospace): UFs diffusion plant
Paducah, KY (Union Carbide): UFs diffusion plant

Materials Processing Plants

Ashtabula Feed Materials Plant, OH (Reactive Metals): Fabricate metal parts from depleted and low-enriched
uranium for production reactors and bomb parts

Fernald, OH (National Lead): Same as Ashtabula

Idaho Chemical Processing Plant (ICPP), Idaho Falls (Allied Chemical): Unburned enriched uranium (mostly
from submarines) removed from used fuel rods and sent on for recycling

Hanford Production Operations, Richland, WA (Rockwell Hanford and United Nuclear): Generate plutonium in
reactors, separate and recover it by reprocessing, then send it on for bomb parts

Savannah River Plant, Aiken, SC (E. I. DuPont): Same as Hanford. Also prepares deuterium as heavy water and
makes tritium by irradiation of lithium in the reactors

Weapons Fabrication Plants

Kansas City Plant, MO (Bendix): Electronic and mechanical weapons parts

Mound Laboratory, Miamisburg, OH (Monsanto Research): Special small high-explosive components and
radioisotope batteries for bombs; uses Pu-238 from Savannah River

Savannah River Weapons Facility, Aiken, SC (E. I. DuPont): Fabrication of uranium and lithium deuteride parts

Y-12 Plant, Oak Ridge, TN (Union Carbide): Same as Savannah River Weapons Facility

Pinellas Plant, St. Petersburg, FL (General Electric): Makes neutron trigger bombs

Rocky Flats Plant, Golden, CO (Rockwell International): Fabrication of plutonium metal parts

Pantex Plant, Amarillo, TX (Mason and Hangar-Silas Mason): Fabrication of larger high-explosive parts,
assembly of weapons from components, recycle of old warheads

Weapons Research & Development
Los Alamos National Laboratory, Los Alamos, NM (U. of CA)

Lawrence Livermore National Laboratory, Livermore, CA (U. of CA)
Sandia Laboratories, Albuquerque, NM (Western Electric)
Nevada Test Site, Las Vegas, NV (Reynolds Electrical & Engineering)

Naval Nuclear Propulsion
Bettis Atomic Power Laboratory, West Miffin, PA (Westinghouse)

Knolls Atomic Power, Schenectady, NY (General Electric)

T Atthe present time, the multiprogram laboratories also include Idaho National Engineering and Environmental
Laboratory (INEEL), Lawrence Berkeley National Laboratory (LBNL), Lawrence Livermore National Laboratory
(LLNL), Los Alamos National Laboratory (LANL), Pacific Northwest National Laboratory (PNNL), and Sandia
National Laboratories (SNL).
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The last of the series, CP-5, was similar to
CP-3', but it was larger and designed to
accommodate a wide variety of users. It was
used extensively by ANL scientists from the
various divisions, as well as many others from
universities and industrial laboratories. Two
novel features were of much interest and
utility. One was a neutron chopper operating
on the same general principle as a time-of-
flight spectrometer, which could provide a
neutron beam at a specific energy level,
thereby permitting cross sections or other
nuclear data to be determined as a function of
neutron energy. The other feature was a
“rabbit” that could be passed through the
reactor via a pneumatic tube, so a sample could
be recovered very quickly for short half-life
measurements. Both features were used
occasionally by members of the Chemical
Engineering Division.

Early in the Manhattan Project, a decision
was made to pursue both uranium-235 and
plutonium-239 as fissionable materials for
nuclear weapons. As mentioned earlier, the
uranium-235 could be recovered from natural
uranium either by electromagnetic separation or
by gaseous diffusion of the hexafluoride; both
approaches were pursued immediately at the
Oak Ridge installation. The recovery of
plutonium was a more challenging problem
because it first had to be generated through
neutron capture by uranium in a reactor, and
then separated chemically from the uranium
and fission products. It was this program that
eventually spawned the Argonne Chemical
Engineering Division.

The first work on this type of separation
was performed at the University of Chicago by
a small group of chemists, some of whom had
been involved in the early studies of plutonium
by Seaborg’s group at Berkeley in 1940. The
initial studies were done in the Kent
Laboratory and the George Herbert Jones
Laboratory. As the effort expanded, most of
the research on plutonium was transferred to a
temporary building, called “New Chem,”
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which was erected in 1943 on the northwest
corner of the University of Chicago campus.
Subsequent work on the engineering aspects of
the separations processes was located beneath
the West Stands of Stagg Field, with
semiworks facilities in the area of the squash
court where the original CP-1 pile had been. A
second floor housed chemical research and
analytical laboratories. (The term “semiworks”
refers to small-scale engineering development
work on equipment, operating conditions, and
general feasibility of process operations as
opposed to a pilot plant, which is usually a
small prototype of a specific full-size plant.) At
that time, and throughout the existence of the
Chemical Engineering Division, an analytical
laboratory has been essential because of the
large number of chemical and radiochemical
analyses needed to determine the effectiveness
of the separation procedures that were under
development.

The first order of business was to develop a
process as quickly as possible for the recovery
of plutonium that was to be bred in the
irradiated uranium fuel of the Hanford
reactors. When Seaborg arrived at the Met Lab
in 1942, some information was available on
the chemistry of plutonium from the work he
and his coworkers had done at Berkeley.
However, a huge amount of creative,
meticulous research was necessary to obtain
the information needed to develop a full-scale
plutonium recovery process. In addition, the
nuclear physicists concerned with weapons
design were desperate for data on the physical
properties of metallic plutonium, such as
density, hardness, and phase transitions. At
the outset, only sub-microgram quantities of
plutonium, which had been generated by
irradiating several hundred pounds of uranium
oxide in a 45-in. cyclotron at Washington
University in St. Louis, were available. The
irradiated uranium was moved from St. Louis
to Chicago by personal car or truck in wooden
and Masonite® boxes shielded internally with
lead bricks and often of questionable integrity.
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Preliminary studies of solvent-extraction
processes were conducted at the Met Lab. The
results were sufficiently promising that an
increased effort was justified and extraction
columns were set up in the West Stands for
this purpose.

Seaborg, realizing that solvent-extraction
technology was a specialized field, knew that
he had to find an expert to continue the work,
and in 1944 he asked Dr. Stephen Lawroski to
direct the effort. Lawroski, a recognized
authority in solvent extraction, had studied
under Professor Merrill Fenske and received a
Ph.D. at Pennsylvania State University. He
was employed by the Standard Oil
Development Company at the time. At the
request of the Manhattan District authorities, he
was placed on loan to the Met Lab for two
years. Later on, he became the original director
of the Argonne Chemical Engineering
Division.

The initial assignment of Lawroski’s group
at West Stands was to develop process
compositions and equipment to achieve ultra-
purification of Hanford plutonium from light
element impurities. This requirement stemmed
from concern by nuclear weapon designers at
Los Alamos that alpha particles from the decay
of plutonium would interact with the light
elements to produce neutrons prematurely and
thereby cause a major reduction of explosive
power of nuclear weapons using plutonium.
The West Stands group soon demonstrated that
solvent extraction could, indeed, achieve ultra-
purification of plutonium. That achievement of
itself, however, turned out to be useless when
it was learned that the Hanford plutonium
contained a small, but significant amount of a
spontaneously fissioning isotope of plutonium
that would still result in the premature presence
of neutrons. This meant that the weapons
scientists had to develop a plutonium weapon
design entirely different from that used for the
U-235 weapon. To increase the velocity with
which the subcritical masses of plutonium

were forced together, explosive charges
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surrounding the plutonium were shaped into a
“focusing lens” configuration that would create
a very rapid implosion.

Despite the situation just described, the
work of the West Stands group was not
terminated. It was instead redirected to take
advantage of the potential already demonstrated
for solvent extraction by that group and new
information on the chemistry of plutonium that
had been generated by Seaborg’s chemists at
New Chem. The redirected effort ultimately
culminated in the Redox process, which, after
pilot-plant tests at Oak Ridge, was applied in
1951 on a production scale at Hanford to
recover decontaminated  plutonium  and
uranium separately. Replacement of the
cumbersome Bismuth Phosphate process by
the Redox solvent-extraction process at
Hanford resulted in an enormous cost saving
that paid for the new $50 million plant within
only two years.

A simplified schematic flowsheet for the
first cycle of a Redox process is shown in
Fig. 1-1 to illustrate how the basic separations
of uranium, plutonium, and fission products
were made. Hexone (methyl isobutyl ketone)
was used as the organic solvent, and aluminum
nitrate, AI(NO,),, served as a salting agent in
the aqueous nitric acid phase to increase the
distribution of uranium and plutonium into the
hexone. In this, as well as in later processes,
plutonium was separated from uranium by
reducing the plutonium to the trivalent state, in
which it strongly favors the aqueous phase.
Figure 1-1 shows only the first cycle; in
practice, one or two additional uranium and
plutonium purification cycles consisting only
of extraction and stripping operations are
added, since complete partition of the uranium
and plutonium occurs in the first cycle. The
additional cycles result in much higher fission-
product decontamination factors and in product
recoveries greater than 99.5%.

Solvent-extraction processes for reactor
fuels tend to be generic in nature in that they all
involve dissolution of the fuel in acid,
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remotely. As the development studies on
solvent extraction progressed, other contacting
devices such as mixer-settlers and stacked-
stage extractors came into the picture because
of their high efficiency and flexibility of layout
in a full-scale plant.

Following the development of the Redox
process, the Canadians developed the Trigly
process, which employed triglycol dichloride
as the organic phase in the head-end cycle and
hexone in the subsequent cycles as in the
Redox process. The Butex process, which
used dibutyl carbitol as the organic solvent,
was developed at Oak Ridge. An advantage of
this process is that no additional salting agent
is required in the nitric acid solution, so the
nitric acid can be recovered by evaporation and
the fission-product waste volumes can be
reduced. The Butex process is still used at the
Y-12 plant in Oak Ridge for the recovery of
enriched uranium.

A major advance was made in nuclear fuel
reprocessing when workers at Oak Ridge
originated the Purex process. The solvent in
this process is tri-n-butyl phosphate (TBP)
diluted with a kerosene-type hydrocarbon such
as dodecane. This solvent has a strong affinity
for uranium and plutonium and is able to
extract their nitrate salts from nitric acid
solutions. The Purex process has several
advantages over the Redox process—
elimination of nonvolatile salting agents, lower
solvent volatility and flammability, high
chemical and radiation stability of the solvent,
and lower operating costs. The Purex process
was tested on a pilot-plant scale at Oak Ridge
National Laboratory and installed in the
plutonium production plants at Hanford and
Savannah River. At Hanford, it replaced the
Redox process.

The diversity of solvent-extraction schemes
that were investigated at the Met Lab,

AIEANTRANAVALANNT A

Argonne, and elsewhere after the Redox work
was completed is too great for a detailed
description of each, but Table 1-3 lists most of
the processes, or variations thereof, which
have been investigated at one time or another.

Solvent-extraction processes are still under
investigation. The current work is concerned
mainly with the TRUEX Process, which has
the capability to separate the long-lived
transuranium elements, such as neptunium,
curium, and americium, from fission-product
waste streams.

Work on the Redox solvent-extraction
processes was continuing at the time the
Chemical Engineering Division was formed.
According to a report (ANL-4110) issued in
January 1948, a month before the new division
came into being, the organization of the
Process Chemistry Group in the Chemistry
Division was as follows:

Group Leader: Herbert Hyman

Assistant Group Leader: John Schraidt

Semi-Works Operations: John Schraidt,
Phil Fineman, George Bernstein,

Les Coleman, Lee Gaumer,
Sherman Greenberg, Dave Jacobson,
Jim King, Milt Klein, Harry Litland,
John Natale, Laury Ross, Art Shor,
and Bill Walters

Laboratory Operations: Harold Evans,
Sy Vogler, and Eugene Hausman

Analytical Operations: Al Jonke (head),
Olga Fineman, Jodie Hoekstra, and
Carolyn Kennedy

This group was under the direction of
Dr. Lawroski, who, at that time, was the
Associate Director of the Chemistry Division in
charge of process development.
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and its work led to the Redox process. In
1946, he returned to the Standard Oil
Development Company as Assistant Section
Chief of the Manufacturing and Process
Section of the Research Division. In
September of that year, however, his com-
pany recommended him for atomic energy
training as an Advanced Professional Trainee
at the Clinton Laboratory, where he remained
until June 1947. This assignment offered the
opportunity to study reactor and separations
technology, including the solvent-extraction
pilot plant that had been built to test the large-
scale Redox process for the Hanford facility.

From Argonne’s standpoint, one of the
most valuable results of this assignment was
that Dr. Lawroski, in part due to his gregarious
personality, made many friends among the
other engineers, scientists, and trainees. Later
on, he persuaded some of these people
(Hal Feder, Milt Levenson, Walt Rodger,
Les Coleman, and Les Burris) to come to
work at ANL. He also became acquainted
with a number of other people who later
became important contacts in the AEC and
the other national nuclear establishments.

From Dr. Lawroski’s viewpoint, he would
no doubt be the first to agree that by far the
most valuable asset he acquired at the Clinton
Laboratories was his new bride, Helen, who
had been working in their Health Physics
Division.

When Dr. Lawroski returned to the Chicago
area in July 1947, he accepted employment as
head of the Process Development Section and
Associate Director of the Chemistry Division
(CHM) and the section under Herbert Hyman
became one of his responsibilities. Early in
1948, Dr. Zinn approached Dr. Lawroski with
the proposal that ANL should establish a
Chemical Engineering Division (CEN) with
him as director. Thus, the Chemical
Engineering Division was born in February
1948. Soon thereafter, Zinn presented him
with an interesting choice. As the Laboratory
was moving to the present DuPage site, the
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Chemical Engineering Division was given the
option of moving to the new DuPage site
within about a year if it were willing to move
into military-type Quonset buildings. Or, if it
preferred to wait another year, it could have
new buildings built specifically to meet its
requirements. That was the genesis of
Buildings D-205 and D-310. Members of the
Division who remember the leaky, drafty
Quonset  buildings occupied by the
Administration, Travel Office, Graphic Arts,
Health Services, and other ANL organizations
for several decades can appreciate the benefits
of the choice that was made. Some of the
longer-term employees will remember the
annual physical examinations, in which the
procedure, after the chest x-ray and blood
sample, was for the patient, essentially
unclothed, to wait in a small room for 30 to
45 minutes for the doctor to show up. During
the winter in that leaky Quonset hut, “cooling
your heels” was an understatement.

Fig. 1-3. Herbert Hyman

Building D-310, which was completed
first, was designed originally as a structure for
experimental processing, storage, and shipping
of radioactive wastes. A high-level gamma
irradiation facility was added later. This
consisted of a so-called “swimming pool” into
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As a first step in implementing this policy,
Dr. Lawroski, in order to complement his own
training and experience as a chemical engineer,
hired a highly qualified chemist to serve as the
Associate Division Director. The man he
selected was Dr. Charles Stevenson, who had
eammed a Ph.D. in organic chemistry at
Pennsylvania State University and then
worked as a research chemist at the Standard
Oil Development Corporation and the
Diamond Glass Company. Lawroski and
Stevenson had been colleagues and personal
friends both at Penn State and at Standard Oil.
Charlie was a highly competent, affable
individual, and he brought a new dimension
to the Division.

Fig. 1-4. Charles Stevenson

The core personnel of the new Chemical
Engineering Division were basically those
from the Process Development Section of the
ANL Chemistry Division plus new hires,
including those from the Clinton Laboratory
at Oak Ridge. People who were at the Met
Lab in the early days and in the Chemical
Engineering Division after it was formed
include Elton Turk (1942), Milt Ader (1944),
George Bernstein (1944), Phil Fineman
(1944), John Schraidt (1944), Les Coleman
(1946), Harold Evans (1946), and John Natale
(1946). Milt, George, John, and Phil were
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members of SED (Special Engineering
Detachment) of the U.S. Army during part of
the time. Don Webster, who joined the
Division much later and served as an
Associate Division Director, had also spent a
short time at the Met Lab in 1942-43.
Marvin Tetenbaum spent some time at the
Met Lab in 1942, returned to New York to
obtain a Ph.D., worked at Columbia Uni-
versity for a time, and came to CEN several
years later. The people from Oak Ridge (Hal
Feder, Walt Rodger, Milt Levenson, and Les
Burris) brought with them a great deal of
practical experience in radiochemistry and hot
pilot-plant operations. In 1949, Richard
Vogel, who had received a Ph.D. in physical
chemistry at Harvard University and was on
the faculty of the Illinois Institute of
Technology, was hired as a Senior Chemist,
and was destined to succeed Dr. Lawroski as
the Division Director several years later.
Victor Munnecke, a chemical engineer,
became the Assistant Division Director, and
was responsible for the administrative and
financial affairs of the Division. Ed Peterson
had the primary management responsibility
for the new buildings.

Once the Division was established, it
expanded rapidly, both in manpower and in
the scope of the work. Nearly all of the
work during 1948 and 1949 continued to be
directed toward solvent-extraction processes.
A large program under Walt Rodger was
concerned with the use of acid-deficient
solvent-extraction flowsheets that had been
proposed by Oak Ridge and later by Hanford.
Some of the studies were done with extraction
columns and others with two 20-stage mixer-
settler units in which all the stages could be
sampled simultaneously to obtain equilibrium
data.

These were especially useful in
constructing  equilibrium  diagrams  for
various operating conditions. Individual

studies were conducted on the precipi-
tation of plutonium oxalate in columns,
the behavior of neptunium, and the possi-
bility of volatilizing ruthenium from
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Hanford and later in the Savannah River
production plant where it has been used for
many years.

Development work was also initiated on the
fluoride volatility process, in which uranium in
the fuel was fluorinated to form uranium
hexafluoride (UF;). The UF; is volatile and
can be separated from the other fuel
constituents by vaporization or distillation. The
rationale behind this process was that the
decontaminated uranium product is in the form
of a fluoride, which is directly suitable for
reconversion to the metal, and the fission-
product wastes would be a small volume of
solid fluorides.

The idea of recovering uranium and
plutonium by volatilization of the hexafluorides
was not new. As early as 1942, Harold Urey
had suggested the possibility of volatilizing
uranium as the hexafluoride to separate it from
plutonium. That same year Harrison Brown
and Orville Hill at the Met Lab fluorinated the
tetrafluorides of wuranium and plutonium
completely to the hexafluorides and suggested
the procedure as a method for separating them
from fission products. Fluorination studies
continued off and on in the Met Lab for several
years. Fluorine research was also in progress,
particularly on the plutonium fluorides at
Los Alamos. In 1944, Seaborg, in a
systematic review of the stabilities of the
actinide metal halides, concluded by analogy
that plutonium hexafluoride (PuF,) should be
marginally stable, which was borne out by
later experimental studies. The use of elemental
fluorine as a fluorinating agent for metallic
fuels did not work out well because of heat-
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transfer problems and irregular reaction rates.
Joe Katz and Herbert Hyman of the Chemistry
Division did some preliminary work on the use
of halogen fluorides, such as CIF, BrF, or
BrF,, which are liquids. Bill Mecham and
Milt Levenson conducted an experiment in the
Chemical Engineering Division in which 10 g
of irradiated uranium metal was dissolved in a
BrF,-BrF; mixture. The uranium dissolved
smoothly and the UF, product was distilled
off. The gross gamma decontamination factor
was 2,000, and over 97% of the plutonium
was in the residue. The only detectable fission-
product activity in the UF, was tellurium.
These results were highly encouraging and the
fluoride volatility process became a major
program in the 1950s.

Work continued on waste processing as the
incinerator proceeded to dispose of radioactive
combustible wastes from the entire Laboratory.
Some development studies also continued on a
process for the recovery of waste aluminum
nitrate solutions from the Redox process.

By the end of the 1940s, the Chemical
Engineering Division had established its
identity as a major part of ANL and had
become recognized nationally for the
originality and excellence of its contributions to
nuclear technology. It had expanded both in
personnel and in programs to the stage that
larger quarters were necessary. The time was
ripe to move on to the new buildings at the
DuPage site.

An attempt has been made to list in
Table 1-4 all the people who worked in the
Chemical Engineering Division during the
1940s.
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1950-1960: The
Nuclear Promise

The 1950s was a decade of exploration into
new uses of atomic energy, mainly for the
generation of electric power by public utilities.
Several types of reactors were being
considered. Much of the work at ANL was
concerned with the potential use of breeder
reactors as a long-range means of conserving
natural uranium resources. The research and
development effort by CEN on nuclear fuel
reprocessing was expanded to include
pyrometallurgical, fluoride volatility, and
aqueous methods in order to accommodate the
different types of fuels that might be used in
the new types of reactors and to reduce the cost
of reprocessing. The Division also broadened
the scope of its activities to include other
phases of the nuclear fuel cycle by initiating
programs on feed materials processing and the
treatment of radioactive wastes. Several other
programs were started in areas such as the
chemical aspects of reactor safety, fluidized
bed technology, calorimetry, analytical chemis-
try research, and determinations of nuclear
cross sections. The Geneva Conferences of
1955 and 1958 were particularly significant in
that they marked the first large-scale exchange
of information on nuclear technology among
the nations of the world. A few CEN members
also participated in the Symposium on the
Reprocessing of Irradiated Fuels, which took
place in Brussels, Belgium, in 1957.

THE NATIONAL AND
INTERNATIONAL SCENE

Before turning to CEN in the 1950s, we
briefly review some key national and world
events that relate to the nuclear, reactor
technology, and other work that was being
done at the national laboratories during this
period. Political, economic, and social issues,
which are in a constant state of flux, have a
major influence on the areas of investigation to
be undertaken at the national laboratories and
their levels of financial support.

According to some historians, the
United States became involved in three new
wars in 1950: (1) Vietnam, (2) Korea, and
(3) the “Cold War” with the Soviet Union.
The U.S. involvement in Vietnam at the time
consisted only of sending a 35-man advisory
group to assist the French in maintaining their
colonial power in the country, but it did not
develop into a shooting war until the 1960s.
The Korean War, in contrast, began as a
United Nations (U.N. “police action” when the
North Korean Communist forces invaded
South Korea, and it quickly escalated into an
undeclared war. The U.N. forces under
General Douglas MacArthur had managed to
recapture most of the country when the
Chinese Communists joined the North
Koreans, forcing the U.N. troops to retreat to
the 39th parallel. The conflict became a
stalemate at the 39th parallel and an armistice
was signed in 1953. The Korean War cost
more than 54,000 American lives, and
40 years later we still face a belligerent North
Korea threatening South Korea, possibly with
nuclear weapons. Neither of these two wars
had a direct impact on the activities of CEN,
but they contributed to a general feeling of
dismay in the country over the fact that the
sacrifices of World War II had not ended our
foreign problems.
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level. When the AEC was formed, AEC and
military security clearances were separate and
non-interchangeable and that continues to be
the policy.

The first U.S. thermonuclear device was
exploded in 1952, and the Soviets followed in
1953. Joseph Stalin died on March 6, 1953
and was replaced by Nikita Khrushchev, but
this event had little effect on the arms race. The
U.S. conducted many nuclear weapons tests,
most of them in secret, in the 1950s,
particularly in 1957-58. Only very recently (in
1994) was full information on the extent and
types of these tests declassified on the
authority of Hazel O’Leary, Secretary of the
Department of Energy (DOE).

In 1957, the Soviets launched the first
ICBM, followed closely by three Sputnik
satellites. The U.S. news media became almost
hysterical and began making much of the
“missile gap.” An attempt was made to revamp
the educational system with the “New Math”
and other innovations, but students and parents
alike seemed more confused than edified by the
abstract concepts that were being offered, and
most of the new approach died out in a few
years. Also in 1957, the nuclear-powered
aircraft program was given a boost because the
U.S. thought the Soviets had one, but that was
finally discontinued in 1961, mainly because
of shielding, weight, and safety problems. The
missile gap fears were alleviated somewhat
when the U.S. launched its first satellite,
Explorer I, in 1958.

Antinuclear sentiment had begun to develop
in the 1950s as a result of tests conducted by
the military in the 1940s. United States
servicemen had been allowed radiation doses
up to 20 R, and some Pacific island natives
had received exposures as high as 175 R. In
1957, Ralph Lapp wrote the Voyage of the
Lucky Dragon, and nuclear doomsday movies
such as On the Beach began to appear. The

symbol, £
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was adopted by the antinuclear activists in
1958 as the “peace sign.” It is based on the
semaphore signal code wherein the two
diagonal lines in the lower half of the circle
represent the letter “N”” and the vertical one is
“D”—thus, “nuclear disarmament.”

The AEC was required to hold hearings on
the dangers of fallout in 1957. The first
organized interventions in nuclear licensing
hearings took place when Detroit Edison along
with 20 other firms which had formed the
Power Reactor Development Corporation
(PRDC) proposed the Fermil reactor near
Detroit. This was to be a 60-MW fast breeder
to produce power for Detroit and plutonium for
the AEC. Union Leader Walter Reuther and the
United Auto Workers were particularly active
in these protests. The meltdown of the second
core loading in ANL’s EBR-I (see next
section) was cited repeatedly.

About this time, at the request of the Joint
Committee on Atomic Energy (JCAE),
Brookhaven generated WASH-740, a study of
the potential effects of a nuclear reactor
accident. The news media exaggerated the
worst and ignored the near-zero probability of
such an event. Soon thereafter, the University
of Michigan published a report that was even
scarier. The insurance concerns raised by these
and other studies culminated in the Price-
Anderson Act of 1957, which limits the
liability of utilities operating nuclear power
plants. The JCAE was a strong advocate of
civilian nuclear power, and several of the
members became quite knowledgeable about
the subject. Melvin Price, a congressman from
the East St. Louis area in Illinois, was
particularly active; he served as chairman of the
JCAE for a period of time and was a
co-sponsor of the Price-Anderson bill. He was
acquainted with Admiral Rickover and was
friendly toward Argonne.

In spite of the various problems and
protests, an aura of optimism prevailed at the
end of the 1950s about the future of civilian
nuclear power.
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Approximately one-third of the core was
melted in the interior region; the fuel pins in the
outer portions of the core and those in the
blanket remained intact. Although this was a
relatively minor event in a severe reactor test,
the antinuclear activists viewed it with great
alarm in the following years when they were
protesting the proposed Fermi reactor. The
Mark III loading used zirconium as a
stabilizing element for the fuel and Zircaloy, an
alloy with a higher melting temperature, for the
cladding.

The Chemical Engineering Division was
given the responsibility of determining whether
or not breeding had actually occurred in the
EBR-I reactor, and found that it had by a small
margin, which proved the principle. These
“proof of breeding” experiments are discussed
later.

As shown below in Table 2-2, Argonne
designed, built, and operated several experi-
mental boiling water reactors (BWRs) during
the 1950s, primarily for safety studies.

The ALPR (Argonne Low Power Reactor)
was part of an Army reactor-development
program. It was designed as a prototype of a
packaged power plant that could be used in
remote areas. The fuel was an enriched
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uranium-aluminum alloy; light water served as
the moderator and coolant. The reactor could
produce 300 kW of electrical power and
400 kW of space heat.

The BORAX reactors were used to
investigate some of the safety aspects of
boiling water reactors. BORAX-I had a small
core of fully enriched uranium-aluminum alloy
fuel plates clad with aluminum, and cooling
was provided by natural circulation of water.
The steam bubbles caused no instabilities and
the system was inherently stable under
transients. It was finally destroyed inten-
tionally in a simulated “runaway” test in 1953,
which caused a small steam explosion.
BORAX-II, operated in 1954, was a larger
version of BORAX-I. BORAX-III showed
that turbine contamination by the steam was
not a problem, but it was most remembered by
the fact that it was used to light up the town of
Arco, Idaho, on July 17, 1958. In 1956,
BORAX-IV was operated with a thorium-
uranium oxide fuel mixture. BORAX-V, in
1962, demonstrated the capability for
supplying a conventional turbine with
superheated steam. Argonne continued on with
several other BORAX-type experiments to
study various aspects of boiling water reactors.

Table 2-2. Argonne Boiling Water Reactors in the 1950s

Reactor Power Type Location Mission
ALPR 3 MW(t) BWR NRTS Army Program
BORAX-I 1,200 kW(t) BWR NRTS Safety Studies
BORAX-II 6,400 kW(t) BWR NRTS Safety Studies
BORAX-III 12 MW(t) BWR NRTS Safety Studies
BORAX-IV 20.5 MW(®) BWR NRTS Safety Studies
BORAX-V BWR NRTS Safety Studies

EBWR 20 MW(t) BWR DuPage Small-Scale BWR
5MW(e) Prototype
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identified as the initiating factor in the
temperature excursion that caused the fire.

In 1957, a very serious accident occurred at
a nuclear weapons factory about 12 miles from
the city of Kyshtym in the Ural Mountains.
Over 10,000 people were forced to evacuate
the contaminated area. For many years, the
Soviets attempted to keep the event under
wraps, but the rest of the world knew that
something catastrophic had happened. It
appears that a large quantity of nuclear waste
material underwent a violent explosion, but
there still seems to be some uncertainty as to
whether it was caused by nuclear criticality, a
chemical reaction, or both.

THE MOVE TO SITE D

When Site D was acquired for relocation of
ANL, it consisted of about six square miles of
land bounded roughly by Highway U.S. 66
(now I-55) on the north, Cass Avenue on the
east, 91st Street and Bluff Road on the south
and Lemont road on the west. The purpose of
the large area was to create a buffer zone
around the laboratory both for safety and
security. In the early 1970s, several hundred
acres of the land was made available as federal
surplus property, and in 1973, under the Great
Legacy of Parks Program, an additional
2,433 acres was transferred to the DuPage
County Forest Preserve District, which added
it to the Waterfall Glen Forest Preserve. The
Argonne site now consists of about
1,700 acres.

Site D was created by purchasing properties
from local farmers, along with the Freund
estate, and consolidating them into a single
entity. When the U.S. government acquired
the land for Site D. it was removed from the
DuPage County tax rolls because it was no
longer private property. To compensate the
DuPage County for this loss of income, the
federal government has been making annual
payments in lieu of taxes.
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The land is generally flat, with some gently
rolling areas, and is traversed by Sawmill
Creek. A few magnificent old oak trees are in
evidence. To enhance and preserve the
property, a project was undertaken in 1953 to
plant a million red, white, and jack pine trees,
a formidable task that was completed in 1955.
At present, much of the land is forested, with
hardwoods and other deciduous trees thriving
among the pines.

Everybody at Argonne is aware of the white
deer. They came with the Freund estate, but
their origin is uncertain. At one time there was
concern that they might not survive because of
disease, but they seem to have recovered and
are thriving. The Argonne Guest Facility was
opened in February 1958, and first-time
visitors stepping out of the door in the morning
were sometimes astonished to find themselves
in the company of one or more all-white deer.

In the 1950s and for several following
years, most of the buildings in the East Area
were Quonset huts. This, along with the guard
posts, exposed steam lines, and road layout,
made the area look much like a WWII Army or
Navy base. The 200 Area, with the new brick
buildings around the inner circle, had more of
a civilian campus character.

In 1950, the Chemical Engineering Division
began to move to the DuPage site, starting with
Bldg. D-310, and continuing with the major
part of the move to the main building, D-205.
Moving the site from Chicago to DuPage
County made it necessary for nearly everybody
to commute to work, as there was no public
transportation to the Laboratory. This was a
special problem for a few families, who,
having lived in a large city all their lives, did
not own a car and had not learned to drive.
Many of the employees remained in Chicago,
while others, especially the new people who
were being brought on board, sought housing
in the suburbs. For the first year or two, ANL
operated a bus system with routes from
Chicago and some of the suburbs to the
Laboratory. Alice Graczyk sold the 35-cent
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generally behaved themselves, had been
screened for criminal records, often went to
church, and, most importantly, paid their bills
on time. Some racial problems arose, but they
eventually became defused.

Housing, especially rental apartments, was
not easy to find, and the Laboratory assisted
people who needed help. For those who were
interested in buying property, the Laboratory
provided the services of Byron Kilbourne,
who was well-versed on the market and real
estate values in the area, as well as the details
and pitfalls of home construction. He would
not normally seek out properties, but if an
employee found one he thought he might want
to buy, Kilbourne was most accommodating in
going out and looking over the property and
making a solid recommendation. He often did
this several times for a particular individual.
He was a tough evaluator, and frequently
shattered a family’s dreams about some house
they had found, but one could be sure that any
property and price he approved was a good
deal. On one occasion, a potential buyer had
his eye on a beautiful wooded lot in the Green
Acres area of Naperville. Kilbourne looked it
over and said, “Dig a hole a foot square and
two feet deep, fill it with water and see how
long it takes for it to drain away.” The man
dug the hole, came back the next morning to
fill it with water, and found that it was already
half full. The deal was off.

As the ANL employees moved into their
new homes, their social lives tended to become
more oriented toward their own communities.
It wasn’t long before many of them became
involved with local community affairs. Many
joined churches, service clubs such as the
Jaycees, Kiwanis, or Rotary, or special
interest groups, and some were active in
school activities. Argonne people then started
being appointed to various advisory groups or
elected to public offices such as city councils,
school boards, park district boards, and
others. The suburbs all have a great need for
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coaches and officials to handle all the
organized athletic programs for children, and
many Argonne fathers became involved in
these activities. Two future CEN division
directors, Les Burris and Martin Steindler,
served as school board presidents.
Dr. Lawroski never ran for public office, but
he achieved what is considered an even more
prestigious position in Naperville. He was
accepted into a small, elite group of individuals
that included the current mayor and some other
highly influential people in town. They had
breakfast every morning at a downtown
drugstore counter, each with a reserved stool.
Within this group, he was known as “The
Professor.”

NEW EMPLOYEES

A new staff member coming into the Division
in the 1950s was subjected to a more or less
standard routine. For the chemists, the first
assignment was to spend a few weeks in the
Analytical Chemistry Laboratory. Doug
Krause was in charge of that group, and
Betty Reilly was the instructor. Betty was a
good-natured, patient teacher, and this training
experience was both pleasant and highly
instructive. Many of the people had not dealt
with radioactivity before, and this was an
excellent introduction to handling hot materials
and counting techniques. It also gave one a
chance to become acquainted with the people
who would be doing their analytical work later
and to gain an appreciation for their problems.
New staff employees were expected to
participate in training courses on reactor
technology or similar subjects that were being
offered by the Laboratory from time to time.
Newly hired laboratory technicians and
operators were normally well-skilled, but
required some on-the-job training to become
familiar with the unique problems of dealing
with radiation, security, and other specialized
aspects of a nuclear research facility.
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Because many of the CEN programs
entailed work with radiation, urine samples
were requested rather frequently for bioassay
purposes. Empty sample bottles were
provided for the individual to take home
overnight and bring back full in the morning,
when they would be picked up. The con-
tainers for these sample bottles were identical
to the black metal lunch boxes that were used
by quite a few people who brought their lunch
to work. There are undocumented rumors that
such boxes have been accidentally switched
on occasion, with the result that the bioassay
lab received a ham sandwich and the worker
found a bottle of urine for his lunch. There
was one instance in which a new employee
received his first request for a urine sample
during a certain week. His understanding of
the instruction was that they meant every day
of that week; the Division had a call from
Bioassay, asking that the nature of their
request be explained to him more clearly.

Safety has always been a paramount
concern in CEN. John Schraidt was the first
Division Safety Officer, and he took the job
seriously. Anybody who was caught twice
without safety glasses in the laboratory was
threatened with dismissal. New employees
were trained to use the different types of fire
extinguishers, fire blankets, safety showers,
self-contained breathing apparatus, eyewash
fountains, and other safety equipment.
Instructions were given on “Dial 13” (now
“911”) emergency line. A fire brigade was set
up to handle emergency situations in the
building, and a safety committee with a
rotating membership was organized to
conduct routine safety inspections throughout
the building. A special committee was
appointed to review any new e)fperimental
setups and procedures for potential hazards
and to develop preventive measures if
necessary. Safety information and d.ireclives
were provided to staff members contn.lu.ogsly
by the AEC, the Laboratory, and the_Dlvxslon.
The scope of the safety activities is far too
large to be described here, but the above-
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mentioned practices are still in effect, and
they have proved their value over the years.
The Division has received numerous com-
mendations for large numbers of man-hours
worked without a disabling injury. During
one period of time, all employees were
presented with rather nice gifts, such as card
tables, hand lanterns, and home fire
extinguishers when the Division had
completed a certain number of employee-
years without a lost-time accident.

Fig. 2-1. John Schraidt

Security was another important element in
the training of new employees. In the 1950s,
practically everything a staff member did was
classified as secret. All the experimental
procedures and results were to be entered
into secret notebooks, with each page signed
by the investigator and witnessed by two
other individuals who had either observed
the experiment or would state that they
had read and understood the results. The
regular CEN progress reports, as well as the
internal weekly or monthly reports, were
secret. Reports on most of the individual
investigations, however, could be sent to
Hoylande Young, the Director of Technical
Information, where they were cleared for
publication in the open literature or presen-
tation at a meeting. Dr. Young, who had
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had many other duties, surveying laboratories
and equipment, checking items going out of
the building, maintaining the hand-and-foot
counters, providing advice and assistance in
the design and operation of equipment,
surveying wastes—to name a few. The
radiation safety personnel were not members
of CEN, but they tended to have long
assignments to particular buildings and became
regarded as co-workers. Some of the “Health
Physics” personnel most closely connected
with the Division in the early days included
Ken Woods, Walt Smith, Ted Allen, and
Frank Marchetti.

Another service was the Travel Office,
which was a little different in the early 1950s
than it is now. On the travel request, one had
the choice of rail or air transportation. Train
travel was still used widely, although flying
was rapidly becoming the mode of choice. The
trains had not been improved a great deal after
WWII, and some of them were still pulled by
steam locomotives. One particularly quaint
train was the Long Island Railroad route from
New York City to Patchogue, New York,
which was the normal destination for a
Brookhaven visit. Air conditioning was not
universal. Many CEN people made long train
trips to destinations such as the Idaho site,
Hanford, Los Alamos, Oak Ridge, and
Washington, D.C. The Laboratory would
provide normal Pullman accommodations on a
train, but those in the know usually contributed
a small amount of their own money to get a
double bedroom. One of those trips, together
with a meeting, could easily occupy a week or
longer, but it did provide extra time to work on
a presentation. The planes were propeller
models (DC-3, DC-6), slow and noisy by
present-day standards, and they served each
passenger a small package of cigarettes with
the meals. Some employees, including Walt
Rodger, who felt that flying was an unnatural
act for a human being, refused to have
anything to do with it. (Surpris?ngly, some
years later Walt became a private flying
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enthusiast.) Rental cars had not yet become
commonplace, so people depended on taxis
and local public transport systems.

All the air travel was out of Midway Airport
until O’Hare was completed in the mid-1950s.
Transportation between one’s home or the
Laboratory and the airport was by government
car with an Argonne driver. Those drivers
seemed to know everybody at ANL. Their
relationship with the Chicago police at O’Hare
was interesting. The police officers were in the
habit of whacking the fenders of cars with their
nightsticks to keep the traffic moving, but they
apparently suspected that this might not be
advisable for a U.S. Government car. The cars
also met the arriving ANL passengers on the
upper (departure) deck at O’Hare, a practice
that could earn the average driver a traffic
ticket.

Originally, the only cafeteria was in
Building 2 in the East Area. For many people,
bringing their own lunch was more convenient
because of the distance to the East Area, which
required riding a shuttle bus. There were few
restaurants in the surrounding area at that time.
In addition, engineering projects at the time
were frequently operated around the clock. For
these reasons, a cool room for the storage of
lunches was provided near the lobby of
Bldg. 205. An additional cafeteria, which was
installed in Bldg. 203 where the Central
Library is now, was better situated for
Bldg. 205 occupants. Finally, several years
later, a new cafeteria (Bldg. D-213) was built
to serve the entire laboratory. The cafeterias
were operated by ANL, rather than by an
outside contractor as is the case now. A lunch
consisting of an entree, two side dishes, and a
roll was 65 cents in the 1950s.

For those who did “brown bag” it,
Building 205 had a large, attractive lunchroom
on the second floor of L-Wing. Bridge,
pinochle, and chess games were popular at
lunchtime. One particularly cutthroat bridge
group consisted of Al Glassner, Bob Larsen,
and Hal Feder plus anybody else they could
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possibility of a nuclear weapon with enough
technical veracity that it was recalled by the
government and classified secret. Since that
time the CEN Library has grown much larger,
and has had to move several times to
accommodate that growth. It finally evolved
into a permanent, attractive, and well-equipped
facility at the east end of L-Wing.
Augustella Thompson was the librarian for
many years. She also managed the classified
document room. In recent years, this function
has been ably performed by Sharon Clark,
Paulette Windsor, and others.

The Division has always enjoyed an
excellent reputation with respect to the quality
of its progress reports and other publications.
That stems primarily from the quality of the
work done by the staff and leadership of the
management, but much credit is due to the
technical editors. Joe Royal was hired as the
first full-time technical editor and he set high
standards. He was not a “blue pencil” editor.
Instead, he flagged items with numbers keyed
to a list of questions and comments that
sometimes exceeded the length of the
manuscript, but they were always germane and
often educational. Joe, who at one time was
associated with the Met Lab, came to CEN
from the American Medical Association. He
had a Ph.D. in chemistry from Berkeley and
was able to comment cogently on the technical
content, as well as the writing. Prior to Joe’s
arrival, the associate division directors were
doing most of the final technical editing. The
technical editors not only ensured that the
Division produced high-quality writing, but
also improved the writing skills of the staff
through their extensive comments and
conversations. Several other people have
served in the Technical Editing Group, both
under Joe and later on, including Tom Cramer,
John Simmons, Gwen Kesser, and
Susan Barr. In addition to the Division
technical editors, some of the larger groups
had their own editors to help with the
workload. Among these individuals were
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Sy Vogler, Milt Ader, Jack Amtzen, and
Ellen Hathaway. In more recent times, this
tradition of excellence has continued under the
direction of the current Division editor,
Joe Harmon. Maria Contos has made a major
contribution in organizing, compiling, and
documenting lists of almost all the Division’s
publications since its inception.

For a short period of time after the Division
moved into Bldg. 205, a full-time nurse was
available on the premises. It turned out that she
had little to do other than dispensing an
occasional Band-Aid® or aspirin, so that
service was dropped. Everybody was required
to take the annual physicals, and all injuries,
no matter how minor, were to be handled by
Health Services. If an individual working in a
hot lab had even a minor cut, it was checked
for radioactive contamination. On one
occasion, Bob Larsen nicked his finger slightly
while working in a plutonium glove box, and
the Health Division found no contamination
but suggested that he should wear a finger cot
for a few days just as a precaution. He told
them that he couldn’t do that because he was a
Catholic.

The other services available to the
employees, such as Graphic Arts, the Credit
Union, Procurement, and others were much
the same as they are now. Lee Mead, a big
genial man who had previously been a guard at
the Met Lab, was in charge of procurement,
assisted by Marie Driskell, who always
seemed to be on the paging system.

TOOLS OF THE TRADE

Considering that William Shockley and his
co-workers invented the transistor in 1948, it
is not surprising that solid-state electronic
devices were unheard of in the early 1950s.
Calculations were usually done with slide
rules, nomographs, electromechanical desk
calculators (Frieden, Marchant and Monroe
were popular brands), or published tables of
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logarithms and other functions. (Many of those
tables had been generated or updated by
unemployed mathematicians under the WPA
program during the Great Depression.)
Ward Hubbard, who was raised in China,
occasionally used an abacus and was proﬁc@nt
with it, but that didn’t seem to catch on with
the other staff people. One salutary effect of
the slide rule was that it usually couldn’t
generate more significant figures than the data
warranted. Anybody who has not shared an
office with someone doing a least squares fit
with one of those noisy electromechanical
calculators cannot fully appreciate the term
“grinding out data.” The Division management
was reluctant to purchase  additional
calculators, the attitude being that the ‘“real”
work was done in the laboratory and
computations were a minor aspect of the
research. Another factor leading to this
reluctance was a concern that a large
investment might be wasted on a system that
could become obsolete almost overnight. Irv
Johnson recalls, “Ward Hubbard and I had to
scheme to get a Frieden calculator for our joint
use. Ward was able to salvage a worn-out
calculator that an accounting office had thrown
away. After having it serviced at least once a
week, Dr. Vogel finally gave in and allowed us
to purchase a new Frieden.”

Argonne was one of the national leaders in
computer research and development. On
January 28, 1953, members of the Physics
Division completed their first electronic digital
computer, the AVIDAC (Argonne’s Version of
the Institute’s Digital Automatic Computer).
Patterned after a machine at Princeton Institute,
it cost $250,000, and used 2,500 vacuum
tubes, 8,000 resistors, and 3.5 miles of wire,
The memory consisted of electric charges on
the .inside fa;e of a cathode-ray tube and
required continuous renewal. The following
September,  this group  completed the
ORACLE, a silmilar, but larger machine to be
used at Oak Ridge. It cost $350,000, and had
3,500 tubes, 20,000 resistors, 7 miles of wire,

and a cathode-ray-tube memory. One cgn'l
help but suspect that the name of the mach{ne,
Oak Ridge Automatic Computer Logical
Engine, was conjured up to fit the acronym.
%hese early machines, although very u§eful
and remarkable for their time, didn’t beg{m to
approach the capabilities of today’s ordinary
desktop computer. Computer technology
advanced rapidly in the 1950s, however, and
the reactor engineers began using the Univac
machine routinely. By about 1960, ANL had
obtained large mainframe digital computers
from IBM. As an interesting sidelight, a
number of analog computers were built at
ANL: these were excellent simulators for
reactor control systems and were adapted for
reactor operator training. Lou Baker and his
group used the PACE analog computer at the
Applied Mathematics Division (AMD) for
some early theoretical calculations in the metal-
water reaction program.

It was only near the end of the 1950s that
CEN personnel began to use the central
computer facilities in AMD. The procedure for
having a job done was first to explain the
required computation exactly to an AMD
programmer, who would then write the
program and develop a set of data forms,
which were sometimes rather arcane. The
completed forms would be submitted to AMD
(with the cost code) and the results would
eventually be printed out. This entailed a lot of
running back and forth between Buildings 205
and 221; Dean Pierce brought an old “beater”
bicycle to ANL expressly for this purpose. At
about this time, several CEN people began to
take courses in programming languages
(mostly Fortran) so they could write their own
programs. It was not until the 1960s, though,
that the use of computers by CEN personnel
began to flourish.

The use of computers in conjunction with
experimental equipment was much the same.
Carl Crouthamel’s group, who employed 256-
channel analyzers to sort out gamma-ray
Spectra, was one of the earliest to use




computers in conjunction with experimental
equipment. This whole room was full of
electronics, mainly vacuum tubes.

The situation was much the same with
laboratory equipment. There were no
integrated circuit devices or electronic digital
readouts. Chemists used the classical two-pan
balances that required averaging of several
swings of the pointer around zero.
Temperatures were usually determined with
thermometers, by measuring a thermocouple
output with a portable (usually Leeds &
Northrup Type K®) potentiometer or with a
strip-chart  recorder. Platinum  resistance
thermometers were used for high-precision
temperature measurements. Oscilloscopes were
available, but were primitive by today’s
standards. Bill Olsen had an instrument shop
and storage area on the service floor. Bill was
a cooperative individual, and through a
combination of doing repairs and shuffling
equipment around as needed, he helped many
programs through crises.

There is probably still enough vintage
equipment around the building to create a small
museum; one cannot help but admire the
beauty and craftsmanship of some of that old
laboratory equipment. Its polished brass and
wood had much more esthetic appeal than the
gray or beige plastic and metal housings that
are now in vogue.

There is probably no one group of people
who have benefited more from the technical
advancements of the last 40 or 50 years than
the secretaries and administrative personnel.
Fortunately, changing an old-fashioned
typewriter ribbon is now a lost art, although it
did offer the young men an occasional chance
to perform a gallant act for one of the
secretaries, who could most likely have done it
faster and better herself. Duplication was by
mimeograph or carbon copies (we still see “cc”
occasionally on distribution lists produced by a
laser printer). Ditto® then came into general
use, and, although more convenient than
mimeograph, it was still messy and corrections
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were a pain in the neck. Purple fingers were
the norm with the secretarial staff, and if they
weren’t careful, it wasn’t necessarily confined
to the fingers. To check typos, one person read
the material aloud while another one checked
the text. The only spelling checker was the
dictionary. The secretaries had to learn a lot of
technical terms and jargon. Dictaphones were
available, but not generally used by the
technical staff. Almost everything was
transcribed from handwritten material, much of
which was nearly illegible. It was not
uncommon for someone to take a hand-written
note to the writer's secretary to have it
translated. Manual typewriters began to be
replaced by electric models, but it was not until
the 1960s that the IBM Selectric® typewriter
became available. It was popular because of
the ease of use and the capability for different
fonts by changing the type balls, which some
found, to their dismay, were quite fragile.
Finally, to add to the problems, nearly all the
material a secretary typed in those days was
classified and had to be handled as such. The
ubiquitous ballpoint pen, which now seems to
have been around forever, was introduced to
the general public with considerable fanfare in
the 1950s, a major claim being that it could
write under water.

In the administrative areas, there were a
variety of electromechanical  “business
machines” such as the Addressograph®, which
fulfilled the needs of the payroll, accounting,
and other such groups. These, too, were ripe
for change to the electronic age.

THE NEW BUILDINGS
Building D-205

Building D-205 was constructed during the
period 1949-1950 (Fig. 2-2). The architect-
engineer firm was Voorhees, Walker, Foley,
and Smith of New York City, and the layout

and design were developed primarily by Steve
Lawroski, Charlie Stevenson, John Schraidt,
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and Ed Peterson. A plan of the building as it
now exists is shown in Fig. 2-3. The original
structure did not include the following, which
were added in the years indicated:

1. The Senior Cave (K-Wing) in 1956.

2. X and W Wings plus the extensions of
A and B Wings in 1961-62.

3. Y-Wing in 1975-76.

4. Environmental Testing Annex in 1982.

Otherwise, the building was much as it is
now.

When Building 205 was first occupied, the
administrative functions were mostly in
L-Wing, which was laid out somewhat
differently than it is at present. Figure 2-4
shows the original plan of L-Wing as one
entered the building from the north through
the front doors. On the ground floor, the
Division Director’s office, occupied by Dr.
Lawroski, was at the northeast corner. Charlie
Stevenson, the Associate Director, and
secretaries Virginia DeGrande, Evelyn
Rafacz, and Florence O’Neil were in the
adjoining offices. A conference room and an
area containing the mailroom and space for
stationery supplies and duplicating equipment
were across the hall. The offices in the west
part of L-Wing were occupied by other CEN

Fig. 2-2. Building 205

administrative and management personnel,
secretary Alice Graczyk, a Special Materials
office, the Site Administrator (Ed Peterson),
and a design group consisting of John
Schraidt, Johan Graae, and Dick Malecha.
Across the hall was a drafting room, with
Harry Smith in charge, and the washrooms.
The upper level of L-Wing had a large
conference room with a folding partition that
could be opened up to a spacious lunchroom
with limited service facilities. West of the
conference room was a technical records
room, which was a forerunner of the CEN
library, and a vault for classified materials.

For many years, most of the CEN
administrative offices were relocated to A-
and C- Wings, and L-Wing was rearranged
and occupied by the ANL administration and
various other groups, depending on the
relative  space  requirements of  the
organizations. As the Division expanded with
larger and more diverse programs, so did the
need for more extensive design and drafting
space. As a consequence, the upper level
L-Wing lunchroom with its large area and
excellent natural lighting was converted into a
drafting room,

Al one time, Robert Laney, the Associate
Lab(’_mlor)’ Director, and his staff occupied
L-Wing and Room L-252 became known as
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“Laney’s Conference Room”; some old-timers
still call it that. There was also a period when
Robert Duffield claimed L-153 as a Laboratory
Director’s conference room, complete with
carpeting and a teak wastepaper basket that
attracted some comment. At present, L-Wing is
occupied largely by CEN personnel and the
library. The small offices where the mailroom
and the copying machine are now located were
originally intended to serve as two interview
rooms and space for a future elevator, which
was never installed.

The original building plan was based on the
assumption that the Division would be
involved in extensive work with radioactive
materials, and the space now occupied by Jan
Muller, Ron Tollner, and the secretaries was
all allocated to health physics. The space where
Ray Wolson’s group is located was designated
as a “control room.”

C-Wing is now used largely according to
the original plan, with the exception that the
present radiation safety office once housed

first-aid facility and ventilation equipment.
Some of the ground floor offices near A-wing
were expected to serve as small machine and
glass-blowing shops for the staff personnel,
but they were never used for that purpose.

A- and B-Wings were planned as
conventional chemistry laboratories and
offices. Hauserman partitions® made of metal
were used because of their modular
construction, which made it relatively easy to
rearrange the layout when the need arose. (The
occupants soon discovered another handy
feature—magnets could be used to attach
various items to the walls.) When the building
was occupied, there were normally three staff
people per office. The office furniture was
(and still is in many cases) standard
government issue gray-colored metal desks,
chairs, tables, bookcases, efc., that are
identical to those used on most Navy ships,
except they are not welded to the floor. Most
ofthc offices at ANL tend to be rather Spartan,
with concrete block or metal walls, tile floors



and concrete ceilings, but they serve their
purpose well.

The A-Wing laboratories were used for
research, primarily on solvent-extraction
processes. Martin Steindler recalls much of the
work going on in A-Wing at the time.
Room A-101 was set up to accommodate
Alberta Hoover’s glassware washing for the
Analytical Laboratory. Hal Feder, Norm
Chellew, Ken Rhode, Don Hampson, and Milt
Ader did much of the early pyrometallurgical
research in A-109. Sy Vogler was dissolving
enriched uranium from plastic planchets, and
Bob Larsen with Roberta Shor was working
on the problem of explosions when uranium-
zirconium alloys are dissolved in nitric acid
solutions. Chuck Seils and Bill Sovereign
operated a plutonium analytical facility in
A-133. (Bill later moved to the Idaho site.)
Room A-141 was a plutonium lab where
Martin Steindler, Fred Linzer, and Karl
Schoeneman were doing fluorinations of fused
salt materials and some thorium fluoride phase
work. Max Adams and Dave Steidl came later
into A-141 and worked in a Blickman hood in
A-133 with bromine fluorides and uranium-
plutonium alloys. Steindler also remembers a
special project Feder had Don Fredrickson
doing that used cyanide as a reagent, which
generated an enormous flap with the medical
people that went to upper management.
Steindler still has the acetonitrile they gave him
as an antidote for cyanide exposure.

B-Wing was devoted almost entirely to
analytical chemistry. When the building was
being designed, consideration was given to a
third wing extending east from C-Wing the
same as A- and B-Wings, but Dr. Lawroski
agreed with Dr. Zinn that it could be eliminated
in view of the budget limitations.

The high-bay areas, G-, H-, and J-Wings,
were designed for engineering research with
highly radioactive materials. Unlike most of
the rest of the building, where there is a service
floor beneath the working areas, these
laboratories were built directly on undisturbed
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soil to support the weight of heavy shielding
and equipment. Part of the rationale for the
high ceilings (about 25 feet in G- and
H-Wings, and 50 feet in J-Wing) was the
expectation that much of the work would
involve tall solvent-extraction columns. Heavy
shielding in the form of high-density concrete
was erected in several of the laboratories to
accommodate such columns. Anybody who
has had the task of drilling a hole through that
concrete shielding to provide access to one of
the cells has a special appreciation of its
hardness and density. Traveling bridge cranes
are used to handle heavy equipment in the
high-bay areas. As it turned out, the process
development work gradually shifted away
from solvent extraction to other types of
processes that required glove boxes and large
walk-in hoods. Nevertheless, the shielded cells
continued to be useful for a wide variety of
research projects over the years.

The part of D-Wing that extends south from
C-Wing contains the machine shop and a
drafting room. The other part of D-Wing,
situated at the southwest comer of the
building, is occupied by various service
facilities, including shipping and receiving
docks, solvent storage, an electric transporter,
and battery-charging station.

The building had Special Materials vaults in
active use, with a criticality alarm that was
tested periodically. The vaults are still there,
but are no longer used to store special
materials.

E-Wing, which is situated on the other side
of the corridor, consists of the stockroom, a
materials-storage area, and open space for
shop operations such as welding and sheet
metal work. In the early days of the Division,
the stockroom was larger and had a much
wider variety of supplies. Esmer Zeno, who
was everybody’s friend and liked to talk about
his most recent “miseries,” operated it. The
early programs such as the development work
on solvent extraction, pyrometallurgical
processes for EBR-II fuel, and the fluoride
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volatility ~ processes all involved the
construction of large, complex equipment,
often using rather exotic metals and other
materials. The materials storage area in
E-Wing was well supplied with hardware
such as nuts and bolts, tubing connectors and
fittings, Unistrut®, pipe and tubing, welding
rods, and various sheet metals, as well as
other commonly used supplies. As time
passed, the need to reduce inventory costs and
space resulted in a marked reduction of the
supplies in the stockroom and materials-
storage area.

F-Wing and parts of E-Wing include
several laboratories that have been used
mostly for special-purpose operations such as
the microprobes and metallographs. R-Wing
is made up of offices. These offices are
generally occupied by staff people working in
E- and F-Wings, and were used for many
years by the CEN Editorial Group.

In 1956, the Senior Cave (Fig. 2-5) was
added to the west side of Bldg. D-205
opposite G- and H-Wings, and it, along with

its various service areas, was designated
“K-Wing.” The cave consists of three heavily
shielded cells, each one equipped with
viewing windows and master-slave manipu-
lators. The original Mod 3 electronic
manipulators, which were designed and built
at ANL, attracted a lot of interest. They were
often demonstrated for visitors and were
always a favorite both with children and
adults at the ANL open houses. One
shortcoming of the original model was that
the operator had no sense of touch when
grasping an object. This was corrected by
adding a feedback system so one could feel a
resistance to the force being applied. Another
interesting nicety that was added was small
metal “fingernails” on the square tips of the
rubber manipulator fingers to assist in picking
up small objects. Later on, commercial
manipulators became available and are now
being used.

The requirement for safe handling of
radioactive materials imposed many design
considerations in the planning of the building.

Fig. 2-5. Senior Cave in Building 205




One of the major ones was the ventilation
system. Unlike commercial buildings where
the air is recirculated, Building 205 uses a
once-through system. Part of the outside air is
drawn into the offices and other non-active
areas, and exited through the laboratories from
where it passes through the fan loft before it is
exhausted to the outside. In the fan loft, the air
passes through ultra-high-efficiency filters,
which are sometimes called “absolute” or High
Efficiency Particulate Air (HEPA) filters.
These filters remove practically all the
particulate material in the air, but not radio-
active gases that might be released. With this
arrangement, heating and cooling become
complicated and expensive. For several years
after the building was constructed, there was
no air conditioning, and one could not open the
windows, so it was often uncomfortably hot
during the summers. On hot, humid days,
condensed moisture on the overhead cool
water lines in the laboratory areas dripped on
the workers and their equipment. Some
researchers used plastic tents to protect critical
equipment. A few lucky people had equipment
that required air conditioning, which was
provided, and their labs tended to be visited
frequently by the less fortunate on hot days.
Safety considerations dictated that the
ventilation system must continue to function
during power outages. To supply this need, as
well as those of other critical systems in the
building, emergency backup power was
supplied by a 900-horsepower, 12-cylinder
diesel engine on the service floor. As was
usually the case, Milt Levenson had a story
about that engine. He claimed that it was
salvaged from a decommissioned LST
(Landing Ship Tank) from WWII and dropped
in San Francisco Bay in the process before it
was completely overhauled and sent to
Argonne. It was replaced later by a new unit.
Building 205 originally had three water
systems: (1) domestic water, which was piped
to all drinking fountains, washrooms, locker-
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room showers, eyewash fountains, and most
safety showers, (2)the laboratory water
system, which provided water to all the
engineering areas and the laboratories for
general-purpose use and cooling of equipment
and apparatus, and (3) a system that consisted
of two distilled water supplies, one for the
high-bay engineering areas and the other for
the A-, B-, and G-Wing laboratories. The
distilled water system has now been
supplanted by a relatively new deionization
system for all areas. Three other new water
systems have been installed in the building. A
canal water system, in which water from the
Chicago Sanitary Canal is filtered and supplied
to ANL, is now used for cooling building
operating equipment. A central cooling water
recirculating system is used for the building
air-conditioning equipment and for cooling
some of the large laboratory-support equip-
ment. The third is an in-house cooling water
recirculation system that is piped to all
engineering and laboratory areas to augment
the existing laboratory water and to help reduce
the water consumption in Building 205. The
drainwater from the laboratories goes to
retention tanks in a sub-basement, where it can
be held and monitored for radioactivity or other
contaminants before it is released into the
Laboratory sewage system.

The laboratories are equipped with all the
usual services such as hot and cold water,
deionized water, natural gas, compressed air,
vacuum, and nitrogen. Electrical power is
available routinely at 120 and 208 V, and
higher voltages can be provided where needed.
One problem that developed with the
Hauserman partitions in A- and B-Wings was
that they came prewired with installed fuses for
208-V, single-phase power, to the chagrin of
some who had to install industrial equipment
that required 220-V, three-phase service. There
was another problem with compatibility of
connectors in the electrical boxes.
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Building D-310

Building D-310 was completed and occupied
before Bldg. D-205, but it was always an
adjunct in that the Division headquarters was
never located there. It is situated on the
southeast corner of the intersection of Meridian
and Rock Roads. As was the case for
Bldg. D-205, Vorhees, Walker, Foley, and
Smith of New York City were the architect-
engineers. The construction plans refer to
the structure as an “experimental waste
processing, storage, and shipping facility.”
Figure 2-6 is a simplified version of the layout
of Bldg. D-310, which was designed mainly to
accommodate semi-works and radioactive
waste-disposal studies. The building contained
a machine shop area and five laboratories for
supporting work. The laboratories were
essentially the same as those in Bldg. D-205.
The extensive open area in this building,
with a high ceiling and balconies, permitted
work with large pieces of equipment. A three-
ton bridge crane was provided at the loading
platform to handle heavy shielding and
equipment. The service floor, in addition to
providing services for the main floor
operations, included some of the operating
equipment. For example, there is now a steel

plate on the main floor that covers an openi.ng
where an incinerator extended from the service
floor up into the main floor area. ' ;
Also underground was the “swimming
pool” where highly radioactive fuel assemblies
were located under water to provide shielding
and still permit visual observations. This
facility, designed under the direction of
Phil Fineman, was used for high-level gamma
irradiation experiments with food and other
materials. This facility was located under-
ground just south of the main building.
Various types of gamma irradiations, including
food-preservation studies that were conducted
in this facility are described elsewhere.
Although Bldg. 310 was used intensively
by CEN for several years, the Division’s work
shifted gradually to other projects that could be
handled more efficiently in Bldg. 205. The
waste-disposal work continued for many
years, however, primarily as a facility for
incinerating combustible dry active wastes and
treating radioactive liquid wastes produced at
ANL. The building was also used extensively
to develop and test equipment for use in the
EBR-II Fuel Cycle Facility (FCF), which was
being built adjacent to the reactor at ANL-W.
The Chemical Engineering Division played a
large role in this development; it was one of
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CEN’s major programs up until the FCF
began its operation in the 1960s. Other CEN
work included a large glove-box installation
to purify molten chloride salts for use in pyro-
metallurgical fuel reprocessing research and
development (Fig. 2-7).

Herb Brown recalls that in the early years
of Bldg. D-310 operation “the fan loft
contained a large, high-horsepower, very
noisy lobe blower that could be heard at
a great distance from the building.
Dr. Lawroski let it be known that as he
arrived at Bldg. D-205 he could hear the
blower running at Bldg. D-310. It was
mutually agreed by all CEN people in 310
that the first one to arrive in the morning had
it as his sworn duty to start the blower.”

Over the years, the nature of the CEN
programs changed in such a way that its
occupancy of Bldg. D-310 diminished to the
point where it became impractical for the
Division to retain the primary responsibility
for the building. It is now under the juris-
diction of the Reactor Engineering Division
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(RE). However, some CMT work is being
done there, mainly on equipment develop-
ment and testing in support of the ANL-W
program on the electrochemical processing of
EBR-II fuel.

DIVISION ORGANIZATION
AND MANAGEMENT

The management style in CEN could
probably be best described as basically
corporate in nature with something of an
academic flavor. Dr. Lawroski was a strong
leader and was demanding of the Division
personnel. At the same time, he had a good
sense of humor and took good care of his
employees. He insisted that the staff
personnel continue to further their technical
knowledge. As an example, when a division
seminar was in progress, Vic Munnecke, the
Assistant Director, would roam through
the building and closely quiz anyone in his
office or lab as to why he wasn’t at
the seminar. Most of the seminars were

Fig. 2-7. Pyrochemical Facility in Building 310
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given by staff members on their own work,
and they were often challenged by one or two
people in the audience who had made it a point
to read up on the subject in advance and came
in “loaded for bear.” Hal Feder, in particular,
often claimed that the speaker had overlooked
some pertinent information that was in the
literature, but he could never remember just
where. After the initial irritation had worn off,
this probably had a beneficial effect in causing
the speaker to comb the literature on his subject
more thoroughly.

The secretarial staff and the technicians
were paid on an hourly basis and had to punch
a time clock. (At one time, some people were
playing “paycheck poker” games, which were
based on the serial numbers of their checks;
this was not encouraged by the Laboratory.)
The technical staff were paid monthly and were
not clocked, so a few began to trickle in a bit
late in the morning. Dr. Lawroski solved this
problem effectively by standing in the lobby in
the morning and looking alternately at each late
arrival and his wrist watch. He didn’t have to
say anything; they got the message. He also
had an interesting habit of addressing
individuals directly as “Mac,” “Pal,” or
“Chum” when he was not pleased about
something. There was some uncertainty as to
just what these terms meant, which added to
their effectiveness, but there seemed to be
general agreement that “Chum” was the most
ominous. When Dr. Lawroski was visiting a
laboratory or was at a meeting and asked a
question, the “askee” would have been well-
advised to give the best straight answer he
could. Any bluffing or double-talk was sure to
result in further questions until he was in a
very deep hole.

Dr. Lawroski made it a point to acquaint his
more senior staff people with visitors and
important people at meetings. This was
beneficial to CEN’s relationships with the AEC
and other organizations. The AEC at that time
seemed to trust the Laboratory management to
handle the technical programs, and there wags

litle or no micromanagement. The “}895”
(budget justifications to the AEC) were simple
one- or two-page documents which were all
written by Vic Munnecke, the Assistant
Division Director. Monitoring of the individual
programs by the AEC generally COl:lSlSt?d of a
man from AEC Headquarters dropping in once
a year or so for an informal chat and asking
how things were going. One had more of a
sense of support than any kind of a threat.

Early in the 1950s, the University of
Chicago began holding annual reviews of the
Division’s performance during the preceding
year. The people selected for these committees
were well-known, highly regarded individuals
from industry, academia, and other national
laboratories, and included Henry Taube, who
became a Nobel Laureate. Over the years these
reviews have been generally commendatory
and supportive of the Division’s management
and staff. There have been instances, however,
where the recommendations of the Review
Committees and the mandates of the AEC (or
DOE) have been at odds, usually over the
amount of basic research the Division should
do in support of the applied programs. The
annual Review Committee visits continue to
require a lot of work in preparing the handouts
of the slides and conducting dry runs of the
talks, all of which leads to a last-minute mild
state of panic both for the technical staff and
the secretaries. A social evening during the
review process has proved especially beneficial
in allowing the Division staff members to talk
with the Review Committee members on an
individual basis. Poster sessions have also
been used for the same purpose.

Group meetings and reports were weekly
aqd Division meetings were held monthly on
Friday afternoons in the early 1950s. With the
lack of air conditioning, it was not unusual on
4 warm summer day to see somebody drop off
to sleep during a Division seminar or meeting
and suddenly “break his neck” waking up.
Walt Rodger always wore dark glasses. Over
the years, the group meetings became



semimonthly, and then finally monthly, as
they are now.

Individual secretaries were provided for
the upper management and administrative
personnel. Most of the secretaries were
assigned to a section head and functioned as a
“den mother,” doing the typing and other
work for all the people in that section. New
arrivals in the Division soon learned who the
upper management people were because they
were always paged with the title “Dr.” or
“Mr.” while the first and last names were used
for everyone else.

When the Division moved to the DuPage
site, Dr. Lawroski was the Division Director,
Charlie Stevenson was the Associate Director,
and Vic Munnecke was the Assistant
Director. Walt Rodger was in charge of the
engineering programs and Richard Vogel had
the chemistry work. In 1954, Charlie departed
to become the Technical Director of the Idaho
Chemical Processing Plant (ICPP), at which
time Rodger and Vogel became Associate
Division Directors. In July 1958, Octave J.
DuTemple, a chemical engineer in CEN, left
the Division to become the Executive
Director of the American Nuclear Society
(ANS), which had about 3,000 members at
the time. The society, which was formed in
1955 with Walter Zinn as President, had just

Fig. 2-8. Walton Rodger
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moved from Oak Ridge to the John Crerar
library in Chicago, and later established its
current headquarters in LaGrange Park,
Illinois.

Dr. Rollin Taecker, a professor of
Chemical Engineering from Kansas State
University, took a sabbatical leave in 1953
working in CEN, and then returned to
Argonne in 1955 to become the director of the
International School of Nuclear Engineering
(ISNE). The school, which opened on March
14, 1955, was an ANL organization fostered
by the AEC to further the Eisenhower Atoms
for Peace program, and it was headed up
initially by Dr. Norman Hilberry. Its mission
was to provide, in cooperation with
universities, technical training in nuclear
engineering for foreign and some American
engineers and scientists. Several CEN staff
personnel participated in the activities of the
school by presenting lectures or seminars.

Among the temporary employees from
academia, Dr. Joel Hildebrand, a Professor
Emeritus from the University of California at
Berkeley, who spent two months with CEN in
1953, was probably the most prestigious and
also the most interesting. Although not a
Nobel Prize winner, Professor Hildebrand
received almost every other prize a chemist
could. He liked to refer to Bob Steunenberg
and others who had done their thesis work
under his students as his “academic
grandsons.” One of the buildings at the
University of California campus in Berkeley
is named in honor of Hildebrand.

On February 20, 1957, Dr. Hilberry
became the Laboratory Director, succeeding
Dr. Zinn, who then became a vice president at
Combustion Engineering, Inc. Hilberry was
the person at the original test of CP-1 who had
the assignment of standing on top of the pile
with an axe to cut a rope suspending a “scram”
safety rod that would drop into the assembly
in case something went wrong. He was a high-
ly competent scientist with a “down-home,”
easygoing manner and an impish sense of
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humor. One of his comments was that perhaps
ANL should buy the Chicago Bears so as t0
gain full academic status. If you were at lunch
at the cafeteria, he was likely to sit down and
join your group for some conversation whether
he knew you or not.

Dr. Lawroski’s accomplishments and
leadership received special recognition  in
1959, when he was appointed Coordinator of
Engineering Research and  Development
Programs at ANL. One important part of this
position was to serve as Chairman of
Argonne’s Reactor Engineering  Division
Steering Committee. During the 1950s, he held
many other positions of responsibility, both at
ANL and nationally. He served on the ANL
Scientific Personnel Committee, occupying the
position of chairman for several years. He was
a member of the Visiting Committee for the
Nuclear Engineering Department and Reactor
Division of Brookhaven National Laboratory.
He was also Chairman of the American
Standards Association Committee N5 and
represented the Association Committee at the
1959 meeting of the International Organization
for Standardization in Warsaw, Poland. He
was a member of U.S. Fast Reactor Teams
during which time he visited nuclear sites in
the United Kingdom and in Europe. In 1956-
57, he was Chairman of the Nuclear
Technology Subdivision of the Industrial and
Engineering Chemistry Division of the
American Chemical Society. In the American
Nuclear Society he served on the Board of
Directors for a three-year term, was a member
of the Executive Committee in 1958-59, and
was Chairman of the Planning and
Coordinating Committee during 1960-61. He
also served on the Admissions Committee of
the ANS. He was a member of the General
Advisory Committee (GAC) for the AEC, and
served later on the NRC Advisory Committee
for Reactor Safeguards. After leaving the
Division,.l')r. Lawroski continued to garner
many additional awards, and he was elected to
the National Academy of Engineering in 1969.

Dr. Lawroski’s brother, Harry, also a
prominent figure in the nuclear business, was
President of the American Nuclear Society in

1980-1981.
TECHNICAL PROGRAMS

Aqueous Processes

DETERMINATION OF BREEDING
GAIN IN EBR-I

EBR-I, the first fast breeder reactor in the
world, was built to demonstrate the feasibility
of fast breeder reactors and the potential of the
breeding concept. The CEN Division was
concerned with two parts of the EBR-I
program: first, the development of a chemical
process for recovering enriched uranium from
the reactor core; second, a determination of the
conversion ratio (plutonium generated/U-235
consumed) of the reactor.

In giving ANL permission to design and
construct EBR-I, the AEC stipulated that the
enriched uranium in the core, which had been
borrowed from the military stock, would have
to be returned completely free of fission
products and at a specific time. Development
of a process to recover and decontaminate the
enriched uranium in the EBR-I core began in
1949 in the West Stands at the University of
Chicago and required about 60 man-years of
effort. The result was a solvent-extraction
process utilizing tributyl phosphate (TBP)
diluted with carbon tetrachloride as the organic
solvent. The process was then installed inside
one of the 8- x 10-foot cells shielded by
18 inches of high-density concrete in
Bldg. 205. A 40-foot-high, 1-in.-dia stainless
steel column was used for the extraction-
scrubbing step and a similar 35-foot-high
column for uranium stripping. This plant was
to I}ave bgen ready for operation by the end of
summer in 1951, but a decision was made by
the AEC that the EBR-I core, other than



samples removed for the work described
below, would be reprocessed at the Idaho
Chemical Processing Plant (ICPP).

The objective was to determine the
conversion ratio (fissile material produced/
fissile material consumed) in the reactor. If the
ratio is greater than unity, breeding has
occurred and the difference is the “breeding
gain.” Samples of the core fuel rods and the
blanket rods were selected in a manner that
would allow calculations of the average core
burnup and the plutonium content of the
blanket. The samples were dissolved in nitric
acid for analysis. Eighty-five core samples and
35 blanket samples were analyzed.

The U-235 burnup in the core samples was
based on analyses of the dissolver solutions
for cesium, whose fission yield had been well
established. The dissolved blanket samples
were analyzed for plutonium. Because some
U-238 is fissioned at high neutron energies, a
method was developed in cooperation with the
Chemistry Division to distinguish between
U-238 and U-235 fission by measuring the
Ru-106/Cs-137 ratio.

The conversion ratio for this first core
loading of EBR-I was found to be 1.00+0.04
atoms of plutonium for each atom of U-235
consumed, which is equivalent to a breeding
gain of 0+0.04. This result showed clearly that
plutonium breeding had reached the break-even
point in EBR-I and that a significant breeding
gain should be achievable with more advanced
reactor designs and with plutonium as the
fissile material.

Les Burris was the project leader for the
process development work, and others who
were involved in the engineering development
included John Schraidt, John Natale,
John Loeding, Virgil Trice, Ira Dillon,
Norm Levitz, Les Coleman, Herb Brown,
Don Hampson, Sy Vogler, and Bill Voss
(from Central Shops). Milt Levenson was _in
charge of the design and start-up of the facility
and made the calculations required to determine
the conversion ratio. Wally Seefeldt directed
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the operations, which were carried out by
Les Dorsey, Artie Freeman, and Bill Spicer.
An enormous analytical effort on this project
was carried out under the direction of
Dick Vogel; some of the individuals contrib-
uting to this effort were Carl Crouthamel,
Bob Schablaske, Chuck Seils, Myron Homa,
and Jackie Williams. Tony Engelkemeier and
Arthur Jaffey from the Chemistry Division,
Ted Novey from High Energy Physics, and
Dave Hess from Physics also participated in
the program.

THE HALEX PROCESS

Because of the Cold War with the Soviet
Union and the resultant arms race, the U.S.
moved expeditiously in the late 1940s and
early 1950s to expand its capabilities for the
production of weapons-grade plutonium for
nuclear weapons and tritium for thermonuclear
weapons (the hydrogen bomb). To augment
existing production capabilities at Hanford, the
U.S. authorized construction of the Savannah
River Plant (SRP) in South Carolina. Located
within the large plant area were the production
reactors, two large solvent-extraction plants for
recovery and purification of uranium and
plutonium, facilities for the recovery of
deuterium and tritium, and research and
development laboratories. E. I. du Pont de
Nemours and Company operated the plant.

During construction of the plant, Du Pont
operating personnel were assigned to various
national laboratories for training. About 50
Du Pont trainees spent up to three years in the
various divisions at ANL—in Chemical
Engineering for solvent-extraction technology,
in Reactor Engineering for reactor design and
operation, in Chemistry for studies of organic
solvents, and in Metallurgy for metallurgical
studies of fuel fabrication and behavior in a
reactor.

The Purex process, which uses tributyl
phosphate (TBP) diluted with dodecane, was
chosen for the uranjum/plutonium  recovery
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process. This process had been discovered 1n
1949 at Oak Ridge National Laborator(}i'
(ORNL). Early work on it was also conducte
at the Knolls Atomic Power Laboratory
(KAPL) in Schenectady, New Yorlk‘ It ]:vn?:
subsequently installed in the processing P

at Hanford and Savannah River.

In the early stages of Purex proces;
development, Du Pont became concemee
about potential flammability of the dodecan
solvent and sought a nonflammable alternative.
Carbon tetrachloride was eventually Se_le'Ct.Cd-
and the ANL Chemical Engineerin'g‘DlVlSIOn
was  assigned the responsib}llty for
demonstrating the Purex process, us1ng'carbqn
tetrachloride as the diluent. To distingmsh, 'thlS
process from Purex, it was nameq “Hal'ex.

Although carbon tetrachloride is not
flammable, it raised other concerns. Qqe WflS
the extent of its radiolytic decomposﬁlon n
high radiation fields to yield chloride ions. 'At
concentrations above about 10 ppm, chloride
embrittlement of stainless steel can occur.
Another concern was the chemical toxicity of

carbon tetrachloride, which requires precau-
tions to prevent inhalation of vapors l?y
workers. In the ANL studies, a thin
(approximately 1-inch-thick) layer of water on
top of the solvent in the feed tanks was used to
limit vaporization of the carbon tetrachloride.
The feed tanks were also vented to the
Bldg. D-205 vent system. Finally, although
not a concern, the high specific gravity of
carbon tetrachloride (about 1.4) made the
solvent the “heavy” phase, which is just the
reverse of the situation in the Purex process
where the organic solvent is the “light” phase.

These concerns and the changes in the physical

properties of the solvent warranted a pilot-plant

demonstration under representative plant
conditions.

To demonstrate the Halex process, a pilot-
plant facility was installed behind 18-inch-thick
concrete - shielding walls in two adjacent
12-foot-high bays in the Bldg. D-205
G-Corridor (G-102 and G-118). The first

cycle (IA) contactor banks were installed in
G-118. A single set of extracuon_and stripping
contactors was used altemately in G-.IOZ for
the second uranium and plutonium purification
cycles. Fully irradiated Hanford .fuel slugs
were dissolved in one of the three dxssolvgrs in
J-117 to give a typical uranium feed solution.

Banks of mixer-settlers obtained from the
Standard Oil Development Company were
used as the contactors. These simulated the
pump-mix mixer-settlers that had been selected
by Du Pont for use at Savannah River, byt
they lacked the capability to pump the
immiscible aqueous and organic solvent phases
to the next stage. Therefore, each bank was
tilted about 15 degrees to provide gravity flow
of the immiscible fluids through the bank. The
Standard Oil Development contactors were
either 15- or 20-stage units, the former being
used for the stripping operation and the latter
for extraction-scrubbing  and uranium-
plutonium separation.

Many runs were made in the G-102/G-118
complex. The Halex process performed very
well. Fission-product decontamination factors
were equal to, if not higher, than those
achieved with the Purex process. Complete
separation of the uranium and plutonium was
obtained in the IB unit, and high recoveries
(>99%) of uranium and plutonium were
achieved. The carbon tetrachloride proved to
be highly resistant to radiolytic decomposition.
Chloride ion concentrations in the high-level
waste were 10 ppm or less. Despite the
successful demonstration of the Halex process,
Du Pont decided to go with the conventional
Purex process, having become convinced that
dodecane posed no significant fire hazard after
all. Interestingly, carbon tetrachloride was
used for many years at Hanford in the
Recuplex process for recovering plutonium
from scrap and recycle material.

Les Burris was the Project Leader for the
Halex process demonstration. Major respon-
sibilities for the design of the facility and
it subsequent operation were bome by




John Loeding and Virgil Trice. The other
participants in the program were mostly the
same ones who had worked on the breeding
gain effort. Again, much of the credit for the
success of the Halex demonstration is due to
the Analytical Chemistry Group, who, during
the course of the program, analyzed the
hundreds of samples required to evaluate the
process performance.

AQUEOUS PROCESSING OF ALLOY
FUELS

Several uranium alloy fuels for specialized
reactor applications began to appear in the early
1950s. These were generally combinations of
enriched uranium alloyed and/or clad with
metals such as zirconium (or Zircaloy),
aluminum or stainless steel, and they could not
be dissolved readily by nitric acid, which was
the standard procedure for metallic uranium
fuel slugs. These fuels usually consisted of a
small amount of highly enriched uranium in the
other metal. Plutonium was not involved
because the limited amount available at the time
was needed for weapons.

Research and development work on the
uranium-aluminum fuel resulted in a process in
which mercury was used as a catalyst to
dissolve the fuel in nitric acid. The zirconium-
alloy fuels were more of a challenge, and this
was addressed by CEN in a research effort that
extended from about 1949 to 1954. This
program was aimed at the fuels used in the
Submarine Thermal Reactor (STR), which
were of two types. One was 99.39%
zirconium and 0.61% uranium; the other, in
which Zircaloy was alloyed with the uranium,
was 97.9% zirconium, 1.46% tin, and 0.64%
uranium. Vic Munnecke and Elton Turk did the
early work in this area in CEN. A general
problem with nitric-acid based dissolutions
was that explosions occurred under some
conditions. An expanded effort was under-
taken in which it was shown that the
explosions could be avoided by the use of
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fluorides to complex the zirconium ions.
Bob Larsen, Al Jonke, Harold Evans,
Roberta Shor, Sy Vogler, and Elton Turk
conducted these studies. Turk later transferred
to the ICPP. The CEN work on processing
methods for zirconium-alloy fuels was a major
contribution to the technology, and it was used
as the basis for scale-up studies, followed by
plant-scale operation at ICPP, where it was
used many years for the recovery of enriched
uranium from naval fuels.

CONTACTOR DEVELOPMENT

In the late 1940s and early 1950s, the search
for more selective solvents for recovery and
purification of uranium was accompanied by
increased efforts on the development of more
efficient contactors. A major driving force was
a need to reduce the height of the processing
canyons, which had thick walls of concrete
shielding, and their cost was essentially
proportional to the height. More efficient low-
height contactors became even more important
when it was found that the height of an
equivalent theoretical stage (HETS) was
greater in the Purex process than in the Redox
process, which required 40-ft-high towers
packed with Raschig rings. The prospect of
using 50-ft-high towers (or columns) for the
Purex process was not appealing.

Hanford’s solution was to use pulsed sieve-
plate columns. On each pulse, the solvent
(discontinuous) phase was driven through the
next of an array of sieve plates, breaking the
solvent into fine bubbles, and thereby
increasing the surface area for mass transfer of
uranium and plutonium. The pulsed columns
worked very well and were used in the
Hanford plant until it was shut down.

The people at Savannah River chose to use
banks of mixer-settlers. Each stage in a bank
consisted of a mixing region in which the two
phases were vigorously agitated together and a
settling region where they disengaged into two
layers. The mixers provided sufficient
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pumping action to move the two immiscible
phases into the next stage. As a result, a mixer-
settler bank could be operated in a horizontal
position, thereby reducing the required canyon
height. Mixer-settlers have been in successful
operation at Savannah River for over 30 years.

The small mixer-settler units used by CEN
to demonstrate the Halex process were a close
replica of the Savannah River units, but they
were tilted slightly to induce gravity flow of
the immiscible liquids through each bank.
Argonne also built and demonstrated the
Stacked Plate Contactor, a high-throughput
contactor that had been designed by Merrill
Fenske of Pennsylvania State University.
Kegham Varteressian (“Varty”) and
George Bernstein ~ conducted the ANL
demonstration. A contactor had already been
selected for the Savannah River plant, so
further development of the Stacked Plate
Contactor was not pursued.

One drawback of mixer-settlers is the large
holdup of solvents in each stage. The long
exposure of the solvent to the highly
radioactive aqueous phase maximizes the
opportunity for radiation damage to the
solvent. This concern eventually led to the
development of a centrifugal contactor capable
of high throughput and low solvent hold-up,
which was pioneered at Savannah River. The
Savannah River work provided a basis for later
intensive development work on centrifugal
contactors at Argonne for application to high-
burnup fast breeder reactor fuels.

Pyrometallurgical Processes
PYROMETALLURGICAL RESEARCH

By 1950, a strong interest had developed in the
possible use of pyrometallurgical methods for
reprocessing reactor fuels. Their potential
advantages of compactness, simplicity, fewer
criticality problems, and potentially low cost
are discussed in the following  section on
process development. Exploratory and basic

studies of pyrometallurgical separations were
performed primarily in Hal Feder’s group,
which also had the responsibility for some
other  projects.  The  pyrometallurgical
investigations at ANL were targeted almost
entirely toward EBR-II and were therefore
concerned mainly with recovery of enriched
uranium metal from the core, where plutonium
was of secondary interest, and recovery of
plutonium from the metallic uranium blanket,
which was a longer-range concern.

Feder, because of his excellent background
in the nuclear area, knowledge of the pertinent
literature, and understanding of thermo-
dynamics and other theoretical principles, was
a highly effective leader in this effort. (An area
of special experience that he admits to, but
never advertised widely, resulted from a stint
in the Army where he was doing research on
the use of banana peels as a lubricant for the
ways used in launching ships.) A review
article he wrote in the Reactor Handbook
classifies pyrometallurgical separations into the
following categories:

1. Fractional crystallization, with and
without a liquid metal solvent

Fractional distillation

Liquid metal partition

Selective oxidation

Cyclic oxidation-reduction

“n A W

Argonne was one of the leading laboratories
in pyrometallurgical research at the time, but
similar work was being done at several other
sites, including Ames Laboratory, Atomics
International, Brookhaven, the Canadian
Atomic Energy Authority, Harwell in England,
Los Alamos, and Oak Ridge. Los Alamos
probably had the most comprehensive effort
for two‘reasons, one being that their weapons
production program used pyrometallurgical
methods. The other reason was that they had
been developing the Los Alamos Molten
Plutonium Reactor Experiment (LAMPRE), a



reactor concept that utilized a molten Pu-9.5
at.% Fe alloy as the fuel. Among the methods
that Los Alamos investigated for plutonium
purification were liquation and filtration, oxide
drossing, carbide slagging, halide slagging,
halide conversion cycles, electrorefining,
recrystallization from mercury, and liquid-
liquid metal extraction. Brookhaven had
proposed a liquid metal fuel reactor (LMFR) in
which the fuel was molten bismuth containing
0.1-0.2% uranium, 250 ppm zirconium, and
350 ppm magnesium. The ternary eutectic salt
50 MgCl1,-30 NaCl-20 KCI (mol %) with a
melting temperature of 376°C was used to
extract fission products from the molten metal
fuel. This salt composition was used in much
of the work at ANL where it was referred to
informally as “Brookhaven salt,” much to the
annoyance of Dr. Vogel. Oak Ridge conceived
the Hermex process, in which metallic uranium
was decontaminated by selective precipitation
from mercury. Some of the other laboratories
investigated potential fuel-reprocessing
methods for thorium, as well as uranium and
plutonium. Feder kept well abreast of these
other programs and stayed in close touch with
those doing the work. Because of the
reputation he had developed in this field
through these connections and his own
program at ANL, he was often sought out as
an authority to write review articles on the
subject.

Members of Feder’s group who were
involved with the pyrometallurgical work in
the early 1950s included Milt Ader, Karl
Anderson, Paul Bergland, Norm Chellew,
Guy Elliott, Don Fredrickson, Al Glassner,
Irv Johnson, Al Martin, Marcel Nathans,
Ralph Nuttall, Ken Rhode, Charlie Rosen,
Ronald Uhle, Sy Vogler, Charlie Wach, and
Bob Yonco. Jim Knighton, who was on loan
from the American Smelting and Refining
Company (ASARCO), later became an ANL
staff member. Don Hampson and George
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Bennett contributed to the engineering aspects
of this effort.

The earliest ANL studies were conducted
on melt refining. Previous work had shown
that many of the fission products can be
removed from irradiated metallic uranium fuel
simply by melting the fuel in an oxide ceramic
crucible and holding it in the molten state for a
few hours. The noble gases (Xe and Kr) and
other volatile fission products were released or
vaporized and the electropositive fission-
product elements such as the rare earths and
alkaline earths reacted with the crucible
material to form non-volatile oxides. The noble
metal fission products (Zr, Nb, Mo, Tc, Ru,
Rh, Pd) remained in the molten uranium.
Plutonium recovery was not a major concern in
the recovery of EBR-II driver fuel, but some
preliminary experiments showed that the
plutonium/uranium ratio in the oxide product
was about twice that in the metal phase. The
following crucible materials were studied:
alumina (ALO;), magnesia (MgO), beryllia
(BeO), thoria (ThO,), and zirconia (ZrO,).
Both alumina and magnesia reacted
stoichiometrically with the reactive fission-
product metals (for example, 2 Ce + ALO, —
Ce,0; + 2 Al), and the reaction proceeded at a
constant rate. The aluminum metal product
from the reaction dissolved in the liquid
uranium. With a magnesia crucible, metallic
magnesium was vaporized. Beryllia, thoria,
and zirconia, however, reacted to form
suboxides in the crucible wall (identified by
x-ray diffraction), and the rate increased with
time. Little or no fission-product iodine was
released. The molten uranium wet none of the
crucible materials except Al,O,, which was wet
only if the uranium contained dissolved
molybdenum and ruthenium. The molten
uranium in the various crucibles had a contact
angle of 135° and its surface tension was
800 dyn/cm. Contamination of the uranium
product by the crucible materials was in the
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order Al>Be>Th>Zr. Zirconia was chosen as
the best crucible material for melt refining, and
thermal shock problems were eliminated by
stabilizing it with 5 wt% calcia (Ca0).

Attention was given to possible methods for
recovering bred plutonium from the EBR-II
blanket material, using liquid magnesium as an
extractant. Ralph Nuttall found that a
surprisingly high plutonium recovery could be
obtained by agitating hydrided-dehydrided
U-1wt% Pu in liquid magnesium. Some
initial studies were conducted on the extraction
of plutonium from molten uranium into a
molten chloride salt (halide slagging).

The most extensive, systematic studies by
this group in the 1950s were on the chemistry
of liquid metal solvents, which had potential
application both for EBR-II blanket processing
and for the recovery of fuel values from melt
refining residues. Solubilities of U, Pu, Th,
and most of the important fission-product
elements in liquid zinc were determined.
Similar studies were done with liquid
cadmium. Through a combination of tempera-
ture coefficients of solubilities, identifications
of equilibrium solid phases, electrochemical
and effusion measurements, coprecipitation
experiments, and phase-diagram definitions, a
large body of high-quality thermochemical data
was generated. This work, which continued
into the 1960s, was essential for much of
CEN’s ongoing  pyrochemical  process
development work. In addition, it was a major
contribution to the literature on the chemistry
of liquid metals.

PYROMETALLURGICAL PROCESS
DEVELOPMENT

Engineering development of pyrometallurgical
processes for recovery of spent fuel discharged
from fast breeder reactors was undertaken in
the mid-1950s to meet the special needs of fast
breeder reactor fuel cycles. These reactors,
which use plutonium as a fuel, generate more
plutonium than is consumed. As mentioned

before, the amount of excess plutonigm
generated per cycle_is Falled ‘the “br.eedmg
gain.” The doubling time 15 the time required to
double the amount of fuel in the fuel cycle (that
in the reactor plus that out of the reactor in
storage, processing, and refabrication of fuel
for return to the reactor). Minimizing the fuel
in the out-of-reactor fuel-cycle operations
reduces the doubling time needed to start a new
reactor.

Metal fuels (uranium-plutonium alloys)
provide the greatest breeding gain compared
with other potential fast reactor fuels such as
mixed uranium-plutonium carbides, nitrides,
and oxides. Because of the successful
experience with metal fuels in plutonium-
production reactors and the developed
technology for producing and fabricating
uranium metal, metal fuels were the natural
choice by ANL in its early development of fast
breeder reactors.

For discharged fast breeder reactor fuels,
solvent-extraction processes such as Redox
and Purex were not attractive. These fuels
required long storage (cooling) times of about
two years before processing by solvent
extraction to avoid excessive solvent
degradation (radiation damage), which results
in less effective decontamination of the
uranium and plutonium products. Moreover,
the complexity of the tail-end operations
required to convert the uranium and plutonium
in the dilute nitric acid product of the solvent-
extraction process back to the metals increased
the out-of-reactor plutonium inventory and the
cost of the fuel cycle.

Another important factor in the design of
processes for fast breeder reactor fuels is that
high decontamination of the processed fuel is
not required. The performance of fast reactors
is affected very little by the presence of
lmpu_nties. e.g., residual fission products or
alloying elements, in the fuel. In contrast, the
performance of a slow (thermal) neutron
reagtor, i.e., a light-water-cooled reactor, is
seriously impaired by the presence of certain



impurity elements in the fuel. Therefore,
fuel-recovery processes for these reactors must
provide very high fission-product decontamin-
ation.

While low decontamination is acceptable for
the processing of discharged fast breeder
reactor fuels, some removal of every fission
product must be achieved to avoid unrestrained
buildup of any individual fission-product
elements as the fuel is recycled repeatedly.
Low decontamination of processed fast reactor
fuel is actually advantageous for another
reason. The intrinsic high radiation levels in
the processed fuel strongly discourage its
clandestine diversion to weapons production or
terroristic purposes.

Pyrometallurgical processes appeared to be
well suited to fast reactor fuels. Because
organic materials are absent, they could
accommodate the high radiation levels of short-
cooled fuels. In addition, they offered the
opportunity to avoid cumbersome product-
conversion steps by keeping the fuel in the
metallic state throughout the process. It should
be noted here that, although plutonium was the
fissionable material of interest, U-235 was
employed in EBR-I core to provide sufficient
reactivity to operate the reactor. Because
significant amounts of U-235 were involved,
the early process development was concen-
trated primarily on the recovery of U-235.

The first pyrometallurgical process that was
investigated was zone melting, also called zone
refining. In this process, a narrow molten
zone, created by a movable heater, slowly
traverses a long bar of metal. Impurities that
favor the solidus in a phase diagram move
counter to the direction of travel of the molten
zone. Those that favor the liquidus move in the
same direction as the molten zone. It is usually
necessary to make a very large ngml?er of
passes of the molten zone to achieve significant
movement of the impurities to the ends of the
bar where they can be removed by cropping
off the end sections. Zone melting had been
invented by William G. Pfann of Du Pont,
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who used it successfully to purify metals such
as silicon and germanium for use in the
electronics industry. The method was
unsuccessful, however, for purifying uranium
because the solidus/liquidus ratios of many
fission products (especially the noble metals) at
equilibrium were too close to unity to produce
significant separation toward the ends of the
bar at practical rates. The failure to separate
fission products, the very long processing time
under a high-purity inert atmosphere, and the
requirement for a supplemental process to
recover plutonium from the cropped ends
forced abandonment of the process. This
program did, however, result in a useful basic
contribution to the mathematical modeling of
zone melting. Les Burris, Ira Dillon, and
Charles Stockman did this work.

Attention was then turned to a simple
slagging-type process in which the fuel was
melted in a calcia-stabilized zirconium oxide
(ZrO, + CaO) crucible, held at a temperature of
1400°C for four hours and poured into a
graphite product-receiver mold. The behavior
of fission products during melt refining is
shown in Fig. 2-9, and the melt-refining
furnace in Fig. 2-10.

An appreciable fraction of most fission
products is removed by the melt refining
process, but noble metals (e.g., ruthenium,
rhodium, and palladium) and molybdenum are
not removed. To prevent the buildup of these
elements as the fuel is recycled through the
reactor, a small fraction of the fuel, known as
“dragout,” is removed for separate repro-
cessing. The skull material remaining in the
melt refining crucible, which constitutes 5 to
10% of the processed fuel, serves adequately
as the dragout material. Details of the dragout
process are presented later.

The melt-refining process was demon-
strated at full scale (10 kg of U per batch) in
prototypical plant equipment in Bldg. 205.
Subsequently, it was installed in the EBR-II
Fuel Cycle Facility at ANL-W, where it was
used successfully for five years to recover and
recycle fuel discharged from EBR-II.
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At the high operating temperature of 1400°C, strontium, barium, and rare earths, which
form very stable oxides, are removed in a reaction layer on the wetted surface of the
zirconia crucible. The noble gases (krypton and xenon) and some iodine are released
when the fuel is melted. The volatile fission products (cesium and rubidium), and
sodium, inserted into the fuel elements as a heat-transfer ligament, are volatilized. The
noble metal fission products such as ruthenium, rhodium, palladium, and molybdenum
are not removed. Their continuing buildup in the recycled fuel is prevented by
removing a small fraction of the fuel, called “dragout” in each cycle for separate
processing. The crucible skulls serve as the dragout stream.

Fig. 2-9. Fission-Product Removal by Melt Refining

Fig. 2-10. Melt Refining Furnace

Two interesting synergistic developments
occurred in the course of the research on melt
refining. One was the injection casting
method for producing fuel pins. It was an
outgrowth of the method used for sampling

molten uranium. Samples of the uranium were
taken by drawing a small amount of the liquid
into a 1/4-inch-diameter Vycor® (quartz) tube.
Noticing the perfectly formed cylindrical
segments of solidified wuranium, Milt
Levenson conceived the idea of using
precision-bore Vycor tubes coated with a
thoria (ThO,) wash to cast fuel pins for
EBR-II. So was born injection casting for
EBR-II fuel. In the casting procedure, an
array of open-ended Vycor tubes (closed at
the top) suspended above a crucible of molten
fuel alloy within an evacuated bell-jar furnace
was plunged into the melt as the furnace was
simultaneously pressurized. Molten fuel was
forged up into the tubes to a height of 16 to
18 inches. After cooling, the perfectly formed
fuel rods were recovered by crushing the
Vycor. The rods were cropped to a 14-inch
length, giving fuel pins, which were then
.clad with stainless steel and incorporated
o fuel subassemblies for return to the



Fig. 2-11. Milton Levenson

reactor. The entire sequence of operations was
performed in the EBR-II Fuel Cycle Facility.
The second synergistic development was a
reactor fuel alloy called “fissium.” Fissium is
the steady-state composition of fuel resulting
from dragout (removal) of a small fraction of
the fuel for separate processing to extract
noble metal fission products and reclaim the
uranium. The steady-state composition
depends on the fraction of the fuel removed
per cycle and the fuel burnup (assuming all
the noble metals are completely removed
from the dragout fraction). For a fuel burnup
of 3 wt% of the uranium and a 7% dragout,
the steady-state total concentration of noble
metals is about 5 wt%. Fuel of this
composition proved to have a remarkable

resistance to radiation damage. Unlike
uranium metal, which grows uniaxially
(lengthwise) under irradiation, fissium

undergoes a growth that is much smaller and
equiaxial. The fissium fuel was found later to
be capable of sustaining burnups in excess of
10 wt%.

After melt refining, between 5 and 10% of
the charged fuel remained in the crucible as
unpoured metal. Because the wetted surface
had a cup-like shape, the unpoured material
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was called the “skull.” It was decided that this
material would constitute the dragout fraction.
It was removed from the crucible by oxidizing
the uranium to UO», which was dumped from
the crucible as a powder.

Owing to their  batch  nature,
pyrometallurgical processes were considered
best suited to small, on-site processing plants
serving one, or at most, a few reactors. The
EBR-II Fuel Cycle Facility built adjacent to
the EBR-II epitomized this concept. An early
question was how to reclaim uranium from
the skull material and maintain the concept of
small, on-site plants. The large facilities
required for solvent-extraction processes
subverted the concept of compact, self-
contained fuel cycles. Therefore, a pyro-
metallurgical process was sought for recovery
of the skull material, and the idea of using
liquid metal solvents and molten salts as
processing media was advanced. The use of
these media opened up a new frontier of
process development and spawned research
and development programs that have, with
some interruptions, extended into the 1990s.

Solvent metals had to be able to dissolve
uranium and to have sufficiently high vapor
pressures at elevated temperatures to allow
their ultimate removal by vaporization. The
molten salts had to possess high chemical
stabilities, reasonable liquid ranges at
temperatures of process interest, and also
sufficiently high vapor pressures at elevated
temperatures for removal by vaporization.
The most promising candidate metal solvents
were zinc, cadmium, and magnesium. The
molten salt systems of greatest interest were
combinations of alkali and alkaline earth
chlorides.

Several processes involving the use of
liquid zinc as a solvent had been suggested
and were generally referred to collectively as
“pyrozinc processes.” A typical pyrozinc
process is illustrated in Fig. 2-12. These
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Chopped Fuel
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The Pyrozinc process is appropriate for metallic reactor fuels.
The fuel elements and their refractory metal cladding are
chopped into short lengths and dissolved in molten zinc.
Fission-product gases, Kr and Xe, are released in this step. The
zinc solution, which contains U, Pu, and fission products, is
then contacted with a molten salt such as LiCl-KCI-MgCl,
containing ZnCl,. The ZnCl, oxidizes the U, Pu, alkali metal,
alkaline earth metal, and rare earth fission products to their
chlorides, which are extracted into the salt phase. The liquid
metal phase then contains the noble metal fission products
(Mo, Ru, Nb, Rh, Pd, Tc) and the refractory cladding metals
(typically V, Ti, Zr, W). This metal phase is discarded as a
waste. The salt phase, which contains the chlorides of U, Pu,
alkali metals, alkaline earth metals, and rare earths, is
contacted with a liquid Cd-Zn-Mg alloy which reduces the U
and Pu selectively to the metals, leaving the remaining
fission-product elements in the salt phase, which is a waste
stream. The purified U-Pu metal product is recovered by

retorting off the Cd, Zn, and Mg solvent metals. which are
recycled.

Fig. 2-12. Typical Pyrozinc Process



processes are predicated on the following
observations:

1. The solubilities of nearly all common
metals in zinc at 700-800°C are
sufficiently high to dissolve reactor fuel
elements in a single step.

2. Uranium oxides can be dissolved in zinc
by the addition of magnesium, which
reduces the oxides.

3. Uranium metal can be recovered from
the zinc either by retorting or by the
addition of magnesium to form a
metallic uranium precipitate.

4. In a molten fluoride salt containing
uranium chloride, uranium can be
transferred electrolytically from a metal
anode to a liquid zinc cathode.

One example of a pyrozinc process, the
EBR-II “Skull Reclamation Process,” utilized
liquid zinc to leach the noble metal fission
products from the skull oxides, and then a
Zn-5 wt% Mg solvent with a MgCl,-rich
molten salt phase to reduce the UO, and
dissolve the metallic wuranium product.
Selective precipitation of the uranium product
was also used as a purification step. Further
development work on the skull reclamation
process, which continued into the 1960s, is
discussed in the next chapter.

A simple, ingenious process was also
developed for concentrating plutonium bred in
the U-238 blanket of a fast breeder from less
than 3 wt% to greater than 30 wt% in uranium.
In this process, the blanket material was
dissolved in a Zn-12 wt% Mg solvent at 800°C
(the uranium solubility was about 20 wt%).
Uranium, which is insoluble in liquid
magnesium, was then selectively precipitated
by the addition of magnesium, leaving the
plutonium in solution. The solid and liquid
fractions were then separated and processed to
yield metallic uranium and plutonium products.
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While intended for installation at EBR-II, the
blanket process was a casualty of the AEC
decision to abandon metal fuels for fast
reactors.

For the skull reclamation process, the
requirement to reduce UO, to the metal resulted
in a major research effort on reductions of
UO,, Pu0,, and even ThO, (of interest mainly
from a basic research standpoint). Magnesium
was selected as the reductant with zinc or
cadmium as the solvent for the reduced metals.
The molten salt phase was usually a LiCl-KCI-
MgCl, mixture. (Multicomponent salts are
required to provide a liquidus temperature low
enough for process use.) The reduction is
driven, in part, by the low chemical activities
of uranium, plutonium, and thorium in the
solvent metals. Plutonium dioxide proved to be
the easiest oxide to reduce because PuO, forms
an oxychloride that is soluble in the molten
salt, thereby allowing its ready access to the
magnesium reductant. Uranium dioxide was
more difficult to reduce, but complete
reductions were achieved under suitable
conditions. Even ThO,, which is the most
stable of the three oxides, was reduced with
particular salt compositions. The best and most
used reductants were obtained with zinc as the
liquid metal solvent. The ability to reduce UO,
and PuO, turned out to be important in the
development of processes for oxide fuels in the
1960s and, later, in the 1990s.

Milt Levenson and John Schraidt followed
the engineering development program closely,
but Les Burris was in charge of most of the
work. Among the people working on the
engineering research and development effort
were Ray Beck, George Bennett, Tom
Cannon, John DeKany, Les Dorsey, Jim
Hesson, Terry Johnson, Ermie Johnston,
Henry Lavendel, Paul Nelson, John Pavlik,
Wilfred Pehl, Dean Pierce, Alfred Schneider,
Irv Winsch, and Jerry Wolkoff.
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THE EBR-II FUEL CYCLE FACILITY
(FCF)

The successful operation of several experi-
mental fast breeder reactors together with the
promising results from the pyrometallurgical
fuel reprocessing studies paved the way for a
demonstration of an on-site, closed-cycle
pyrometallurgical ~ reprocessing  facility
coupled to the 62.5-MW(t) Experimental
Breeder Reactor that was to be built by ANL
at the National Reactor Testing Station
(NRTS), now called INEEL (Idaho National
Engineering and Environmental Laboratory).
A closed-cycle process of this type offers a
number of potential advantages over other
methods for reprocessing the metallic fuel
used in this type of fast breeder.
Consolidation of all the reprocessing steps,
including refabrication of the recycled fuel,
into a closed, on-site operation should be
cost-effective due to the low out-of-reactor

Fig. 2-13. Experimental Breeder Reactor-IT w
Fuel Cycle Facility

fuel inventory, the simplicity of the
reprocessing operations, and the low waste
volume. Because fast breeders are less
affected by fuel impurities than thermal
reactors, only a modest fission-product
decontamination factor of three or so is
required.

The EBR-1I Fuel Cycle Facility was a major
project for CEN (Fig. 2-13). The magnitude
of the project was too great for an adequate
description here, but it has been covered in
detail in a comprehensive book by Charlie
Stevenson, entitled The EBR-II Fuel Cycle
Story, which was published by the American
Nuclear Society in 1987. The melt-refining
process was chosen for this pilot-plant
demonstration. As mentioned earlier, research
studies were conducted on a number of
potential process concepts in which the bulk
of the spent fuel would remain in the metallic
state throughout the process, thereby avoiding

-
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chemical conversion steps, which tend to be
complex and costly. The melt refining process
appeared to be the most promising approach,
based on the earlier research and development
work on various pyrometallurgical processes.
Detailed designs of EBR-II and the Fuel
Cycle Facility were initiated in 1957,
construction began that same year, and the
facility was completed in 1962. The first fuel
was processed in 1964. Although the design of
the Fuel Cycle Facility was spearheaded by the
ANL Chemical Engineering Division, it was a
major interdivisional cooperative  effort
involving the Reactor Engineering, Metallurgy,
and other divisions. Within CEN, the principal
engineers  handling the project were
Milt Levenson, John Schraidt, George
Bernstein, Johan Graae, Les Coleman, and
Don Hampson. Many others, including
Tom Eckels, Dick Malecha, Phil Fineman,
Al Chilenskas, and Jim Hesson were also
involved. In fact, it seemed as if almost
everybody in the Division sooner or later
played some role in the project. There was a
great deal of traveling between Chicago and
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Idaho during this period, and several CEN
personnel spent months or even a year or more
in residence at the site.

As shown in Fig. 2-14, the plant consisted
of two large shielded cells and associated
equipment. The overall building dimensions
were 135 by 170 ft. The rectangular cell on the
left was a rather conventional shielded “cave”
with an air atmosphere, and it was equipped
with the usual windows, manipulators, cranes,
etc. This cell was used for partial disassembly
of the fuel subassemblies and assembly of new
ones, as well as the canning of scrap and
equipment maintenance.

The second cell was circular and had a
high-purity argon atmosphere to permit the
handling of pyrophoric materials such as
uranium, plutonium and sodium without other
special precautions. The cell was an annular
structure 72 ft in diameter. The process
equipment was contained within the shielded
annulus, the operations being conducted by
personnel in the area outside the annulus
through the use of shielding windows,
manipulators and cranes. A shielded control

Fig. 2-14. EBR-II Fuel Cycle Facility
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room at the center of the annulus permitted
observation of the cell from the inside. A sub-
cell was used for various service activities. '

The rather unorthodox circular cell design
(attributed to Johan Graae) was based on
several considerations, the principal one being
that by mounting the manipulator and crane
bridges to swing around a central pivot, all
locations in the cell could be reached by any of
these units without their interfering seriously
with one another. The design also worked well
for the process train where the discharged fu§1
came in through the transfer lock from thg air
cell, progressed through the various
processing steps as it went around the circle,
and left the cell through the same transfer lock
ready for reassembly and insertion into the
reactor.

A large development effort was required for
this facility because of its unique features,
some of which are illustrated by the sectional
view in Fig. 2-15. Such simple equipment
components as graphite bearings in motors had
to be modified because the graphite behaved
more like an abrasive than a lubricant in the
ultra-dry atmosphere. Mineral insulation was
used in electrical cables to avoid radiation

CRANE AND
MANIPULATOR REMOVAL
BLISTER

damage. The shielding windows consisted of
six thick layers of radiation-resistant (non-
browning) glass, which were optically coupled
by oil laminations between the layers. Since
the inner layers were still expected to darken
under the anticipated radiation levels of
106 R/h, they were designed for periodic
replacement, and heavy steel shutters on the
inside were used to protect the glass when the
windows were not in use. High'intensity
lighting was required due to attenuation of light
by the windows. This was accomplished with
1-kW mercury-vapor lamps (72 in the argon
cell and 24 in the air cell). The inside of the
annulus was lined with galvanized steel, which
was shot-peened to minimize diffusion of
gases through the cell walls. A special
purification system was needed to maintain the
argon atmosphere at a water concentration

below 5 ppm, with the oxygen below

100 ppm and the nitrogen at 5 vol% or Jess

(These stringently low levels were relaxe&

somewhat later when it was found that they

caused metallic sodium to stick to  metal

surfaces.) These were just a few of the typica

problems that required extensive design and

development work.
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Fig. 2-15. EBR-II Fuel Cycle Facility (Sectional View)




Because fuel processing in the Fuel Cycle
Facility did not begin until 1964, this subject is
deferred to the next chapter.

Fluoride Volatility Processes

Brief reference was made in the previous
chapter to some preliminary studies that were
conducted on fluoride volatility processes for
the recovery of uranium from spent reactor
fuels. This work was expanded into a major
CEN program in the 1950s, and several new
staff personnel who had previous experience in
fluorine chemistry (Glenn Schnizlein, Bob
Steunenberg, Larry Stein, and Roger Jarry)
were added to the staff. Also, Joe Katz,
Herb Hyman, and Irv Sheft of the Chemistry
Division (CHM) continued to participate in the
program, mainly in an advisory capacity, for
several years.

When Schnizlein arrived on the scene, one
couldn’t help being impressed by his
height—6 ft 8 in. One day in the laboratory,
he demonstrated that with just a little stretching
he could achieve a seven-foot reach between
his fingertips. He also had a craggy
Lincolnesque visage, and, later in life, he
appeared in many parades and other public
events around DuPage County in a top hat and
tails as Abraham Lincoln, along with his wife,
Lois, as Mary Todd.

Jack Fischer, who joined the volatility
group soon after arriving at ANL, was another
one of the more memorable CEN staff
personalities. He was a highly competent
physical chemist and turned out a lot of
excellent work, but frequently had an abrasive
manner. Although the technicians or assistants
who worked for him didn’t particularly
appreciate that trait, they saw a certain humor
in the situation. He had a short fuse, and one
day when a driver sat in a car blocking the
crosswalk in front of the building, Jack, not
saying a word, opened the back door, slid
across the seat, exited from the other back
door, and proceeded on his way, leaving both
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doors open, much to the amusement of
bystanders. On another occasion, during an
American Chemical Society meeting in
Minneapolis, he curbed a city bus that had cut
him off in the traffic, leaving the bus driver
dumfounded. In spite of his idiosyncrasies,
Jack had many good friends in the Division,
and, unlike many people with his personality
traits, he could often laugh at himself.

The major emphasis of the fluoride
volatility program at that time was on the
recovery of enriched uranium from metallic
fuels, using a strong fluorinating agent to
convert the uranium to UF,, which is a volatile
compound. The need to recover plutonium, as
well as uranium, was recognized, but it was
not a top priority. A major advantage claimed
for the process was that the UF, product could
be returned directly to a diffusion plant for
reenrichment, thereby avoiding a series of
chemical conversion steps that are required by
solvent extraction or other aqueous processes.
By the same token, UF, is easily reduced to
UF,, which is the usual precursor for the
metal-production process where uranium metal
is the desired product.

The choice of a fluorinating agent involved
several considerations. Elemental fluorine gas
converts metallic uranium to the hexafluoride,
but the highly exothermic reaction and the
absence of a condensed phase to remove the
heat make temperature control difficult. The
following halogen fluorides in Table 2-3 were
considered for the fluorination step.

Table 2-3. Fluorinating Agents

Fluorinating Agent PIZ?;E"EC
Chlorine monofluoride (CIF) -101
Chlorine trifluoride (CIF;) 12
Bromine trifluoride (BrF;) 126
Bromine pentafluoride (BrFs) 41
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The bromine fluorides were selected for the
work at CEN because they are liquids at
convenient working temperatures. S00n after
work on the fluoride volatility process .WaS
started at ANL, similar programs were imu?ted
at Brookhaven (BNL) and Oak Ridge
(ORNL). The Brookhaven people, like those at
ANL, selected the bromine fluorides as the
fluorinating agents, while the Oak Ridge
workers preferred the chlorine ﬂuoqdes.

Although the reactions of liquid halogen

fluorides with uranium are somewhat less
energetic thermochemically than those of
fluorine, they, being condensed phases, p_ack a
very large amount of fluorinating power 1nto a
small volume. Like fluorine, they must be
handled in materials such as nickel, Monel@,,
and fluorinated plastics such as 'l:;:ﬂon
(polytetrafluoroethylene) or Fluorothene", alsp
known as Kel-F (primarily polychlorotri-
fluoroethylene). Fluorothene and Kel-E were
especially useful in laboratory experiments
because they are somewhat transparent ‘and
were frequently used as cold traps and sight
glasses. In corrosion studies, nickel, Monel,
and K-Monel showed excellent resistance to
BrF, attack. Inconel and Duranickel were also
satisfactory. Stainless steel, low-carbon steel,
and aluminum were used in some less critical
applications. All metals that withstand fluorine
attack do so by forming a protective layer of
fluoride on their surfaces. The unavailability of
suitable valves for fluorine and halogen
fluorides was a problem in the early stages of
the program; this difficulty was overcome by
contracting  with Hoke Incorporated to
manufacture valves made of nickel with
Teflon® gaskets, which were purchased in
large quantities. Some of those special valves
may still be in use in Bldg. D-205. Several
other special types of apparatus, including
pressure gauges with Monel Bourdon tubes,
differential pressure transmitters, and thermal
flowmeters were procured or developed for the
fluoride volatility work.

Elemental fluorine is normally received in
full-size cylinders containing the gompreSSed
gas a1 400 psi. With the proper equipment and
know-how, high-pressure fluorine can be
handled safely, but it demands a great df:al of
respect. Opening the valve on those cylinders
was always a tricky operation, because the
valve tended to stick and could not be throttled
easily. The result was a sudden l?urst of
400-psi fluorine, which can burn its way
through many metals and most other materials.
Old-timers from university and industrial
laboratories had a practice of keeping their bare
hand on the valve bonnet, so if anything went
awry they could detect the heat immediately
and shut it off. That was not an acceptable
practice at ANL, where the cylinder was
enclosed in a heavy steel box, and the valve
was operated remotely by a steel rod that
extended through the top of the box and
terminated with a T-shaped handle. Op
occasion, when a cylinder was opened a lead
gasket between the cylinder outlet and a
fluorine supply line would fail, releasing the
entire contents of the cylinder. The nickel
tubing used to pipe high-pressure fluorine
required careful handling. A spot of grease or
oil could react with the fluorine, creating a
small hot spot that caused the tubing itself to
burn in the fluorine, producing flame and
molten metal droplets. The people building the
fluoride volatility pilot plant discovered that
even sharp bends in the tubing can cause a fire,
Hal Feder was always greatly concerned about
any release of fluorine, and he could detect its
pungent, chlorine-like odor long before
anybody else could. Bob Steunenberg once
unintentionally discovered that a release of just
a few milliliters of fluorine gas in a hood in
G-134 would bring Hal roaring out of his
office “I smell fluorine!” at the end of A-Wing
within five minutes or so.

The halogen fluorides are also hazardous
materials—they react explosively with organics
and many other materials. On a couple of



occasions in G-134 a very small amount of
BrF; was pumped accidentally into a rubber
vacuum-pump line, and when it contacted the
rubber hose it detonated with a sound like a
shotgun blast. When the original BrF, fluoride
volatility pilot plant was being built in G-134,
a tradesman would occasionally drop a pipe or
other large object on the floor behind someone
working with halogen fluorides in a Blickman
hood, shattering his nerves. Metal equipment
used to contain fluorine and/or the halogen
fluorides was degreased meticulously, dried,
and prefluorinated carefully both for safety
reasons and for prevention of volatile fluoride
loss by reduction on the container walls.

Safety was a major concern because
exposure to the bromine fluorides, as well as
fluorine and bromine themselves, can result in
very serious burns. Early in the program,
members of the engineering and research
groups were sent into Chicago and fitted with
leather jackets and pants as protective clothing.
These were used together with gauntlet leather
gloves and face shields during much of the
work. At the time, the medical profession had
only limited experience in handling burns from
fluorine, hydrogen fluoride, and the halogen
fluorides because they had not yet been used
widely in industry. After much discussion, a
decision was made that a saturated magnesium
sulfate (MgSO,) solution was the best first aid
measure, and large bottles of this solution were
located in the areas where these materials were
in use.

When Martin Steindler first joined the
Division and was being shown around the
laboratories, a few people in their protective
garb were on their hands and knees on the
floor in Laboratory G-134 pounding on small
samples of frozen BrF, to see if they would
detonate. That science-fiction-like scene may
be the reason he went to work in Hal Feder’s
group in another program initially, but he
eventually became the head honcho and leading
expert in the CEN fluoride volatility research.
Notwithstanding the large number of people in
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this program at ANL and the wide variety of
operations, nobody was ever injured by these
materials.

The basic reaction for the fluorination of
uranium by BrF, is

2 BrF,; + U — UF; + Br,

Nearly all the fission products are also
converted to the fluorides. Most of them form
solid, non-volatile fluorides, some form very
volatile fluorides, and two or three form
fluorides having vapor pressures not far
different from that of UF,, which can then be
separated from them by fractional distillation.
(Because UF, has a triple point of 64°C at
1137 torr, a small pressure is required to
maintain it in the liquid state.) The principal
fission-product species that may be present
after the fluorination are shown in Table 2-4.
The only fission-product fluorides having
vapor pressures close to that of UF, are those
of As, I, Mo, Tc, and Te. The vapor pressure
of PuF, (b.p., 62°C at 1 atm) is near that of
UFq, which has a sublimation point of 56.5°C
at 1 atm. The free energy relationships,
however, are such that BrF, converts the
uranium to UF, and the plutonium to PuF,,
which remains with the non-volatile fluorides.
The primary fluorination reaction of
uranium with BrF, is complicated by the fact
that bromine product reacts with the BrF,; to
form BrF, which exists as a gas in a mobile
equilibrium with the BrF;-Br, mixture:

BrF, + Br, <> 3 BrF

At the time this work was being done, little
was known about BrF, the only evidence for
its existence being some rather obscure
spectroscopic data in the literature. Pressure
measurements and spectrophotometric studies
of BrF,-Br, mixtures by Bob Steunenberg and
George Redding in CEN showed that the
above reaction occurs, and that the equilibrium
reaction produces sufficient BrF to be of
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Table 2-4. Volatilities of Fission-Product Fluorides

Non-volatile Fluorides Volatile Fluorides (b.p., °C)
AgF  CsF SnF: AsF; 63 RuFs 313
BaF: LaFs SnFs AsFs  -53 SbFs 319
CdF: (RE)F;'  StF: IFs 100 SbFs 150
CeFs  RhF: YFs IF7 4 TeFs 284
CeFs ZiFa MoFs 35 Te:Fio 59

NbFs 229 TeFs -39°
TcFs 55

Rare earth fluoride.
® Sublimation point.

concern in a process. Larry Stein in the
Chemistry Division (CHM) later refined these
results with further experimental studies.
Although the generation of BrF was of
concern, this reaction can be suppressed by the
addition of fluorine or BrF; and a step of this
type was incorporated into some of the fluoride
volatility process flowsheets.

The first version of the fluoride volatility
process to be investigated at ANL was
designed for metallic fuels and utilized BrF, as
the fluorinating agent. The basic process was
fairly simple, as illustrated in Fig. 2-16. The
metallic fuel slugs were dissolved in BrF, the
volatile UF, product and fission-product
fluorides were collected by condensation, and
then separated by fractional distillation. The
non-volatile fission products and the PuF,
remained in the dissolver vessel as solids. Two
options were invoked for recovery of the
plutonium. One was to fluorinate the dissolver
residue with elemental fluorine and collect the
volatilized PuF,. The other option was to
dissolve the residue in a small amount of
aqueous solution for recovery in an existing
solvent-extraction plant.

This version of the volatility process was
investigated both in the laboratory and in pilot-
plant studies. The actual process was
considerably more complex than shown in
Fig. 2-16 because of numerous recycle and
refluorination steps. Pilot-plant runs with
irradiated fuel slugs gave an excellent fission-
product decontamination factor greater than
10%. No effort was made to recover the
plutonium, since the main objective was to
recover the enriched uranium. These results
showed that the fluoride volatility process had
the potential for excellent recovery and
decontamination of enriched uranium from
metallic fuels. At ORNL, E. L. Nicholson
published a study indicating that fluoride
volatility processes might have a significant
economic advantage over aqueous processes,
but that they were not accepted as a main-line
process for two major reasons: (1) Large-scale
Purex plants already in operation could do the
same job, and also had the built-in facilities for
plutonium recovery. (2) It was beginning to
become apparent that civilian power reactors
would use oxide, rather than metal fuels.
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This simplified flow diagram shows a fluoride volatility process for recovering
decontaminated uranium as the hexafluoride from irradiated uranium metal fuel. The
fuel slugs are declad mechanically or chemically and dissolved in BrF;, which comes
from a recycle stream. This stream also contains UF4, which increases the dissolution
rate of the uranium. The main products from the dissolver are UF4, BrF;, Br,, and
BrF. The TeFq is a fission-product fluoride; HF and O, may be present as trace
impurities. A fractionating column on the dissolver permits recovery of some of the
BrF; for direct recycle. The other fraction from this column is treated with F, to
reconvert the Br, and BrF to BrF; and a small amount of BrFs. The resulting mixture
enters a fractional distillation column, which separates the UFs product from the
more volatile impurities and the BrF;, which is recycled to the dissolver with some of
the UF;. During the dissolution, plutonium is converted to solid PuF,, which remains
in the dissolver with the non-volatile fission-product-fluoride waste. The plutonium is
recovered by an aqueous wash for recovery and purification in a solvent-extraction
plant. Later versions of this process included treatment of this residue with F, to
recover the plutonium as volatile PuFy.

Fig. 2-16. Bromine Trifluoride Process

uranium sample exposed only

to the

dissolution of metallic uranium in BrF, was
also dampened somewhat by an ingenious set
of experiments conducted by Larry Stein, prior
to his transfer to the Chemistry Division. The
highly exothermic nature of the reaction was
recognized, and many studies had shown that
the reaction was smooth and controllable as
long as the metal was covered by liqgid B‘rFJ
to conduct heat away from the reaction site.
Larry set up an apparatus in which col(?r
motion pictures were taken of a metallic

interhalogen vapor. The metallic uranium
sample became incandescent, and, except for
the red bromine fumes, looked very much like
a pat of butter melting in a microwave oven.
Larry repeated these experiments with other
halogen fluorides and obtained similar results.
Brookhaven National Laboratory (BNL)
had a program, smaller but similar to the one at
ANL, in which metallic uranium slugs were
dissolved in BrF, and the UF, product was
purified by distillation. An explosion occurred
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in their pilot-plant unit, blowing out a wall and
throwing a panel board against one of the
workers, who was injured. Several people
from the volatility program at ANL aided in an
investigation, and the general conclusion was
that a uranium slug had hung up on a slug
“feeler.” The phenomenon that Stein had
observed then occurred, dropping molten
uranium into the liquid BrF;, causing the
explosion and fire.

On one occasion, a decision was made at
ANL to conduct a mock incident drill in the
fluoride volatility pilot plant in Laboratory
H-126. To make it as realistic as possible, the
ANL emergency units, including Health
Services, were given very limited, if any,
advance notice of the drill, and only a half
dozen or so people in CEN were informed of
it. Bob Kessie was to play the role of a victim
who needed to be rescued from one of the
upper levels of H-126, and a couple of smoke
bombs were activated to add realism. The
high-bay area was filled with smoke, which
nearly eliminated the light and visibility. The
“Dial 13” system was activated.

Fire trucks arrived and the building was
evacuated. The ANL physician from Health
Services arrived via a high-speed ambulance
ride and was said to have been in a state of
near shock. Meanwhile, Kessie, who is very
near-sighted, was wearing a gas mask with
non-prescription lenses, and, not being able to
see a thing, came close to falling over the
railing. The CEN Fire Brigade was having
similar problems. After a while, the building
ventilation system cleared the smoke and
things returned to normal except for some
frayed tempers. The drill actually proved to
have been quite useful in that it revealed a
number of improvements that were needed
both in the CEN emergency planning and in
the operation of the ANL site-wide emergency
communications procedures.

In spite of the lack of an immediate
application, the work on fluoride volatility
processes for metallic fuels generated a large

body of useful information on the basic
chemistry and the technology of dry processes
using fluorine. Some of the individuals who
worked on the chemistry of the process
included Jim Bingle, Ron Breyne, Octave
DuTemple, Jack Fischer, Lee Gaumer, Bob
Hildebrandt, Herb Hyman, Milt Levenson,
Bob Liimatainen, Ray Long (Ph.D. student),

Walt Ludewig, Bill Mecham, Glenn
Schnizlein, Paul Seufzer, Irv Sheft, Bill
Shinn, Dave Steidl, Larry Stein, Verne

Trevorrow, Homer Tyler, and Warren Wade.

The Group Leader was first Joe Katz,
followed by Dr. Vogel, and then Bob
Steunenberg. The pilot-plant  personnel

included Lee Gaumer, Jeff Goring (Union
Carbide Corp.), Bob Kessie, Bob Liimatainen,
Walt Rodger, Wally Seefeldt, and Jonathan
Thigpen. Milt Levenson was the first Group
Leader, followed by Bill Mecham.

In the mid-1950s, work was started on the
recovery of plutonium by fluorination of the
dissolver residues and other materials to
produce PuF,. Although this compound was
known to exist and some information was
available on its properties, it was clear that a
significant research effort would be required to
obtain the definitive data needed to consider its
use in a practical process. Research on PuF,
was a challenging task because of its marginal
stability with respect to the reaction

PuF, & PuF, +F,

Plutonium hexafluoride (PuF,) is very
readily reduced and can be handled only in
scrupulously clean, prefluorinated metals such
as nickel. When PuF is stored in a vessel, this
disproportionation reaction is enhanced by the
alpha activity of the plutonium. Previous
research on the properties of PuF, had been
conducted by Art Tevebaugh and others at
Ames Laboratory and by John Malm and
Bernie  Weinstock of the ANL Chemistry
Pivision. Al Florin at Los Alamos was the first
Investigator to carry out a systematic research
study on the subject. The CEN researchers



concentrated more on the process-oriented
problems. Martin Steindler and Dave Steidl
performed a careful investigation of the
fluorination rates of PuF, by fluorine and
continued on with a variety of studies. Max
Adams looked at the thermal stability of the
material and methods for performing quantita-
tive transfers. Sy Vogler also contributed to
this work. These efforts expanded into several
other studies, including the fluorination of
oxides, which laid the groundwork for fluoride
volatility processes aimed at oxide reactor
fuels.

Also, in the mid-1950s, an interest
developed in the use of molten fluoride salts as
media for processing various kinds of enriched
uranium alloy and oxide fuels in which
plutonium was not produced in sufficient
amounts to warrant its recovery. These fuels
generally consisted of U-Al and U-Zr alloys,
UO, clad with stainless steel, and molten
fluoride salts containing the lower-valent
uranium fluorides. In one such process, U-Zr
alloy fuel elements were immersed in a
NaF-ZrF, melt at 600°C. Anhydrous HF was
then bubbled through the melt, converting both
the uranium and the zirconium to the soluble
tetrafluorides. Fluorine was passed through the
melt to convert the uranium to UF,, which was
vaporized and collected. This product could
then be decontaminated by distillation or by
selective sorption-desorption cycles using solid
NaF beds. Argonne and ORNL both worked
on this process concept, with ANL using the
distillation step while ORNL preferred the
sorption-desorption approach. Both fluorine
and the halogen fluorides were investigated as
fluorinating agents. Various melt compositions
were also studied. :

As might be expected, severe corrosion
problems arose in the molten salt processes.
Graphite and a number of fluorine-resistant
metals were used as the container material, and
some work was done at ANL on a “frozen
wall” approach. In pilot-plant experiments at
ANL, two different dissolvers were used. The
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first, Mark I, was made of A-nickel, and the
second, Mark II, was low-carbon nickel.
These runs included only the dissolution and
fluorination steps, since the decontamination of
UF, by distillation had been demonstrated
earlier. The pilot plant was operated with
200 Ib of NaF-ZrF, molten salt at 600°C; the
fuel charged to the system was 14 b of Zr-1
wt% U alloy. In six hours, 90% of the metal
had dissolved. After three more hours of HF
sparging, the dissolution was complete, and
99.5% of the uranium was recovered after
1.3 h of fluorination with BrF;. The personnel
most involved with the molten salt laboratory
and pilot-plant work were Jack Fischer,
Jeff Goring, Bob Kessie, Bob Liimatainen,
Bill Mecham, Walt Rodger, and Sy Vogler.
Wally Seefeldt did an outstanding job of
coping with the materials problems posed by
this process. Bob Steunenberg was the Group
Leader, and, as with the other development
programs, Dr. Lawroski and Dr. Vogel kept in
close touch with this project and made many
useful suggestions.

Work on fluoride volatility processes
extended on into the 1960s; this continuing
effort is covered in the next chapter.

Feed Materials Processing

CONVERSION OF URANYL
NITRATE SOLUTION TO
URANIUM OXIDE

One of the steps in the nuclear fuel cycle entails
the conversion of uranium nitrate solutions
from solvent-extraction purification processes
to solid uranium trioxide (UO,). In the past,
this conversion had involved a labor-intensive
batch process in which molten uranyl nitrate
hexahydrate [UO,(NO,),-6H,0)] was heated
in agitated pots. A continuous process
employing a fluidized bed was developed and
demonstrated on a pilot-plant scale by a group
at CEN. The uranium nitrate solution was
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sprayed into a bed of UO, that was agitated by
air flow and maintained at a temperature of
300-350°C. Under these conditions, the liquid
feed dispersed itself over the particle surfaces
and decomposed to the UO, product, which
was withdrawn from the bottom of the bed to
maintain a constant bed level. The off-gases
were passed through filters or cyclone
separators to recover entrained uranium oxide
particles. The equipment used for this work
was similar to that described later in a
discussion of waste calcination in fluidized
beds.

The feasibility of the process was
demonstrated by a large number of
development runs in which several thousand
pounds of UO, was produced in a 6-in.-
diameter stainless steel calciner. The capacity
of the equipment was about 100 1b/h. During
the runs, many useful data were collected on
the effects of operating variables. This work
was followed by scale-up studies at the
Mallinkrodt Chemical Works. The principal
investigators in the program at CEN were
Dr. Lawroski, Al Jonke, John Loeding,
Ed Petkus, and Rollin Taecker.

PRODUCTION OF REFINED
URANIUM HEXAFLUORIDE

At the suggestion of Dr. Lawroski, a group of
CEN staff members began to look into the
possibility of eliminating some of the
purification steps required to convert uranium
ore concentrates into refined UF, suitable for
direct introduction into the diffusion plants for
uranium isotope separation. The compositions
and physical properties of the ore concentrates
varied from plant to plant, depending on the
type of uranium ore and the technology used to
recover the uranium values. Two general types
of concentration processes were in use at the
time: acid leach and carbonate leach. In some
cases a prior salt roast was used to convert the
uranium to a soluble form. The ore
concentrates were produced by precipitating

diuranate from the leach liquors with
ammonium or sodium hydroxide. The
precipitates were then filtered, dried, and
calcined. The concentrates consisted primarily
of uranium oxides or diuranates (e.g.,
Na,U,0,), assaying at least 70% as U,Oq in
most cases. The major impurities were oxides
of the gangue elements, e.g., V, P, Mo, S, Fe,
Na, Cu, Ni, Pb, Bi, Sb, As, Sb, Ca, Si, Al,
Cr, Mg, and Mn.

In the existing feed materials plants, various
purification methods such as solvent extrac-
tion, ion exchange, and selective precipitation
were used to produce refined uranium oxides.
These oxides were then reduced to UO, with
hydrogen (or cracked ammonia), converted to
UF, with anhydrous HF, and then treated with
elemental fluorine to produce UF,. The overall
fluorination sequence is:

UO, +H, - UO, + H,0 or U,0, + 2 H,
- U0, +2H,0 '

UO, + 4 HF - UF, + 2 H,0
UF, + F, — UF,

Some of the uranium oxides in the first two
reactions may be in the form of uranates.
Several types of solid-gas contacting
equipment, such as vibrating-tray reactors,
horizontal screw-feed reactors, and fluidized
beds were being used by the processing plants
for these operations.

The process proposed by CEN, illustrated
in  Fig.2-17, eliminated the chemical
purification steps and introduced the ore
concentrate  directly into the hydrogen
reduction, hydrofluorination, and fluorination
Sequence, using continuous fluidized-bed
contactors for all the steps. These steps
removed most of the gangue elements, and any
rema.ining impurities were eliminated by
fraetional distillation of the UF, product. This
process did, however, require a preliminary
SIZ& preparation step to produce a material
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SIZE PREPARATION
URANIUM ORE Pelleting
CONCENTRATE —p Crushing
Approx. 70% U30g Screening
2
HYDROGEN —»{ CONTINUOUS FLUID-BED |—¥ OFF-GASES (N2, Hz, H20,
(H2 or Dissociated NH3) REDUCTION Gaseous Impurities)
¢ Crude UO;
ANHYDROUS HF GAS —®] CONTINUOUS FLUID-BED > OFF-GASES (HF, Hz0,
HYDROFLUORINATION Gaseous Impurities)
¢ Crude UFs
ELEMENTAL FLUORINE —®] CONTINUOUS FLUID-BED » SOLID FLUORIDE
FLUORINATION IMPURITIES
i Crude UFg
P VOLATILE IMPURITIES
FRACTIONAL DISTILLATION
—» SOLID FLUORIDE
* IMPURITIES

Refined UFg product suitable either
for diffusion-plant feed or for Hz
reduction to UF4 for U metal production

The physical and chemical characteristics of the uranium ore concentrates
can vary considerably, depending on the source of the ore and the
concentration process. The uranium may be present in the form of uranic
oxide (UO;), urano-uranic oxide (U;Os), or diuranates such as Na,U,0,, and
normally assays at 70 wt% or more as U;Og. To convert the material to a
particle-size range suitable for use in fluidized beds, coarse material is crushed
or ground, and fine material is pelletized or briquetted. Hydrogen or cracked
ammonia is used to convert the uranium oxides to UO, in a fluidized bed, and
then anhydrous hydrogen fluoride (HF) is passed through the bed to convert
the UO, to UF,. These two steps remove some troublesome impurities such as
silicon, boron, and sulfates, which appear in the off-gases. The crude UF, is
treated with elemental fluorine to convert it to volatile UFg, which is
collected from the off-gas. Most of the gangue-element fluorides are non-
volatile and remain in the bed. Any volatile fluoride impurities are then
removed from the uranium by fractional distillation. The reduction step was
operated at about 575°C and the fluorination step around 450°C.

Fig. 2-17. Production of Refined Uranium Hexafluoride from Ore Concentrates
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suitable for fluidization. The sizing procedures
depended on the nature of the particular ore
concentrate, but they included combinations of
crushing, screening, briquetting, and pelleting.

Initial studies of the conversion of uranium
oxides to UF, were conducted by Norm
Levitz, Al Jonke, Al Litty (General Chemical
Co.), and Ed Petkus, using single-stage fluid
beds 3 and 6 in. in diameter, and additional
demonstrations of the process were made in a
pilot plant consisting of a 5-in.-diameter, four-
stage stainless steel reduction reactor connected
in series with a 6-in.-diameter, five-stage
Monel hydrofluorination reactor. The two
reactors operated at 575°C and 450°C,
respectively. These and other similar tests
were, in general, very satisfactory, and
showed that the rapid reactions in the fluid
beds would permit the use of single-stage
beds.

John Vogel, Bob Steunenberg, and Oscar
Sandus worked on the fluorination of UF, to
UF, Although plant-scale tower fluorinators
were in general use for this conversion, it was
doubtful whether they would be suitable for
the impure UF, because the tower reactors use
a high-temperature fluorine flame reaction that
would most likely result in product sintering
and caking.

Initial studies used a 1-in.-diameter Monel
reactor with a bed temperature of about 450°C.
Different concentrations of nitrogen were used
to dilute the fluorine, and CaF, was added to
maintain the bed of solids as the UF, was
consumed. A pilot-plant fluorinator consisting
of a Monel 2.5-in. reactor topped by a 6-in.
disengaging  section  was operated in
conjunction with a condenser that was 10 ft tall
and 3 in. in diameter. The fluorinator was
operated at temperatures of 350-500°C and gas
velocities of about 0.5 ft/sec. The results of the
tests were considered to be satisfactory, and
the only significant impurities in the UF, were
vanadium and molybdenum. These two
impurities were not unexpected because they
form the volatile compounds VOF,, VF,, and

MoF,, which have vapor pressures that would
cause them to condense with the UF,. They
can, fortunately, be separated from the UF, by
fractional distillation.

The UF, distillation studies were performed
by Bill Mecham, Bob Liimatainen, Bob
Kessie, and Veme Trevorrow. Very little
information on the vapor pressures of VOF,
and VF, and no vapor-liquid equilibrium data
on the systems VOF,-UF,, VF,-UF, and
MoF,-UF, were available in the literature. The
vapor-pressure data were generated by CEN.
Workers at the Allied Chemical and Dye
Corporation, who were interested in using the
process, obtained vapor-liquid equilibrium
data. The solubility of VOF,; in UF, was found
to be low, indicating that periodic removal of
the VOF,; from the UF, condenser might be
necessary. Preliminary pilot-plant experiments
were conducted with a 2-in.-diameter, 16-ft-
long distillation column. The nickel column
consisted of a still pot, tower, condenser,
overhead receiver, and charging and sampling
facilities. The runs involved approximately
100-pound charges of UF, spiked with the
molybdenum and vanadium impurities. Overall
results from the UF, distillation studies
indicated that it would be a practical process
operation.

The ANL results were augmented by work
performed under the direction of Sy Smiley at
the Oak Ridge Diffusion Plant (Y-12) on the
fluorination of crude UF, and on UE,
distillation.

A number of additional CEN people were
involved  in this project,  including
Dr. Lawroski, Dr. Vogel, and Dr. Rodger,
who provided technical ~guidance, Wally
Seefeldt, who investigated the corrosion
aspects of the process, and the Analytical
Chemistry Laboratory. This turned out to be a
highly successful program. The process was
placed in a full-scale plant operation  at
Metropolis, Illinois, by Allied Chemical,

which has been a major UF, production facility
for about 40 years.



Although this particular program was aimed
at the recovery of UF, from ore concentrates,
the technology involved in any one or more of
the individual process steps is directly
applicable to various conversions of high-
purity materials that might be needed in other
types of fuel-cycle operations that require
chemical conversions.

Waste Treatment

INCINERATION OF RADIOACTIVE
SOLID WASTES

One of the first major projects to be undertaken
by CEN after the move to Site D was a pilot-
plant demonstration of an incinerator for the
disposal of low-level combustible radioactive
waste materials generated at the Laboratory.
These wastes consisted of materials such as
paper, clothing, wood, filters, rubber gloves,
etc. that had been discarded as DAW (dry
active waste). The activity level in this material
was typically in the range of 30-50 mR/hr.

This operation, which was conducted in
Bldg. D-310 during the period of 1950-1953,
had three objectives:

1. To design and construct an incinerator
that would handle the combustible waste
generated at ANL

2. To obtain operating data that would

point to design modifications for
increased efficiency

3. To provide a prototype for any future
incinerator projects

The entire installation was heavily

instrumented because it had the dual purpose
of generating pilot-plant data and serving as a
routine production facility.

A. D. Little of Cambridge, MA, was
contracted to provide the basic design of this
pilot plant. The primary unit was the
incinerator furnace, which was made of
Type 330 stainless steel, and consisted of a
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cylindrical section 5 ft in diameter and about
10 ft high atop a 4-ft-long conical bottom that
tapered to a diameter of 8 in. at the bottom.
The furnace contained a cast iron grate system,
and its top was equipped with a waste-
charging system of interlocking doors. The
combustion system consisted of three gas
burners at the periphery of the furnace, and
primary air was blown through four 4-in.-
diameter ducts located 4 in. below the grate.
Secondary air was introduced through four
1-in. tangential pipes 16 in. above the grate to
generate turbulence for good mixing. The cone
at the bottom contained water to collect the fly
ash and terminated in a valve to release the wet
material into collection bags.

The upper portion and top of the furnace
were jacketed with a carbon steel shell to
provide an annulus that served as a boiler for
heat removal; the resulting steam was
condensed in three cooling units in the fan loft.
The steam-condensing capacity of these
cooling units was the limiting factor on the
throughput of the furnace. The operating
temperatures of the furnace ranged between
850 and 1450°F, with an average of about
1150°F.

An extensive off-gas treatment system was
used to prevent the escape of any radioactive
particulates to the environment. This system
included a Schreiber-Bartolucci vane plate
washer to remove large particles, and a Pease-
Anthony venturi followed by a Peabody
scrubber. An AEC filter was used for final
cleanup.

The installation operated for 20 months,
incinerating 16,000 ft* of waste with a volume
reduction of 95%. The normal throughput was
17 ft'/hr. In one test, the operation was run
continuously for 120 hr. The decontamination
factor for the exhaust gas was 3 x 107, which
resulted in an activity level lower than that of
the outside ambient air. The reduction in
volume decreased the cost of storing the solid
waste by about 50%.
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During the development an
few problems such as pluggin
were encountered, but these were not -
and were corrected. As might be expected,
corrosion was identified as a long-mng?
problem that would require attenugn; some 0
this was attributed to the sulfate in the large
amount of paper that was burned.

Don Hgn?pson, Ed Hyken, 'and W;]S[
Rodger had the major responsibility for t :
work. Herb Brown, O. Levison, Wilfred P ehl,
and Don Hulet were the principal (')perators_ of
the equipment; C. Bullinger provnded'demgn
assistance and John Schilb was responsible for
the analytical work. : E

This program was successful in meeting its
three objectives; a report (ANL-50§7) was
issued in 1953; and the installation was
dismantled in the mid-1950s to make room for

other projects.

FLUIDIZED BED CALCINATION OF
AQUEOUS WASTES

In a report issued by the AEC in 1957
(WASH-742), the inventory of high-level
liquid wastes in tankage in the U.S. was stated
to be greater than 60 million gallons, agd
another 10 million gallons was expected within
the next two years. Most of this waste was
from the Hanford plutonium production plants,
and this method of storage was to have been a
temporary stopgap measure. As we all know,
these liquid wastes are still a problem and a
subject of national embarrassment.

In the mid-1950s, the staff at CEN came up
with the idea of using the Division’s expertise
in fluidized bed technology to investigate
calcination as a method to convert the liquid
wastes into a more innocuous solid material,
This was a joint undertaking between CEN at
ANL-E and the Phillips Petroleum Company at

the Idaho site. The personnel involved in this .

program were Walt Rodger, Al Jonke, John
Loeding, Bob Larsen, and Dr. Lawroski at

ANL, and E. S. Grimmett, J. 1. Stevens, and
Charlie Stevenson at Phillips.

At the Idaho Chemical Processing Plant
(ICPP), highly enriched uranium fuels were
reprocessed to recover the fissionable material,
with the principal high activity waste coming
from the processing of MTR- (Materials Test
Reactor-) type U-Al alloy fuels. The resulting
acidic AI(NO,); solution was being stored
underground in stainless steel tanks. Paralle]
efforts were conducted at the two sites, using
fluidized bed calciners. The fluidized beq
material was AlO, particles, although almost
any inexpensive, inert solid could be used, as,
for example, for a Purex waste, where little
solid material would be generated during the
calcination.

Four pilot-plant units were bujlt and
operated, two at ANL and two at Phillips. Aj
were of a similar design, in which the fluidized
bed was supported on a porous plate that also
served as a gas distributor. Preheated ajr was
directed upward through the bed, causing it to
behave much like a vigorously boiling liquid.
This mixing action provides excellent gas-solid
contact and heat transfer to the vesse] wall. The
bed was maintained at temperatures in the
general range of 400 to 500°C either by heating
the vessel wall or by heat-transfer tubes within
the bed. The liquid waste solution was injected
into the bed by several Spray nozzles around
the periphery of the calciner in a horizontal
plane near the bottom of the unit. As the liquid
droplets contacted the bed particles, they were
flash dried and deposited as the oxides. The
strongly  agitated bed provided sufficient
attrition of the solid particles to produce new
nuclei so as to prevent a continuing increase in
the overall particle size. The product was
withdrawn continuously from the bottom or
from an overflow pipe. The calciner off-gases,
which consisted mostly of water vapor and
nitrogen oxides, were passed through high-
efficiency filters or liquid scrubbers to remove
entrained  radioactive oxide dust. Special
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provisions were required to remove fission-
product ruthenium, which forms volatile
compounds under these conditions.

After some preliminary experiments with a
3-in.-diameter stainless steel unit, two 6-in.
calciners were operated at ANL, one for
inactive studies and the other for hot runs
behind shielding. External electrical heaters
maintained the bed temperature in both units,
and two filters that could be blown back
alternately were used for the off-gases. At
Phillips, a 6-in. calciner, of a generally similar
design as the ANL units, was used to process
up to seven liters of AI(NO,), solution per
hour, and a larger unit with a cross-sectional
area of 4 ft* was designed to process up to
100 liters per hour.

The hot runs at ANL showed that all the
fission products except ruthenium remained in
the solid bed. Various measures for
suppressing or handling the ruthenium activity,
including the addition of CO to the fluidizing
air, were investigated.

Operation of the larger pilot-plant unit at
ICPP was so successful that the unit began to
be used routinely as a plant for liquid waste
disposal in 1963, and this operation continued
until 1981 when a newer calciner came on line.
During that 18-year period, this facility
processed more than 4 million gallons of liquid
waste into about 77,000 ft® of granular solids,
thereby decreasing the waste volume by a
factor of 7 to 10. This was the first facility in
the world to convert radioactive liquid wastes
into solids on a plant scale, and the
achievement was recognized at a ceremony on
March 17, 1994. The facility, currently
operated by the Lockheed Idaho Technologies
Co., was named by the American Nuclear
Society as a National Historical Landmark.
The early development of this process was one
of the major achievements of CEN.
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ION-EXCHANGE STUDIES

Operation of a research and development
laboratory which handles a wide variety of
radioactive materials inevitably produces large
volumes of low-level aqueous waste. In
Bldg. D-205, the drains from all the
laboratory sinks empty into 1,500-gal retention
tanks where the wastewater can be monitored
to make certain that unacceptable levels of
radioactivity are not sent to the ANL
wastewater treatment plant. If the levels exceed
the standard for normal disposal, the water is
sent to a special treatment facility for cleanup.
Safety rules forbid the dumping of radioactive
material into laboratory sinks, so this is a
backup precaution.

The removal of low levels of radioactive
species from wastewater is, however, a more
general problem, which was addressed by
Gladys Swope and her co-workers in a study
of cation-exchange methods. This study was
aimed primarily at mixed fission-product
activities in tap water. The exchange media
were of the styrene-base sulfonic acid type,
which are commonly used for water softening.

The results showed, in general, that
75-80% of the beta-gamma activity was
removed up to the point of hardness (calcium
and magnesium) breakthrough, which was
about 260,000 gal per cubic foot of resin.
Flow rates up to 10 gal/min per cubic foot of
resin  were achieved without loss of
performance. As might be expected,
strontium-90 was removed up to the point of
calcium/magnesium breakthrough. Prior to
breakthrough, the principal limitation on
performance was due to cesium and ruthenium
leakage; these activities were the limiting factor
on the efficiency of the ion-exchange
approach. Total rare earths were removed both
before and after hardness breakthrough. The
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overall conclusion was that water comaj.m:ng
low levels of fission-product activity requiring
removal factors of 80% or less could be
processed economically.

The disposal of radioactive liquid wastes
became a routine operation in the 1950s and
extended well into the 1960s. Some of the
people involved in this work, which was also
under Swope’s direction, were Joe Harast,
Bruce Kullen, Ken Brewer, Ruth Juvinall, and
Carl Ryberg. Several different types of
operations were performed, depending on the
nature of the particular waste: evaporation and
concentration, filtration, cation exchange,
absorption in Vermiculite®, and neutralization.
The quantities of liquid waste were typically in
the range of about 30,000-40,000 gallons per
month.

Extensive support from the Analytical
Laboratory was required both for the research
studies and for the routine waste-processing
operation. Doug Krause was in charge of the
analytical work at that time, and the analyses
were performed by Ruth Juvinall and Arden
Schilb. Elton Turk provided technical advice.

When Gladys Swope left ANL later on, she
established a consulting business in the
Chicago area on water treatment.

GAMMA IRRADIATION FACILITY

Scientists and engineers in the early 1950s felt
that there must be some practical uses for the
highly radioactive fission products that were
being produced in reactors and came up with a
variety of suggestions. One of these was
irradiation with gamma rays to preserve food,
since gammas kill bacteria, but induce no
activity into the irradiated material. To pursue
this and other studies of the effect of gamma
radiation on materials in general, the Argonne
High Level Gamma Irradiation Facility was
constructed as an underground annex on the
south side of Building D-310 (Fig. 2-18). The
facility was a water-filled canal 28-ft long,

14-ft wide, and 24-ft deep, in which spent fuel
rods from the Materials Test Reactor (MTR)
and CP-5 were contained in racks at the
bottom. The level of the water, which served
both as shielding and as a coolant, varied from
16 to 20 ft. The water was demineralized and
circulated constantly through an ion exchanger
at 800 gallons per hour at a temperature of
76°F. The facility was designed under the
direction of Phil Fineman, and it went into
operation on August 5, 1955.

There were three fuel-rod racks. One
consisted of a honeycomb of 12 fuel rods with
six 4.25-in.-diameter sample ports where flux
intensities as high as 3.5 X 10° rad were
achieved. The second one could accommodate
a sample as large as 20 in. in diameter and
30in. high. It was surrounded by eight fuel
rods at least 150 days old, so the flux was
much lower—about 15,000 rad/h. The third
rack had the same size sample ports as the first
one (4.25 x 28 in.) with four fuel rods that had
been cooled even longer. The gamma dose
intensity in this unit was about 200,000 rad/h.
Provisions were made to rotate the samples in
the first two racks. The oxidation rate of
ferrous sulfate (FeSO,) solution in dilute
sulfuric acid was used to determine the
radiation doses at various locations.

This facility was popular with visitors.
When the room lights were turned off, the blue
glow from the Cherenkov radiation was
impressive. On display were also several food
samples that had been irradiated and kept for
several months, including some bananas that
looked almost as good as new. These food-
irradiation studies were supported by the Army
Corps of Engineers and the Quartermaster
Food and Container Institute for the Armed
Forces. Some CEN personnel used this facility
for research. Alfred Schneider used it for his
Ph.D. thesis, and Martin Steindler and Dave
Steidl carried on gamma decomposition studies
on-PuF.. A few glass items that had been
colored by the gamma radiation were given out
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Fig. 2-18. Gamma Irradiation Facility in Building 310

as souvenirs after a Geiger counter was used
to show the visitors that the glass was not
radioactive.

Gladys Swope was also the principal
operator of this facility under the direction of
Walt Rodger. Gladys was a rather assertive
individual, and she seemed to believe that she
was immune to radiation. At one time, she
objected to the rule that she must wear a
dosimeter and film badge, but apparently
decided that it wouldn’t do any harm and
would keep her supervisors happy. In that
connection, one time she called her boss, Walt
Rodger, on the phone and put him on hold
when he answered; he wasn’t a bit happy.
Even today, that’s not considered to be good
protocol and Walt was livid.

THE “HOT ROCK”

Another approach to the use of fission-
product radiation was investigated by mixing

the radioactive fission products into concrete,
which was cast in the form of a small, hollow
cylinder. The concrete cylinder was
surrounded by lead and concrete shielding,
and the hollow core was designed to accept
samples for irradiation testing. This device,
which was fabricated by John Loeding,
Ira Dillon, Ed Petkus, George Yasui, and
Walt Rodger under the direction of
Dr. Lawroski, was sent to the Massachusetts
Institute of Technology for studies of food
irradiation.

The possibility of using mixed fission-
product activity for large-scale applications
such as sewage treatment and heat sources
has, in general, been unsuccessful for several
reasons. Two major problems are the
shielding requirements and the rapid decay
rate of fission products at cooling times
sufficiently short to provide the high energy
output that is needed. Small amounts of a few
specific isotopes, however, can be recovered
and used for various purposes.
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Fluidized Bed Technology

Fluidized beds were used extensively in the
research and development programs in CEN.
This technology was not new. It had been used
widely in the petroleum industry and
elsewhere, but CEN was a pioneer in adapting
it to a wide variety of new applications in the
nuclear fuel cycle. The diversity of these
applications is illustrated by the following list
of processes that were investigated in the
1950s:

1. Calcination of radioactive waste
solutions to produce a much smaller
volume of less innocuous solid waste
for storage or further treatment

2. Denitration of uranium solutions to form
solid uranium oxide

3. Conversion of U,0; to UO,

4. Conversion of UO, to UF,

5. Conversion of UF, to UF,

6. Combinations of the above steps to

convert uranium ore concentrates to
refined UF

Later on, in the 1960s, fluidization methods
were used for even more applications,
including direct fluorination of oxide reactor
fuels, preparation of uranium carbide and
nitride fuels, processing of uranium-zirconium
alloy fuels, and control of sulfur emissions in
the burning of coal by limestone additions.

A fluidized bed is a bed of granular solids
through which an evenly distributed stream of
gas is passed at a velocity sufficient to cause
partial suspension of the particles. Such a bed
takes on the general appearance of a vigorously
boiling liquid. The free movement of the
particles results in their continuous agitation
and mixing. This movement, along with the
large surface area of the particles, creates a
highly favorable condition for gas-solid
reactions.

Fluidized beds
features that

have several favorable
are particularly useful for

processing radioactive materials, wherg remote
operations are required. Plant operatlons are
simplified by the fact that the fluidized solids
can be handled much like a liquid. The bed
requires no internal mechanical moving parts,
temperatures tend to be uniform, and heat
transfer to the vessel walls is excellent due to
the high thermal conductivity of the bed.
Reaction rates are high because of the
continuous mixing and the large gas-solid
surface areas.

The disadvantages relate mostly to the
particular application. The solid particles
cannot be too fine or too coarse. Sizing
operations on the starting material such as
pelleting, briquetting, or crushing may be
required. Caking can occur as a result of
sintering or other types of agglomeration.
Attrition or chemical conversion may produce
fines that plug the off-gas filters. (Alternating
blowback between two or more filters and the
bed has been used to handle plugging in some
instances.) Finally, as in any process
equipment, corrosion and erosion are sources
of potential problems.

Although most of the work with fluidized
beds in CEN was related to one specific
process or another, systematic engineering
research studies were also conducted to
investigate the basic characteristics of these
systems. Bed size and geometry were
important not only to the operating
characteristics, but also to nuclear criticality
considerations in some systems. Other factors
such as gas dispersion techniques and flow
rates, particle-size distribution, densities,
methods of introducing liquids, and heating
and cooling methods are important in
establishing optimum equipment designs and
operating conditions. When one considers the
complexity of the factors that can arise in a
fluidized bed operation, it is a tribute to the
workers that CEN was so successful in
applying this technology to such a wide variety
of applications. Basic studies of fluidized beds
continued into the 1960s.



Reactor Safety

Two programs designed to provide basic
information on the safety aspects of various
operations employed in nuclear technology
were initiated by CEN in the mid-1950s. The
first was aimed at fire and explosion hazards
resulting from ignition of metals such as
uranium, zirconium, plutonium, and thorium
in air or oxygen atmospheres. The other
program was directed toward reactions of
metallic nuclear fuels with water that could
occur in reactors as a result of nuclear
transients or loss of cooling.

METAL-AIR REACTIONS

The initial studies were made with uranium and
zirconium. Both the ignition behavior and the
subsequent burning characteristics were
investigated. Metal powders, turnings, foils,
wires, and small solid bodies were ignited in
air and oxygen atmospheres. Turnings were of
special interest because fires had occurred
frequently in machining operations. Although
high specific area was established as a major
factor in lowering the ignition temperature and
increasing the burning propagation rate of
uranium and zirconium, other variables that
were studied included purity of the metal,
alloying additives, surface and gas contam-
inants, and surface etching. During these
studies, a complementary investigation was
conducted on the fundamental kinetics of
oxidation.

In 1958, a report (ANL-5974) was issued
on the ignition behavior and Kkinetics of
oxidation of uranium, zirconium, plutonium,
thorium, and the binary alloys of each.
Subsequent work was geared more toward the
burning process after ignition had occurred.
Electron-diffraction studies were performed on
partially burned specimens to reveal the nature
of the oxide layers on the metal surfaces.

Ignition  and buming-propagauqn-rate
experiments were performed with foils of
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binary plutonium alloys containing 2 at.% Al,
Fe, C, Ni, Mn, and Cr. Manganese lowered
the ignition temperature and aluminum raised
1L,

Dr. Vogel and Glenn Schnizlein were the
principal investigators in this program; other
workers included Jim Bingle, Don Fischer,
Len Leibowitz, Larry Mishler, Phil Pizzolato,
and Marv Tetenbaum.

METAL-WATER REACTIONS

A condenser-discharge technique was used to
obtain fundamental reaction-rate data under
conditions that could be expected to prevail
during a serious accident in a nuclear reactor.
Either a nuclear runaway or a loss of coolant in
a water-cooled nuclear reactor could result in
contact of very hot fuel and cladding metals
with water or steam. In the condenser-
discharge experiments, metal wires were
quickly melted and dispersed in a water-filled
cell by a surge current from a bank of
capacitors. A surprisingly large amount of
information can be obtained by this relatively
simple technique. The energy input to the wire
was used to calculate the initial metal
temperature; the transient pressure indicated the
reaction rate; the quantity of evolved hydrogen
gave the extent of the reaction; and the particle
size of the residue revealed the surface area
exposed to the reaction. An analysis of the data
based on known laws of metal oxidation and a
simple heat-transfer model produced rate
constants that could then be used for a detailed
analysis of any other particular system. It is
interesting to note that these calculations were
made in cooperation with the Applied
Mathematics Division (AMD) using an analog
computer  program. Capacitor-discharge
experiments were conducted with uranium and
zirconium, and the reaction rates in both cases
showed parabolic behavior. At higher
temperatures (2600-2700°C), where zirconium
oxide reaches its melting point, the reaction
became explosive.
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A pressure-pulse  method involving
momentary contact of water vapor with molten
metal in a crucible was also being developgd to
investigate metal-water reactions. Rehab_le
techniques for using this method were still
being developed at the end of the 1950s.

In-pile experiments Were conducted.

investigate metal-water reactions initiated either
by a nuclear reactor transient or by a lgss-of-
coolant incident in the presence of an intense
neutron and gamma radiation field. The initial
work was done by inserting an autoclave
containing the samples into the CP-5 reactor;
subsequent tests were conducted in the TREAT
(Transient Reactor Test) facility. Data \yere
obtained on unclad uranium metal Ppins,
Zircaloy-2-clad metal core pins, and oxid; and
cermet core pins jacketed with aluminum,
stainless steel, and Zircaloy-2. The amount of
metal reacted was obtained from hydrogen
analyses, using a mass spectrometer, and the
effects of the transients were evaluated by
direct physical examination supplemented by
metallographic methods.

The principal investigators in the metal-
water program were Walt Rodger and
Lou Baker. Bob Liimatainen, Don Mason,
Peter Martin, and Ray Warchal did the
condenser-discharge work, and Professor
Martin Kilpatrick of the Illinois Institute of
Technology served as a consultant. Dick Ivins,
Marshall Deerwester, Bob Liimatainen, and
Frank Testa were involved in the in-pile work.

to

Calorimetry

The calorimetry program in CEN began in
about 1957 as a part of the pyrometallurgical
research group under Hal Feder. At that time,
the U.S. Bureau of Standards in Washington,
the U.S. Bureau of Mines at Bartlesville,
Oklahoma, and various universities were doing
most of the calorimetric work in the U.S. It
seemed a bit odd that an organization such as
CEN would enter that field, but there was a
good reason for it. Combustion calorimetry up

hat time had normally been done with
oxygen, and the realization struck that t_hg use
of fluorine, a much more poweﬁul oxidizing
agent, could extend the combustion method to
include many materials that could not .be
burned satisfactorily with oxygen. Fluqrme
will normally convert all the elements in a
substance to fluorides of their highest valence
states in a clean reaction. Many of the materials
that were investigated in this program, such as
zirconium, were important in  nuclear
technology. Fluorine-combustion calorimetry
was an attractive prospect, but it offered some
difficult challenges in the handling of fluorine
for this particular application. Nearly all the
necessary technology and “know how” to meet
these challenges were already available from
the CEN fluoride volatility program.

The Division was fortunate in being able to
hire Ward Hubbard to lead the effort. Ward,
who was employed by the Bureau of Mines at
the Bartlesville Petroleum Research Center at
the time, was already a nationally recognized
calorimetry expert when he came to Argonne.
This expertise, coupled with the CEN fluorine
technology, was ideal for this program. Ward
was also one of the certifiable characters in the
Division; he was always up to something. One
of his first outside interests was learning to fly.
Once he got his license, he liked to take the
secretaries for rides, some of whom thought it
had been a death-defying experience. Later on,
he graduated to gliders and became quite
successful in national competitions of high-
performance sailplanes. Another personal
quirk of Ward’s had to do with food. Several
people in the Division had gardens with the
usual over-production of zucchini squash.
Ward was always willing to take it off their
hands, and nobody could figure out what
anyone could do with that amount of squash.
He also seemed to be the principal instigator of
an ongoing weight-losing competition that
went on for several years and involved various
people, including John Ackerman and
Paul Cunningham. The weighings were

to t



conducted on the platform scale at the end of
H-Wing. It was rumored that the grand prize
was to be a bottle of high-quality scotch, but
nobody ever qualified for it. Jerry Johnson
claims that Ward kept a personal weight-loss
chart in which the first derivative of the curve
was always zero.

The first calorimetry laboratory was set up
in J-137. Provisions were made for both
fluorine and oxygen combustions. The oxygen
calorimeter was a platinum-lined, rotating unit
so the products could be collected in a
solution. The fluorine bomb was made of
nickel. Members of the group at that time
included Don Fredrickson, Elliot Greenberg,
Ralph Nuttall (probably the quietest person
ever to have inhabited Bldg. 205),
Ed Rudzitis, Jack Settle, and Steve Wise.
Larry Stein, who had transferred from CEN to
the Chemistry Division in the mid-1950s,
served as an advisor for the fluorine work.

Some of the early work involved
calorimetric combustions of molybdenum in
fluorine to form MoF;. Sixteen combustions of
oxygen with MoS, and equivalent mixtures of
molybdenum and sulfur were used to obtain
the enthalpy (heat) of formation of MoS,. The
heats of combustion of TiS, in oxygen and the
heats of formation of ZrF, and BF; were
measured by fluorination of the elements. In
the 1960s, the scope of the calorimetry
program expanded to include a wide variety of
materials.

The Analytical Chemistry
Laboratory

Throughout the history of the Chemical
Engineering/Technology Division, one of the
most vital parts of the organization has been
the Analytical Chemistry Laboratory. Nearly
every programmatic effort over the years has
relied on their services in one way or another,
and their contributions have not always been
fully recognized in publications by the other
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groups, probably because analytical work
often tended to be regarded only as a service.
The group has sometimes been referred to as
the “routine analytical laboratory,” but many of
the samples they have analyzed have been
anything but routine due to interferences,
matrix components that were difficult to
dissolve, and other complications. Procedures
often had to be modified or new ones
developed to meet the particular need.

Doug Krause was the Group Leader when
the Division moved to Bldg. D-205, and the
people who were in the group during the
1950s are listed in Table 2-5. This unofficial
list is based on the collective memories of a
number of people, some technical reports, and
various items in the Argonne News at the time,
so it may not be complete. In addition, some
individuals were occasionally assigned to other
groups.

Alberta Hoover was the “dishwasher,”
situated in Laboratory A-101. Some of the
individuals developed specialties; for example,
Bob Schablaske became an X-ray specialist,
and Myron Homa began to concentrate on gas
chromatographic analyses.

The Analytical Chemistry Laboratory
occupied almost all the laboratory space and all
the office space in B-Wing, except the two
rooms at the end, which were used for
research by Carl Crouthamel and his group.
Some of the offices were converted to
laboratories for instruments such as the X-ray
equipment. Because some of the samples to be
analyzed were too “hot” to be handled in open
laboratories, a “Junior Cave” was installed in
G-102 where work could be done behind
shielding. Bill Sovereign and John McCown
and, later, Ray Popek were the principal
operators of the Junior Cave. (The term
“Junior Cave” could lead to confusion in that it
was applied both to the facility in Bldg. D-205
to distinguish it from the Senior Cave in
K-Wing, and to a remotely operated analytical
setup used much for the same purpose at the
Idaho site in connection with EBR-II).
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Table 2-5. Analytical Chemistry Group in the 1950s
David Anthers Beatrice Hjelti Betty Reilly (Peterson)
Steve Banacek Marilyn Hlavnicka Mary Robinson
Jim Bingle Jodie Hoekstra Laury Ross
Lee Deutsch Myron Homa George Sato
Antoinette Engelkemeier Miriam Jurlow Bob Schab}aske
Alice Essling Ruth Juvinall Arden Sc!nlb
Douglas Fairgrieve Gwen Kesser John SChl.Ib
Florence Ferry Doug Krause Chuck Seils
Stan Flikkema Eugene Kucera Bill Sovereign
Irene Fox Gene McCloud (Kucera) Bob Swegz.er
Carol Garsky John McCown Jackie Williams
Ruth Hanna Ray Popek

The Analytical Group in the 1950s had a
wide range of capabilities, particularly
considering the state of the technology at the
time. Much of the work involved radiation
counting, using Geiger counters or a single-
channel gamma analyzer for specific isotopes.
X-ray diffraction and fluorescence were
valuable tools for compound identification and
semi-quantitative determinations of elements.
Standard gravimetric and volumetric methods
(often EDTA titrations) were used extensively.
A Beckman Model B colorimeter and a
Beckman Model DU spectrophotometer were
available for quantitative determinations of
certain elements. The gas chromatograph was
used for a variety of analyses, including glove-
box atmospheres.

Because most of the research and
development programs in the Division were
concerned with the processing of spent reactor
fuels, a large fraction of the analytical work
involved the actinide elements, particularly
uranium and plutonium, and a wide spectrum
of fission-product isotopes. Due to the wide
scope of the work, a great deal of effort was
required to prepare and maintain standard
solutions and to calibrate the equipment.

The standard procedure was for the person
submitting the sample to fill out a card to

indicate what analyses he or she wanted, the
expected concentration range, and any other
elements or matrix materials that might be
present. A big problem for the researchers in
many cases was the difficulty in obtaining
representative samples, which was their own
responsibility, and they occasionally blamed
the analytical lab for unexpected results caused
by their inadequate sampling procedures. On
one occasion, Jim Knighton received a result
that was nearly exactly one-half the value he
expected. His group leader suggested that he
talk with the analyst about it, and they did,
indeed, find that a factor of two error had been
made in taking an aliquot—a very rare
occurrence. From that time on, however, Jim
repeatedly tried to figure out how an incorrect
aliquot could account for every obviously bad
data point, and it was hard to convince him that
they just don’t take weird aliquots such as, for
example, 5/8ths.

In 1954, Bob Larsen became the Group
Leader of the Analytical Laboratory. He had
Joined Argonne in 1951 and had been working
on dissolution procedures for alloy fuels. He
made an important contribution to aqueous fuel
reprocessing by determining the cause of
explosions mentioned earlier when U-Zr alloy
fuel was dissolved in nitric acid and showing



that they can be avoided by adding a suitable
amount of hydrofluoric acid to the system
(ANL-5135). Bob was an excellent chemist
and one of the memorable characters in the
Division. He had lost the use of his legs
through a bout with polio, and navigated about
the building with a pair of canes and a stool on
wheels. This disability seemed to have no
effect either on his ability to work or his robust
sense of humor. One thing in particular he is
remembered for is his inexhaustible supply of
limericks, none of which are printable. His
loud voice and boisterous laugh once led Carl
Crouthamel to comment that “Larsen reminds
me of the Caracas bull—noted for its
bellowing.”

In some cases, new or modified analytical
methods had to be developed. Laury Ross
played a major role in much of this work. An
example is an analysis for fission-product
ruthenium, which was reported by Bob
Larsen, Laury Ross, and Gwen Kesser.

In addition to his responsibility for
supervising the Analytical Laboratory, Larsen
maintained an ongoing interest in neutron cross
sections and in burnup analysis of nuclear
fuels. He became a nationally recognized
authority in these areas and was one of the
organizers of “round-robin” arrangements in
which results from several laboratories on
identical samples were compared.

In 1957 Bob Meyer, who had been
involved primarily in spectrophotometry and
X-ray analyses, joined the Analytical Group,
where his specialties were spectrophotometry,
polarography, ~EDTA titrations,  radio-
chemistry, activation analysis, burnup deter-
minations, and computer programming. He
served as an assistant to Larsen, and several
years later became a Group Leader in the
Sodium Technology Program.

Before the 1950s, new  analytical
instrumentation had been slow to develop, but
that situation began to change rapidly.
Multichannel analyzers, coincidence counters,
and lithium-drifted germanium (pronounced
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“jelly”) detectors became available, greatly
expanding the capabilities of radiation
counting. Another example was a Cary
Model 10 recording spectrophotometer that
was procured by the Division. Alternatives to
the old two-pan analytical balances, e.g., the
Mettler and Sartorius models, were introduced,
and these were followed later by the fully
automatic  electronic  balances.  Solid-state
digital readout instruments were not yet
available in the 1950s, but were just around the
corner.

Almost all of the research and development
programs in the Division depended heavily on
the Analytical Chemistry Laboratory for their
experimental results. One interesting facet of
this situation was that a large number of
samples that contained uranium, plutonium, or
other special materials were generated in the
various experimental programs, and these
ended up in waste solutions from the analytical
lab. Nobody knew the exact amounts of these
materials in the samples until they were
analyzed, which created a complicated book-
keeping problem. A combination of good
record keeping and Larsen’s cooperation with
the other group leaders fortunately produced
material balances that were acceptable to the
Special Materials people.

One unusual assignment given to the
Analytical Chemistry Laboratory in the early
1950s was to train a group of young Du Pont
people who were to become analytical
laboratory technicians at the new Savannah
River facility near Aiken, South Carolina.

Analytical Research and Nuclear
Constant Measurements

Also located in B-Wing were a number of
research programs that were somewhat related
to the Analytical Chemistry Laboratory, but
were not a part of it. These were originated for
the most part by Carl Crouthamel, who had
come to Argonne as a Senior Scientist from
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Ames Laboratory in 1950. He was an expert in
gamma-ray spectrometry and was also
interested in the development of analytical
methods for the various constituents of nuclgar
fuels and in capture-to-fission cross-section
ratios for isotopes in fast breeder reactors. He
played a major role in the acquisition of new
analytical instrumentation as it came on the
market.

Working with Crouthamel in the early
1950s was Carl Johnson, who left .the
Laboratory for a couple of years to obtmq a
Ph.D. degree at Michigan State University.
Crouthamel and Johnson worked on
scintillation spectrometry for fission—produgt
analysis and developed spectrophotometrxc
methods for the determination of uranium,
molybdenum, technetium, tungsten, titanium,
and niobium, using thiocyanates in an acetone
medium. Some work was also done on paper
chromatographic ~ analyses of irradiated
uranium. Various other individuals were
involved in analytical development; for
example, Sy Vogler and Roberta Shor worked
out a procedure for zirconium analysis under
Dr. Vogel’s direction.

Stan Flikkema, who also appeared on the
scene in the 1950s, was best known by his
colleagues as a perfectionist, perhaps to a fault.
He was engaged in several different areas of
work, including studies of zirconium
dissolution explosions, X-ray spectrophoto-
metric methods for uranium and plutonium in
solution, optical microscopy, and precision
weighing on the microbalance. A revealing
story about Stan’s personality concerns a trip
he made to the stockroom to get a bottle of ink.
When Esmer Zeno produced the bottle, Stan
became quite exercised and refused to accept it
because it was slightly dusty. Esmer, with his
usual tact, disappeared behind the shelves,
polished up the bottle, brought it back and told
Stan “Here’s a clean one.”

Crouthamel, Larsen, and others were
interested in fast neutron Cross  sections
because most of the existing information was

on thermal systems, and data were necde_d for
the EBR-II project. The Division ‘was in an
especially good position to do this research
because it had access to irradiateq fuel frf)m
EBR-I and a capability for identifying spcqﬁc
isotopes by radiochemical and counting
techniques. Peter Kafalas, : _who was a
specialist in this type of work, Jmined the group
in the mid-1950s. Much of his effort was
directed to neutron capture/fission ratios for
uranium and plutonium and fission yields of
cesium-137, which were important in
determining breeding gain.

Much of the cross-section work was done
in CP-5. On one occasion, Crouthamel had an
irradiation going when something in the
convertor system broke, contaminating a
number of graphite stringers. The only
practical way to remove the stringers was by
manual manipulation and, as was frequently
done in those days, a large number of people
were used so no one person would receive
more than an allowable radiation dose of a few
seconds. Martin Steindler reminisces, “I lost a
good pipe because I had stuck it into my back
pocket and then added the gloves I had used to
move the graphite, which turned out to be hot,
but I didn’t find this out until I got to the
monitors in Bldg. 205. The pipe and the
gloves, alas, had both become DAW (dry
active waste).”

Especially Significant
Publications

Because the 1950s were highly productive
years for CEN, the journal publications, ANL
topical and progress reports, book chapters,
etc., are far too numerous to cite in detail. A
few of these, however, deserve special
mention as landmark sources of information
that were cited widely and used throughout the

world’s nuclear energy programs.

Much of the work done by members of
CEN in the 1950s is reported in considerable
detail in the proceedings of the 1955 and 1958



Geneva Conferences on the Peaceful Uses of
Atomic Energy and the proceedings of the
Brussels Conference in 1957. Reviews of
CEN work may also be found in the Reactor
Handbook, 2nd. Ed., Vol. II (Interscience),
and in various volumes of the Progress in
Nuclear Energy Series (Pergamon Press).

In the 1950s, thermochemical information
on the compounds involved in fuel
reprocessing, particularly for pyrometallurgical
and fluoride volatility processes, was, in many
cases, very sketchy or missing altogether.
Alvin Glassner assembled essentially all the
thermochemical data available at the time in a
topical report, “A Survey of the Free Energies
of Formation of the Fluorides, Chlorides and
Oxides of the Elements to 2500 K,” which was
issued as ANL-5107 (August 1953). An
updated and corrected version of this report
appeared as ANL-5750 in 1957. These
compilations, of necessity, contained many
thermochemical values that were estimated,
derived from theoretical principles, or based on
analogy and were of questionable accuracy.
Because of this, they were maligned later on
by the calorimetrists and other ‘“pure”
scientists, but at the time they were extremely
useful to those who had to predict how the
individual actinide elements and fission
products would behave in a process, and
almost any information was better than none.
On the whole, the actual performance of the
processes turned out to be fairly close to what
Glassner’s compilation had predicted.

Because the fission-product spectra in fast
reactors differ significantly from those for
thermal reactors, information was needed to
assess the impact of this fact on the
reprocessing of EBR-II and other fast reactor
fuels. Les Burris and Ira Dillon met this need
by extensive fission-yield calculations that
culminated in two ANL reports: “Estimation of
Fission Product Spectra in Fuel Elements
Discharged from the Power Breeder Reactor
and EBR-II,” ANL-5334 (October 1954) and
“The Estimation of Fission Product Spectra in
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Discharged Fuel from Fast Reactors,”
ANL-5742 (July 1957). The distribution of
activities was given for various cooling times
of interest. Calculations of this kind are routine
today, given the computer programs and data
banks on cross-sections as a function of
neutron energy, etc., that are available, but
they were long and tedious at that time. The
results were essential in designing the
shielding and heat-removal equipment for
processing EBR-II fuel.

A book that was assembled and edited by
Carl Crouthamel in the 1950s and published in
1960 is Applied Gamma Ray Spectroscopy,
C.E. Crouthamel, ed., Pergamon Press
(1960). One of the several valuable uses of this
book was the identification of fission-product
elements by the energies of their gamma ray
emissions.

Perhaps the most widely recognized
publication by CEN was a quarterly journal,
Reactor Fuel Processing, which began in
February 1958. In the late 1950s, several
different types of reactor fuel were being
touted, e.g., metal, oxide, carbide, and even
more schemes for processing them were
proposed. The purpose of this journal was to
“assist those interested in keeping abreast of
important developments” in the reactor fuel
reprocessing field. Dr. Lawroski had proposed
the idea, and produced the publication for the
AEC with the help of several CEN staff
members. The information was timely, and
one particularly interesting thing about it was
that much of it appeared in unclassified form
for the first time in that journal. In 1967,
Reactor Fuel Processing was merged with
Power Reactor Technology, which was also
written by ANL staff, to a new quarterly called
Reactor and Fuel Processing Technology. At
this juncture, the nature of the publication
changed in that it consisted of review articles
rather than reports of current research and
development. The Atomic Energy Commission
(AEC) took over the publication in 1968 and it
became Reactor Technology in 1970.
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During the late 1950s and early 1960s, one
of the largest and most important programs
conducted by CEN was its role in the design
and construction of the EBR-II Fuel Cycle
Facility in Idaho. The excellent book that
covers this work in detail, The EBR-II Fuel
Cycle Story, written and compiled by
Dr. Charles E. Stevenson, and published by
the American Nuclear Society, La Grange
Park, Illinois in 1987, was mentioned earlier.



FROM TEST TUBE TO PILOT PLANT
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(top) Cutaway view of Fuel Cycle Facility. In the circular building
(argon cell), fuel retrieved by di ling EBR-1I subassemblies in an
adjacent air cell was processed and fabricated into new fuel elements
for recycle to the reactor.

(bottom) Inert atmosphere glove-box facility in Bldg. 310, where large-scale
studies were conducted on pyrometallurgical processes for EBR-1I fuer



1960-1970: Turbulent
Times

The sixties was a decade of considerable
turbulence in the United States and abroad.
Dissention was in the air with four assassina-
tions, bitter civil rights confrontations, war,
political upheavals, international threats, riots,
student uprisings, and challenges to the
national mores of the time. The ANL
Chemical Engineering Division was fairly
well insulated from most of these problems,
but it also underwent some major changes. In
1963, Dr. Richard C. Vogel succeeded
Dr. Lawroski as the Division Director. The
programs on aqueous fuel reprocessing had
all but disappeared, but the fluoride volatility
work continued at a strong pace with its main
emphasis shifted toward oxide fuels, which
were becoming the standard for commercial
power reactors. A greatly expanded effort was
placed on pyrometallurgical processes for the
EBR-II Fuel Cycle Facility. This effort
included not only the main-line melt refining
process for the metallic EBR-II fuel, but also
auxiliary processes for recovering melt
refining skulls, extraction of plutonium from
the metallic uranium blanket, and liquid
metal-molten salt processes for other types of
fuel. The chemical and engineering aspects of
the liquid sodium coolant used in EBR-II
became a major research program. The metal-
air and metal-water reaction studies,
calorimetry program, fuel-preparation studies,
and high-temperature materials investigations
continued to flourish. Basic chemical and
engineering research studies were continued.

On January 26, 1968, the AEC informed ANL
that the AEC laboratories would be used for
public health and environmental research, and
on December 1, 1969, the Center for
Environmental Studies was established at
ANL. This was a forerunner of the
Laboratory’s environmental divisions. Shifts
in the AEC priorities and accompanying
funding cuts eliminated nearly all of the fuel-
reprocessing work in the Division,
necessitating some layoffs and transfers of
personnel to other ANL organizations,
including the group at Idaho. Some slack was
taken up by new programs on batteries, coal
combustion, and other work. A third Geneva
Conference on the Peaceful Uses of Atomic
Energy was held in 1964; CEN was well
represented by papers on a variety of subjects.

THE DOMESTIC AND
INTERNATIONAL CLIMATE

The American public, already concerned
about the escalating possibility of a nuclear
war with the U.S.S.R., was shocked by the
news that a U-2 spy plane piloted by
Gary Powers had been shot down by the
Soviets on May 1, 1960. This incident killed
plans for a Paris summit conference with
Nikita Khrushchev, thereby increasing the
tensions. The U.S.S.R. was known to be
producing nuclear weapons and thought to be
well ahead of the U.S. in the development and
production of intercontinental ballistic
missiles (ICBMs). Civil defense became an
important subject and a few U.S. citizens,
including Ed Rudzitis in CEN, constructed
fallout shelters.

John F. Kennedy defeated Richard M.
Nixon in the 1960 presidential election.
Kennedy, keenly aware of the nuclear arms
race and the so-called “missile gap,” had a
positive attitude toward U.S. nuclear and
space programs. Early in his administration,
Cuba became a problem with its confiscation
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of U.S. property, followed by the Bay of Pigs
and the “Cuban Missile Crisis.” This
confrontation with the U.S.S.R. finally
resulted in a partial nuclear test ban treaty and
the “hot line” between Washington and
Moscow.

On November 22, 1963, the nation was
stunned by the assassination of President
Kennedy at a parade in Dallas. At Argonne,
the employees were given the rest of the
afternoon off. The suspected assassin,
Lee Harvey Oswald, was shot and killed by
Jack Ruby, a Dallas nightclub owner.

Lyndon B. Johnson, the Vice President,
assumed the presidency upon Kennedy’s
death and won the 1964 presidential election
in a race against Barry Goldwater. On the
domestic front, his concerns were mainly with
civil rights and a collection of programs that
was dubbed “The Great Society.” Johnson’s
administration, however, was plagued by the
highly unpopular Vietnamese war, race riots,
and student uprisings as well as many other
problems, and he opted not to run for
reelection.

Richard M. Nixon was victorious in his
presidential campaign against Hubert
Humphrey in 1968. Nixon’s forte was foreign
affairs; he was successful during his first term
in winding down the Vietnam war somewhat
and in establishing relations with China.
Neither Johnson nor Nixon seemed to have a
strong pro- or anti-nuclear bias, but both
recognized the necessity to maintain a strong
nuclear defense and accepted the idea of
nuclear power generation. During the
Democratic primary campaign in 1968,
Senator Robert F. Kennedy (John’s brother
and former U.S. Attorney General) was
assassinated by Sirhan B. Sirhan in
Los Angeles. Sirhan was convicted of murder.

Civil rights came to the forefront as a
major movement in the 1960s. The decade
began with peaceful demonstrations and
massive rallies, although many of the
participants were arrested. In 1965,

Malcolm X, a black nationalist leader, was
shot to death at a rally in Harlem, and the race
issue exploded with extensive riots, first in
the Watts section of Los Angeles, and later in
several other cities. On April 4, 1968,
Dr. Martin Luther King, Jr., was assassinated
by James Earl Ray in Memphis, and this event
ignited further rioting.

The Vietnam War began to heat up in 1964
when U.S. destroyers were supposedly
attacked by North Vietnamese torpedo boats
in the Gulf of Tonkin. The U.S. responded by
bombing North Vietnam and sending the first
combat troops to Vietnam in 1965. The U.S.
troop strength escalated to 525,000 in 1967,
and then to 540,000 in response to the North
Vietnamese Tet offensive. That same year the
North Koreans seized the crew of the U.S.S.
Pueblo. Much dissatisfaction was expressed
by U.S. citizens that the South Vietnamese
were not doing their part in the war, so a
“Vietnamization” was initiated in which the
U.S. troop strength was reduced to 340,000
by 1970.

As if all the above troubles were not
enough, the nation had to cope with the
“Hippie” movement, Vietnam War protesters,
and various student dissidents. Many young
people fled to Canada to avoid the U.S. draft
while others demonstrated nationwide against
the Vietnam War, occupying campus
buildings and destroying properties they
regarded as targets. A graduate student was
killed by a bomb at the University of
Wisconsin.

The U.S. space program continued with the
launching of Echo I, the first communications
satellite, and Tiros I, the first weather
satellite. The Soviets fielded two manned
space missions in 1961, and the U.S. followed
with its first suborbital flight by Alan
Shepard. A series of space flights both by the
U.S. and the Russians was conducted during
the period. A tragic accident occurred in 1967
when three U.S. astronauts were killed in a
test launch fire, and that same year a Soviet



cosmonaut died during a reentry. The “space
gap” was being closed rapidly by the
Americans, especially with the introduction of
the Apollo system in 1968, and on July 20,
1969, Neil Armstrong became the first man to
walk on the moon.

Large-scale nuclear power finally came
into its own in the 1960s. To the public,
nuclear power was a new and arcane
technology, and Alvin Weinberg, the director
of Oak Ridge, referred to leaders in the field
as a “nuclear priesthood.” In 1963, Jersey
Central Power and Light ordered a 620-MW
plant and Fermi-I went critical. The General
Electric Co. projected a cost of 4.3 mill/kWh
for power produced in their Oyster Creek
turnkey operation. The first big year for
power reactor orders was 1965. The U.S.
utilities ordered nine units [>6,000 MW(e)]
and 16 other units were ordered by other
nations. The trend continued with 20 reactors
in 1966 and 31 in 1967, but began to wane
with 16 in 1968 due to the increasingly long
construction schedules and escalating costs.
Argonne’s EBR-II, a 62.5-MW(t)
experimental fast breeder reactor, began
operation in 1964. The “(t)” in MW(t)
indicates thermal power, or heat; and “(e)” is
used similarly in MW(e) to indicate electrical
power.

Nuclear power was also becoming popular
in foreign countries. In 1961, the first German
power reactor, the Kahl plant supplied by the
U.S., went critical, and Canada began a
nuclear power demonstration with their
heavy-water CANDU reactor in Ontario in
1962. Japan’s JPDR 12.5-MW(e) boiling
water reactor (BWR) demonstrated their first
generation of nuclear power. The first Soviet
RBMEK reactor was commissioned in 1964. In
1967, France switched from gas-cooled to
pressurized water reactors (PWRs). Belgian
utilities, in 1968, ordered their first two power
reactors, Doel-1 and Tihange-1, and nuclear
electricity was produced for the first time in
Spain and the Netherlands. Argentina
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contracted with Siemens in West Germany for
their Atucha-1 reactor.

Some other nuclear highlights of the
1960s: The 1961 “Project Gnome” test was
the first peaceful nuclear explosion under the
Plowshare program. The N.S. Savannah went
critical in 1962 and began commercial
operations in 1965, but it generated little
interest in the shipping industry or elsewhere,
and was decommissioned in 1967. (The prefix
“N.S.” refers to a nuclear-powered civilian
vessel in the same way that “S.S.” denotes a
steamship and “M.S.” a motor ship.) Now
moored at Charleston, South Carolina, the
Savannah serves as a museum. In 1965,
SNAP-10A became the first space reactor and
in 1969, SNAP-27, a nuclear thermoelectric
generator, was placed on the moon by Apollo-
12 astronauts. The West Valley reprocessing
plant, in which Walt Rodger played a major
role, was opened in 1966. That same year,
Weston, Illinois, was selected for the new
accelerator facility that was to become known
as “Fermilab.” Preservation of certain foods
by irradiation began to be accepted, starting
with irradiated potatoes in Canada and the
U.S.S.R. Other food irradiation studies
continued in the U.S. under the auspices of
the AEC and the Army.

Two significant reactor accidents occurred
in the U.S. in the 1960s. In 1961, the first
U.S. reactor fatalities resulted from a steam
explosion at the SL-1 reactor at the Idaho Test
Site, which killed three servicemen. The SL-1
was a prototype 3-MW(e) military reactor
used for training, and the accident was
attributed to a human operational error, but
the details are not fully known (or at least
made public). Recovery and handling of the
bodies involved problems not faced before by
emergency personnel because of the high
radiation levels. The other accident, in 1966,
was a meltdown of the metallic Fermi-1 core,
which overheated when a vane in the liquid
metal coolant system became dislodged. Two
nuclear submarines were lost at sea due to
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accidents: the U.S.S. Thresher in 1963, and
the U.S.S. Scorpion in 1968. It is not known
whether these accidents were nuclear in
nature. In 1969, a serious fire at the Rocky
Flats Plant produced widespread plutonium
contamination within the plant and to a lesser
degree in nearby outside areas.

The antinuclear activists continued with
protests, denouncing nuclear power and
stalling reactor licensing wherever they could.
The WASH-740 report was updated in 1964
with conclusions that were even more
frightening than the original ones. The
Atomic Industrial Forum (AIF) recommended
that the conclusions not be published, and
they were kept under wraps until David
Comey, a nuclear critic, pried them loose
under the Freedom of Information Act in
1973. Ernest Sternglass, in 1969, claimed that
nuclear power would cause 400,000 infant
deaths due to fallout. Arthur Tamplin from
the AEC staff said that number was at least
100 times too high and he was backed up by
John Gofman at Lawrence Livermore. The
Sternglass-Tamplin-Gofman numbers were
debated at length, but could neither be proved
nor disproved conclusively because they were
based on uncertain probabilities of accidents
and gross extrapolations of data that were of
questionable validity. The problem of nuclear
wastes also began to rear its head seriously in
the late 1960s.

REACTORS

The experimental reactor EBR-II first
achieved dry criticality on September 30,
1961, and began operation with the sodium
coolant on November 11, 1963. It produced
its first electricity on August 18, 1964, and
was dedicated, along with the adjoining Fuel
Cycle Facility, on September 13, 1965. Most
of the other new ANL reactors were special-
purpose facilities that were not directly
related to the programs in CEN other than the

reactor-safety studies. BORAX-V, mentioned
earlier, which was designed to feed
superheated steam into a turbine, went into
operation in 1962. JUGGERNAUT, a low-
power [250 kW(t)] reactor that was started up
on January 11, 1962, and designed mainly for
nuclear research, was used to take some of the
heavy research load being supported by CP-5.
JANUS, another 250-kW(t) reactor, had two
faces (hence its name), which provided two
different levels of radiation. It reached
criticality on August 3, 1964 and was the first
reactor dedicated to biological research. A
series of Zero Power Reactor (ZPR) critical
assemblies was built at NRTS in Idaho to
simulate reactor configurations for
engineering studies. The Zero Power
Plutonium Reactor (ZPPR), which went
critical on April 16, 1969, was used for
physics studies of liquid metal fast breeder
reactors (LMFBRs) and could simulate such
reactors having power levels as high as
1,000 MW(e).

THE DIVISION

The Chemical Engineering Division entered
the 1960s with Dr. Lawroski as the Division
Director, Dr. Richard Vogel and Dr. Walton
Rodger as Associate Division Directors, and
Victor Munnecke as the Assistant Division
Director. In 1963, Dr. Lawroski became an
Associate Laboratory Director. Although he
was no longer a member of CEN, it was still
under his jurisdiction, and he continued to
maintain close contact with the CEN
management and staff personnel. In 1969,
Dr. Lawroski became a member of the
National Academy of Engineering. Dr. Vogel
took the helm from Dr. Lawroski as CEN
Division Director in 1963. Dr. Rodger left
ANL in 1960 to become a partner in a
consulting firm, McLain-Rodger Associates,
joined Nuclear Fuel Services as Vice
President for Research and Development in



1962, was the General Manager of the West
Valley Fuel Reprocessing Plant (W. R. Grace
Co.) from 1962 to 1964, and then returned to
consulting. Vic Munnecke departed from
ANL in 1964, and was replaced by Frank
Maston until Everett Proud arrived in 1966.
Before joining CEN as a Section Head in
1963, Dr. Arthur Tevebaugh had been a
chemist at the Knolls Atomic Power
Laboratory (KAPL), operated by the General
Electric Company, and was involved in fuel-
cell development at the General Electric
Research Laboratory. He was appointed
Associate Division Director in 1969. Donald
Webster, a chemical engineer from the
Savannah River Laboratory (SRL), operated
by the E. I. du Pont de Nemours and Co., was
also appointed Associate Division Director in
1969. He had acquired extensive nuclear
experience at the Met Lab, Oak Ridge,
Hanford, and Idaho Falls before joining SRL.
In these new assignments, Tevebaugh was
responsible for the electrochemical programs,
high-temperature properties studies, calori-
metry, and basic physical and chemical
research. Webster directed the fluidized bed
and coal-combustion work, engineering
equipment research and development, and
nuclear fuel reprocessing studies. Les Burris
was a Section Head for pyrochemical
processes and, in 1966, was appointed head of
the Fuel Recycle Section of the Liquid Metal
Fast Breeder Reactor Program Office at ANL.
Bob Steunenberg replaced Les when he was
transferred. Upon his return to CEN in 1969,
Les became an Associate Division Director
and Program Manager of Sodium Technology
with Paul Nelson and Fred Cafasso,
respectively, as Section Heads for
Engineering and Chemistry. The following
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individuals served as Section Heads at one
time or another in the 1960s:

Al Jonke

Paul Nelson

Bob Steunenberg
Art Tevebaugh

Les Burris

Fred Cafasso
Elton Cairns
Carl Crouthamel

Management changes were not limited to
CEN in the 1960s; two new ANL Laboratory
Directors came on the scene. Norman
Hilberry announced his retirement, and
Dr. Albert V. Crewe became the third
Laboratory Director on November 1, 1961.
Dr. Hilberry was elected president of the
American Nuclear Society for the year 1965-
1966. Dr. Crewe, born in England, had been a
professor of physics at the University of
Chicago with special interests in particle
accelerators and high-resolution electron
microscopy. He had served as Director of the
Particle Accelerator Division (PAD) at ANL
from 1958-1961. During these periods, he
continued to conduct research on high-
magnification electron microscopy at the
University, and his work received wide
recognition in the scientific community. At
this time, interest in the EBR-II project was at
its peak. Dr. Crewe, although not as outgoing
as Hilberry, was approachable and seemed to
relate reasonably well to the ANL staff.
Crewe stepped down and later became the
Dean of Physical Sciences at the University of
Chicago. He was replaced on November 1,
1967, by Dr. Robert Duffield, ANL’s fourth
Laboratory Director. Dr. Duffield had been at
the Los Alamos Scientific Laboratory
(LASL), operated by the University of
California, during the Manhattan Project.
Duffield came to ANL during a difficult time
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when Laboratory funding was being reduced
drastically, particularly for EBR-II and other
fast breeder reactor programs, causing
numerous layoffs. He reminded the ANL staff
that research and development jobs funded by
the government offer no guarantee of
continuing employment; the staff people, of
course, knew that, but didn’t appreciate being
reminded of it.

By 1960, the many people who had joined
the CEN staff some ten years earlier had
mostly settled down in a suburban life with a
family, a mortgage, and often a dog, and
seemed to be largely immune to the influence
of the Hippies and Flower Children that was
sweeping the country.

An ANL milestone of sorts was reached in
1961 when Branko Dokmanovic was issued
Badge No. 10,000. With a few exceptions
prior to 1952, ANL payroll numbers have
been issued serially, and are never reassigned,
so one can get a general idea of a person’s
length of service from his or her badge
number. As one might guess, Badge
No. 00001 was issued to the first Laboratory
Director, Walter H. Zinn.

During the 1960s, a group of Senior
Scientists formed the Argonne Senate. The
stated objectives were to exchange technical
information and improve the quality of ANL
research programs, but some felt that the
motivation was basically to inject more of an
academic atmosphere into ANL, possibly
with perks such as tenure and sabbaticals for
senior staff personnel. This movement was
viewed somewhat coolly both by the ANL
administration and by those staff members
who were not at the senior level. Making
almost all the staff eligible for the Senate
solved the latter problem, and the movement
quieted down after a few years.

Another interesting event occurred when
the American forces fighting in Vietnam were
having an especially difficult time coping
with the unorthodox tactics of the North
Vietnamese army, such as their tunnel

systems. Dr. Crewe, apparently in response to
2 Government request, called a meeting of the
ANL staff and requested them to generate
some technical solutions that might aid the
American soldiers. Some people tried to
comply, but it became quite obvious that
ANL staff were neither well-versed in jungle
combat nor in coming up Wwith instant
solutions. (The time available for implemen-
tation of any new ideas was two or three
weeks.)

By 1960, some changes had begun to occur
in the major programs of the Division. In the
area of aqueous fuel reprocessing, existing
processing methods were already in place for
large-scale applications, and the Idaho
Chemical Processing Plant (ICPP) was able to
handle the lower-volume specialized fuels.
Consequently, ANL could no longer justify a
large research effort in this field.

In the pyrometallurgical program, develop-
ment work on melt refining was nearly
completed and process equipment was being
installed in the FCF at the EBR-II site. The
term “pyrometallurgical” was applied to these
processes because the reactor fuel remained in
the metallic state throughout the process.
When the research effort was redirected
nearly entirely to processes for recovering
uranium from the melt refining skulls and
extracting plutonium from the blanket, the
term “pyrochemical” came into use to reflect
the fact that many of the operations such as
liquid metal-molten salt extractions,
precipitation of products from liquid metal
solutions, transport of fuel constituents as
chlorides in molten salts, and distillation were
more typical of chemical than metallurgical
processes. Jim Battles, however, argues with
some justification that the term ‘“pyro-
metallurgical” is still valid because operations
of this kind are used in the metallurgical
industries. His opinion may be colored a bit
by the fact that he is a metallurgical engineer.
More recently, the term “pyroprocess” has
come into vogue to cover all the bases, but it



might be misleading, too, in that it implies
any high-temperature process.

The emphasis in the fluoride volatility
program was changing toward oxide fuels, the
use of elemental fluorine, rather than an
interhalogen as the primary fluorinating
agent, and improved schemes for plutonium
recovery. Much discussion was going on in
the 1960s as to relative merits of metal, oxide
and carbide reactor fuels and the relative
suitability of aqueous, pyrochemical and
fluoride volatility processes for the various
fuels. This question was addressed in a report
(ANL-7137) published by Milt Levenson,
Virgil Trice and Bill Mecham in 1966. The
report did not end the discussions, but did
shed some light on the question. One of the
uncertainties was in the types of reactors that
would prevail in the future, i.e., fast breeders
(metal fuel), boiling and pressurized water
reactors (oxide fuel), or high-temperature,
gas-cooled reactor (carbide fuel). Oxide-
fueled fast reactors were also under
development in foreign countries.

The reactor safety work on metal reactions
with air, water and other substances continued
until the mid-1960s under Lou Baker and
Dick Ivins, when a decision was made to
transfer the program to the Reactor Analysis
and Safety Division (RAS). At about the same
time, the ANL sodium chemistry and
technology programs were consolidated into a
single entity in CEN.

Carl Crouthamel instigated a new area of
work for CEN, which grew into a major
program, when he became interested in
regenerative galvanic cells. This work was
supported strongly by Art Tevebaugh, who
had been working on fuel cells at General
Electric. This program was greatly enhanced
by the arrival of Dr. Elton Cairns from the
General Motors Research Laboratory. Elton
was an extremely competent electrochemical
engineer who had done his Ph.D. thesis work
under Prof. Charles Tobias (a member of the
CEN Review Committee for a period of
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time). He also seemed to know everybody
who was doing serious electrochemical work
in the U.S. and abroad and was well
connected with key people in the government
agencies. These connections were most
helpful in seeking funding for the program.

The calorimetry work continued to thrive
under Ward Hubbard and gained a valuable
new staff member when Pat O’Hare, born and
educated in Ireland, appeared on the scene.
The Analytical Chemistry Laboratory, as well
as the analytical research and nuclear constant
studies, continued. Ben Tani became
responsible for the X-ray laboratory. Jim
Battles joined ANL in 1964 and began
working with Russ Edwards on the chemical
vapor deposition of tungsten on complex
W-UO, cermets (part of the ROVER project
for nuclear powered space vehicles) and other
studies including high-temperature mass
spectrometry of potential nuclear fuels. Hal
Feder had the responsibility for several
research programs, including Irv Johnson’s
extensive studies of liquid metal solubilities
and thermodynamic properties of the
solutions. As a Senior Scientist with wide-
ranging experience, Hal served as sort of a
mentor (and critic) for many of the staff
members.

Feder was a stickler for accuracy and
challenged almost every detail when one was
writing a journal article; the authors began
referring to this painful editing process as
“Federization.” Martin Chasanov, Marv
Tetenbaum and Len Leibowitz investigated
the thermodynamic properties of refractory
metal compounds at high temperatures.
John Gabor and others conducted a systematic
study of the properties of fluidized beds,
which became a major area of expertise for
CEN. Vic Maroni, who also arrived in the
1960s, began his work on lithium-tellurium
electrochemical cells and conducted
spectroscopic studies of molten salt solutions.
A significant effort was devoted to methods
for the preparation of carbide reactor fuels.
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The Division was requested to perform two
special jobs supported by outside funding.
One was the preparation of a small amount
(30 grams) of isotopically pure ‘Mg metal
from the oxide. This was accomplished
successfully by Norm Chellew in his usual
methodical, very careful (and slow) way with
no significant loss of the valuable isotope.
The other was to prepare high-purity #py
metal suitable for space applications. That
was a difficult job because the alpha activity
of ***Pu is about 300 times that of *’Pu, and
the neutron emissions from (0i-n) reactions
required special shielding. Jack Fischer and
Paul Nelson took the lead in this project. At
one point, Bob Steunenberg, who was then
the Section Head, commented that this was a
lot more demanding and expensive than
working with ordinary plutonium. Les
Coleman, the Division Safety Officer, replied
sourly, “There is no such thing as ‘ordinary’
plutonium.”

In the late 1960s, a young technician who
decided to take some courses at the Illinois
Institute of Technology in Chicago caused
some excitement in the Division. Being
concerned about his personal safety in that
neighborhood at night, he started carrying a
loaded derringer pistol in his pocket, which
was understandable, but strictly forbidden by
Laboratory rules. One day, in the men’s
locker room of Bldg. 205, the gun
accidentally discharged, wounding the man in
the forearm and scaring everybody in the
area. Les Coleman, the Division Safety
Representative, was highly upset, in part due
to the fact that he had to deal with the DuPage
County Sheriff. The employee was fired, due
to the serious infraction of the regulations.
Dr. Vogel’s comment on the matter was that
he would tolerate “no further gunplay in the
locker room.”

MANAGEMENT

One of the first things Dr. Vogel did when he
became Division Director in 1963 was to
move the Division office from L-Wing down
to A-Wing. Although perhaps a symbolic
move, it did in fact seem to bring the
management and staff people closer together.
Dr. Vogel, like Dr. Lawroski, was a
demanding manager, and he insisted on
quality work and reporting. Group reports
were relaxed to a monthly schedule but were
expected to be more comprehensive and of
higher quality. Group Leaders almost
routinely received copies of their preceding
monthly reports with Dr. Vogel's comments
written in the margins. It was obvious that he
was staying on top of the work in the
Division. He was a strong supporter of
Joe Royal’s Technical Editing Group. Just a
few days after Dr. Vogel had moved into his
A-Wing office, the Radiation Safety people
detected a small spot of activity on one of the
chairs in a routine survey. He became quite

Fig. 3-1. Richard Vogel



upset over the matter, and everybody who had
been in the area was called in to have his
pants checked, but no culprit was found. He
sometimes kidded about putting up a print of
El Greco’s menacing painting, View of
Toledo, behind his desk to intimidate visitors
to his office.

The Assistant Division Director had a
strong influence on the general tone of the
Division because he handled the mundane
administrative affairs and interacted with
everybody. In the early 1960s, everyone was
used to Vic Munnecke, who had been there
since the Division’s inception, and was a
fairly “laid back” person. Frank Masten, who
replaced Vic, was a businesslike individual
who did his job rather quietly. Everett Proud,
who replaced Frank, however, shook things
up a bit. He had been at KAPL at one time
(along with Tevebaugh) and had held several
responsible management positions before he
came to ANL from the Sperry Rand Research
Center. He had a gruff manner, and his
appearance and demeanor reminded one of a
tough military officer (which he had been in
WWII, and then in the Army Reserve). When
one approached him for something such as a
blackboard or bookcase, for example,
Everett’s immediate response was usually to
growl “no way”—and then it would suddenly
appear a few days later. Actually, he was
effective in solving administrative problems
and went to bat for CEN people on many
occasions. At one time, office occupants were
allowed to choose the color when their rooms
were repainted, and a secretary at the east end
of A-Wing selected a brilliant flamingo pink.
The next morning, when Dr. Vogel arrived at
work, the sun was creating a hot pink glow all
down the length of A-corridor, and he told
Everett to have that office repainted by the
end of the day. It was. The same policy
applied to the laboratories, and when
Bill Walsh’s lab needed repainting, he had it
done in a subdued version of the blue and
gold colors of the University of Notre Dame.
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Some wondered if Jim Battles in the lab next
door would opt for Alabama crimson, but he
didn’t.

Argonne, like business firms, was
attempting to stay on the leading edge of new
management trends, as they became popular.
Many CEN supervisory personnel attended
training sessions, seminars, and short courses
both on and off-site. Carter Johnson of the
Personnel Department, an enthusiastic,
friendly young man, handled most of these
activities and became acquainted with many
CEN people. When the Program Evaluation
and Review Technique (PERT) along with the
Critical Path Method (CPM) was just coming
into its own in the early 1960s, John Vogel
introduced these techniques to the CEN staff
in one of the most entertaining seminars in the
history of the division. He went into
considerable detail in illustrating how these
planning and management tools could be used
to set up a moonshining operation in the
Tennessee hills. The next major fad in
management circles was MBO (Management
by Objectives), and the group leaders and
section heads were duly instructed in these
methods.

Up to about 1960, the regular staff
personnel had little direct interaction with the
AEC managers in Washington, but that began
to change gradually. Those managers were
beginning to require a more detailed
accountability in the form of program
reviews, special progress reports, etc., but the
situation had not yet become what one would
call onerous.

A major shock wave struck the entire
nuclear community in 1965 when Milton
Shaw was appointed Director of Reactor
Development and Technology (RDT) at AEC
Headquarters. He was an alumnus of Admiral
Rickover’s operation, and told the Joint
Committee on Atomic Energy (JCAE) that
the AEC laboratories under his jurisdiction
“would be converted from a research
orientation to one stressing disciplined
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engineering application.” He felt that, once
the light reactors were commercialized, the
federal research effort should be placed on
advanced concepts such as the fast breeder.
Research was downplayed in favor of
engineering. The Loss of Fluid Test (LOFT),
which was to have been a sacrificial reactor to
study safety problems in light reactors, was
rescheduled to test standards of reactor
design. Shaw believed there could be no
safety problems if the engineering was done
right. The strong deemphasis of research and
safety upset many people, particularly at
NRTS and ORNL, and the safety issue
escalated to a national level in the JCAE,
Congress, the nuclear industry, and the
general public. When Shaw was appointed,
ANL felt the effects almost immediately. The
Chemical Engineering Division began
receiving several directives per day. Early in
the Shaw regime, Milt Levenson served as
sort of a lightning rod for the Division
because he had intimate knowledge of the
EBR-II project; he was also articulate and
quick on his feet. The net effect, however,
was that the fast breeder fuel processing work
in CEN and other laboratories began to wane
and was essentially phased out by the end of
1969. Representatives from various
laboratories who attended a conference titled
“Symposium on the Reprocessing of Nuclear
Fuels” at Ames, Iowa, in August 1969 felt as
if they were participating in a technical wake.

Shaw was not the only harbinger of heavy-
handed micromanagement that was going to
be emanating from Washington. The
cognizant AEC person for the sodium
programs in the late 1960s had an
authoritative, hypercritical attitude toward the
ANL work.

As mentioned earlier, project management
and control methods began receiving greater
emphasis in the 1960s. Detailed milestone
schedules were (and still are) required in
proposals for future work and in the
monitoring of current projects. Although a

legitimate management tool when applied
responsibly, they give the researchers a
problem of “inventing on schedule,”
particularly where highly creative work is
needed. The predictable tendency of the
funding agencies was to accept a proposed set
of milestones, but then insist that they be met
in a shorter time and on a lower budget. There
was sometimes a temptation to accept a
demanding milestone schedule with
inadequate funding in order to keep a program
alive.

BUILDING ADDITION

By the 1960s, the Division had outgrown its
available space. Offices were filled to
capacity, the B-Wing labs were occupied by
the analytical work, and the increasing
volume of bench-scale work had filled all the
space in the A-Wing labs. The high-bay areas,
originally designed for solvent-extraction
studies, had been adapted to other work. A
new addition, located at the ends of A- and
B-Wings, which was built in 1961-1962,
covers an area of about 18,000 square feet.
The core of the new addition consisted of
eight large general-purpose laboratories (one
of which was divided in half), which were
designated as “X-Wing.” X-Wing was
surrounded by extensions of the A- and
B-Wing corridors and offices plus a corridor
with a string of about 30 offices and a
conference room across the east end, which
was named “W-Wing.” A service floor was
built under the entire addition. Although a
number of purification systems for glove-box
atmospheres, various other equipment
installations, and storage areas are located in
this service area, it still has sufficient open
Space to serve as a tornado shelter for
Bldg. 205.

The laboratories were provided with all the
usual services and were sufficiently capacious
to be used either for bench-scale work or for



larger scale operations requiring large glove
boxes and vacuum-frame hoods. Most of this
laboratory space has been devoted to the basic
research, electrochemical, and calorimetry
programs.

The new wing closed off the open area
between A- and B-Wings, creating the present
courtyard. This introduced some new
maintenance problems in that lawnmowers
and other equipment had to be brought in
through the building’s corridors. After a
while, weeds began to take over the area,
which became rather unsightly. Everett Proud
decided at one time to solve the problem by
applying a heavy mulch of cocoa nut hulls,
which were highly odoriferous and were
located under the building air intakes. For a
few days, the building occupants felt as if
they were being gassed, but the sun, air and
rain disarmed the hulls after a few days and
the problem disappeared. Some years later,
Herb Brown, aided by several volunteers and
with the cooperation of ANL grounds people,
installed the present arrangement of
walkways, planters, landscaping and picnic
tables, which finally transformed the
courtyard into an attractive asset, although it
has deteriorated somewhat in recent years.

TOOLS OF THE TRADE

Everybody in the Division was affected by the
many technological innovations that were
introduced to the marketplace in the
1960s—Xerox® copiers, IBM Selectric®
typewriters, electronic analytical instrumenta-
tion, digital readouts, and computers that,
although not yet quite “user friendly,” were
no longer downright hostile. Color television
was maturing, and several CEN people
assembled large-screen sets at home from
Heathkits®, which were much less expensive
than the retail models if one didn’t count the
assembly time. The circuits still used vacuum
tubes, and nearly every drugstore had a tube
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tester along with a convenient supply of
overpriced new tubes for sale.

A major breakthrough in computer
miniaturization occurred in 1958, when an
American engineer, Jack Kirby, devised the
first truly integrated circuit. His prototypes
consisted of a germanium wafer with
integrated transistors, resistors, and
capacitors. By the 1960s, the technology had
developed rapidly, using less expensive
silicon chips with many more components on
each chip. The first large-scale integration
(LSI) used hundreds of components on one
chip. The next step was very large scale chips
with 100,000 components, and today it
appears that ultra large scale integrated chips
will contain as many as 10 million
components on a 1-cm-square chip. Although
integrated circuits began to find wide
application in the 1960s, they did not develop
into computer microprocessors until the
1970s.

By about 1960, CEN staff people were
beginning to use the large mainframe
computers in the Applied Mathematics
Division (AMD). Their first big commercial
machine was an IBM 704, and before long
they converted to a CDC 1600. Dean Pierce
describes the situation at the time: “I had
repetitive calculations to reduce the data from
many dissolution-rate experiments. The
programmer from AMD worked with the
equations that Shelby Miller and I presented
and wrote a Fortran program to do the
calculations. She debugged the program and
gave us a deck of cards and a format for our
data. We had their keypunch operators punch
our data cards. They always double-checked
their work and I never had an error.”

Several people began to take computer
courses, mostly at AMD, but also at schools
such as the College of DuPage, to learn
programming. The main languages were
Fortran and Basic and AMD had an extensive
library of scientific subroutines. Packaged
software as we know it was not available, and
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programming was nearly from scratch. Some
individuals found that programming could be
fun to the point of becoming addictive. A few
became hobbyists who put together
improvised computers at home and had to
learn about machine and assembly languages
to make them work. Irv Johnson was one of
those people.

The first real computer capability within
CEN came about when four Wang desk
calculators were purchased and put into
operation. These could handle the normal
math functions such as exponentials and
logarithms, polynomial equations, and
trigonometric functions, and the programs
were saved on punched cards. The Wangs
were useful for stage calculations and other
purposes at the time, but they could not serve
very many people and seemed to be subject to
quite a bit of down time. As CEN people
requested more computer availability, Mel
Foster was appointed to seek solutions to the
problem. One such solution was a real-time
phone-line connection between a commercial
General Electric computer and Teletype®
machines in CEN. A system called “Rescue”
allowed one to use either Fortran or Basic.
Access to the mainframe computer at AMD
was becoming more convenient, and Stanley
Cohen of ANL developed a more-or-less
plain language program called “Speakeasy.”
About that same time, cardpunches became
available in Bldg. 205. Martin Steindler tells
an amusing story about that. He had
purchased a tire at a Standard Oil station on a
credit card and sent in the payment along with
the enclosed remittance card when the bill
arrived. The next few months, he kept
receiving the same bill and no phone calls or
letters could stop the process. Finally, in
desperation, he brought the last remittance
card to work, added a few random
keypunches and sent it in. Shortly thereafter,
he got a frantic phone call with the message
that his bill was settled and an admonition to
never, ever do that again. When AMD got

their CDC machine, Mel set up a satellite
station in CEN where input could be sent to
AMD by punch cards or paper tape and the
output could be picked up in Bldg. 205, which
saved a lot of running back and forth.

The introduction of xerographic copying
was a major innovation of the 1960s. The
concept of xerography (from the Greek,
meaning “dry writing”) was invented in 1938
by a physicist, Chester F. Carlson, who sold
the commercial rights to the Haloid Company
in 1947, and 13 years later the company, later
named the Xerox Corporation, introduced its
first office copier to the market. Prior to the
introduction of the Xerox copier, a variety of
thermographic and chemical copying systems
had made a brief appearance, but these were
expensive, slow, and required special papers
that had several shortcomings (gray back-
grounds, curling, thick paper, slick surfaces
that were difficult to write on, and unpleasant
odors). It wasn’t long before nearly all the
office copying in CEN was being done with
Xerox machines or clones produced by other
manufacturers. For large layouts such as shop
drawings, “whiteprint” processes such as
Ozalid® had largely supplanted blueprints.

By the mid-1960s, solid-state technology
was coming on strong and all kinds of new
electronic instruments and devices were
becoming available. This made it possible for
researchers to rig up systems for automated
data collection. An early example of this was
an oscillating-cup viscometer that Dean
Pierce was using to measure the viscosities of
molten metals in which the viscosity could be
calculated from the decrements of the
oscillations. Lad Prucha (Doreen’s husband)
wired a cardpunch to the system to produce a
card deck for computer input. Lou Baker and
his people in their reactor-safety experiments,
as well as researchers in the coal-combustion
program were using automated data-
collection systems. Real-time output of
processed data, however, was still awaiting
the availability of desktop computers.



Because of the increasing importance of
electronic devices in the experimental
programs, several individuals availed
themselves of a course by Heathkit aimed
specifically toward scientists and engineers.
This course consisted mostly of hands-on
experience but also included some textbook
material.

For the secretaries, the big event of the
1960s was the introduction of the IBM
Selectric typewriter, in which the printing
element was a ball that moved back and forth
and rotated to print the desired character
while the carriage remained stationary. The
balls were easily replaceable (also breakable),
so font changes were easy. At this point, we
were about half way through the typewriter
sequence:

Mechanical — Electric — Selectric —
Word Processor — Computer

CENHAM GLOVE BOXES

In the late 1950s, a simple, inexpensive,
versatile glove box design for work with
plutonium and other hazardous materials was
developed by Dick Malecha, Harry Smith,
John Schraidt, John Natale, Norman Ross,
and Herb Brown. The acronym, “CENHAM,”
is derived from its full name, Chemical
Engineering Hood, Alpha Modular. A major
design goal was modularity. Modular
structural elements allowed construction of
glove-box arrays of various lengths and
heights to accommodate the needs of a wide
variety of experimental programs.

A drawing of a two-module glove box of
this type is shown in Fig. 3-2. The basic
module is 42 inches in depth, width, and
height. It rests on a 36-in.-high steel angle
frame. The safety glass windows are 3/8-in.
thick. The internal ventilation system allows
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either for a once-through or a circulating gas
atmosphere with an external purification
system. The rubber gloves (not shown) are
attached to the glass windows by standard
ANL 8-in.-dia plastic glove rings sealed to the
glass. When the gloves are not in use, the
ports are covered by aluminum covers similar
to a flanged, deep-dish “cake pan.”

A salient feature of the CENHAM glove
box is the use of automobile-type weather-
stripping to seal the safety glass windows to
the metal frames of the box. The glove boxes
are usually operated at a slightly negative
pressure (about —1 in. of water pressure) so
that any air leakage is into the box. In-leakage
rates of air have been very low with
automobile-type window seals. Moreover, the
windows can be removed and replaced
relatively quickly. Depending on the
requirements of the experimental work, a
variety of inert atmospheres, e.g., argon,
helium, nitrogen, or dry air can be maintained
in the glove box.

Fig. 3-2. Two-Module CENHAM
Glove Box
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Other features of the glove-box assembly
shown in Fig. 3-2 are the following:

1. Three ports for transferring materials in
and out of the box—a large 22.5-in.
lock, an 8-in. port, and a small 4-in.
sphincter port. In using this latter port, a
4-in.-dia canister is pushed through wipe
seal rings until the opening of the
canister is just inside the box. When the
canister is full, it is pushed into the box
by a replacement canister and later
bagged out through one of the large
ports.

2. A filter housing in which high efficiency
filters were installed to filter exhaust
gas.

3. Electrical feedthroughs and pipe
couplings for connection to external
fluid sources (usually water for cooling).
Inexpensive construction materials such
as carbon steel sheet or plate were used
for the box structure.

Many different accessories have been
attached to the boxes, depending on the
requirements of the work. In some cases,
small electric hoists are installed on rails in
the boxes to raise, lower, or move heavy
items. Furnaces that open into glove boxes are
often attached to the floor of the box by
water-cooled flanges. Large air locks are
often attached to the ends of boxes containing
inert atmospheres.

Figure 3-2 shows a simple two-module
assembly. Much larger glove box units, some
multitiered, have been constructed. The
CENHAM glove boxes are in wide use at
ANL, and can be seen in many of the
laboratories throughout Bldg. 205.

TECHNICAL PROGRAMS
EBR-II Fuel Cycle Facility

There is little question that the most exciting
program for the Chemical Engineering
Division in the 1960s was the construction
and operation of the EBR-II Fuel Cycle
Facility (FCF) at the Idaho site. By 1960,
CEN and other divisions at ANL-E had
completed most of the research and
development work that led to this facility.
(The practice had begun of referring to the
ANL site in Illinois as Argonne East, ANL-E,
and the site in Idaho as Argonne West,
ANL-W.) Detailed design work by the
H. K. Ferguson Company had been initiated
in 1957, construction work was started in
1959, and the facility was completed in 1962.
The EBR-II reactor went critical in 1963 and
was placed in full operation at reduced power
in 1964. The power was increased stepwise
until it reached the design level of
62.5 MW(t) [20 MW(e)] in 1969.

The Chemical Engineering Division had
primary responsibility for the FCF during its
construction phase. Charlie Stevenson, who
had been in charge of the Idaho Chemical
Processing Plant (ICPP), operated by the
Phillips Petroleum Company, was appointed
Manager of the EBR-II Fuel Cycle Facility in
1960, and held that position until he returned
to CEN as a Senior Chemical Engineer in
1969. Milt Levenson was the Resident Lead
Project Manager in 1961-1962, followed by
John Schraidt in 1962-1963 and Neill Carlson
in 1963-1964. In 1964, operating responsi-
bility for FCF was transferred to the ANL-W
personnel.



Several CEN personnel, including Don
Hampson and Phil Fineman, were transferred
to the Idaho site for permanent positions.
Many others had shorter-term assignments at
the site, and there was a great deal of
commuting both by air and rail between
Chicago and Idaho Falls, which is somewhat
off the beaten track. Those transferees who
had always lived in an urban environment
generally experienced some initial culture
shock with the remoteness of the area, the
pervasive Mormon influence, and lack of
amenities a big city has to offer. Most of
them, however, began to enjoy the excellent
outdoor recreational opportunities, such as
camping, fishing, hunting, boating, and skiing
that the area has to offer. Almost everybody
used the buses to commute the 30 miles or so
between Idaho Falls and the EBR-II site;
bridge games on those buses are legendary,
with the players occasionally overshooting
their destinations to play out a hand.

Approximately 160 ft from the EBR-II-
FCF complex, there was an additional
building that housed the analytical
laboratories and other auxiliary operations.
The analytical facilities included six 20-Ci,
1-MeV gamma radiation caves with American
Machine and Foundry (AMF) Mod 8
manipulators and two conventional wet
analytical laboratories with fume hoods for
hot work. Bill Sovereign, John McCown, and
Earl Ebersole were the principal operators of
this facility.

The layout and a brief description of the
Fuel Cycle Facility were given in the previous
chapter. The following is a more detailed
description of the fuel-reprocessing opera-
tions. The discharged fuel assemblies, after
cooling in the reactor, were passed from a
shielded air cell to the circular argon cell and
continued in a counter-clockwise direction (as
viewed from above) through a sequence of
workstations. The new subassemblies were
then transferred back out through the air cell
for reinsertion into the reactor. The fuel-
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processing operations, all of which were
conducted remotely behind 5-foot-thick walls
of concrete shielding, were as follows:

1. After a minimum of 15 days of cooling,
the fuel subassemblies were moved, one
at a time, to the air cell in the Inter-
building Transfer Coffin. In transit, each
subassembly was washed thoroughly
with water to remove adhering sodium
coolant, and was then dried.

2. The subassemblies were disassembled,
and the fuel elements (stainless steel
clad fuel pins) were separated from
the other components, which were
discarded. The fuel elements were
transferred to an argon cell for further
processing.

3. The stainless steel cladding was
removed from the fuel pins by a spiral
cutter, and the pins were chopped into
3/4-in. segments.

4. A 10-kg batch of pin segments was
charged into an induction-heated CaO
(lime)-stabilized zirconia (ZrO,)
crucible where it was melted and held at
1400°C for three hours. The liquid metal
was then poured into a graphite mold
with two small holes in the bottom to
form an ingot with protrusions, which
were broken off and used as analytical
samples.

5. The melt refining “skull,” a mixture of
unpoured metal and oxides, was
converted to a powder by oxidation at
700°C through a controlled addition of
oxygen, and the resulting powder was
poured out of the crucible.

6. The U-235 content of the product ingot
from melt refining was brought back to
the original concentration by adding a
small amount of highly enriched
uranium. These materials were melted
together in a graphite crucible coated
with yttria. New fuel pins were then
formed by evacuating the system;
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lowering precision-bore Vycor (quartz)
tubes, closed at the top and containing a
thin thoria (ThO,) wash on the inside
surface, into the liquid metal; and
repressurizing to force the metal up into
the tubes. This procedure was called
“injection casting.” After cooling, the
Vycor was removed from the pins by
crushing, and the pins were cropped to
the desired length.

7. New fuel elements were fabricated by
inserting the uranium pins into stainless
steel jackets, adding the sodium thermal
bond in the annulus, and sealing the
jackets by welding. The finished fuel
elements were subjected to a series of
rigorous quality-control tests.

8. The fuel elements were inserted into
new subassemblies for return to the
reactor.

The melt-refining process resulted in a
fission-product decontamination factor of
about three, the low value being due to fact
that the noble metals were not removed.
Composite results from a large number of
runs in the FCF, shown in Table 3-1, give the
distribution of the various fuel constituents

after melt refining. The recoveries of uranium
and plutonium ranged between 90 and 95%.
Noble metals were not separated from the
uranium by melt refining but were maintained
at a satisfactory equilibrium concentration by
the 5-10% of the metal removed with the
skull, which served as a “dragout” stream.
The fission-product gases, Xe and Kr, were
collected for controlled disposal. The melt-
refining crucible had a Fiberfrax® (formulated
asbestos) lid, sometimes called a “top hat,”
that collected vaporized species by a
combination of condensation and chemical
reaction. A “skull reclamation” process had
been developed and tested on a pilot-plant
scale in CEN. Some skull-reclamation
equipment was installed in the FCF, but it was
not used due to an AEC policy decision to
recover the skull material by aqueous
processing in ICPP. Work on a process for
recovering plutonium from the blanket fuel
was also well on the way toward application,
but it, too, was terminated.

Overall, the FCF demonstration was an
outstanding technical success and a tribute to
the ANL engineers and scientists who
developed it. The EBR-II operated for about
five years, using the recycled fuel, which

Table 3-1. Melt Refining Results from the EBR-II Fuel Cycle Facility

Off-gas Fume Trap Skull Crucible Product
Xe 100% Cs 100% U 5-10% Y 5% U 90-95%
Kr 100% Cd 100% Pu 5-10% RE 5% Pu 90-95%
Rb 100% NM 5-10% Ba 90% NM 90-95%
1>75% Y 95% Sr 90%
(Na) 100% RE 95% Te 10%
Ba 10%
Sr 10%
Te 90%

(Na) = Sodium from thermal bond.
NM = Noble metal fission products.
RE = Rare earth fission products.



amounted to about 35,000 fuel elements. This
corresponds to about five reactor-core
replacements with new fuel. The FCF
demonstration was discontinued in 1969, and
outside sources were used to supply the new
fuel; the spent fuel was reprocessed at ICPP.

The CEN Division continued to function as
a support organization for designing special
equipment and procedures, conducting tests,
and troubleshooting, with special responsi-
bility for melt refining and cell operations.
This work included measurement of the air in-
leakage to the argon cell, development of
special lighting equipment, design of shutters
for the shielding windows to protect them
from radiation damage, testing of materials
(electrical insulators, for example), develop-
ment of continuous purification systems for
support glove boxes located outside the cell,
and development of auxiliary process
equipment.

The major pieces of equipment that were
developed by CEN were the Interbuilding
Transfer Coffin and skull oxidation
equipment. The transfer coffin was needed to
transport discharged fuel assemblies from the
reactor to the Fuel Cycle Facility—a distance
of about 100 feet. The coffin, as it finally
evolved, was a heavy (20-ton) lead-shielded
cask with provisions for continuous removal
of fission-product decay heat during storage
and transit. It also served as a chemical
reaction vessel in which provisions were
made to convert sodium adhering to the fuel
elements and subassembly surfaces to sodium
hydroxide, which was subsequently removed
by flushing with water. The sodium was
converted to its hydroxide by adding
humidified air to the circulating argon coolant
until the reaction was completed. This
procedure was necessary because direct
addition of water to the metallic sodium could
have resulted in small fires and explosions.

The skull oxidation technique was used to

recover the heel and uranium that coated the
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wetted surfaces of the zirconia crucible (skull)
after the purified metal had been poured into
the mold. Conditions were developed for
controlled oxidation of the skull at a
temperature of 700-750°C by slow addition of
oxygen to the argon atmosphere of the melt
refining furnace. The oxide powder formed by
this operation was then dumped from the
crucible and sent to the ICPP for processing.

This ongoing support effort for the Fuel
Cycle Facility was directed by Milt Levenson,
Les Coleman, and John Schraidt. Many
people were involved, including George
Bernstein, Al Chilenskas, Tom Eckels, Johan
Graae, John Ludlow, Bill Miller, Mike
Slawecki, and Howard Stethers.

In 1969, EBR-II’s role was changed from
that of a fast breeder reactor demonstration to
one of an irradiation facility for the national
fast breeder program. Argonne had proposed
a reactor named “FARET” for that purpose,
but a potentially more advanced facility, the
Fast Flux Test Facility (FFTF), was approved
for construction at the Hanford Engineering
Development Laboratory (HEDL) near
Richland, Washington. A decision was made
that EBR-II would serve this function until
FFTF was ready. The emphasis had begun to
shift to oxide fuels in the fast breeder program
on the basis of safety and achievable burnup.
More recent developments of metal fuels,
however, have eliminated the burnup
advantage of oxide fuels, and the same is true
for safety because of the inherent nuclear
stability of sodium-cooled, metal-fueled
reactors under abnormal conditions.

In 1970, the FCF was redesignated FEF
(Fuel Examination Facility), and almost all
the fuel processing equipment was removed.
Since then, a new, larger fuel examination
facility, called HFEF (Hot Fuel Examination
Facility) was built. It is now known as
HFEF/N(north) and the original FCF is
HFEF/S (south).
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Pyrochemical Process
Development

Development of the skull reclamation and
blanket processes for metallic fast breeder
reactor fuels continued at CEN for several
years into the 1960s. A large glove-box
facility was constructed in Bldg. 205 for
demonstration of an integrated Skull
Reclamation Process. This was followed by
construction of a Skull Reclamation Process
pilot plant in a large inert atmosphere
enclosure in Bldg. 310. A similar sequence
had been planned for the Blanket Process, but
work proceeded only through construction
and operation of a small engineering-scale
unit in Bldg. 205. All work on these processes
ceased at the end of September 1965, when
the AEC stopped development of metal fuels
and concentrated the funding on mixed UO,-
PuO, fuels. The shift to mixed oxide fuels was
made to take advantage of the technology and
commercial base that was in place for the
fabrication of oxide fuels for light water
reactors.

The Division then turned its attention to
development of processes for mixed oxide
(UO,-Pu0,) fuels, using liquid metal and salt
solvents and taking advantage of the
separation concepts that had evolved in
development of the EBR-II Skull Reclamation
and Blanket Processes. These concepts were
based on differences in the solubilities of the
fuel constituents in liquid metal solvents and
in their partition behavior between liquid
metal and salt solvents.

Under the direction of Bob Steunenberg
and Les Burris, several process flowsheets
applicable to mixed oxide and also to mixed
carbide (UC-PuC) fuels were developed. A
central feature of these processes was a
separation of plutonium from uranium and
noble metal fission products by salt transport
of the plutonium. A molten salt is cycled
continuously between a donor metal alloy, in

this case copper-33 wt% magnesium, and a
receptor alloy, zinc-5 wt% magnesium. When
the system reaches equilibrium, the activity of
plutonium is the same in the two liquid
metals.

The plutonium activity, ap,, is related to the
concentration and activity coefficient by the
relationship:

apy = Xpu YPu

where xp, and 7, are, respectively, the
concentration and activity coefficient of the
plutonium. Because the activity coefficient of
plutonium in the zinc-magnesium solution is
about 1/10,000th of that in the copper-
magnesium solution, its concentration in the
receptor alloy is about 10,000 times that in the
donor alloy at equilibrium. Therefore,
essentially all the plutonium transfers to the
receptor-alloy.

As shown schematically in Fig. 3-3, a salt-
transport separation involves two vessels
containing liquid metal solvents which are
connected by means of a molten salt that
circulates between them. Both liquid metals
contain magnesium, and MgCl, is a
constituent of the salt phase. Uranium and the
noble metal fission products are essentially
insoluble in the Zn-Mg alloy and remain in

] B
MOLTEN SALT
2Pu¢3MgCl;-2PuCkr— 2Z0,03Mg6172n-‘

+3Mg Pu;Zny; + 3 MgCl

LIQUID METAL LIQUID METAL
Cu-33 wt% Mg Zn-5 wt% Mg
SOLID Pu-Zn

SOLID URANIUM INTERMETALLIC

Fig. 3-3. Salt Transport Separation



that vessel as precipitated solids. The
plutonium, because of its much higher activity
coefficient in the Cu-Mg alloy than in the Zn-
Mg alloy, reacts with the salt and is
transported as PuCl; to the Zn-Mg alloy,
where it is reduced back to the metal by the
magnesium. The alkaline earth and rare earth
fission products mostly remain in the salt.
Uranium (with the noble metals) is recovered
by decanting the supernatant Cu-Mg alloy,
washing with magnesium to remove residual
copper, and retorted to remove the adhering
magnesium. Plutonium is recovered by
vaporizing the zinc and magnesium.

of fuel
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A conceptual process based on salt-
transport separations is shown in Fig. 3-4 to
illustrate a potential application. Numerous
variations could be made in this flowsheet,
depending on the requirements for a particular
fuel. For example, the liquid zinc decladding
step might be replaced by mechanical or
oxidative decladding methods.

At this stage of the program, Irv Johnson
and his colleagues had generated a very
extensive body of phase relationship and
thermodynamic data on liquid metal
solutions. This information, coupled with a
large collection of data on the partitioning of

— SALT-METAL
e EXTRACTOR
Salt waste, Lig. alloy B
rare earth FP Pu, FP, Pu, molten salt
l,_Lia lig.alloyA ¢ | ¥
Zinc Pu

U, molten salt

Waste alloy,

SALT-TRANSPORT
CYCLE

Molten salt

nllLonqb Pu, liq. alloy B

U SALT-TRANSPORT
CYCLE

U,alloy D

e |
Pu,U &

Molten

salt /ﬁv—f\_’ Alloy B or D (recycle)
RETORT

4

The fuel is first declad by dissolving the cladding in liquid zinc as shown here, or by
mechanical or oxidative decladding methods. The mixed oxide fuel is then reduced by a
liquid Cu-Mg-Ca alloy with a molten salt flux. Most of the alkaline earth and rare earth
fission products stay in the salt flux. The liquid metal solution containing the plutonium
becomes the donor alloy for a salt transport separation in which the plutonium is
recovered in a Zn-Mg solution and the uranium, along with the noble metal fission
products, is recovered from the Cu-Mg alloy. The product solutions are then retorted to
remove the solvent metals, leaving metallic uranium and plutonium as the products. The
uranium and plutonium are combined in the desired proportions and oxidized to form a

mixed oxide powder for fabrication of new fuel.

Fig. 3-4. Pyrochemical Process for Fast Breeder Reactor Oxide Fuels
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various elements between liquid metal and
molten salt solutions, generated mostly by
Jim Knighton and co-workers, provided a
wide variety of possibilities for the
development of new processes. Several
variations of the Salt Transport Process were
developed. For example, a countercurrent
liquid metal-molten salt extraction battery
was developed to make the process more
efficient. An alternative decladding step was
oxidative decladding (also under
consideration for the fluoride volatility
processes). In this step, the stainless steel
cladding was punctured or slit, after which the
UO, was oxidized to U;0;, which expanded
the cladding and pulverized the oxides,
allowing their separation from the cladding.
The U,O; was then reduced to UO, by
hydrogen to provide the feed material for the
subsequent reduction to the metal. Mixed
carbide fuels could be accommodated by first
converting them to the oxides. The process
would then be the same as that for the oxide
fuels.

Construction of a glove-box facility to
demonstrate the Salt Transport Process was
terminated by the AEC (as were many other
programs in other AEC laboratories) so the
AEC could concentrate its funding resources
on development, design, and construction of
the Fast Flux Test Facility (FFTF) at Hanford.

The Group Leader for engineering
development of the Salt Transport Process
was Dean Pierce. Other participants in the
program were Jack Arntzen, George Bennett,
Tom Cannon, Terry Johnson, Jim Knighton,
Paul Mack, Martin Kyle, Kazuo Nishio, Tony
Rashinskas, John Schilb, Gale Teats, Ken
Tobias, Bill Walsh, Don Wenz, Irv Winsch,
and Ray Wolson.

Chemistry of Liquid Metals

The Division emerged from the 1950s with a
strong program in place on the chemistry of
liquid metals under the leadership of Hal

Feder and Irv Johnson, which was initially
directed primarily toward liquid metal
solvents for nuclear fuel reprocessing.
Starting in the early 1960s, the research
expanded into two other major areas, the use
of liquid sodium as a reactor coolant and
liquid lithium as an electrode material in
regenerative galvanic cells and secondary
(rechargeable) batteries. Both of these
blossomed into major programs in the 1970s.

The continuing work on liquid metal
solvents for pyrometallurgical fuel
reprocessing was concerned mostly with
liquid zinc, cadmium, magnesium, and copper
as solvent metals for the skull reclamation and
blanket processes being developed for
EBR-II. Extensive data were obtained on the
solubilities of the actinide and fission-product
elements in zinc, cadmium, and to a lesser
extent, binary solvent systems such as zinc-
magnesium. Most of the data were obtained
by taking filtered samples. In some cases
partial or complete phase diagrams were
obtained by sampling, thermal analysis, and
emf measurements. Equilibrium solid phases
were characterized by X-ray diffraction and
metallography. Solubility data, together with
emf and effusion measurements, provided
information on the thermodynamic character-
istics of the systems. In many cases, the
equilibrium solid phases were intermetallic
compounds.

An important example of this from a
process standpoint is illustrated in Fig. 3-5,
where the solubility of uranium in liquid
cadmium is shown as a function of
temperature. At temperatures up to 471.5°C,
the uranium solubility increases with
temperature and the equilibrium solid phase is
UCd,,; above that temperature (the peritectic
point), the solid phase is uranium metal with a
retrograde solubility.

Other interesting observations were made
with these liquid metal solvents. One is that
tracer levels of solutes exhibited much the
same coprecipitation behavior that is observed
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Fig. 3-5. Solubility of Uranium in Liquid
Cadmium

in aqueous solutions, i.e., they obeyed the
Doemer-Hoskins Law:

log [(tracer in sol’n.)/(total tracer)]
= A log [(carrier in sol’n.)/(total carrier)]

In general, the values of A were near unity
when the solid phases of the carrier and the
coprecipitated material had similar crystal
structures. Another interesting observation
was that the solubilities of metallic elements
in liquid zinc and in liquid cadmium showed a
periodicity similar to that of the periodic table
when they were plotted against their atomic
numbers. The theoretical reason for this is not
fully understood, but plots of this type were
sometimes useful in gaining some idea of how
a fission-product element might behave in a
process when no other information was
available.

Studies were conducted on the partitioning
of uranium and other elements of interest
between immiscible liquid metal phases such
as aluminum-cadmium, lead-zinc, and

bismuth-zinc. During the latter 1960s, the
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pyrochemical research work shifted largely to
separations involving differences in the
distribution behavior of fuel constituents
between liquid metal and molten chloride
solvents. The information from the above
studies, together with distribution-coefficient
measurements, provided the engineers with an
excellent data base for process design work; it
was also one of the most systematic,
comprehensive programs ever to have been
done on the basic chemistry and
thermodynamics of liquid metal solutions. A
major effort was also devoted to
determinations of the distribution behavior of
many elements between liquid metal solutions
and molten salt phases. The distribution
coefficient depends upon a chemical
equilibrium when two elements are present in
an oxidized form (such as a chloride) in the
salt solution and a reduced form (the metal) in
the liquid metal solution. For example, the
distribution of uranium between liquid Mg-Zn
and a salt containing MgCl, depends upon the
equilibrium reaction:

U(Zn-Mg) + 3/2 MgCl,(salt) <
UCl,(salt) + 3/2 Mg(Zn-Mg)

The thermodynamics of reactions of this
type have been reported extensively by
Irv Johnson. Jim Knighton and his co-workers
obtained experimental data for a large number
of systems in which the liquid metal phases
were zinc, cadmium, magnesium, and
aluminum, alone or in mixtures, and the
molten salt phases were mixtures of alkali
metal and alkaline earth chlorides. Figure 3-6
shows the large differences in distribution
coefficients of rare earth elements and some
actinide elements (uranium, plutonium and
curium) between molten MgCl, and liquid
Mg-Zn mixtures. The solute-element distribu-
tions are changed markedly by altering the
composition of the liquid metal phase, this
figure being an example of one of the many
systems that were studied. Perhaps the most
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Fig. 3-6. Separation of Rare Earths from
Actinides

“far-out” example of this type of separation is
represented by a patent Jim Knighton and Bob
Steunenberg obtained for the separation of
californium from einsteinium. Although the
separation worked like a charm, it is an
excellent candidate for the patent least likely
to ever succeed for commercial application.
This work did, however, attract the interest of
Glenn Seaborg because of its thermochemical
implications.

Many individuals were involved in the
foregoing work—Irv Johnson, Karl Anderson,
Martin Chasanov, Pete Hunt, Jim Knighton,
Al Martin, Ken Tobias, and Bob Yonco.
Ewald Veleckis and Erv Van Deventer

conducted the effusion studies. Bob
Schablaske and Ben Tani played a crucial role
in the phase identifications.

One person who livened things up quite a
bit in the liquid metal research program was
Gideon Hirsch, who came from Israel to
spend a year or so at ANL. He was a very
bright individual with an overwhelming
personality that was basically incompatible
with a structured organization. Upon his
arrival, he displayed a rubber stamp with his
name, identifying him as a physical chemist,
educator, philosopher, political scientist, and
several other qualifications. He claimed that
he essentially had a Ph.D. with only some
thesis work to complete, but the exact status
of it seemed to be a moot point. During most
of his assignment, he worked in Irv Johnson’s
group on the effects of attractive forces within
liquid metal solvents. During his stay at ANL,
he was given to doing things such as going on
unauthorized travel and submitting the bill to
ANL after the fact. He seemed to range all
over the Chicago area, became acquainted
with Studs Terkel, and visited Eric Hoffer on
the West Coast. He requested an audience
with Linus Pauling, but no one knows
whether it took place. He kept trying to make
appointments with the Lab Director
Dr. Crewe, who, being an English gentleman,
put up with two or three of them. Gideon
finally left ANL, much to the relief of Everett
Proud, went to work for a couple of
companies, and eventually surfaced as a Wall
Street broker. This memo, which he wrote just
before leaving ANL, was typical:

TO: A. Crewe
FROM: G. Hirsch

on “Applied Philosophy.”

March 16, 1967

I would like the idea of giving a farewell seminar to the Laboratory

If the subject is mine, T will choose, “Physical Chemistry, Society,
Entropy, God, Computers, and Human Beings.”

Laboratory Director
Chemical Engineering

G. Hirsch
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It might have been an interesting seminar,
but apparently Dr. Crewe was not receptive to
the idea.

The second area of liquid metal chemistry
research, which began about 1963, led by
Fred Cafasso in Irv Johnson’s group, was
concerned with metallic sodium. The main
interest in sodium was its role as a coolant for
EBR-II and other liquid metal cooled reactors,
where impurities in the sodium such as
oxygen, carbon, hydrogen, and nitrogen might
result in corrosion or buildup of solid phases
in the primary and secondary coolant systems.
The initial studies were on carburization,
purification, and analysis of liquid sodium.
Thermodynamic studies were made on
potential sodium reactions and on binary
alkali metal systems. Analytical methods
were worked out for oxygen and carbon in
sodium, and potential purification schemes
were investigated. During this period, some
basic research was performed on the
thermodynamics of liquid binary alkali metal
systems, and ultrasonic methods were used to
investigate possible complex species in liquid
binary alkali metal systems. Another piece of
work that deserves mention in this connection
is a study in which Ira Dillon determined the
critical properties of several alkali metals.

In 1968, an applied sodium technology
program was initiated to develop methods and
processes to handle, analyze, treat, and
maintain a purity of sodium suitable for a
reactor coolant. This expanded effort included
the following chemistry studies:

1. Development of methods for handling
and studying liquid sodium from its
melting point to approximately 800°C
under conditions that preserve the
integrity of the liquid metal.

2. Development and refinement of
analytical methods for the determination
of carbon, oxygen, nitrogen, hydrogen,
and tritium in liquid sodium.
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3. Development for in-line monitoring of
these impurities in liquid sodium.

4. Investigations of carbon behavior—
reactions with other elements,
characterization of compounds formed,
and transport of carbon through liquid
sodium systems (decarburization of
ferritic steels, and carburization of
austenitic steels) that would change the
physical properties of the steels.

Some of the chemical studies involved the
decarburization of steels through the
formation of disodium acetylide (Na,C,).
Exposure of Fe-0.11 wt% C alloy to sodium
at 400 and 650°C resulted in formation of the
acetylide. The solubility of helium in liquid
sodium was measured, and the role of surface
diffusivity in its mass transfer in sodium was
studied by immersing samples of a-iron in
liquid sodium at 800°C and examining the
surfaces of the specimens.

The individuals participating in the sodium
chemistry program were Hal Feder, Fred
Cafasso, Jim Althoetmar, Karl Anderson,
Sanat Dhar, Jim Eberhart, Pete Hunt,
Loretta Jones, V. Khanna, Wally Kremsner,
Charles Luner, Dick Murray, George
Redding, Ewald Veleckis, Don Vissers, and
Bob Yonco.

In the energy-conversion program, liquid
sodium-lead, sodium-bismuth, lithium-
bismuth, and lithium-tin alloys were used as
positive electrode materials in thermally
regenerative galvanic cells, which are
described in the section on energy conversion.
Liquid lithium was also being considered as a
blanket/coolant material for fusion reactors,
which became a subject of interest to CEN in
the 1970s. From a theoretical standpoint,
liquid lithium metal, because of its highly
electropositive character and lightweight,
would be an excellent positive electrode
material for a storage battery. Attempts to use
it, however, were largely thwarted because of
its aggressiveness toward insulating materials
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and its solubility in LiCl-based molten salt
electrolytes, which led to high self-discharge
rates. These problems were solved by alloying
the lithium with aluminum to reduce its
activity, but at the expense of somewhat
lower performance.

The basic research program on lithium
included the following:

1. Extensive studies were made of the
thermodynamic properties, including
phase relationships, solubilities, and free
energy functions of the systems Li-Se,
Li-Te, Li-Sn, Li-H, Li-T (tritium), Li-C,
Li-O, and Li-Al.

2. Experimental studies were conducted on
the handling of liquid lithium from its
melting point (179°C) to approximately
1000°C under conditions that preserved
the integrity of the metal.

3. Analytical methods were developed or
refined for the determination of H, O, N,
and C in liquid lithium. Most of the
facilities for these methods became an
established part of the Analytical
Chemistry Laboratory.

4. The compatibility of liquid lithium with
molten halide salt systems of various
compositions was investigated to select
the salts that could be used as
electrolytes with lithium electrodes.

The liquid lithium work, headed up by
Art Tevebaugh and Carl Crouthamel, was
performed by Elton Cairns, Kathleen Davis,
Al Fischer, Mel Foster, Ellen Hathaway,
Bob Heinrich, Stan Johnson, Gene Kucera,
Vic Maroni, Jim Peck, and Bob Shablaske.

Fluoride Volatility Processes

In 1960, the development of fluoride volatility
processes consisted of three activities:

1. The Direct Fluorination Process for the
recovery of uranium and plutonium

from Zircaloy-clad uranium oxide fuel
elements of the type used in the Dresden
power plant.

2. The Aqueous-Dissolution-Fluorination
(ADF) Process for enriched uranium-
zirconium alloy fuels, which involved
aqueous dissolution of the fuel,
fluidized-bed drying of the solution to a
dry powder, and fluorination to recover
the uranium as UF,.

3. The Fused Fluoride Volatility Process in
which zirconium-uranium fuel elements
were dissolved in molten NaF-ZrF, by
passing a mixture of HF and fluorine
through the system to recover the
uranium as UF.

Although the technical feasibility of the
latter two processes had been fairly well
demonstrated, further work indicated that the
most promising approach was to use gaseous
reagents on the solid fuel materials in
fluidized beds. Such beds offer many
advantages, including control of the reagent
concentrations and addition rates, excellent
heat-transfer characteristics, and ease of
remote materials handling. Therefore, work
on the direct fluorination process for oxide
fuels was expanded and development studies
were started on fluidized-bed processes for
the alloy fuels as well. During the 1960s
Al Jonke was responsible for the engineering
development; Jack Fischer was the Group
Leader of the laboratory program until about
1964, when Martin Steindler was assigned to
that position.

LABORATORY INVESTIGATIONS

The two largest efforts in the laboratory
studies were directed toward the fluorination
of oxide fuels and the chemistry of PuF,.
Some early experiments were conducted on
the possibility of using sulfur tetrafluoride
(SF,) as a fluorinating agent for UF,, PuO,,
PuF,, UO,, U,0, UO,, and UO,F,. The



conclusion was that SF, acted as a
fluorinating agent, but not as an oxidizing
agent with these materials. Uranium
hexafluoride was produced only when the
uranium was present initially in the
hexavalent state, e.g., UO, or UO,F,, and the
by-product of the reaction was thionyl
fluoride (SOF,). Additional studies showed
that SF, reduced PuF, but not UF,, to the
tetrafluoride:

SF, + PuFy; — SF, + PuF,

This reaction offered the possibility of
using SF, as a chemical trap for removing
PuF from a gaseous mixture of UF, and PuF
by converting the PuF, to solid PuF,.

The principal laboratory investigations on
the direct fluorination process were directed
toward the initial fluorination step. Direct
fluorination of UO, to UF, had been
demonstrated, and it was found that PuO,
undergoes the same reaction with fluorine at
400°C. Various materials, including MgF,,
ZrF,, CaF,, and alundum (a refractory form of
Al,0,), were tested as fluidized bed media for
the fluorination reactions. The best results
were obtained with an alundum bed in which
the uranium was first removed to a
satisfactory level, followed by a 10-hour
fluorination at 350-550°C to remove 95-99%
of the plutonium. A two-zone fluorinator was
devised in which the lower bed contained the
UO, fuel pellets and alumina and the upper
bed contained only alumina. Oxidation with
an oxygen-nitrogen mixture converted the
UO, to U,0; fines, which were transported
into the upper bed where they were
fluorinated. Systematic studies were made of
the effects of bed height and temperature from
450 to 500°C, and 99.5-99.9% fluorination of
the uranium was achieved. These studies were
done with a 1.5-in.-dia fluidized bed reactor.
The experiments used mixtures .of. ﬂuorine,
nitrogen, and oxygen as the fluidizing gas.
The nitrogen served as an inert diluent to
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control the rate of the reaction, and the
oxygen enhanced the fluorination by
decreasing the particle size of the uranium
oxides, thereby increasing their surface area.
When the fluorinations were performed, the
uranium tended to be fluorinated first,
followed by the plutonium. Some degree of
separation of the two was accomplished by
this effect and could be enhanced by
manipulating the composition of the gas
stream.

The marginal stability of PuFg presented
both difficulties and opportunities in the
development of a process flowsheet. The
vapor pressures of UF, and PuF; are roughly
the same, so they can be volatilized together
to separate them from most fission products,
and then be separated by selective
decomposition of the PuFg to form non-
volatile PuF,. The objective was to remove all
the plutonium from the original fuel, separate
it from the uranium and fission products, and
then recover it as a purified product stream
for reuse. The studies that were conducted on
the chemistry of PuF; were far too extensive
to describe here in detail, but some of the
highlights are as follows:

1. Equilibrium constants for the reaction
PuF, + F, <> PuF, were determined.

2. The selective reduction of PuF, by SF,
and by bromine was evaluated.

3. Selective thermal decomposition by the
reaction PuF; —» PuF, + F, was also
investigated as a means of recovering
plutonium from UF,-PuF, mixtures. A
detailed study was made of the kinetics
and mechanism of the thermal decom-
position of PuF, over a temperature
range of 140 to 173°C. The experi-
ments were conducted in packed and
unpacked vessels to determine the
effect of surface area.

4. Methods were developed for quantita-
tive transfers of PuF. In experiments
with 10-100 g of PuF,, 98% transfers
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from trap to trap were achieved.
Fluorine had little effect in suppressing
losses.

5. Extensive data were obtained on the
self-decomposition rate of PuF, caused
by the alpha activity of the plutonium.

6. Studies were conducted on the
decomposition of PuFy by gamma
radiation both in the absence and
presence of other gases. The G values
(molecules decomposed per 100 MeV
absorbed) for PuF was 7.5. This value
was not affected significantly by the
presence of helium, but krypton,
oxygen, or nitrogen increased it.

7. X-ray diffraction results showed that
the lattice constants for UF, NpF,, and
PuF decreased in that order.

8. The absorption spectrum of PuF; was
determined.

9. Solid-liquid and liquid-vapor equilibria
for the system UF-PuF; were
measured.

10. Various solid fluoride compounds were
evaluated for use in chemical traps to
separate UF, PuF,, NpF,, and volatile
fission-product fluorides from one
another. Beds of solid NaF, LiF, and
MgF, were found to be the most useful
for this purpose.

Some laboratory work was done in support
of the process development effort on
zirconium-enriched uranium alloy fuels
containing 5 and 30 wt% uranium. The
optimum recovery of uranium was obtained
by treating the alloy with HCI gas in a
fluidized bed of alundum to convert the
zirconium to ZrCl, (sublimation point 331°C
at one atmosphere) and the uranium to
nonvolatile lower chlorides. Uranium
recoveries as UF of 99.5% were achieved
when using either fluorine at 350°C or
chlorine monofluoride (CIF) at 200°C as a
fluorinating agent. It was also shown that HF
gas would convert the ZrCl, to ZrF, to

decrease the amount of fluorine required to
convert the uranium to UF,.

A number of other smaller research areas
such as the kinetics of the reaction of fluorine
with nickel and the confinement and
treatment of PuF, in process off-gases were
also explored in the laboratory program. The
individuals involved in the fluoride volatility
laboratory work included Peter Alfredson,
Tom Baker, Tom Gerding, Bill Gunther,
A. Hariharan, Roger Jarry, Carl Johnson,
Bob Kessie, George Manevy, Howard Porte,
George Redding, Jim Riha, Jim Savage,
Bob Shablaske, Bill Shinn, Roberta Shor,
Dave Steidl, Martin Steindler, John Stockbar,
and Verne Trevorrow. Alfredson was on
assignment from Australia, and Manevy was
from the French Atomic Commission (CEA).

As an interesting sidelight, John Stockbar
was moonlighting as a local police magistrate
in Lockport at about this time.

PROCESS DEVELOPMENT

Aqueous Dissolution Fluorination and
Fused Salt Processes. Both of these
approaches were under consideration for the
processing of fuels consisting of a small
amount of highly enriched uranium alloyed
and clad with metals such as zirconium and
aluminum. Because of the high enrichment
and small amount of the uranium, the
plutonium levels were too low to warrant its
recovery.

The Aqueous Dissolution Fluorination
(ADF) process involved (1) aqueous dissolu-
tion of the fuel, (2) fluidized-bed drying of the
solution to a dry powder, and (3) fluorination
to recover uranium as the hexafluoride. These
basic steps were demonstrated with about
95% recovery of the uranium. This scheme
appeared to be technically feasible, but other
process concepts without the aqueous
dissolution appeared more attractive, and this
program was discontinued.
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The fused salt process, also for enriched
uranium alloy fuels, consisted of immersing
the fuel elements in a molten NaF-ZrF,
molten salt and sparging the system with
hydrogen fluoride gas at temperatures of 600-
700°C, which converted the fuel constituents
to the fluorides. The resulting UF, was then
converted to volatile UF,, which could be
recovered in a cold trap. Due to the highly
corrosive nature of the system, a graphite
dissolver was required, and a frozen wall
technique was developed. This technique
consisted of heating the molten salt internally
while the vessel wall was kept at a
temperature such that a layer of solid salt was
maintained on its inner surface. This process
concept also seemed to be feasible in
principle, but there were concerns about its
operation and maintenance in a fully remote
facility, and the effort was discontinued.

At this stage of development of fluoride
volatility processes, it appeared that the
greatest promise lay in all-volatility schemes
using fluidized beds and gaseous reactants.

Direct Fluorination Process for Alloy Fuels.
Both Brookhaven (BNL) and ANL were
involved in this development, and it was
aimed primarily at alloy fuels that contained
low levels of highly enriched uranium in
zirconium, although some additional work
was done with aluminum and stainless steel
systems. The basic steps of this process were
as follows:

1. Decladding and conversion of the
zirconium and uranium to their
tetrachlorides by reaction with gaseous
HCI in a fluidized bed of alundum at
350-450°C.

2. Conversion of the tetrachlorides to the
tetrafluorides by passing gaseous HF
through the bed at 270-350°C.

3. Volatilizing the uranium with fluorine
gas at 200-500°C to produce UF.
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In the early work on this process, many
scoping studies were made on decladding
reagents and conditions, development of
suitable fluidization equipment, and
optimization of operating conditions.

A pilot plant with a 6-in.-dia fluidized bed
unit and a 30-kg capacity was constructed, in
which the direct fluorinations were
conducted. Eighteen runs were made, during
which 24 fuel elements containing either
natural uranium-zirconium oOr uranium-
aluminum alloy were tested. Performance of
the equipment was generally trouble-free. The
throughput rate was 3 kg/hr for both fuel
alloys, and uranium recoveries were greater
than 99%.

This work was followed by high-activity-
level experiments with irradiated fuels
conducted by Al Chilenskas and co-workers
in the Senior Cave facility. These fuels
included high-enrichment uranium-Zircaloy
and uranium-aluminum alloys, low-
enrichment uranium oxide, and mixed
uranium-plutonium oxide. The objective was
to obtain information on (1) the distribution of
fission products, (2) decontamination factors
that might be realized, and (3) the effects, if
any, of irradiation and fission products on
uranium recovery.

For the alloy fuels, a simple two-step
procedure was used in which the fuel was
treated with HCl in a 1.5-in.-dia fluidized bed
to form volatile chlorides of zirconium or
aluminum, which were vaporized. The non-
volatile uranium chlorides (UCl;, UCL,) were
collected in a packed bed filter and then
treated with a nitrogen-fluorine mixture to
form UF,, which was collected on sodium
fluoride (NaF) pellets. Further purification of
the UFg could be achieved by subsequent
desorption and collection in cold traps. The
zirconium or aluminum chloride in the HCI
off-gas was collected as a solid in a
condenser, and the HCl was removed by a
filter-scrubber arrangement. Fluorine was
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removed from the nitrogen-fluorine off-gas by
a bed of activated alumina (Al,O,).

The removal of uranium from the reactor
and filter beds was similar to that found in the
pilot-plant operation, which suggested that the
pilot-plant data could be used for irradiated
fuels. Fission-product iodine and krypton
were both volatilized completely during the
hydrochlorination step. Fission-product
cerium, cesium, and strontium were
essentially non-volatile and remained in the
reactor and filter beds. The ruthenium was
basically non-volatile—less than 1%
volatilized and that was collected in a
magnesium fluoride (MgF,) fission-product
trap. The fission products that were
predominantly volatile were molybdenum,
technetium, and tellurium. About 21% of the
neptunium was found with the uranium. The
NaF trap removed most of the remaining
activity, giving high overall decontamination
factors in the range of 10° to 10”. The results
of this work, together with the pilot-plant
experience, indicated that the direct
fluorination process for alloy fuels was a
viable candidate for plant-scale application.

Direct Fluorination Process for Oxide Fuels.
Work had started in the late 1950s on direct
fluorination schemes for processing uranium
oxide fuel of the type used in commercial
power reactors. This is low-enrichment (3%
or so) uranium dioxide, which is in the form
of pellets typically one-half inch in diameter
and length. The pellets are clad with Zircaloy
or stainless steel tubing to form fuel elements.
Plutonium is bred in the fuel during
irradiation and is present in low
concentrations along with fission products.
The early engineering experiments were
conducted with UO, pellets in beds of
fluidized MgF, that were 3, 6, and 9 in. in
diameter. The fluorination reaction is highly
exothermic, so provisions had to be made
both for control of the reaction rate and for
heat removal from the bed. Fortunately, the

fluidized bed was very effective in conducting
heat to the vessel wall, which was air-cooled.
(The excellent thermal conductivity of
fluidized beds was well known, but little
information was available as to how effective
they would be in a bed packed _with fuel
pellets, so a large effort was put into basic
studies of this type of situation.) The
investigators also found that the reaction rate
could be regulated easily by controlling the
rate of fluorine addition, and development
was initiated on an automatic temperature-
control system, using this concept. Although
the reaction rate was proportional to fluorine
concentration, the efficiency of fluorine
utilization was essentially independent of it.
Several materials, including MgF,, ZrF,, CaF,
and Al,O, (alundum), were tested as the
granular materials in the fluidized bed
experiments. Alundum showed the best
overall performance, and it was used through-
out the remainder of the program with good
results.

The fluorination of UO, in a fluidized bed,
because of its heterogeneous nature,
introduced a large number of variables that
had to be addressed in the engineering work.
For this reason, many experimental studies
had to be conducted on a meaningful scale
during process optimization. One such
variable was the composition of the fluorine-
bearing gas used in the process. The early
runs were made with nitrogen as the diluent.
In this case, the fluorination reactions were:

UO, +F, = UO;F,
UO,F, +2F, - UF;+ 0,

The two reactions occurred simultaneously,
and the UO,F, spalled off the pellet as it was
formed. The use of oxygen as a diluent
converted UO, to U,0q, which also spalled off
the pellet, and some of this effect may have
occurred due to the oxygen produced by the
fluorination reaction. To take advantage of
these reactions, a two-zone bed design was



adopted, in which the UO, pellets underwent
the primary fluorination as a packed bed in
the lower zone, and the finely divided
intermediate products rose to the upper zone.
Both zones contained fluidized alundum. This
arrangement eliminated caking and
channeling problems that had been
encountered in the single-stage beds. The
beds were equipped with blowback filters to
return fines to the fluidized region.

Several methods of fuel decladding were
evaluated. In some of the early work, Zircaloy
cladding was removed chemically by a gas
mixture of 10% HCI-90% HF at 500°C,
which converted the zirconium to the
tetrafluoride. An HF-O, mixture was used to
remove the stainless steel cladding. Another
approach was oxidative decladding, in which
the cladding was punctured or slit to admit
oxygen, which converted the UO, to U;0; (a
method also tried in the pyrometallurgical
processes). The resulting powder in the
ruptured fuel segments was then fluorinated
to recover the uranium as UF,. To achieve
complete recovery, measures such as gas
pulsing, reduction, and reoxidation of the
material, and mechanical vibration were
investigated. It appeared that several
decladding options were feasible, depending
on the nature of the fuel.

Some work was done on the use of BrF; as
a fluorinating agent. This compound
converted U,0; to UF,, and the PuO, to PuF,.
This offered the possibility of separating the
uranium and plutonium by a two-stage
fluorination in which BrFs was added first to
fluorinate the uranium, followed by fluorine
addition to volatilize the plutonium. The BrF,
by-product in this case could easily be
refluorinated to BrF; in a separate step.

Engineering-Scale Alpha Facility. A
particularly impressive achievement of the
fluoride volatility program was the design,
construction, and operation of an alpha
facility where work with plutonium could be
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done on a pilot-plant scale. John Vogel had
the primary responsibility for this job, and he
used the Critical Path Method (CPM), a
project management procedure that was
relatively new at the time, in planning the
design and construction of the facility. A
simplified diagram of the facility is shown in
Fig. 3-7. The major components were two
alpha-containment boxes to house the process
equipment. The larger box was 17.5 ft high,
27 ft long, and 3.5 ft wide; the other was 10 ft
high, 13 ft long, and 3.5 ft wide. Although the
process was to be operated remotely, the
boxes, which were based on the standard
CENHAM glove-box design, were equipped
with windows and gloves, and platform
elevators were provided for the workers. The
boxes were equipped with bagout ports,
electrical service, air line inlets, filters, and
sphincter openings. The larger box, which
was to house the main process equipment, had
two large bagout ports under an overhead
crane, and it was located inside a negative
pressure cell as a further safety precaution. In
addition to the two boxes, the facility also
included a large control panel.

The major equipment items in the larger
box were a fluidized-bed fluorinator (3-in. dia
and 6-ft long); two series-connected 4-in.-dia,
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10-ft-long condensers chilled by
trichloroethylene; and 4-in.-dia Al,O, traps.
The smaller box contained metering
equipment for the fluorine, oxygen, and
nitrogen streams. A particular concern with
the fluoride volatility processes was the
hazard associated with PuF,, which is
chemically and radiologically toxic, is
extremely reactive chemically, and exists in a
gaseous form. Any possibility of its release to
the outside had to be eliminated. Bob Kessie
conducted extensive tests and studies on this
problem and found that a combination of
hydrolysis by humidified air and filtration
was effective in removing PuF, from exit gas
streams. This work involved an in-depth study
of the mechanisms involved in the hydrolysis
reaction and filtration.

Work on the alpha facility began in 1962,
and it was ready in 1965 for shakedown runs,
which were conducted with 9-kg batches of
UO,. One impressive achievement was the
production of PuF, from PuF, on a kilogram
scale. A 2.3-kg batch was fluorinated in the
fluidized bed with product recoveries of 79,
101, and 99% and rates of 2-6 Ib PuF/hr per
square foot. In 1965, the AEC had decreed
that development of the fluidized-bed fluoride
volatility process was to become a
cooperative effort by four AEC labs:
Argonne, Brookhaven, Oak Ridge National
Laboratory, and the Oak Ridge Diffusion
Plant. There was also a great deal of industrial
interest in the process at the time. In 1968,
ANL was directed to change the emphasis
from light water reactor fuels, which contain
about 0.5-1.0% plutonium, to fast breeder
fuels, where the plutonium content is about
20% in the core and 4-5% in the blanket.
Conceptual flowsheets were devised for this
application (Fig. 3-8). In 1969, the fluoride
volatility processes were included in the
national policy decision to discontinue
essentially all of the nuclear fuel reprocessing
work in the U.S.

Conversion of Uranium Hexafluoride to
Uranium Dioxide. The final product of
fluoride volatility processes is uranium
hexafluoride (UF;), which may also contain
plutonium hexafluoride (PuFy), depending on
the type of fuel being processed. In the 1960s,
the fuel of choice for most reactors was
uranium dioxide, so there was a potential
need for a process to convert the uranium
hexafluoride to the dioxide in a ceramic-grade
form that was suitable for the refabrication of
new fuel. The method that was selected for
development work was a combination of
steam pyrohydrolysis and hydrogen reduction
in fluidized-bed reactors. The basic reactions
are

UF; + 2 H,0 — UO,F, + 4 HF
UO,F, + H, - UO, + 2 HF

It was discovered early in the program that
these reactions could be conducted
simultaneously with a mixture of steam and
hydrogen, or sequentially as shown. Fluidized
beds were particularly well suited for this
application because of their capabilities for
good heat removal, rapid reactions resulting
from the large solid-gas surface area, and
their flexibility in controlling the conditions
to achieve the desired particle-size
distribution of the product.

Both the simultaneous and sequential
approaches were investigated using 3-in.-dia
fluidized bed reactors and static bed depths up
to about 21 in. Most of the work was done
first on the two-step sequential approach
because of its greater flexibility, the main
point being that it could be run at two
different temperatures. A great deal of effort
was required to solve problems such as bed
caking and to determine optimum
temperatures, bed depths, and the velocities
and compositions of the fluidizing gas. The
best results were obtained when the first step
Was operated at 230°C with a superficial gas
velocity of 0.75 ft/sec, a static bed depth of
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The UO,-PuO; fast breeder reactor fuel pins are first chopped into short lengths, and the oxide fuel in
the form of powder is separated from the metallic cladding material. The oxide fuel is charged into a
fluidized bed of alumina (Al,O;) powder where the uranium and plutonium oxides are converted to
their volatile hexafluorides by a gas stream containing elemental fluorine. The uranium is volatilized
first, followed by the plutonium hexafluoride. Both are collected in condensers where the gaseous
fission products, krypton and xenon, and the volatile fission-product fluorides (those of niobium and
ruthenium), are removed. The uranium and plutonium hexafluorides enter a thermal decomposition
step, where the plutonium hexafluoride is reduced to the non-volatile tetrafluoride. The uranium from
this step is purified by a distillation-sorption procedure, and the plutonium is recovered_ by
fluorinating the tetrafluoride back to the hexafluoride. The purified uranium and plutonium
hexafluorides are then subjected to a hydrolysis reaction with steam and hydrogen to form a
(U,Pu)O; powder suitable for refabrication of new fuel pellets.

Fig. 3-8. Fluoride Volatility Process for Fast Breeder Reactor Oxide Fuels

15 in., 245% excess steam over the operating variables were determined, with

stoichiometric requirement, 15% recycle of
solids, and an average bed particle size of
about 350 pm. Favorable conditions for the
second step were a temperature of 650°C, a
50-50 mixture of steam and hydrogen, and a
static bed depth of 21 in. The fluoride content
of the product was less than 200 ppm, which
is well below the acceptable maximum of
30'.;’E§nglroup then turned its attention to the
one-step Process. The effects of various

special attention being given to the particle-
size distributions and densities of the
products. Sintering in hydrogen was studied
as a means of increasing particle density. The
results indicated that either the one-step or the
two-step process could be used to convert UF,
to UO,.

This work, which was performed by
M. Jones, Irv Knudsen, Norm Levitz,
Don Raue, and Takeo Tamura, is summarized
in ANL-6902.
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Calcination Studies. The calcination work,
although it did not involve a fluoride volatility
process, is included in this section because the
fluoride volatility programs and other
programs using fluidized-bed technology
were closely connected and coordinated under
Al Jonke's leadership. The following
calcination studies, performed by John
Loeding, Norm Levitz, Charlie Schoffstall
and John Kincinas, were unusual in that a
major objective in most process development
programs is to scale up the operations for
application in a large plant. In this case, the
objective was to calcine plutonium or highly
enriched uranium solutions in small columns
to avoid criticality problems. The small units
also reduced the quantity of off-gases to be
handled.

The fluidized bed calciner was a 2.25-in.-
dia column with a conical bottom in which
nozzles were mounted vertically in the apex
of the cone to spray the atomized solution
upward. The spray nozzles and decomposition
of the feed material provided most of the
fluidizing gas. A dual blowback bayonet filter
system was used at the top of the column.
After some initial optimization work, 20
consecutive startups were made successfully
with runs longer than seven hours. After some
minor equipment modifications, runs of
5-14hr were made at temperatures of
425-450°C, with frequent blowback every
3 or 4 min. The bed depths were 10-15 in.
with residence times of 5.2 and 7.8 hr,
respectively. This work had to be suspended
due to manpower needs elsewhere, but the
results showed that fluidized bed calcination
was possible in small, criticality-safe
equipment.

Basic Fluidization Studies. A large body of
information on the care and feeding of
fluidized beds had been and was continuing to
be generated in the applied programs, and
CEN was developing a reputation for its
expertise in this technology. It was

appropriate to devote some systematic
investigations of more general applicability
and greater theoretical depth. In 1960,
Ken Williamson, a Ph.D. student from
Pennsylvania State University, began a study
of the downward transport of solids in a
multistage fluidized bed without downcomers,
using external vibration. The bed was
contained in a three-stage, 6-in.-dia Pyrex and
metal column. Individual external vibrators
were arranged so that the vibrational energy
was transmitted independently to each of the
three bed support plates in the column by a
metal rod. Glass beads served as the bed
material. The throughput rate was controlled
by the percentage of “on time” of the
vibrators. A correlation was obtained for
throughput rate as a function of feed particle
density, shape, and size; column cross-
sectional area; density and superficial velocity
of the fluidizing gas; and depth and size of
beads used on the bed support plates.

The second phase of Williamson’s work
was a study of the effects of operating
variables on the adsorption of water by silica
gel. Murphree stage efficiencies (ratio of
actual change to that if the vapor composition
reached equilibrium in the stage) were near
100%. These data permitted calculations of
mass-transfer coefficients.

In 1963, John Gabor and John Savage
began basic studies on the mixing of fluidized
particles in beds packed with larger solid
bodies. An example of this situation is the
fluorination of uranium dioxide fuel pellets
mentioned earlier, where the fuel pellets were
too heavy to be fluidized and, therefore,
constituted a packed bed in the column, while
the fluidized material in the void parts of the
bed was granular alumina. A major function
of the alumina was to remove the heat of
reaction from the bed by transferring it to the
walls of the column. In the basic studies,
copper and nickel shot were used as the
particles. (This permitted the use of a
magnetic technique for separating the two



metals as an analytical method.) The rate of
mixing was proportional to the size of the
packing, which is consistent with a random-
walk model for eddy diffusion in flowthrough
packed beds. Mixing rates were higher in the
absence of the fixed packing, and they
increased with increased height of the
fluidized bed. With fixed packing, baffling
resulted in more uniform fluidization, and
mixing was independent of bed height. An
empirical correlation was developed for beds
containing spherical packing, which relates
the diffusivity of the fluidized solids to the
packing size, the fluidized particle size, and
the gas-flow rate.

An investigation was then started on heat
conduction in the lateral direction in
fluidized-packed beds and on longitudinal
transport of particles. The thermal
conductivities were correlated by an equation
involving the density and heat capacity of the
fluidized particle, the diameter of the fixed
packing, and the fluidizing gas velocity and
minimum fluidizing gas velocity, both
corrected for packing void fraction.

A basic study was undertaken by Manfred
Baerns and Devabhaktuni Ramaswami on the
fluidization of fine particles of a size less than
50 pm. In this size range, frictional and
interparticle attractive forces become
significant and tend to cause channeling in the
bed.

John Gabor and Ramaswami conducted a
theoretical study of fluidized particle motion
caused by a rising bubble and developed a
computer program to simulate the eruption of
a bubble at the bed’s surface. John Holmes
and Lowell Koppel, a faculty member from
Purdue University, developed models to
predict heat-transfer coefficients at the wall of
a fluidized bed and conducted experiments on
particle mixing and the relationship between
particle residence time and heat transfer.

Ramaswami, Masaru Kobayashi, Bill
Brazelton, and Charlie Schoffstall undertook
a study to compare the behaviors of pulsed-
flow and straight-flow fluidized beds and to
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determine the best design for the feed-gas
distributor. Better mixing was obtained with
the pulsed-flow beds, and a simple cone gas
distributor proved superior to a sintered metal
distributor for the pulsed beds.

Physical and Thermodynamic
Properties of High Temperature
Materials

In 1963 a systematic effort was begun to
determine the thermodynamic properties of
high temperature nuclear reactor fuels and
materials under the direction of Russ Edwards
in Hal Feder’s section. Russ, a wiry, muscular
individual, enjoyed outdoor athletic activities
and, as a result, chose to live in the Indiana
Dunes area, which meant about a 60-mile
daily commute each way in his Volkswagen
“beetle.” On one occasion, he was seriously
injured in an auto accident that few people
would have survived, but apparently due to
his excellent physical condition he recovered
completely. A somewhat professorial type, he
was exacting about his experimental work and
liked to interpret his results in terms of
theoretical principles.

For the first few years, this program was
concerned almost exclusively with the phase
relationships and thermodynamics of uranium
dioxide, which was the fuel of choice for most
reactors under consideration at that time.
These studies were aimed primarily at the
U-UQ, region of the uranium-oxygen system.

The initial work consisted of five activities:

1. Effusion vapor pressure measurements
by Malleseety Chandrasekharaiah and
Phil Danielson, using a Knudsen
effusion apparatus.

2. Mass spectrometric effusion studies by
John Reishus and Phil Danielson, using
a Bendix time-of-flight mass
spectrometer to measure species in the
gas phase.



122 1960-1970

3. Transpiration studies by Marv
Tetenbaum and Carol Clifton, in which
an inert gas was passed over a heated
sample to determine the identity and
composition of species in the gas phase.

4. Phase-diagram investigations by Al
Martin, Leo Yannopoulos, and Frank
Mrazek, using conventional thermal
analysis and metallographic techniques.

5. Interdiffusional studies by those same
individuals to evaluate the compatibility
of refractory metals such as tungsten,
rhenium, and molybdenum as
containment and support materials for
the fuel materials under investigation.

Some of this work was done as a
collaborative effort with Ray Ackerman and
Bob Thorn of the Chemistry Division, who
made certain equipment available for the
purpose. This integrated approach to the
uranium dioxide studies gave the work a wide
scope and permitted cross-checking of results
obtained by different methods.

A U-UO, phase diagram that evolved from
these studies is shown in Fig. 3-9.

An outstanding characteristic of this
system is a wide liquid miscibility gap above
the monotectic temperature of 2470°C. At the
monotectic temperature, the O/U ratio units
for the three condensed phases in mutual
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Fig. 3-9. Uranium-UO, Phase Diagram

equilibrium are liquid uranium, 0.05;
monotectic liquid, 1.30; and hypostoichio-
metric UO,, 1.61. Through a combination
of the effusion studies, transpiration experi-
ments, and mass-spectrometric measurements,
the vapor pressures and compositions for the
system shown in Fig. 3-9 were characterized
in detail. This information was used to
develop a thorough thermodynamic descrip-
tion of the system, which was valuable both
as a basic scientific contribution and as a
guide in interpreting phenomena observed
during examinations of irradiated reactor
fuels.

After his arrival at ANL in 1964,
Jim Battles joined Russ Edwards in a study of
the vapor deposition of tungsten claddings on
complex W-UO, cermets. This was a part of
the ROVER project for nuclear-powered
space vehicles, which was a highly classified
program at that time. Other studies were
undertaken on systems involving refractory
metal oxides. A study of the system
U-W-UO, showed that the miscibility gap on
the U-UO, side extended into the interior of
the ternary phase diagram. Paul Blackburn
came to CEN in 1967, and replaced
Russ Edwards as the Group Leader in 1968.
The program was expanded to include pluton-
ium to provide information on potential oxide
fuels for LMFBR applications. This effort
included phase-diagram studies of U-Pu-O by
Al Martin and Frank Mrazek; mass-
spectrometric vaporization investigations by
Jim Battles, Gordon Gunderson,
John Reishus, and Bill Shinn; effusion
measurements by Phil Danielson, and
transpiration studies by Paul Blackburn and
Steve Banaszek.

For the mass-spectrometry work with
plutonium, a glove box was designed and
constructed to house the source end of a time-
of-flight mass spectrometer, which included a
high-temperature Knudsen cell as the inlet
system. The initial phase of this study, by
Jim Battles, John Reishus, and Gordon



Gunderson, was to find a material for the
Knudsen effusion cells that was completely
compatible with the uranium and plutonium
oxides at high temperatures (>2000°C). The
compatibility studies showed that tungsten
and molybdenum react with UQ, , at
relatively low temperatures, as evidenced by
vapor species such as W;0, and Mo;0,. A
study of the Re-O system showed that an
unusual vapor species, Re,0, was the
predominant species at 800°C. Vapor
pressures of Re,O, over the two systems Re-
ReO, and ReO,-ReO; were determined.
Further compatibility studies identified
iridium as being completely compatible with
the uranium and plutonium oxides, and it was
used in all the subsequent mass-spectrometry
work. Based on this work, iridium was also
selected as the cladding material for **PuO,
power sources in space applications. Reishus
left ANL in 1967 to obtain a doctor of
divinity degree, and Gunderson left for other
opportunities. About that same time, Bill
Shinn returned to the group.

During the period 1967-70, the mass
spectrometric-Knudsen diffusion studies were
completed on the systems Pu-O, U-Pu-O, and
Na-U-O. Jim Battles and Bill Shinn
determined the partial pressures of plutonium
oxide vapor species, and enthalpy data were
derived from the results. These were all first-
of-a-kind studies. Complementary investiga-
tions of the U-Pu-O system included phase-
diagram studies by Al Martin and
Frank Mrazek, who established the metal-rich
boundary of the U-Pu-O fluorite phase, using
equilibration and metallographic methods,
effusion measurements by Phil Danielson,
and transpiration experiments by Paul
Blackburn and Steve Banaszek. Paul
Blackburn and Hong Yih Chen investigated
possible reactions between cesium oxide and
iodine that might occur in irradiated fuel.
Their initial results suggested a possible
Cs-U-O ternary compound.
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Although the primary empbhasis at the time
was on oxide fuels, both for light water and
fast breeder reactors, there was also some
interest in the carbides, sulfides, and
phosphides of uranium and plutonium, all of
which are highly stable ceramic materials.
Reishus, before leaving ANL, had conducted
some studies on UN and UP. Mass-
spectrometric Knudsen effusion studies were
planned for the systems Pu-C, U-Pu-C, PuP,
and PuS. Jim Battles, Russ Edwards, and Bill
Shinn measured the pressures of plutonium
gas over the two-phase regions of Pu,C;-C,
Pu,C,-PuC,, and PuC,-C and determined the
enthalpies of the formation reactions. Marv
Tetenbaum and Pete Hunt used transpiration
methods to measure the carbon activity and
the total pressures of binary carbon species in
the vapor phase as a function of temperature
and composition. These data provided
information on the locations of phase
boundaries in the U-C system at high
temperatures and estimates of the free
energies and heats of formation of UC.
Further work on these systems was terminated
in 1970 as a consequence of priorities
established for the LMFBR programs.

Reactor Safety

Through the mid-1960s, the Chemical
Engineering Division continued a large
reactor safety program to determine the nature
and extent of chemical reactions that could
occur during a reactor accident. The purpose
of these studies was to provide information
that would aid in minimizing the hazards of
such accidents. The main areas of research
were (1) metal oxidation and ignition kinetics,
(2) metal-water (steam) reactions, and
(3) studies related to fast reactor safety.

METAL OXIDATION AND IGNITION
KINETICS

Work in this area was focused on the kinetics
of air oxidation of metallic uranium and
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plutonium up to temperatures approaching
their melting points. Oxidation rates for both
metals were determined as a function of
temperature and characterized (parabolic or
linear), and the protective effects of oxide
films were assessed. An interesting
phenomenon in the case of plutonium, which
undergoes six phase changes between room
temperature and 600°C, was a change in the
plutonium oxidation rate when a change of
phase occurred.

METAL-WATER REACTIONS

In water-cooled reactors, coolant failure or a
severe nuclear excursion could cause the
reactor core metals to melt and disperse
rapidly in water. Chemical reactions between
the dispersed metal particles and the water
could release an amount of energy
approaching or exceeding that released by the
fission process during a nuclear excursion.
Realistic estimates were needed of the rate
and extent of chemical reactions during
hypothetical reactor accidents.

Among the metal-water reactions that were
studied were stainless steel-steam at 1400°C,
steam at 1500°C with UO, fuel elements clad
with stainless steel or Zircaloy-2, and
UO,-steam at 1500°C. Small autoclave
experiments were conducted in the Transient
Reactor Test Facility (TREAT) facility, a
pulsed thermal reactor used for safety studies.
This reactor, located at the National Reactor
Test Station (NRTS), went critical in 1958.
The purpose of these experiments was to
determine the reaction between fuel and water
during reactor excursions. Several fuels were
studied, the two principal ones being UO,
fuel-pin clusters having Type 304 stainless
steel and Zircaloy-2 cladding. The resulting
data were used to make predictions of the
extent of metal-water reactions that would
occur during a loss-of-coolant accident in a
water-cooled reactor.

FAST REACTOR SAFETY STUDIES

The purpose of these studies was to determine
the consequences of core melting and rapid
dispersion of reactor materials in the liquid
sodium coolant due to coolant failure or a
rapid reactor excursion. In one set of
experiments, small samples of metals heated
to temperatures between 1500 and 2400°C
were dropped into liquid sodium, which was
at 250°C. The list of metals comprised
zirconium, vanadium, nickel, Type 304
stainless steel, molybdenum, tantalum, and
uranium. None of them reacted with the
sodium, but the sudden quenching in sodium
produced severe fragmentation, especially
with the stainless steel. Similar behavior was
observed with UO,. Autoclave experiments
were also conducted in TREAT to measure
the expulsion of sodium during sharp reactor
transients and to determine the extent of fuel
fragmentation. Such information was used to
estimate the migration of fuel particles in a
fast reactor during and following an
excursion. Studies were also made of sodium-
air and sodium-water reactions using sodium
spray-injected into a reaction vessel to
simulate the violent expulsion of sodium from
a reactor core.

At the end of Fiscal Year 1968
(September 30, 1968), the Reactor Safety
program was transferred to the newly formed
Reactor Analysis and Safety Division (RAS).

Lou Baker headed up the Reactor Safety
program. Art Tevebaugh and Dick Ivins were
also involved in management of the program.
Other participants were Don Armstrong,
John Barghusen, Charles Barnes, Jim Bingle,
Jim Boland, John Cassulo, Martin Chasanov,
Dae Cho, Marshall Deerwester, Don Fischer,
Bill Gunther, Larry Harrison, Jim Hesson,
Len Leibowitz, Bob Liimatainen, Larry
Mishler, Kazou Nishio, John Pavlik,
Jim Peck, Chester Rogers, Martin Silverman,
Carl Stretch, Dave Swift, Frank Testa,
Kegham Varteressian, and Bob Wilson.



Chemistry of Irradiated Fuels

A program was initiated, primarily by Carl
Crouthamel, with the objective of obtaining
fundamental chemical data on irradiated fast
reactor fuels to gain an understanding of the
chemical processes that occur within the fuel
during the irradiation. The initial studies were
directed to carbide and oxide fuels. This work
required a number of specialized facilities and
equipment, and an inert atmosphere enclosure
was installed in one cell of the Chemistry
Division cave facility in Bldg. 200.

An impressive array of new instruments
was assembled, including a Leitz remote
metallograph, a spark-source mass spectrom-
eter, a 4096-channel analyzer with two solid-
state detectors for y-ray spectroscopy, a
surface ion-emission spectrometer, and a
shielded electron microprobe. The first
studies, made by Norm Chellew, Max Adams,
and Chuck Honesty, were on pressed-and-
sintered and arc-melted uranium monocarbide
and on irradiated uranium dioxide.
Microdrilling and laser sampling were used to
obtain concentration profiles of the fuel
constituents. The electron microprobe proved
to be an excellent tool for the fuel
examinations. Results from a stainless-steel-
clad UO,-20% PuO, fuel pin irradiated to
3.7 at.% burnup in EBR-II showed a fuel-
cladding interaction, fission-product iodine at
the fuel-cladding interface, and iron from the
cladding in the fuel matrix. Somewhat similar
effects were observed with a UC-20% PuC
fuel pin.

The microprobe operators developed a
procedure by which “maps” of the sample
were made in which each element was
represented by a particular color. This feature
was useful in visualizing the migration of
elements that had occurred during irradiation
of the sample. These rather spectacular
colored pictures of the samplf? surface were
also very useful for public-relations purposes.
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Some work was also done with tagging
methods to identify positions of fuel failures
in a reactor. One method involved spiking
each fuel element in a subassembly with a
unique ratio of two sodium-soluble
radioactive isotopes that could be detected in
the coolant sodium in the event of a leak. The
other method involved the use of two xenon
isotopes, again in unique ratios, which could
be detected in the cover gas over the sodium
coolant.

In 1969, the group, still under the direction
of Carl Crouthamel, had expanded to include
Harry Edwards, Ping-Kay Hon, Laury Ross,
and Gus Staahl. Carl Johnson, Norb Stalica,
Chuck Seils, and Karl Anderson did the
electron microprobe work; Bob Meyer and
Carl Johnson handled the sodium-soluble
tagging studies; the xenon tagging was a joint
effort between George Bernstein and
Les Coleman at CEN and the EBR-II staff at
the Idaho site.

Preparation of Fast Reactor
Fuels

The preparation of metallic and oxide fuels
for fast breeders was mentioned in the
previous discussions of pyrometallurgical and
fluoride volatility processes, respectively.
Work was also done on several other more
exotic materials that were under consideration
as potential fuels. In 1960, Carl Crouthamel
and Bill Knapp terminated a study they had
been doing on a “Slurrex” process for making
a ThO,-10% UO, ceramic fuel, which
involved a gel precipitation step and firing the
resulting material to 1000°C.

Carbide fuels were being considered both
for high temperature gas-cooled reactors
(HTGRs) and certain other types of reactors.
As an outgrowth of the pyrometallurgical
program, work was initiated on schemes for
producing mixed uranium-plutonium carbide
fuel material by precipitation from liquid
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metal solutions. The first experiments used
hydrocarbon gases (methane, ethane, propane,
acetylene) as the carbon source; these gases
were bubbled through a solution of uranium
in molten zinc-magnesium. In later work,
activated charcoal and graphite were added
directly to the solution. The procedure
consisted of adding the carbon to a
Zn-12 wt% Mg-15 wt% U solution and
agitating the system for several hours at
800°C. The product was recovered by pouring
off most of the supernatant liquid metal and
removing the remainder by vacuum retorting.
These studies were done in cooperation with
George White of MET (the Metallurgy
Division, now Materials Science), who
evaluated the fabricability of the products.
The material sintered readily and made
excellent fired pellets with densities greater
than 90% of theoretical value. The procedure
was scaled up to produce 0.5-1.0-kg batches
of material for the fabrication tests by MET.

A fluidized-bed process for the preparation
of uranium monocarbide (UC) was also
investigated. In this process, 300- to 600-g
batches of (U-15 wt% Pu) fuel pins were
hydrided at 250°C by a hydrogen-2 vol%
methane mixture to form a fluidizable
powder. The material was then dehydrided by
continuing the operation at a temperature of
500°C with the same gas mixture. The
product from this step was fluidized with a
hydrogen-6 vol% methane mixture at 800°C
and 2 atm pressure. The hydrogen/methane
ratio was critical in avoiding the formation of
plutonium sesquicarbide (Pu,C,), but, if
necessary, this compound could be reduced
back to the monocarbide by treating the
product with hydrogen. Several batches of
(U-20% Pu)C were prepared and fabricated
into pellets by pressing and sintering.

A second method of preparing carbide
fuels from the oxides entailed the reaction of
UO, with graphite at 1500-1800°C in a bed
fluidized by an inert gas. There were some
problems with sintering of the UO,, but a

projection was made that a 30-kg/day plant-
scale operation could be achieved with a
12-in.-dia fluidized bed. Preliminary work
was also done on the use of a plasma torch to
conduct this reaction, but the program was
terminated due to a fading interest in carbide
fast reactor fuels.

A small program was directed to the
conversion of uranium metal to the dioxide to
prepare oxide fuel for a breeder reactor from
the metallic uranium product of a
pyrometallurgical process. The uranium was
first hydrided-dehydrided in a fluidized bed,
and then treated with a CO,-inert gas mixture
for 4-9 hr with the temperature increasing
from 400 to 825°C. When the carbon content
of the product was found to be too high, a
partial nitriding reaction prior to the CO,
addition resulted in a stoichiometric product
with an acceptable carbon content
(<100 ppm).

Some work was done on the preparation of
uranium monosulfide, another refractory
material that was in contention as a fast
reactor fuel. This preparation involved:
(1) hydriding-dehydriding of uranium to form
a fine powder, (2) heating the powder with the
stoichiometric amount of hydrogen sulfide
(H,S) at 400-500°C, and (3) heating the
resulting mixture to 1900°C to convert any
unreacted uranium and higher uranium
sulfides to the monosulfide. About 2 kg of
this product was prepared in 100- to 300-g
batches to provide the MET Division with
material for fabrication and irradiation tests.

Finally, research was conducted on a paste
of uranium nitride (UN) in liquid sodium,
which had been proposed as a semi-fluid
blanket for fast breeder reactors. The idea was
that this material could be circulated through
tubes, which would serve as heat exchangers
and would have some advantages over solid
blankets: (1) ease of fission-product gas
removal, (2) the possibility of frequent or
continuous processing, and (3) reduction of
thermal gradients in the blanket. The UN was



prepared by exposing uranium shot to
nitrogen first at 900-1050°C, followed by
several hours at 1350°C. When mixed with
sodium, this material formed a paste that had
the degree of fluidity needed for the purpose.

Terry Johnson took the lead on the initial
carbide studies, assisted by John Trischan.
Dean Pierce, John Lenc, John Pavlik, and
Marion Bowden worked on the precipitation
studies, and Irv Winsch, Tom Cannon, and
John Schilb handled the plutonium
experiments. Don Armstrong, G. Gorth,
Dave Grosvenor, John Holmes, Paul Krause,
Paul Nelson, John Pavlik, Charles Payne,
Ed Petkus, Nick Quattropani, D. Ramaswami,
and Sy Vogler did the fluidized-bed and
plasma-torch studies. Sy Vogler and
John Trischan carried out the sulfide studies,
and Paul Nelson, Martin Chasanov, and
Clarence Lehmann did the work on paste
blankets.

Preparation of High-Purity
Plutonium-238 Metal

The Division was requested to investigate the
potential use of pyrochemical methods for the
recovery and purification of plutonium-238 in
various materials. This isotope, which was
used as a power source in the space program,
has about 300 times the alpha activity of the
plutonium-239 associated with fuel
reprocessing and therefore required special
handling procedures. The major hazard was
neutrons produced by (o.,n) reactions with
impurities such as fluorine, oxygen, and other
common light elements. Paul Nelson,
Jack Fischer, Jim Haley, John Lenc, and
John Schilb conducted these studies.

A special glove-box facility was adapted
for the work by using water as shielding for
protection against the neutron emissions. Jack
Fischer solved a problem that had plagued
many people doing glove box work. Every

time a researcher weighed something, read a
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pressure, or observed something significant,
he or she had to disengage from the gloves,
check their hands, make an entry in the
notebook, and then reinsert their hands back
into the gloves. Jack installed a voice-
activated tape recorder to record the data
orally.

Two laboratory-scale runs were made to
demonstrate the recovery of metallic
plutonium-238 by the reduction of ***Pu0, in
liquid zinc-magnesium or zinc-calcium,
followed by vacuum distillation of the solvent
metals. Most of the undesirable elements that
cause (o.,n) reactions were removed by this
procedure. Two other experiments were
conducted with *’PuO, microspheres (a
stand-in for **Pu0,) by the above procedure,
except that the plutonium was subjected to a
salt-transport separation and recovered by
retorting. A satisfactory recovery of
plutonium and a good separation from the
light elements was achieved in both
experiments.

In two further runs, an attempt was made to
recover high-purity plutonium metal from a
*Pu0,-molybdenum cermet fuel. The cermet
was disintegrated successfully, but the
plutonium product contained excessive
copper from the CuCl, used in the salt-
transport separation. Work on this project was
discontinued June 30, 1969.

Determination of Nuclear
Constants

With the prospect of EBR-II coming on line
soon, there was a need to have detailed,
accurate information on pertinent cross
sections for reactor physics calculations
involving fast neutrons. Much of this
information was available, but there were
gaps that needed to be filled and questionable
values that needed be checked. To perform
these calculations, one needs to know (1) the
neutron energy spectrum of the reactor as a



128 1960-1970

function of age and location in the core,
(2) capture and fission cross sections as a
function of neutron energy, and (3) the
production rate of nuclides from other
nuclides. Cross-section data are required both
for the fuel constituents and the other
components such as control and structural
materials.

Most of the early studies in the 1960s made
use of Van de Graaff generators in the
Reactor Engineering (RE) and Physics (PHY)
Divisions, which could produce mono-
energetic protons at a prescribed energy level.
The proton beam was then directed to a
lithium target to produce monoenergetic
neutrons through the reaction Li’(p,n)Be’. The
range of neutron energy levels was 0.4 to
1.7 MeV. The capture cross sections were
derived by counting the decay rate of the
activation product. This count was done with
an alpha pulse-height analyzer in conjunction
with a 256-channel analyzer. The detector
was a thallium-activated Nal crystal.

The Mark III version of EBR-I was used to
determine neutron capture/fission cross
sections of U-233, U-235, U-236, Pu-239, and
Pu-240. The samples were irradiated for
800,000 kWh. The fission cross sections were
obtained by analysis of fission-product
Cs-137, which is produced at a rate
essentially independent of neutron energy.
Technetium-99 was shown to share this
characteristic and to be an alternative isotope
for monitoring fission. This observation was
of interest because cesium was removed
during the melt refining process for EBR-II
fuel, whereas technetium remained with the
uranium and plutonium. The capture cross
sections were established from mass
spectrometric analyses of the products.
Capture/fission cross-section ratios were
measured for specimens from various
locations in the EBR-I reactor, and they
varied significantly. For example, the values
for U-233 ranged from 0.06 in the core to
0.13 in the outer blanket. A computer

program was developed to reduce the EBR-I
data to monoenergetic neutron cross sections.
Following the EBR-I irradiations, arrange-
ments were made to insert samples of U-233,
U-235, U-238, Pu-239, and Pu-240 into
EBR-II for similar measurements.

The rare earth elements were of interest as
possible control materials. Neutron capture
cross sections were determined for Eu-170,
Gd-158, Pr-141, Lu-175, La-139, Y-84, Y-89,
Yb-176, Ti-50, Rb-85, Rb-87, Sr-84, Sr-86,
and Sr-87, using the Van de Graaff machines.
Radiative capture and scattering of neutrons
by structural materials such as molybdenum
and niobium were also determined.

Integral capture cross sections were
determined by irradiating specimens of
stainless steel and other structural metals in
EBR-II and examining the reactor neutron
energy spectrum. Further capture-to-fission
ratios were determined by irradiations of
various uranium and plutonium isotopes, and
experiments were conducted to measure the
fast fission yields of tritium, hydrogen, and
helium as a function of neutron energy.

During the course of this work, an ongoing
effort was maintained on the development of
new counting techniques. A liquid
scintillation system employing a photoelectric
tube and amplifiers was developed for 47 beta
counting, and in 1967 a lithium-drifted
germanium detector was installed.

Carl Crouthamel was the principal
investigator during most of this work, but
Don Stupegia and Ed Dewell handled this
responsibility during the two years that
Carl was absent from ANL. Norm Dudey,
Bob Heinrich, Al Madson, Chris Gatrousis,
Jackie Williams, and Gene Kucera also made
major contributions to this program.

Calorimetry

The calorimetry program continued with the
objective of determining the thermodynamic
properties of substances of interest in high



temperature chemistry and nuclear
technology. This was a major part of the
Division’s overall effort on the physical
chemistry and thermodynamics of high-
temperature materials, which also included
phase studies, property measurements, and
other activities. The specific mission of the
calorimetry group was to determine the room-
temperature and high-temperature enthalpies
(heats) of formation.

In using combustion calorimetry to
determine the enthalpy of formation of
compounds, accurate data must be available
on the enthalpies of formation of the reaction
products. For example, a determination of the
enthalpy of formation of US (uranium
monosulfide), using fluorine combustion
calorimetry, involves the reaction

US + 6 F, — UF, + SF,

The value for the enthalpy of formation of
US can be no more accurate than the values
available for UF, and SF,. For this reason,
much of the effort in the calorimetry program
was aimed toward the enthalpies of formation
of fluorides of the individual elements.
Although literature data were available on
most of these fluorides, many of the values
had been obtained by indirect methods or
were questionable for some other reason and
were therefore redetermined experimentally
by the fluorine combustion method. These
elements included Al, B, C, Cd, Gd, Ge, H,
Hf, Ho, I, La, Mg, Mo, Nb, Ni, P, Ru, S, Se,
Si, Ta, Th, Ti, U, W, Y, Zn, and Zr.

Calorimetric measurements are inherently
difficult not only because they require very
careful, precise techniques and equipment, but
for many other reasons as well. The starting
material must be of high, or at least exactly
known purity. Some substances are difficult
to ignite. In most cases, a thin wire was used
to start the reaction, which then proceeded to
a foil and then to a more substantial sample
such as a pin. In other situations, some other
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readily ignitable material was used as a fuse.
A jet of fluorine produced the best ignitions in
certain cases. With many materials, the
reaction did not go to completion, so the
unreacted portion had to be separated,
characterized, and measured by weighing or
other means. There were also problems with
reactions of substances such as uranium,
which have multiple oxidation states. A large
amount of effort was required to obtain good
data for UF, due to the formation of UF;, UF,,
and ill-defined compounds between UF, and
UFq, but it was finally done successfully.

In the early fluorine-combustion work, the
fluorine that was commercially available had
significant impurity levels (1.14% O,, N,,
CF,, C,F). Larry Stein of the Chemistry
Division purified fluorine by fractional
distillation and obtained a purity of 99.96%,
which was considered satisfactory. The
General Chemical Division of the Allied
Chemical Co. built a similar still that
produced 99.9% fluorine for commercial sale.

Some of the information on compounds
was obtained by oxygen combustion methods.
Enthalpies of formation were measured for
UN, WS,, ZrH,, ZrD, (D is deuterium), MoS,,
SiC, Pu, PuC, Pu,C; PuO,, PuN, and as
information on fluorides of the elements
began to emerge, the fluorine combustion
method was used to determine enthalpies of
formation for BN, B,0,, HfB,, NbB,, SiC,
Si0,, TaB,, UP, US, UB,, ZrB,, and Na,C,.

The combustion calorimetry work
produced data for a standard temperature of
298 K (25°C). In practical applications such
as process calculations, it is necessary to have
enthalpy data over a wide temperature range.
Ideally, if entropy values are available or can
be calculated and the thermodynamics of
pertinent phase transitions are known, free
energies of formation can be obtained. This
information would yield a complete set of
thermochemical data for a compound, similar
to those published in the widely used JANAF
(Joint Army, Navy, Air Force) tables.
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To provide the higher-temperature
enthalpy data, a drop calorimeter capable of
temperatures up to 1500°C was constructed
(Fig. 3-10). This device consisted basically of
a furnace in which a sample suspended by a
wire was heated to a precisely known
temperature and then dropped through a gate
mechanism into a calorimeter where the heat
evolution was measured as the sample cooled.

Although simple in principle, this
equipment was highly complex in its design,
construction, and operation, and several years
of effort were required to work out all the
problems and place it in operation in 1966. A
second drop calorimeter of the same basic
design, but with numerous modifications, was
built to extend the temperature capability up
to 2500°C. In the higher temperature
calorimeter an electron-gun heater and a
pyrometer for temperature measurement were
used instead of the resistance furnace and
thermocouple used in the 1500°C calorimeter.
Later on, a third drop calorimeter having a

temperature capability of about 3300°C was
constructed. Induction heating was used to
heat the specimen in that unit.

DROP CALORIMETER

STAINLESS STEEL

DUST SHIELD—

Fig. 3-10. Schematic of Drop Calorimeter

Ward Hubbard was the individual in
charge of this work; others who participated
include Milt Ader, Don Fredrickson,
Elliott Greenberg, Jerry Johnson, Ralph
Nuttall, Pat O'Hare, Howard Porte,
Ed Rudzitis, Jack Settle, Rosemary Terry,
Erv Van Deventer, Steve Wise, and Bob Kleb

from Central Shops.

Energy Conversion and Storage
THERMOELECTRIC RESEARCH

In 1961, Hal Feder and Russ Edwards started
a fundamental research program on
thermoelectricity to contribute to the
technological development of systems in
which the thermoelectric effect is used to
convert nuclear reactor heat directly into
electrical power. Both liquid and refractory
solid thermocouple materials were
investigated. The criterion for evaluating such
materials was a “figure of merit,” Z, which
was defined as follows:

Z=S8lk

where S is the Seebeck coefficient, o is the
electrical conductivity, and k is the thermal
conductivity. (The Seebeck coefficient is a
measure of the effect of temperature
difference between the two junctions of a
thermocouple on the electrical potential that is
generated.)

The work on liquid materials was directed
mainly toward the indium-antimony (In-Sb)
system. Seebeck coefficients were measured
at compositions over the entire liquid range of
the system at various temperatures from about
630 to 750°C. Temperature differences of
10 to 15°C were used for the two legs of the
thermocouple. An addition of 20 at.%
bismuth raised the Seebeck coefficient of
indium by approximately a factor of two, and
the values were of the order of 1pV/°C.



Results were generally similar for the systems
In-Bi and Sb-Bi.

The studies of solid materials were
concerned primarily with uranium
monosulfide (US), a compound known to be
stable up to high temperatures. Uranium and
thorium monosulfides were selected on the
basis of their stabilities up to high
temperatures and their electronic similarity to
cerium sulfide, which was known to have a
large Seebeck coefficient. Over the
temperature range from 150 to 1200°C,
Seebeck coefficients for the US were -40 to
-90 pwV/°C, which are somewhat lower than
those for cerium sulfide. When converted to a
figure of merit, the Z values for US were
considered to be about a factor of ten too low
to be useful for practical applications, and the
program was discontinued in 1963.

During the course of these studies, a great
deal of information was generated on the
thermodynamic and physical properties of
these systems in addition to their thermo-
electric characteristics. Some of the
individuals who contributed to this work were
Russ Edwards, Phil Danielson, Clyde Metz,
Frank Mrazek, and Marv Tetenbaum.

THERMALLY REGENERATIVE
GALVANIC CELLS

At about the same time that the work on
thermoelectric systems ended, a research
study on thermally regenerative galvanic cells
was initiated, largely through the efforts of
Carl Crouthamel. The eventual goal of this
effort, like that of the thermoelectric program,
was to couple a nuclear reactor with a device
that would convert the thermal energy directly
into electricity. The idea was to dissociate a
chemical compound by the reactor heat and
then recombine the dissociation products to
form that same compound in an electro-
chemical cell to produce the electricity. This
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was not a new concept created at ANL; work
was already in progress at various
laboratories, but it was felt that CEN’s
experience and capabilities for handling liquid
metals and molten salts would be a major
asset in mounting such a program.

Argonne researchers recognized that the
efficiency of a thermally regenerative electro-
chemical system would be unlikely to exceed
that of a steam turbine because it, too, would
be subject to the Carnot cycle limitation. It
might, however, have other advantages:
(1) few, if any, moving parts, (2) adaptability
to a wide range of plant sizes, (3) compact-
ness and lower weight, and (4) ability to
isolate the system rigorously through its
useful life.

The first system to be investigated was the
lithium/hydrogen cell, which consisted of a
liquid lithium electrode, a hydrogen electrode
in which the hydrogen was admitted by
permeation through an iron diaphragm, and a
molten LiCI-KCI electrolyte (m.p. 352°C).
The overall cell reaction is

2Li+H, = 2LiH

The lithium hydride product dissolved in
the electrolyte. Because little was known
about the phase relationships of LiH with the
alkali metal halides, a considerable
experimental effort was devoted to this
subject. Some of the results are given in
Table 3-2.

Table 3-2. Lithium Hydride Salt Systems

Minimum | Eutectic Comp.,
System | Melt. Pt., °C mol% LiH
LiH-LiCl 495.6 34.0
LiH-LiBr 453.3 297
LiH-Lil 390.8 23.5
LiH-LiF 684 Solid Solution
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Information was also obtained on the
systems LiH-KCl, LiH-NaCl, and LiH-LiCl-
KCI. From the standpoint of phase relations,
LiH behaved much like an alkali metal halide.

Initial electrical measurements on the Li/H,
cell showed a high efficiency, but the current
was limited by slow diffusion of the hydrogen
through the Armco iron diffusion barrier.
Other barrier designs and materials were
tested, and some work was done on the
regeneration of Li/H, cells. The final
conclusion was that the overall efficiency that
could be expected from the Li/H, cell was in
the range of 8 to 12%, which is about the
same as that for existing mercury-vapor-cycle
and thermoelectric devices.

Work was also started on bimetallic
concentration cells with liquid metal
electrodes:

M, / Electrolyte + M, Salt/ M, in M,

where M, is a volatile metal, and M is non-
volatile. As the cell is discharged, M, is
transported through the electrolyte as ions,
and its concentration increases in the My
electrode. The cell is regenerated thermally by
vaporizing M, selectively from the M,-Mg
electrode and returning it to the pure M,
electrode. After an evaluation of the alkali
metals, lithium was selected as the volatile
metal, and the LiCI-KCl eutectic was chosen
as the electrolyte. Polarization curves were

measured for lithium electrodes in
combination with other liquid metal
electrodes, which included Te, Bi, Sn, Pb, Zn,
and Cd. The potentials ranged from 193V
for the Li/Te couple down to 0.66 V for
Li/Cd. On the basis of the potentials, vapor
pressures, solubilities, and other factors, Li/Sn
and Li/Bi were selected for further initial
studies. Solid intermetallic compounds exist
in both systems: Li;Sn, and Li,Sn in Li-Sn
and Li,Bi in Li-Bi. Thermodynamic functions
of these systems were determined, and
preliminary regeneration studies were started
on Li-Bi, Li-Sn, and Na-Sn. The system Na-
Bi was investigated by mass spectrometric
and effusion measurements. Attention was
turned to various other electrolyte
compositions, including LiF-LiCl, LiF-LiCl-
Lil, NaF-NaCl-Nal, LiF-Lil, and LiBr-LilL.
The compound Li;Bi was found to be soluble
in molten LiF-LiCl. This discovery led to a
series of solubility and absorption spectrum
studies of lithium and sodium intermetallic
compounds in molten salts. The solutions
were of various colors.

Table 3-3 is a summary of the more
promising regenerative galvanic cell systems
that were operated. The only one that was run
in a regenerative mode was the Na/Pb cell,
with a regeneration temperature of 825-
875°C. The cells all operated reversibly with
no significant overvoltages.

Table 3-3. Regenerative Galvanic Cell Systems

Open-Circuit Current Density, Temp.,
System Potential, V Alem? °C
Na/NaF-NaCl-Nal/Na in Pb 0.4 0.2 575
Na/NaF-NaCl-Nal/Na on Bi 0.6 13 530-615
Li/LiF-LiCI-Lil/Li in Bi 0.9 2.2 500
Li/LiF-LiCI-Lil/Li in Sn 0.6 1.0 500
Li/LiF-LiCI-LiH/H, 0.3 0.2-1.0 525-570




Additional regeneration studies were
conducted on a few of the candidate systems.
In the Li-Bi system, the vapor pressures of the
two components did not differ sufficiently for
a practical operation. Engineering investiga-
tions were made on the regeneration of Na-Bi
and Na-Pb cells. A cell operated at 543-600°C
with regeneration temperatures of 775-875°C
produced 7 A at 850°C. With the cell
operating at 575°C, its open-circuit potential
was 0.41 V. Vapor-liquid equilibrium
measurements were made on the Na-Bi
system, and the thermodynamics and phase
equilibria for the system were characterized
by emf measurements and thermal analysis
studies, respectively. Other supporting
information was obtained on the densities,
viscosities, and surface tensions of various
electrolyte salts and liquid metal solutions.
Corrosion studies were also performed to
determine the compatibilities of the liquid
salts and metals with a number of metallic
and ceramic materials that might be used as
materials of construction.

During the operation of Na/Bi cells, the
system proved to be electrochemically
reversible (capable of both charging and
discharging by an electric current) with high
efficiencies, which suggested its possible use
as a secondary (rechargeable) battery. A much
higher voltage could be obtained, however,
from the Li/Te system, which had been tested
earlier. The Li/Te system was not suitable for
a thermally regenerative cell because the high
stability (large negative free energy of
formation) of Li,Te made thermal regenera-
tion impossible, but that would be of no
concern for a rechargeable storage battery. In
a test of a Li/LiF-LiCI-Lil/Te cell, at 480°C,
high current densities up to 5 A/em’ were
achieved. By this time it was recognized that
thermally regenerative cells could be made to
work, but the low voltages and difficult
engineering and materials problems .in t.he
regeneration cycle made it hard to justify
further development work. The use of cells of
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this type in rechargeable batteries, however,
seemed to show great promise, and the work
began to head in that direction. This, of
course, changed the potential practical
application from the direct conversion of heat
to electricity to one of electrical energy
storage on utility systems and electric cars.
For CEN, it was also a step away from
nuclear work to a more politically acceptable
area.

Numerous people were involved in the
different phases of this program. The initial
studies were done by Carl Crouthamel,
Mel Foster, and Dave Anthers, who were
soon joined by Dick Eppley, Bob Heinrich,
Carl Johnson, Steve Banacek, John Allen,
Al Fischer, and Stan Johnson. In 1964
Jim Hesson and Paul Shimotake joined the
group and began looking at the engineering
aspects. Elton Cairns appeared on the scene in
1967, and Jim Bingle, Ellen Hathaway,
Gene Kucera, and Jim Peck joined the effort.
Leadership in this work was provided mainly
by Carl Crouthamel, Art Tevebaugh, and
Elton Cairns.

LITHIUM-CHALCOGEN BATTERIES

The lithium/tellurium couple was the first to
be investigated in the research and develop-
ment program on rechargeable batteries.
Several fundamental studies were made to
gain a better understanding of the chemical
and electrochemical characteristics of the
system. Mel Foster and Gene Kucera made
emf measurements to determine the effect of
the changing cathode composition on the cell
as it was discharged. Mel Foster,
Carl Johnson, Kathleen Davis, Jim Peck, and
Bob Schablaske established a phase diagram
for the lithium-tellurium system, using
thermal analysis and X-ray diffraction
techniques. Carl Johnson and Mel Foster
determined the phase diagram, which was of
particular interest because it has a ternary
eutectic at the unusually low temperature of



134 1960-1970

265°C. (In the case of the battery systems, the
minimum operating temperature was usually
the melting point of the electrolyte.)
Vic Maroni and Ellen Hathaway conducted a
series of Raman spectroscopic studies on the
systems Li,Se-LiF-LiCl, Li,Te-LiF-LiCl,
KCI-MgCl,, MgBr,-MgBr, and UO,Cl, in
NaCl-KCl-MgCl,.

On the more applied side, Paul Shimotake,
G. Rogers, and Jim Peck began operating
cells of the type Li/LiF-LiCl-Lil/Se, in which
the lithium and selenium were both liquids.
These cells had an open-circuit potential of
about 2.4 V and could produce short-circuit
current densities of 11-13 A/cm’. Work began
on paste electrolytes, which served as
mechanical spacers and electronic insulators
between the electrodes while permitting the
transport of lithium ions. These separators
were formed by pressing a mixture of an inert
powder such as LiAlO, with the molten salt
electrolyte to form a structure that remained
solid at the operating temperature of the cell.
Porous metal structures were used in the
liquid lithium and selenium electrodes to
provide physical support and also to serve as
current collectors. Paul Shimotake,
Ramamritham Sridhar, and John Cassulo put
a substantial effort into the development of
these current collectors. Some additional
initial investigations were conducted on the
Li/S and Li/P couples as potentially useful
battery cells.

Preliminary engineering design studies of
batteries using cells of this type showed their
potential for very high performance, both
in energy capacity and power. In one
progress report, the following practical
applications were listed in order of what was
considered to be higher-probability ones first:
(1) spacecraft, (2) military communications,
(3) materials-handling vehicles, (4) military
vehicles, (5) boats and submarines, (6) remote
locations, (7) buses and trucks, (8) urban
automobiles, and (9) off-peak energy storage
for central stations. The way things actually

played out, the first funding was provided by
the AEC for items (8) and (9) and by the
U.S. Army for item (4). A rather surprising
development was funding from the National
Heart and Lung Institute to develop an
implantable battery for an artificial heart,
which produced some bad jokes about
heartburn, but the idea appeared to be more
feasible than one would think at first glance.
The lithium/selenium system was selected for
the heart battery; lithium/selenium and
lithium/sulfur were both in contention for the
other applications.

Elton Cairns, who came to ANL from the
General Motors Research Lab, was in charge
of this work in 1968-69. He was a widely
recognized authority in the electrochemical
field, which was a significant asset in
obtaining funding from various organizations.
He was highly competent both in the
theoretical and experimental aspects of the
work and a good leader. One quirk that
bothered the staff at times was his proclivity
to change the settings such as voltage or
current on someone's experiment in their
absence. He always had a good reason for
making the change, but it was not always
consistent with the experiment the
investigator had in mind. Elton had another
unusual practice; at personnel evaluation
time, he would collect all the laboratory
notebooks and read them in detail as a part of
the evaluation. Probably not a bad idea; it was
an objective measure and it encouraged good
record keeping. One time Elton was asked
what he would like to do eventually in his
career, and he indicated that he would like to
be on the faculty at the University of
California with a few graduate students. That
is what he is doing now.

FLUIDIZED BED COMBUSTION OF
COAL

In 1969, the Division, as a part of the
movement toward environmental research,



began a program on the combustion of coal in
a fluidized bed to which limestone was added
as a means of reducing the emission of sulfur
dioxide (SO,) during combustion. A literature
survey and preliminary laboratory experi-
ments with fixed beds had shown that
limestone (natural CaCO,;) was the most
promising material for this purpose. An
empirical model based on laboratory kinetic
data was developed to determine the fluidized
bed operating parameters such as bed height,
superficial gas velocity, and optimum bed
particle size.

Bench-scale experiments were conducted
in a 6-in.-dia fluidized bed combustor to
determine the SO, emissions under conditions
prevailing in coal-fired power plants and
industrial steam boilers. With a combustion
temperature of 1600°F and a superficial gas
velocity of 3 ft/sec, the following effects were
observed:

1. The SO, concentration in the flue gas
was reduced by 29 to 87% of that
without the limestone additive.

2. The most favorable result was obtained
with a calcitic limestone of 25-pum
average particle size at 2.2 times the
stoichiometric requirement.

3. For any particular limestone, the SO,
removal increased with decreasing
particle size.

4. The maximum utilization of CaO during
the experiments was 38%.

5. The combustion efficiencies of carbon
burned in two experiments were 96.7
and 97.1%.

6. Virtually all the ash from the coal was
elutriated.

7. Bench-scale experiments at 1600°F
showed that the source of NO,
compounds in the flue gas came from
nitrogen compounds in the coal. In other
words, little or no NO, had been formed
by fixation of atmospheric nitrogen in
the combustion process.
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8. The limestone addition produced a 30-
40% reduction of nitric oxide in the flue
gas.

Al Jonke led these initial studies, which
were performed by Erv Carls, Roger Jarry,
and Milt Haas.

Analytical Chemistry

By 1960, the scope of the Division’s activities
had expanded from the original work on
solvent-extraction processes into a larger and
much more diversified group of programs,
including pyrometallurgical and fluoride
volatility fuel reprocessing, reactor safety,
calorimetry, and several other areas. Each of
these depended heavily upon the Analytical
Laboratory, which had to expand its range of
capabilities to meet this need. The group then
consisted of a large section for elemental
analysis, plus other sections for the
development of new analytical methods,
X-ray diffraction and spectroscopy, gas
chromatography, and radiochemistry. In 1963,
a new section was formed to conduct studies
with a newly acquired electron-probe
microanalyzer. (The term ‘“section” here
refers only to the various organizations within
the Analytical Laboratory and has no
connection with the term used elsewhere for a
major part of CEN as a whole.)

During the 1950s and 1960s, manu-
facturers of scientific instruments were
capitalizing on advances in electronic
technology to come out with a variety of new
applications. One of these was the electron
microprobe. During that period, the Division
also acquired an atomic absorption
spectrometer and a new 75-kV X-ray
spectrometer. As these advances continued to
be made, new designs of more mundane
instruments such as analytical balances made
the analytical work faster, easier, and more
accurate.
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The volume of work being handled by the
Analytical Laboratory during the 1960s was
extraordinary. In a typical year the elemental
analysis section alone used over 100 methods
to perform more than 13,000 analyses. The
X-ray section determined several hundred
diffraction patterns and made many
spectrographic assays, identifications, and
structural studies. The gas chromatography
section analyzed numerous gas samples from
glove boxes, furnaces, and calorimeters.

The analytical research was, for the most
part, an outgrowth of the service work. As the
Division’s programs changed, existing
analytical methods had to be modified or new
methods had to be developed. In the majority
of the samples, the element of interest was
only a minor constituent, and the analytical
method had to either tolerate or separate the
matrix material from the element of interest.
The matrix materials, which were often
present in amounts as much as a million times
greater than that of the element to be
analyzed, were typically zinc, magnesium,
salt fluxes, and aluminum oxide. Typical
research problems included a method for
dissolving PuO, and spectrophotometric
determinations of Pu(IV) and ruthenium.

Mention was made earlier that the startup
of EBR-II, which burned uranium-235 in a
fast neutron flux, had a somewhat different
spectrum of fission-product yields than those

for thermal reactors. The burnup of spent fuel
from a reactor can be determined from the
concentration of a fission-product nuclide in
the fuel if its fission yield is known. None of
the 85 or so fission-product nuclides had all
the nuclear and physical characteristics to be
ideal for this purpose, but the Analytical
Chemistry research group investigated a
number of the most promising candidates for
this purpose and obtained fission-yield data
for them. Among these were Tc-99; La-139;
Cs-133 and -137; Pr-141; Mo-95, -97, -98,
and -100; Ru-101, -102, and -104; and total
rare earths.

There was some concern as to whether the
burnup monitors for the metallic EBR-II fuel
would be applicable to oxide and carbide
fuels. Tests that were conducted on irradiated
uranium dioxide fuel showed that
molybdenum and technetium were not
suitable burnup monitors because of their
tendency to migrate during irradiation, but
that the rare earths were excellent candidates
for this purpose. An X-ray spectrometric
method for assaying the quantities of fission-
product lanthanum, cerium, praseodymium,
and neodymium was developed to measure
the burnup of oxide fuels.

Bob Larsen, Carl Crouthamel, and
Bob Meyer were in charge of various aspects
of the analytical chemistry programs. Other
members of the group included:

Murray Barsky Carol Kosner Bob Schablaske

Maureen Binelli Gene Kucera Chuck Seils

William Bloom Vemne Lemke Gregory Smith

Eugene Bozisch Russ Malewicki Stan Siegel

Vera Drabek Fred Martino Nora Stalica

Florence Ferry Bob Oldham Ben Tani

Ruth Hanna Al Panek Ziggy Tomczuk

Bob Heinrich Ray Popek Florence Williams (Smith)
Myron Homa Laury Ross Jackie Williams

Ruth Juvinal Dino Santelli




Waste Processing and Gamma-
Irradiation Facility

As of the end of 1962, routine disposal of
liquid and solid radioactive wastes by CEN
was discontinued, and the operation was
transferred to the Plant Services Department.
During the last year of operation, about
50,000 gallons of liquid waste was processed.
The high-level gamma irradiation facility was
also shut down after seven years of operation.
Irradiations were conducted on 5,432 samples
in 1961 and 2,443 in 1962, not counting the
dosimetry samples used to measure the
radiation fluxes.

Studies and Evaluations

Studies and evaluations were done from time
to time on the feasibility and costs of
projected applications of research and
development programs of the Chemical
Engineering Division. These might be best
described as looking at the forest rather than
the trees.

In 1964, Bill Mecham, Wally Seefeldt,
Virgil Trice, and Milt Levenson reported on
an interdivisional study that was being
conducted for the AEC on the estimated costs
of power generation by metal fueled reactors,
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based on a 1000 MW(e) plant. The following
topics were covered.

. A reference pyrochemical process

. Preparation of fuel for processing

. Removal of fission products

. Separation of uranium and plutonium
and their recovery as ingots

5. Composition of the product ingots

6. Estimated costs for the reactor fuel cycle

A LW -

A second study was undertaken by this
same group to compare the costs of
reprocessing plutonium metal and oxide and
carbide fuels by aqueous, fluoride volatility,
and pyrochemical processes.

Bill Mecham, in 1967, conducted a study
on the problems of tritium in power reactor
fuel cycles. This study considered the sources
of tritium in discharged fuel, its behavior both
in aqueous and nonaqueous processes, and
methods for its disposal. Because tritium
cannot be separated economically from the
large volumes of water used in aqueous
processing, its disposal would have to be
accomplished by dilution and release to the
environment. In the case of fluoride volatility
and pyrometallurgical processes, the tritium
can be recovered in a small volume of gas,
which can be stored or immobilized by further
treatment.
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FROM TEST TUBE To PiLoT PLANT

A 50 YEAR HISTORY OF THE CHEMICAL TECHNoOLOGY DivisioN
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(top, left) Calorimeter for determining basic thermochemical properties of a
wide variety of materials.

(top, right) National Battery Test Laboratory used for standardized testing
of cells, multicell modules, and batteries built by industrial firms.

-
(bottom) Solar energy testing facility in which arrays of different types
of solar energy collectors were tested.



1970-1980:
Transitions

The 1970s was a difficult period for the United
States in that it seemed to present a continuous
series of new problems. At the beginning of
the decade, the foremost U.S. concern was to
extricate itself from the extended Vietnam War.
That was finally accomplished in 1975, but
with little feeling of success. Richard Nixon
defeated George McGovern by a landslide in
the 1972 presidential election, but was forced
to resign in favor of Vice President Gerald
Ford in 1974 as a result of the Watergate
incident. Meanwhile, in 1973, the Organization
of Petroleum Exporting Countries (OPEC)
suddenly stopped oil shipments to the U.S.,
causing a severe fuel shortage and an eightfold
rise in the cost of crude oil, which, in turn, set
off an inflationary spiral with interest rates
rising to 15% or more. Jimmy Carter, by
defeating Ford in the 1976 presidential
election, inherited the problems of the
continuing oil shortage, inflation, and hostility
of some Mideastern nations. His last year in
office became particularly difficult when
Iranian militants seized 52 American embassy
personnel as hostages.

In spite of increasing opposition by
antinuclear and environmental groups, many
commercial nuclear power plants were built
and started up in the 1970s and construction of
others extended into the 1980s. In 1975, the
AEC was abolished. Its regulatory function
was taken over by the Nuclear Regulatory

Commission (NRC), and its other responsi-
bilities were given to the Energy Research and
Development Administration (ERDA). The
ERDA was short-lived; in 1977 it was
absorbed into a new cabinet-level Department
of Energy (DOE). During this ten-year period,
ANL had two new Laboratory Directors,
Robert G. Sachs in 1973 and Walter E.
Massey in 1979. In 1973, Leslie Burris
replaced Richard Vogel as Director of the
Chemical Engineering Division. Y-Wing, an
office complex with an auditorium, and the
National Battery Test Laboratory facility were
added to Bldg. 205.

The large pyrometallurgical and fluoride
volatility fuel reprocessing and reactor safety
programs had all but disappeared by about
1970, and were supplanted largely by
expanded programs on sodium technology,
fluidized-bed combustion of coal, and high-
temperature  battery development. Work
continued on materials chemistry and thermo-
dynamics, analytical and reactor chemistry,
and technologies employing liquid metal and
molten salt solvents. These programmatic
changes resulted in some layoffs and transfers
to other divisions. Many of the staff members
had to become familiar with new areas of
work, and several people were hired to provide
special expertise for the new programs. The
work became more interdisciplinary and
required increased capabilities in areas such as
computer applications, materials science,
electrochemistry, and electrical engineering.
The Division’s funding also shifted somewhat,
with a larger proportion of the support coming
in from non-nuclear branches of the DOE and
from other federal agencies. In the mid-1970s,
the DOE adopted a management policy of
placing programmatic management “in the
field,” and CEN was given overall manage-
ment responsibilities as the “lead laboratory”
for the aqueous battery, advanced battery, and
fuel-cell programs.
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THE NATIONAL SCENE

In the early 1970s, the war in Vietnam was
beginning to wind down, and, after a brief
incursion into Cambodia, much of the
American force in Vietnam was withdrawn.
Peace talks were held in Paris in 1973, and the
remaining U.S. troops were brought back
home. Full-scale war erupted again in 1975
with a Communist victory; Marine guards and
civilians had to be rescued from the U.S.
Embassy and evacuated along with about
140,000 Vietnamese refugees. Many felt that
the Vietnam War had ended in a U.S. defeat,
and it was a bitter experience both for the
veterans and the civilian population.

In 1972, President Nixon ran for a second
term, defeating his Democratic opponent,
George McGovern, by a large margin. At one
point in the election campaign, the police
nabbed five men who were attempting to break
into the Democratic National Headquarters.
The break-in, of itself, was of minor
consequence and received little public attention
until well after the election, but when the
attempted cover-up that followed it was
revealed some time later, several of President
Nixon’s advisors landed in jail, and Nixon
finally resigned on August 8, 1974. Gerald R.
Ford, the Vice President, assumed the
presidency, and one of his first acts was to
grant Nixon a full pardon. (The previous year,
the Vice President, Spiro T. Agnew, had been
convicted of income tax evasion and replaced
by Ford.)

Jimmy Carter, a Democrat and former
Governor of Georgia, defeated Ford in a race
for the presidency in 1976. Carter, who had
served in the nuclear navy as a submarine
officer under Admiral Rickover, adopted a
strong anti-nuclear stance, and played a major
role in negotiating a nuclear non-proliferation
pact, signed by 15 countries in 1977. A deeply
religious man, devoted to peace, and perhaps
idealistic, he was generally opposed to the idea
of nuclear power because of its potential for

nuclear proliferation. He called nuclear power
“the option of last resort,” withdrew funding
for plutonium processing, and opposed the
Clinch River Breeder Reactor proposed by
Oak Ridge. In 1978, the U.S. signed a treaty
to turn control of the Panama Canal over to the
Panamanians by 2000, and the “Framework
for Peace” in the Middle East was signed by
Egypt’s Anwar Sadat and Israel’s Premier
Menachem Begin after a 13-day conference at
Camp David arranged by President Carter.

The decade ended on two particularly sour
notes. The Soviets invaded Afghanistan, and
Iranian militants seized the U.S. Embassy in
Teheran, taking 52 American embassy
personnel as hostages. They were held for
444 days.

NUCLEAR POWER

The nuclear power industry entered the 1970s
with a highly optimistic view of its future. At
the same time, the U.S. Navy was adopting
nuclear power plants for its newer and larger
vessels. Numerous contracts for the construc-
tion of civilian nuclear power plants were
negotiated, and many were started up by the
end of the decade. Other plants did not become
operational until the 1980s and 1990s, due to
the long construction times. The reactors that
started producing power on a commercial scale
in the 1970s are listed in Tables 4-1 and 4-2.
In 1973, the Arab oil-producing cartel,
OPEC, suddenly slapped an embargo on their
oil shipments, mainly in retaliation for
U.S. shipments of arms to Israel during the
Yom Kippur war. The price of crude jumped
from $2 to $16/barrel. A gasoline and fuel
oil shortage developed quickly in the
United States. President Carter donned a
sweater, admonished the public that they
should do likewise and turn down their
thermostats, and declared “the moral equivalent
of war” on oil usage. Unnecessary use of
automobiles was discouraged, and long lines
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Table 4-1. U.S. Power Reactors in the 1970s

Type MW(e) Start
Dresden 1 (Morris, IL) * Commonwealth Edison BWR 200 7/60
Indian Point 1 (Buchanan, NY)* Consolidated Edison PWR 257 1/63
Hanford N (Richland, WA)* LGR 860 7/66
Haddam Neck (Haddam Neck, CT) Conn. Yankee Atomic Power PWR 590 1/68
San Onofre 1 (San Clemente, CA)* So. Cal. Ed., San Diego G & E PWR 436 1/68
Nine Mile Point 1 (Scriba, NY) Niagara Mohawk Power BWR 610 12/69
Oyster Creek (Forked River, NJ) GPU Nuclear BWR 619 12/69
Dresden 2 (Morris, IL) Commonwealth Edison BWR 794 6/70
R. E. Ginna (Ontario, NY) Rochester Gas & Electric PWR 470 7/70
Point Beach 1 (Two Rivers, WI) Wisconsin Electric Power PWR 485 12/70
Millstone 1 (Waterford, CT) Northeast Utilities BWR 660 3/71
Robinson 2 (Hartsville, SC) Carolina Power & Light PWR 683 3/71
Monticello (Monticello, MN) Northern States Power BWR 536 6/71
Dresden 3 (Morris, IL) Commonwealth Edison BWR 794 11/71
Palisades (South Haven, MI) Consumers Power PWR 780 12/71
Point Beach 2 (Two Rivers, WI) Wisconsin Electric Power PWR 445 10/72
Vermont Yankee (Vernon, VT) Vermont Yankee Nucl. Power BWR 504 11/72
Maine Yankee (Wiscasset, ME) Maine Yankee Atomic Power PWR 860 12/72
Pilgrim (Plymouth, MA) Boston Edison BWR 670 12/72
Turkey Point 3 (Florida City, FL) Florida Power & Light PWR 666 12/72
Surry 1 (Gravel Neck, VA) Virginia Power PWR 801 12/72
Quad Cities 1 (Cordova, IL) Commonwealth Edison BWR 789 2/73
Quad Cities 2 (Cordova, IL) Commonwealth Edison BWR 789 3/73
Surry 2 (Gravel Neck, VA) Virginia Power PWR 801 5/73
Oconee 1 (Seneca, SC) Duke Power PWR 846 7/73
Browns Ferry 1 (Decatur, AL) Tennessee Valley Authority BWR 1,065 8/74
Fort Calhoun (Fort Calhoun, NB) Northern States Power PWR 478 9/73
Turkey Point 4 (Florida City, FL) Florida Power & Light PWR 666 0/78
Prairie Island 1 (Red Wing, MN) Northern States Power PWR 503 12/73
Zion 1 (Zion, IL) Commonwealth Edison PWR 1,040 12/73
Kewaunee (Carlton, WI) Wisconsin Public Service PWR 503 6/74
Cooper (Brownville, NB) Nebraska Public Power BWR 764 7174
Peach Bottom 2 (Delta, PA) PECO Energy Co. BWR 1,159 7/74
Indian Point 2 (Buchanan, NY) Consolidated Edison PWR 975 8/74
Oconee 2 (Seneca, SC) Duke Power PWR 846 9/74
3- Mile Island 1 (Londonderry Twp., PA)  GPU Nuclear PWR 786 9/74
Zion 2 (Zion, IL) Commonwealth Edison PWR 1,040 9/74
Oconee 3 (Seneca, SC) Duke Power PWR 846 12/74
Arkansas Nuclear One (Russellville, AR)  Energy Operations Inc. PWR 836 12/74
Peach Bottom 3 (Delta, PA) PECO Energy Co. BWR 1,035 12/74
Prairie Island 2 (Red Wing, MN) Northern States Power PWR 500 12/74
Duane Arnold (Palo, 1A) IES Utilities BWR 538 2/75
Browns Ferry 2 (Decatur, AL) Tennessee Valley Authority BWR 1,065 3/75
Rancho Seco (Clay Station, CA)* PWR 913 4/75
Calvert Cliffs 1 (Lusby, MD) Baltimore G & E PWR 825 5/75
James A. FitzPatrick (Scriba, NY) New York Power Authority BWR 780 7/75
Donald C. Cook 1 (Bridgman, MI) Indiana/Michigan Power PWR 1,020 8/75
Brunswick 2 (Southport, NC) Carolina Power & Light BWR 754 11/75
Edwin I. Hatch 1 (Baxley, GA) Georgia Power BWR 810 12/75
PWR 1,095

Trojan (Prescott, OR)*
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Indian Point 3 (Buchanan, NY) New York Power Authority PWR 965 8/76
Beaver Valley (Shippingport, PA) Duquesne Light PWR 810 10/76
St. Lucie 1 (Hutchinson Island, FL) Florida Power & Light PWR 839 12/76
Browns Ferry 3 (Decatur, AL) Tennessee Valley Authority BWR 1,065 3/77
Brunswick 1 (Southport, NC) Carolina Power & Light PWR 767 3/17
Crystal River 3 (Red Level, FL) Florida Power Corp. PWR 825 3/77
Calvert Cliffs 2 (Lusby, MD) Baltimore G & E PWR 825 4/77
Salem 1 (Salem, NJ) Public Service Elec. & Gas PWR 1,106 6/77
Joseph M. Farley 1 (Dothan, AL) Southern Nuclear Operating PWR 860 12/77
North Anna 1 (Mineral, VA) Virginia Power PWR 893 6/78
Davis-Besse (Oak Harbor, OH) Toledo Edison PWR 877 7/78
Donald C. Cook 2 (Bridgman, MI) Indiana/Michigan Power PWR 1,090 7/78
3 Mile Island 2 (Londonderry Twp., PA) ~ GPU Nuclear PWR 792 12/78
Fort. St. Vrain (Platteville, CO)* HTGR 330 1/79
Edwin I. Hatch 2 (Baxley, GA) Georgia Power BWR 820 9/79

* No longer in operation as of 1995.

Table 4-2. Foreign Power Reactors in 1970s

Country No. of Reactors Total Power, MW(e)
Armenia 1 400
Belgium 3 1,647
Bulgaria 2 800
Canada 8 5,136
Finland 2 1,155
France 3 4,693
Germany 8 7,358
India 3 390
Japan 21 14,288
Korea 1 556
Pakistan 1 125
Russia 8 5,292
Slovakia 1 408
Spain 1 438
Sweden 5 3,115
Switzerland 4 2,020
Taiwan 2 1,208
Ukraine 1 925
United Kingdom 22 5,434




developed at the filling stations, where the
operators adopted various stratagems to deal
with the situation, such as shorter hours or
alternating days for odd and even license
numbers. Christmas lights were frowned
upon—there were some somber winter nights
in those years. Many Argonne employees were
glad that they had formed car pools. The oil
shortage persisted through the 1970s, and then
began to wane by about 1980 because of
several factors, including conservation efforts,
increasing availability of oil from other
sources, and OPEC members’ propensity to
cheat on one another.

For the nuclear industry, the oil shortage
was a double-edged sword. It made the
American public aware of the nation’s
dependency on foreign energy sources and the
need for alternatives to petroleum. At the same
time, the steep increase in fuel prices threw the
U.S. economy into an inflationary spiral with
interest rates rising well into double-digit
figures. As a result, the capital costs for
nuclear plants rose sharply, and the price of
yellowcake (uranium ore concentrate) rose
from $7 to $35/pound. The Westinghouse
Electric Corp. had to renege on its
commitments to customers for uranium oxide
at the agreed price. The AEC seemed to be
losing its credibility, and the antinuclear forces
began publicizing a variety of safety concerns.
Permits for reactor construction slowed to a
snail’s pace due to intervenors in the licensing
process and other roadblocks. The cost of
capital during these delays was a major
problem. In the 1950s, some had thought that
nuclear power would be too cheap to meter; in
the 1960s, the projected costs were mills per
kilowatt-hour; and by the end of the 1970s
they were in cents per kilowatt-hour. On top of
all this, the projected use of electricity in the
U.S. was revised significantly downward. The
net effect of all these negative factors was to
cast a dark shadow over the earlier optimistic
outlook on the future of commercial nuclear
power, and no construction of new power
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reactors has been undertaken in the U.S. since
about 1979. There was talk of replacing
existing reactors at the end of their lifetimes
with a second generation of more fuel-efficient
breeder reactors, but this, too, became a
doubtful prospect in view of the ban on fuel
reprocessing and concerns about safety, waste
disposal, and potential proliferation of nuclear
weapons.

The General Electric Co. and the
Westinghouse Electric Corp. supplied most of
the reactors for the nuclear power plants in the
U.S. In most, but not all cases, the boiling
water reactors were built by General Electric
and the pressurized water reactors by
Westinghouse. The Babcock and Wilcox Co.
and Combustion Engineering Inc. also
produced several reactors. Among the more
prominent architect-engineering firms were the
Bechtel Corp., Ebasco Dorsch Consultants,
Sargent & Lundy Engineers, Stone & Webster
Engineering Corp., Fluor Corp., and Gilbert
Associates, Inc.

Two power reactor incidents of note
occurred in the 1970s. The first was in 1975,
when a fire broke out in the electrical cable
systems of two 1,100-MW(e) Browns Ferry
reactors operated by the Tennessee Valley
Authority and located in Decatur, Alabama.
The fire propagated through the entire cable
system, shutting down both reactors and
disabling the emergency core cooling system
of one. The nuclear components of the plant
were not affected, and there was no hazard to
the public, but the antinuclear activists used the
opportunity to further their cause.

A much more serious failure occurred on
March 28, 1979, at Three Mile Island
Reactor 2 near Harrisburg, Pennsylvania. The
accident began as a small break in the loss-of-
coolant system in which a valve stuck open,
allowing coolant to escape from the vessel.
The emergency core cooling system kicked in
as designed, providing makeup water for the
core. The operators, confused by the signals in
the control room, shut off the emergency
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cooling system for several hours, whereupon
the decay heat of the core vaporized the
remaining cooling water in the vessel. Before
the operators resumed the flow of emergency
coolant, about one-third to one-half of the core
melted down. The molten fuel and cladding
dropped into the bottom of the vessel, where
the molten metal from the cladding reacted with
the water, forming a hydrogen “bubble.” This
situation prevailed for some time, giving the
news media a field day with hour-by-hour
reports, including much speculation about a
possible explosion of the hydrogen. A small
amount of radioactivity was released, but the
situation was brought under control. The
radioactive fallout from the incident was
minimal, but the political fallout was
enormous. People who claim to have been
injured by fallout from Three Mile Island are
still filing lawsuits. (One of the current
programs in the Division includes an
evaluation of the feasibility of using
electrometallurgical methods to process the
damaged core material and debris from the
Three Mile Island reactor.)

The research and development work on
nuclear fuel reprocessing by the Chemical
Engineering Division at ANL, and at the other
AEC laboratories as well, had become nearly
dormant as of 1970. This change was in
conformance with the AEC directives that the
work at ANL should be shifted from nuclear to
environmental  programs.  Although the
research and development work on
reprocessing had languished, there was some
commercial activity in the 1970s. The first
commercial plant, which was built by Nuclear
Fuel Services, Inc., in West Valley, New
York, and had a capacity of 1 ton/day, was
started up in 1966. In 1972, it was shut down
for retrofitting to meet increasingly stringent
licensing requirements. Because of the high
cost of retrofitting and the small capacity of the
plant, further operation was deemed
impractical, and the plant was shut down in
1976. A 1 ton/day plant for processing low-

enrichment uranium oxide fuel was built by
General Electric in Morris, Illinois. This
process employed an aqueous Purex and ion-
exchange first cycle to produce nearly fully
decontaminated uranium oxide. The solid
product was then to have been purified in a
second cycle using fluoride volatility-fluidized
bed technology to produce fully decon-
taminated UF,. The process was never
operated successfully, the main reason being
that insufficient surge capacity had been
inserted between the process steps to provide
the necessary operational flexibility. Another
problem was that the fluoride volatility portion
of the plant was designed for “hands on” (non-
remote) maintenance, which turned out to be
impractical due to the radiation levels. This
plant, however, is serving as a useful but
expensive storage facility for discharged fuel
subassemblies from commercial light water
power reactors. Construction was begun on a
larger (5-ton/day) central processing plant at
Barnwell, South Carolina. Construction of this
plant, which employed solvent-extraction
technology, was completed in the late 1970s,
but the ban on fuel reprocessing blocked its
operation.

Public skepticism about reactor safety and
concern regarding the potential proliferation of
nuclear weapons had been growing, which
was not surprising in view of the reactor
accidents and the efforts of antinuclear and
environmental groups. President Gerald Ford,
feeling this pressure, suspended commercial
processing, his main concern being the large
amount of high-purity plutonium that might be
diverted to nuclear weapons. President Jimmy
Carter continued the ban on fuel reprocessing.
Although the Unites States was attempting to
set a good example, it was not taken very

seriously by the rest of the world.
Reprocessing continued to be pursued
vigorously by several foreign countries,

notably France, England, Japan, India, and
Russia. France constructed a large 5-ton/day
commercial plant at LaHague, where both



French fuel and that from other countries are
processed. England, which has continued to
recover fuel from its own nuclear power
reactors, has recently built a 5-ton/day plant
known as THORP (Thermal Oxide
Reprocessing Plant), which replaced a former
plant. When THORP was started in 1993,
England began to sell its processing services to
other countries. Japan has built a fuel
reprocessing plant, which is scheduled to go
into operation in 1998, and India has been
using the Purex process since 1982 at the
Tarapur Fuel Processing Plant, which has a
1/2-ton/day capacity. Fuel reprocessing is also
suspected to be taking place in Russia, China,
and possibly North Korea.

The AEC entered the decade of the 1970s
with Milton Shaw continuing as the director of
Reactor Development and Technology. Until
1973, Congress had supported the nuclear
research programs with lump-sum funding
covering both safety and breeder development,
the allocation between the two being decided
by the AEC. Shaw’s general approach was to
push the breeder development, thereby
diverting funding away from research and
safety programs such as the Loss of Fluid Test
(LOFT). Safety became a contentious issue
involving the AEC, Shaw, the reactor vendors,
and the Advisory Committee on Reactor
Safeguards. The friction increased to a point
where the AEC prohibited its safety staff from
communication with the regulatory staff on
safety matters. This confusion contributed to a
public loss of confidence in the nuclear
regulatory process. The situation was not
improved by the publicity attending the Karen
Silkwood incident at Kerr-McGee in 1974.
Hollywood did its part, too, by coming out
with nuclear scare films such as The China
Syndrome. :

In 1973, Congress passed legislation
abolishing the AEC, replacing it with the
Nuclear Regulatory Commission (NRC) to
perform the regulatory functions, and the
Energy Research and Development
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Administration (ERDA) to handle the non-
regulatory and promotional functions. In 1977,
ERDA was absorbed by a new Cabinet-level
entity, the Department of Energy (DOE), with
James Schlessinger as the Secretary of Energy.
Congress eliminated the Joint Committee on
Atomic Energy (JCAE) in 1977. It is worthy
of note here that, particularly in the earlier
years, several senators and congressmen on
this committee became quite knowledgeable
about nuclear science and technology and
played an important role both in promoting and
guiding the programs. One effect of the demise
of this committee was to put more policy-
making power in the hands of the DOE
managers.

When the DOE was created, its mission was
quite different from that of its predecessors in
that the nuclear component had been down-
played sharply in favor of energy-conservation
measures, environmental concerns, and
alternative  (preferably renewable) energy
sources. It does, however, continue to have
the responsibility for U.S. nuclear weapons
programs.

THE LABORATORY

Argonne had two new laboratory directors in
the 1970s. On April 6, 1973, Robert G. Sachs
replaced Dr. Duffield, thereby becoming
ANL'’s fifth director. Dr. Sachs, a physicist
with a Ph.D. from Johns Hopkins, had taught
at Purdue and the University of Wisconsin. He
had also been at Argonne in 1946-47 and
served as Associate Laboratory Director for
High Energy Physics from 1964 to 1968.
Dr. Sachs had the appearance and demeanor
of a quiet, scholarly sort of person.

On July 2, 1979, Dr. Sachs was succeeded
by Dr. Walter E. Massey. Dr. Massey had
eamned a Ph.D. in physics at Washington
University and been on the faculties at the
University of Illinois and Brown University.
He gave the impression of being an energetic,
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ambitious, career-oriented individual. While
serving as the Laboratory Director of
Argonne, he also continued as professor of
physics and in other activities at the
University of Chicago. The Laboratory had
two Deputy Directors at the time, Robert N.
Laney, in charge of research and
development, and Michael V. Nevitt, who
was responsible for physical research. At the
next lower level were several Associate
Laboratory Directors, who had jurisdiction
over general areas of related research and
development work that encompassed parts or
all of various divisions. Those concerned with
CEN activities at the time were Jack Kyger
(Engineering Research and Development),
Gale Pewitt (Energy and Environment), and
Mike Nevitt (Physical Research).

THE DIVISION

General Information

The management structure of CEN as of
January 1970 is given in Table 4-3. At that
time, Dr. Richard Vogel was the Director,
Donald Webster was the Deputy Director and
also Associate Director along with Les Burris
and Arthur Tevebaugh. Everett Proud was the
Assistant Director. Paul Nelson and Duane
Barney became Associate Division Directors
in the 1970s, and Paul then became the
Deputy Director.

Dr. Vogel, in 1973, left Argonne to accept
a position with the Exxon Corp. in
Washington State. He subsequently moved on
to the Electric Power Research Institute
(EPRI) in California in 1983 and continued to
keep in touch with his former colleagues at
CEN through various technical contacts,
including some contract work that the
Division did for EPRI on post-irradiation fuel
examinations. During his career, Dr. Vogel
garnered numerous honors, including the

AIChE Robert Wilson Award, and
fellowships in the ANS and AIChE.

Leslie Burris was appointed to replace
Vogel as CEN Division Director in 1973. As
ANL entered the 1970s, many significant
changes were coming about, not only in CEN,
but also in the entire nuclear community. On
the national scene, nuclear power was having
problems both with economics and public
acceptability. The antinuclear and environ-
mental groups had gained enough support to
have a major effect on the political decisions
that were being made in Washington. These
manifested themselves in the types of
programs the AEC would support in the
national laboratories, and it was clear that
there would have to be a transition from
nuclear to environmental research. There was
still interest in the breeder reactors as a long-
range energy source, and support continued in
the areas of sodium chemistry and
technology, reactor safety, and nuclear waste
disposal. Nuclear fuel reprocessing as such
was out. The Division explored new program
areas, including cleaner methods of burning
coal in power plants, solar collectors, fusion
power, high-performance batteries for electric

Fig. 4-1. Leslie Burris
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Division Director:
Richard C. Vogel

Deputy Division Director
Donald S. Webster

Associate Division Directors:

Leslie Burris
Arthur D. Tevebaugh

Donald S. Webster

Assistant Division Director:
Everett R. Proud

Section Heads:
Elton J. Cairns
Fred A. Cafasso
Carl E. Crouthamel

Albert A. Jonke
Paul A. Nelson

Group Leaders:
Paul E. Blackburn

Lester F. Coleman
Norman E. Dudey
John T. Holmes
Ward N. Hubbard
Carl E. Johnson
Robert P. Larsen
Norman M. Levitz
Robert J. Meyer
William E. Miller
R. Dean Pierce
Joseph Royal
Martin J. Steindler
Robert K. Steunenberg

Program Manager, Sodium Technology

Energy Conversion, High Temperature

Materials, Calorimetry

Coal Combustion, Fuel Reprocessing

Energy Conversion & Physical Chemistry

Sodium Chemistry

Analytical Chemistry, Neutron Cross Sections,

Chemistry of Irradiated Fuels

Process Development, Fluidization Processes

Sodium Engineering

High Temperature Materials

Safety, Criticality & Special Studies
Nuclear Cross Section Measurements

Sodium Engineering
Calorimetry
Chemistry of Irradiated Fuels

Analytical Chemistry & Burnup Analysis

Engineering Process Development

Sodium Analytical Methods
Sodium Engineering
Pyrochemical Engineering
Publications Review Group

Chemical Process Development

Energy Conversion & Physical Chemistry

Harold M. Feder, Joseph E. Draley, and Charles E. Stevenson are listed as Senior Chemists or
Engineers in a January 1970 description of the CEN staff.
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vehicles and off-peak electrical energy storage,
and fuel cells that were not limited to hydrogen
as the fuel. The coal, battery, and fuel-cell
programs developed into sizeable efforts in the
1970s.

When the AEC was disbanded into ERDA
and NRC, and then DOE was formed, the
interfaces between CEN and the funding
offices became more fragmented. Each office
wanted its own separate progress reports rather
than the previous reports issued by the
Division as a whole. The consequence was that
well over 400 topical and progress reports
were issued by CEN during the period 1970-
1979. Because the funding and reporting
functions were so diverse, much of the
Division operated in a matrix-management type
of structure in which the Division upper
management remained cognizant of technical
programs and maintained administrative
control of the people and programs. However,
many of the negotiations with the funding
agencies as to the work to be done, and
scheduling and funding requirements, were
conducted at a lower (usually section-head)
level under the general direction of upper
management. Some of the CEN people
involved in this arrangement were given the
title “Program Manager.” The individuals in
these positions spent a lot of time and effort
traveling to Washington, Germantown, or
Morgantown visiting DOE managers in order
to keep their programs healthy. There were
jokes about taking along “groveling pads” to
wear on their knees while begging for funding.

Matrix management had become a popular
idea, and it was well suited to the Division’s
needs at the time, given its wide variety of
programs and funding sources. Manpower and
facilities could be organized into team efforts
that often involved a variety of disciplines.
This kind of flexibility tended to stabilize the
Division as the individual programs waxed and
waned.

One significant organizational change in
CEN came about on July 1, 1971, when the

analytical support groups from the Chemical
Engineering and Chemistry Divisions were
consolidated into a single cost center. This
combined group was given the official name
“Analytical Chemistry Laboratory” (ACL), a
separate entity that would provide analytical
services to the entire Laboratory, but would
still remain a component of the Chemical
Engineering Division. This organization was to
be self-supporting by doing the work on a fee-
for-service basis, at a cost of $25.50/
hour. During the initial stages of operation,
Bob Larsen supervised the group in
Bldg. 205, and Ralph Bane was responsible
for the groups in Bldgs. 200 and 212. Norman
Dudey was the first full-time manager of ACL
until he left the Laboratory for another position
after a year or so. Norm was replaced by
Eugene Voiland, who had come to ANL from
KAPL. After about three years, Voiland left
for a position with General Electric at the
Morris plant. Paul Cunningham, who was a
Ph.D. chemist from the University of
California at Berkeley and had been involved
in CEN research programs for several years,
became the manager of ACL in 1975. During
his tenure in that position, he also served as
Section Head for Analytical and Environmental
Research in CEN. Since its inception, ACL
has had to face a number of challenging
problems, the foremost one being whether the
new programs in the division would continue
to generate a sufficient demand for analytical
work to provide the necessary financial
support. Analytical charges were highly visible
on the cost reports, and in some instances the
research groups felt they could save money by
doing some of their own analyses. There were
also instances in which a research group would
have to purchase a specialized analytical
instrument to obtain the data they needed and a
question arose as to whether the research
group or the ACL should have jurisdiction
over that equipment. A means of funding some
supporting development work on analytical
methods also needed to be arranged. These



problems were resolved eventually, and the
ACL became well established in its present
form.

When Cunningham left ANL in 1982 for a
somewhat similar position at Los Alamos,
David W. Green became the manager of the
ACL and still is. Green is also a Ph.D. from
Berkeley, who came to CEN from the
Chemistry Division. He had worked
previously as a Research Associate at the
University of Chicago and taught at Albion
College. In 1996, the ACL celebrated the 25th
anniversary of its formation. Because of
internal transfers among programs and other
factors, it is difficult to establish exactly who
the charter members of the ACL are, but they
are believed to include those listed in
Table 4-4.

The women who worked in CEN as
secretaries, clerks, and other such positions
were essential to the success of the Division’s
operations. Although their work was very
much appreciated by the technical and
administrative staff, it was usually not visible
beyond initials on memos or internal reports.
Many staff people probably don’t realize how
often the secretaries saved them from
embarrassment or worse by correcting their
spelling and grammar, retrieving some obscure
piece of information from a file, handling
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phone calls adroitly, or working overtime to
have material ready for the Review Committee
or a trip. Many of them were instrumental in
organizing the various parties, luncheons, and
other social functions. A Secretaries’ Day once
a year falls far short of giving them the credit
they deserve.

In the early 1970s, Alice Graczyk operated
the Division Office under Dr. Vogel and then
Les Burris. Anne Melton, Everett Proud’s
secretary, handled many of the administrative
details of that office. Doreen Prucha was the
principal secretary in Herb Brown’s operation
and Evelyn Rafacz continued to serve as
Dr. Lawroski’s secretary. Marie Driskell and
Joy Swoboda were handling attendance
records, purchase requisitions, equipment
records, and a number of other miscellaneous
items. Maria (Scaropoulos) Contos began
working in the Technical Editing office. Some
of the other secretaries and clerks in CEN at
the time are listed in Table 4-5.

By the mid-1970s, the Division had once
more outgrown the available space in
Bldg. 205. A particularly pressing need was
for an auditorium. Room A-059 was
satisfactory for group meetings, but too small
and not well laid out for Review Committee
meetings, large program reviews, seminars,
and other such functions. Office space was

Table 4-4. Analytical Chemistry Laboratory Personnel in the 1970s

Murray Barsky
Maureen Binelli
William Bloom
Eugene Bogusch
Vera Drabek
Florence Ferry
Irene Fox

Ruth Hanna
Robert Heinrich
Ben Holt
Myron Homa
Kenneth Jensen

Ruth Juvinall
John Kartunnen
Gwendolyn Kesser
Eugene Kucera
Robert Larsen
Vernon Lemke
Russell Malewicki
Fredrick Martino
Robert Meyer
Robert Oldham
Allen Panek

Ray Popek

Laurids Ross

Dino Santelli
Robert Schablaske
Charles Seils
Stanley Siegel
Norbert Stalica
Benjamin Tani
Ralph Telford
Zygmunt Tomczuk
Florence Williams (Smith)
Jacqueline Williams
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Table 4-5. Secretaries, Clerks, and Others in the 1970s

Karen Beres Judith King i
Alice Birmingham Jackie Lehmann Susan Rodlghlero

Susan Butz Sally Leonard Susan (Cathimer) Roessler
Patricia (Wood) Canaday Sheila Madson Vita Shiffer

Ann Chaplin Sharon Matlak Maureen Sobcn.k.

Di Ann Fager Debra McCann Jackie Stékko.wskn

Carol Gehrke Marcella Moore Janet Steinquist

Sherry Grisko Kathy Mueller Renee St. Germain

Paula Hataburda Sofia (Gawenda) Napora Katherine Wall

Carol (Richie) Hendricks Bonnie Nolan Candace Weiler

Barbara Jivery Marge (Swanson) Panek Melania Wilson

Mary Keigher Julitta Pyle

Darcell Richards

also in short supply again, due in part to the
many industrial participants and  other
temporary people who were there at the time.
Y-Wing was constructed in 1975-76 to fulfill
these needs. Covering a total ground area of
about 4,300 sq. ft, Y-Wing is a two-story
structure consisting of an auditorium with a
lobby area, 25 offices, a conference room, an
open office area for secretaries and their
equipment, and an exterior lobby, which also
connects to the main part of Bldg. 205 on both
levels. The auditorium and its lobby are
attractively decorated and serve the purpose
well, although there were a few start-up
problems. There seemed to be a problem in
finding projector lenses that were compatible
with the distance and size of the screen. The
other problem was more serious. For a time,
the ventilation system was either inadequate or
not functioning properly. On one hot day in
August, during a major program review, the
room became hot and essentially unventilated
during a morning session. With the large
crowd, the odor became unbearable and the
meeting finally had to repair to the auditorium
in Bldg. 200. That problem has long since
been corrected, but it was an embarrassing
experience for the people in the program who
were trying to make a good impression on their
reviewers and visitors.

Another addition was made to Bldg. 205 in
1978 to accommodate the growing need for
laboratory space by the National Battery Test
Laboratory. A particular concern was to have a
separate facility where zinc/chlorine and other
such batteries could be tested safely. The
addition, designated J-156 and located at the
end of J-Wing, has an area of about
1,550 sq. ft, and consists mostly of open
laboratory space. It is currently used for
battery and environmental work.

Although  not a new  addition,
Room C-201, located upstairs at the north end
of C-Wing, was used for a purpose some
people were not aware of. When Dr. Vogel
was faced with a task that required deep
concentration, such as writing a journal article,
he used that room as a hideaway with strict
orders that he not be disturbed. If he “invited”
you up into that room, you knew you were in
for some very hard work.

The most serious accident in the history of
the Division occurred late in the afternoon of
October 17, 1972, when an accumulation of
hydrogen and air exploded in a glove box
located in Laboratory G-102. Two inter-
connected glove boxes (Nos. 6 and 7) were
being used to investigate a process for the
preparation of uranium-plutonium oxide fuel
pellets. The process involved the reduction of



UO; and PuO, powders to a UO,-PuO,
mixture by heating them to about 600°C in a
stream of cracked ammonia (75% hydrogen-
25% nitrogen) in equipment simulating a
fluidized-bed reactor. The powder was then
pressed and fired at 1650°C to form the
ceramic pellets.

The explosion was more in the nature of a
rapid deflagration than a detonation, but it
made a loud noise that could be heard
throughout the building. It had sufficient force
to blow out the safety glass panels in the two
glove boxes and the glass panels in doors and
walls between the laboratory and the
connecting corridor. The concrete block walls
of the laboratory showed slight structural
damage. Two employees who were in the
laboratory suffered lacerations and bruises
from the explosion and a third employee cut
his hand on debris while evacuating the
corridor. The laboratory had to be
decontaminated to remove the plutonium
activity. Several factors appeared to have been
involved in the incident. Large quantities of
hydrogen had apparently leaked into the box
from a hydrogen exit line during an experiment
three weeks earlier. A hydrogen-monitoring
instrument gave no warning of a high level
because it had been cross-connected after a
calibration, and a high concentration of air
resulted from inadequate ventilation of the
glove boxes. The hydrogen-air mixture was
most likely ignited by an electrostatic spark.

Division Administration

In CEN, responsibilities for management of
the research and development programs pass
from the Division Director down through the
Associate Directors, and then to the various
Section Heads, Group Leaders, and Program
Managers. Management of the Division’s
administrative functions is the responsibility of
the Assistant Division Director. Everett Proud
had become the Assistant Division Director in
1966 and his secretary, Anne Melton, handled
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much of the routine work. A job description
for the Assistant Division Director written by
Everett at the time describes it as “being
responsible for management of the Division to
the level delegated to him by the Division
Director. The responsibility falls into five
categories: (1) personnel, (2) procurement,
(3) budget management, (4) building facilities,
and (5) the instrument shop.” When Lee Mead
departed from ANL in 1963, Ron Breyne had
been given responsibility for the procurement
function, and his role expanded while he
served as an Administrative Assistant under
Proud. In 1967, the Division was shocked by
the premature death of John Schraidt, who had
been handling the facilities and services
operations plus a number of other
responsibilities such as Division Safety Officer
and had been intensely involved with the
EBR-II Fuel Cycle Facility. He also performed
some of the Associate Division Director’s
functions during the transition between Frank
Masten and Everett Proud. Alice Graczyk had
begun her career in CEN as Schraidt’s
secretary. John Natale was another major
player in that area who handled many other
projects. He was one of the original designers
of the ubiquitous CENHAM glove boxes
mentioned earlier.

In 1965, Herb Brown was placed in charge
of the building facilities and services such as
the machine shop, installation crews,
reclamation crews, graphic arts, service
requests and work projects. He also reported
to Proud. Herb was assisted by Les Dorsey,
Emie Johnston, and Pleasant Kelsheimer.
Doreen Prucha was the secretary. “Big Emie”
was particularly noted for his ability to install
heavy safety-glass glove-box  windows
because of his size and strength. Les Dorsey,
among other things, was given the job of
tracking equipment inventories, which required
checking the ANL serial number tag on every
“sensitive” item in the Division, a job that
required a lot of tact. Somehow, he always
remained good-natured during the process.
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After Schraidt’s death, Les Coleman
became the Division Safety Officer and
handled the job with the same rigorous, no-
nonsense manner that Schraidt had employed.
Les also assumed responsibility for the
instrument shop.

In 1974, Ron Breyne transferred to BIM
(Biology and Medicine Division), where he
served as Assistant Division Director, and Leo
Morrissey took over the financial management
and budgeting work. Later on, Paul Eident
also joined in that effort. In 1978, Everett left
CEN to work for Betsy Anker-Johnson, who
had been appointed Associate Laboratory
Director for Basic Energy Sciences. At that
time, Ron Breyne and Herb Brown began to
serve as joint Assistant Division Directors,
with Ron in charge of the personnel,
procurement, and budgeting operations and
Herb handling the building and facility
responsibilities.

Personnel

By 1970, the composition of the staff of CEN
had changed significantly from that in the early
days of the Division, when most of the people
were in their 20s and 30s. Those individuals
were now in their 40s and 50s, and they

accounted for a peak in the age distribution
curve, which has diminished gradually as new,
younger people have joined the Division, and
is currently disappearing due to retirements.
Many of those retirees now work on a limited
part-time basis as STAs (Special Term
Appointees).

From the time the Division was formed
until about 1990, the basic categories of full-
time employees were as shown in Table 4-6.
There were also functional titles, such as
Group Leader, Section Head, Assistant
Division Director, and Division Director. The
technician/operator and secretary/clerk
categories were paid hourly. The higher-level
technical personnel were paid monthly, and the
higher administrative levels were on a
biweekly salary schedule. The claim is
sometimes made that the qualifications of ANL
engineers and scientists at the assistant,
associate, and senior levels are equivalent to
those of assistant, associate, and full
professors at a major university. That is
probably true in many cases, as evidenced
by the fact that ANL staff people often
teach courses, serve as thesis advisors, or
conduct cooperative research with university
professors, but whether it is a valid
generalization is a moot point.

Table 4-6. Personnel Categories

Technician/Operator I
Technician/Operator 1T
Technician/Operator III

Senior Technician/Operator
Engineering/Scientific Assistant
Engineering/Scientific Associate
Assistant Engineer/Scientist
Associate Engineer/Scientist
Senior Engineer/Scientist

Secretary/Clerk I
Secretary/ Clerk II
Secretary/Clerk III
Senior Secretary/Clerk
Administrative Assistant




The Laboratory has always encouraged
employees to avail themselves of educational
opportunities, some in-house, and others on
college and university campuses. In the 1970s,
the MBA degree was beginning to be favored
strongly in business organizations nationwide,
and the University of Chicago offered an
“Executive Program” to Argonne staff
members. The purpose of this program, which
resulted in an MBA degree, was to strengthen
the managerial capabilities of individuals in
positions of leadership. Several CEN people
completed this training in the 1970s: Erv Carls,
Eddie Gay, Dave Green, Martin Kyle, Paul
Nelson, and Mike Yao. In addition to the
regular staff, the Division has always had a
large number of temporary personnel,
including visiting scientists, consultants,
industrial participants, trainees of various
kinds, faculty appointments, graduate and
post-doctoral students, co-op students, STAs,
and others.

All personnel matters of the Division were
administered by the Assistant Division
Director. These included the recruiting and
hiring of weekly-rated, salary, and engineering
and scientific assistants. Final decisions in
personnel selection were normally made with
the concurrence of appropriate Group Leaders
or Section Heads. Applications of more senior
personnel were screened by the Assistant
Division Director, who also administered the
Division’s Equal Opportunity Employment
Program. Salary reviews and performanc.c
appraisal programs were also his responsi-
bility. Other personnel matters inclpded
security clearances, travel, promotions,
education and training, consulting and training
contracts, and numerous other functions. He
also served as the Division’s representative on
the ANL Personnel Committee B. Sofia
(Gawenda) Napora was designated to ma‘intain
the CEN personnel records, and has continued
in that capacity for years. She has an excellept
memory for names of people who have been in

the Division.
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Personnel activities such as recruiting and
hiring, salary increases, and promotion of the
more senior staff members were handled by
the Division Director and other upper
management people. Applicants for employ-
ment were usually subjected to a schedule of
interviews and asked to make a presentation on
their thesis or whatever other research they had
been doing. Promotion cases for those in this
category were presented to ANL Personnel
Committee A.

Procurement

In addition to office supplies and other such
items that are purchased routinely by most
business organizations, CEN had such a
diversity of programs that procurement was
often anything but routine. Frequently, the
desired item did not exist and had to be
fabricated, often from exotic metals or special
ceramics. Many common items could be
obtained from the CEN stockroom, but
budgetary restraints had resulted in a marked
decrease in the inventory by the 1970s,
necessitating greater use of the Laboratory’s
central facilities. The Division maintained an
extensive file of industrial catalogs that were
very useful in tracking down some item that
would fill the need. One intriguing catalog in
that file was a listing of railroad locomotives
with various options, including the desired
color scheme. The reason for that catalog being
in the file is uncertain, but it may have had
something to do with the facilities at EBR-II.

The Assistant Division Director was
responsible for all Divisional procurement.
That covered all purchases, including equip-
ment for the technical programs. Other items in
this area were the establishment of work
projects, outside contracts and consulting
agreements, property-control records, equip-
ment library, and equipment utilization
program.
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Budget Management

The Assistant Division Director’s duties
included all the financial management and
budgeting activities in the Division. Funding
for the technical programs required the
preparation of 189a forms, which were
basically program proposals to the funding
agencies that outlined the work to be done, the
schedule, and the costs. Technical personnel
prepared the texts of the proposals, but
manpower levels, costs, and cost codes were
worked out with the budget people, who then
tracked the expenditures to ensure that they
remained within the budget. Materials and
services and Division overhead had to be
included in the costs. Taxes on programs were
imposed in some cases to cover administrative
costs of Program Directors and Associate
Laboratory Directors. Manpower was also
charged to programs for purposes such as
quality assurance, technical editing, computer
assistance, and other items. Budget
management was not an easy task during the
unstable funding conditions in the 1970s.
Oftentimes a program would be part of the way
through the fiscal year and suddenly hear from
the sponsor that they could provide only a
fraction of the funding level in the original
projection at the beginning of that year. This
created a big problem because of the
multiplying effect. As a somewhat extreme
example, if word was received midway
through the fiscal year that the funding was
50% of the original amount, it meant the work
had to stop immediately. The confusion was
compounded in 1976, when Congress, unable
to pass the budget legislation on time, changed
the beginning of the fiscal year from July 1 to
October 1. A separate set of program plans and
189s had to be prepared for this so-called
“Transition Quarter.”

In addition to budget management, the
Assistant Division Director was responsible for
handling time cards, staff attendance records,
absentee reports, cost code assignments,

special materials requests, and a number of
other items, including arrangements for fund
drives and Division social activities such as the
annual picnic.

Building Facilities and Services

This aspect of the Assistant Division Director’s
responsibilities was handled by Herb Brown,
who reported to Everett Proud and was
assisted by Artie Freeman, Pleasant
Kelsheimer, and Les Dorsey. Doreen Prucha
was Herb’s secretary and she was assisted by
other secretaries or clerks as necessary. The
primary responsibility of this office was the
operation and maintenance of Bldg. 205 and
any other areas under the jurisdiction of CEN.
Installation work involved the Plant Service
people, electricians, pipefitters, carpenters,
laborers, and others. Some Plant Service
personnel worked regularly in Bldg. 205.
This office prepared service and work project
requests and monitored performance of the
work. A visitors’ register was maintained in
that office, and it held the keys to all storage
spaces. Physical arrangements were made for
special events such as program reviews,
seminars, and open houses. Work in special
facilities, including the caves and plutonium
glove boxes, was overseen to ensure that all
the safety equipment was functioning properly.

In addition to the multitude of complex
systems that must be maintained to operate the
building, the courtyard and nearby exterior
areas were of concern. Ever since Bldg. 205
was built, it seems as if the “front yard” has
been torn up at least 50% of the time for one
reason or another. Jan Muller once quipped
that “They should put a zipper in it.”

The design of engineering and much of the
laboratory equipment has always been an
important aspect of the Division’s activities.
Schraidt’s group did most of this work,
although many engineers and a few chemists
also did detailed design work. In some cases,
design engineers, including Jim Kotora and



Israel Pollack, were brought in from other
divisions for special projects. Johan Graae was
involved in many different design efforts. Dick
Malecha, although not a member of CEN
originally, has been involved with the Division
in various capacities for many years. Dick has
a special expertise in the area of quality
assurance and was involved in Laboratory-
wide QA work for several years. Largely as a
result of his influence, CEN was one of the
first divisions to incorporate detailed QA-
related specifications in shop drawings. It is
difficult to make a sharp distinction between
designing and drafting, the way it is done in
CEN, but some of those who did the work
were Harry Smith, Emie Singleton, Bob
Frank, Ray Stimak, Tony Keledus, and Norm
Schoij. These people were assigned from
Central Shops, but functioned as a part of
GEN:

The machine shop was staffed by Central
Shops personnel, but, like the designers and
draftsmen, they were usually assigned to CEN
for extended periods of time so they became
acquainted with the CEN people whose work
they were doing. Some of the longer-term
machinists were Bill Voss, Tom Denst, Ed
Lewandowski, Phil Brown, and Ted Wist.

There were others who worked in
Bldg. 205 on a rather regular basis.
Everybody from that period remembers the
electrician, Pat Doolin, with his impish (and
Irish) sense of humor. At one time two
painters, both named “Wally,” were working
in the building, which sometimes caused a bit
of confusion.

For many years, Bill Olsen operated the
instrument shop. This facility had the
capability to provide equipment design service,
construction, maintenance, and repair of most
of the instruments used by the Division. The
principal function of the shop was to repair
instruments being used in the research and
development programs. Over the years enough
equipment had accumulated from former
programs to provide an inventory of items that
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could sometimes be used in new programs
without the cost and lost time involved in
ordering new ones. This office also maintained
supplies of spare parts and chart paper.

Computers

By 1970, impressive progress had been made
in the manufacture of miniaturized integrated
circuits containing tens of millions of
components on a single microchip, and it was
inevitable that someone would soon exploit the
technology in the form of a practical computer
microprocessor. That occurred in 1971 when
an American engineer, Marcian E. Hoff,
combined the basic elements of a computer on
a single silicon chip. That microprocessor was
known as the Intel 4004, and it was followed
immediately by frenetic development programs
at many research laboratories to come out with
their own versions. The first affordable
desktop produced for personal use was the
Altair 8800 and it was marketed by Micro
Instrumentation Telemetry Systems in 1974.
The Tandy Corporation, in 1977, was the first
major electronics company to produce a
personal computer by adding a keyboard and
CRT monitor along with a cassette recorder to
store programs. Soon thereafter, Stephen
Wozniak and Steven Jobs formed Apple
Computer Inc., and produced excellent
machines that found wide acceptance. Apple
became one of the outstanding success stories
in the American business world. In the area of
personal computers, International Business
Machines, Inc. (IBM) was a sleeping giant; it
didn’t introduce a PC until 1981. It is amusing
to recall at this point that Popular Mechanics
magazine had predicted in 1949 that in the
future a practical computer may weigh as little
as 1.5 tons.

Mel Foster was coordinating the computer
applications within CEN. At that time,
essentially all of the computations were made
on the large machines in the Applied
Mathematics Division (AMD), which were
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connected to a station in CEN consisting of a
card reader, paper tape reader, cardpunch, and
printer. In 1974, Mel joined Dr. Vogel and
Carl Crouthamel in their move to Exxon in
Washington State and his job at CEN was
taken over by Steve Gabelnick, who had been
doing work on matrix-isolation spectroscopy
and other studies that led to a familiarity with
the ANL computer facilities.

In addition to the main-line computer
facilities at AMD, the people in CEN began
branching out into all sorts of applications to
take advantage of the rapid advances in the
technology that were occurring in the 1970s.
To assist in the implementation of these
applications, computer specialists ~ were
brought in from AMD and commercial
organizations to contribute their expertise.
Some of these people, including Glen
Chapman, John Osudar, and Bob Land,
became permanent members of the Division.
Bob Kessie, a chemical engineer who had been
involved in several earlier research and
development programs and had been a long-
time hobbyist in electronics, took to these new
developments like a fish to water and did a lot
of work with a Varian minicomputer on data
acquisition and control. Some of the earliest
programs to make extensive use of dedicated
computer facilities were proof of breeding,
calorimetry, examination of irradiated fuels,
battery development and the National Battery
Test Laboratory, physical properties research,
and coal combustion.

Another important development in the mid-
1970s was the introduction of the small hand-
held calculators. When Bill Schertz arrived
from Texas Instruments to join CEN he had
one of those calculators, and also a digital
watch, both of which were novel and attracted
great interest. Irv Johnson purchased a Texas
Instruments Model SR-51 in July 1975 and
used it for many years. The hand-held
calculators were a real time saver for those
individuals who made many simple day-to-day
calculations that did not justify the use of the

large computers. These hand-held devices
were in much demand by the staff, but ANL
management was reluctant to provide them
because of their cost (a few hundred dollars)
and “volatility” (susceptibility to theft). Those

who had them had to follow security
procedures nearly as stringent as those for
plutonium.

There were varied reactions, as one might
expect, to the explosion of computer
technology in the 1970s. A few would have
preferred to stick with their slide rules and
have as little as possible to do with it. Most
realized that it was inevitable and began to take
courses, read manuals, and learn to type. (This
was the period when owner’s manuals written
by computer specialists were unintelligible to
the average person—a practice that has not yet
disappeared completely.) It was easy to be
intimidated by the language. In those days
most people had never heard of bits, bytes and
baud, RAM and ROM, machine language,
assembly language, floppy disks, hard disks,
Fortran, Pascal, Cobol, Basic, hexadecimals,
parity, and hundreds of other terms, many of
which almost any 12-year-old could explain
today. And then there were those for whom
computers had become a compelling interest.
Some people spent much of their time during
evenings and weekends writing programs,
which can become an obsessive activity. Home
desktop computers as we know them were not
available until the late 1970s, but a few
hobbyists managed to assemble workable
systems. Irv Johnson recalls his experience in
developing a home computer capability: “My
first step was to buy a KIM-1, a single-board
basic computer. Input and output were by
means of a keypad and four segmented video
displays. A very primitive operating system
was located in ROM on the board, and I had
1 KB of memory. Programming was by
machine language. Later I added 4 KB of
memory and was able to obtain a Tiny Basic
that could be used. The addition of a
homemade video terminal and keyboard



resulted in a complete usable computer.
Programs were saved on a regular small tape
recorder. With this system, I learned a lot
about programming, but could not do the
complicated calculations I needed. I then built a
Heathkit H11, a PC version of the Digital
Equipment Corp. LSI-11. At first, input and
output were by Teletype™ and storage was on
paper tape. I then added a dual floppy disk
(8 in.) and video terminal, giving me a real
home computer for which I could write Basic,
Fortran, or assembly language. By including a
modem, I could then transfer programs
between ANL and home. Later on, I went by
stages to a ‘PC,” an XT, an AT and finally a
486DX.”

Application of computers in the technical
programs has already been mentioned here and
there. In 1978, the computer group started
placing summaries of their activities in the
Division reports. Their activities in 1978 and
1979 consisted of (1) computer modeling and
simulation, (2) laboratory  automation,
(3) database development, and (4) general
support (consulting, equipment specifications,
etc.).

In the modeling area, a program was
developed to calculate potential surfaces,
equipotential contours, and current-density
distributions for collector plates in lithium/
metal sulfide battery cells. A model was
constructed to calculate tritium concentrations
during release and cleanup after a hypothetical
accident in a fusion reactor. A NASA code was
modified to calculate complex chemical
equilibria (up to 12 components) in the forma-
tion of a non-ideal solution from condensed

species. e
Laboratory ~automation activities ~were
supported in the National Battery Test

Laboratory (NBTL), the ambient-temperature
and lithium/metal sulfide battery programs, and
the ion-microprobe facility. Three systems
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based on a Digital Equipment Corporation
(DEC) PDP-11 family of processors were
installed to perform the following functions:

1. Acquire data from the 50-cell lithium/
metal sulfide cell lifetime testing facility
and to acquire data and control cell tests
for the development and engineering
work, including the Mark 1A battery.

2. Automate  experiments, including
viscosity, calorimetry, density, and
thermal diffusivity measurements of
materials in the reactor-safety program.

3. Collect and process data from the
ACL’s new gas-chromatograph, mass-
spectrometer system.

4. Calculate the results of coal-char
combustion with sulfur retention by
limestone in a fluidized bed (coal
program).

5. Calculate the total flow of all fissile and
fertile materials through a large number
of nuclear reactors of three generic
types (Pu-producing, Pu-consuming,
and U-233-consuming).

Databases were assembled to assist CEN
staff in reviewing DOE proposals, to centralize
information collection, and to generate reports
and statistical data. Databases were also set up
to assist CEN administrative personnel in
various activities, and general support was
provided to Division members in the form of
consulting, data-management services, a
computer documentation library, CEN’s time-
sharing and batch-entry facilities, and
audiovisual minicomputer course materials. In
1979, work was started on a database file for
CEN publications.

The secretarial staff also saw a major
change in the 1970s when the electric
typewriters began to be replaced by “word
processors.” The word processor was a
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stand-alone system with a keyboard, video
screen, floppy disk storage, and captive
printer. This system had some of the features
of the current computer word-processing
programs in terms of editing, moving text, efc.
Unlike most of the technical staff who were
starting to use computers, the secretaries didn’t
have to learn to type to use these new devices,
and they seemed to appreciate the versatility
and capability to store their work on disks.

Miscellany

By the 1970s, the 20 years of the Division’s
existence was sufficient time for some
traditions and lore to have developed. As
mentioned before, the average age of the staff
had increased. In the earlier days, many of the
people were single, and there was a lively
social life among the CEN members. One
consequence of this, especially in the 1950s
and 1960s, was a number of intradivisional
marriages. Building 205 isn’t exactly the Club
Med type of atmosphere that one would expect
to engender romantic relationships, but they
did develop. By the 1970s, the following
marriages had taken place between CEN
members or between Division members and
people closely associated with CEN:

Milt Blander - Marie-Louise Saboungi
Herb Brown - Norma Pinches

Carl Cushing - Beatrice Hjelte

Phil Danielson - Doris Andersen
Len Hanna - Ruth Peterson

Phil Fineman - Olga Giacchetti
Peter Kafalas - Eleanor Juco
Eugene Kucera - Gene McCloud
Ted Olszanski - Ruth Voiland

Ron Paul - Nola Joy Tasharski

Ed Peterson - Betty Reilly

Chuck Seils - Laureen Peterson
Jack Settle - Leila Buckner

Art Shor - Roberta Wagner

Carl Swoboda - Joy Holloway
Ronald Wingender - Doris Michalek

Three major social occasions are sponsored
periodically by the Division: (1)a picnic,
(2) a Thanksgiving season Turkey Raffle, and
(3) an in-house buffet just prior to the
Christmas-New Year’s Day holiday break.
One other affair that might also be mentioned is
the Review Committee dinner, where the
Division staff socializes with the Review
Committee members and among themselves.
The picnics, with food, drinks, games, and
other activities, take place at Argonne Park and
present an opportunity for the spouses and
children of Division employees to become
acquainted with one another. The Turkey
Raffle usually involves some form of
entertainment when the drawings are held in
the Bldg. 205 auditorium. The annual
Christmas parties, which were held originally
in the large L-Wing lunchroom, were moved
off-site for several years, and now take place
in the A-059 Conference Room and adjoining
tormado shelter under X-Wing. Secretaries’
Day is generally observed off-site by small
groups, as is Bosses’ Day if the secretaries
think they deserve it. Birthdays are sometimes
observed by serving cake and coffee during the
day. Program groups go out to lunch
occasionally, sometimes to celebrate some
special event, and individuals occasionally host
group parties at their homes. At present, the
age curve for the Division’s population has
reached the stage that there are numerous
retirement  parties, usually at the Flame
restaurant.

For several years, the Laboratory has
operated an after-hours “Exchange Club” in
Bldg. 617 to encourage more informal contact
among the technical staff members, who tend
to become compartmentalized by geographic
and administrative factors. It did seem to
accomplish that purpose, and its use was
expanded to include essentially all ANL
personnel. Some used it as a “singles bar”
when that idea was popular, and at closing
time some of the groups would proceed on to a
commercial establishment such as Ripples to



continue the party. In general, the employees at
ANL were probably not as close knit socially
as those at sites such as Oak Ridge or Los
Alamos because they were widely scattered
over the Chicago metropolitan area and their
social life tended to be more oriented toward
their own communities.

Given the hundreds of people who have
been in the Division over the years, it would be
impossible to recount the wide variety of
personal interests and activities that were
represented. In general, they were probably
rather typical of any Chicago suburban
community. Possibly the longest standing
group is the Division’s Golf League. Their
first annual tournament was in 1952.
According to the Argonne News, the
participants in the 1958 tournament were
Jack Fischer, John Loeding, Don Fischer, Jim
Bingle, Les Burris, Al Chilenskas, Ira Dillon,
and George Bennett, who made the
arrangements. More recently, regular members
of the golf league have included Dave Green,
Bill Miller, Les Burris, Vic Maroni, and Bob
McBeth (from the Chemistry Division). For
several years there was a volleyball group
consisting mostly of members from the
pyrochemical program, which included Dean
Pierce, Bill Walsh, Les Burris, and Bill
Murphy. This group didn’t seem to recognize
that volleyball is not a contact sport, and
sometimes showed up at work somewhat
battered and bruised. A CEN softball team was
organized by Ron Breyne, Ziggy Tomczuk,
and others. Dean Pierce has been a physical
fitness enthusiast all his life and is an excellent
athlete who has participated in triathlons and
other such events. Now an STA, he still rides
a bicycle to Argonne from his home in
Naperville on the days he works. Paul Nelson
became interested in running in the 1970s and
participated in the Chicago Marathon. There
are many others in the Division who are
involved in athletics and sports, including a
large number who coach or officiate in
organized youth athletics.
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Several people in the Division are boaters,
including Leo Morrissey who has participated
for years in the prestigious Mackinaw sailboat
races. Powerboat owners include Jim Battles,
whose enthusiasm for fishing has become
legendary in the Division. There are a number
of private pilots, two of whom, Ward Hubbard
and John Ackerman, moved on to the more
demanding sport of competitive gliding.

Another interesting group is the chess team,
of which Dave Green, Ziggy Tomczuk, Ewald
Veleckis, and Bill Walsh have been members.
A surprising outgrowth of this activity came
from Bill’s experience in playing chess with
prisoners at the Stateville Penitentiary. At an
ANL seminar, a Dr. Carl Pfeiffer discussed the
effects of chemical imbalances in the body on
human behavior. Bill procured hair samples
from some of the prison inmates and others
and found strong correlations between
abnormal behavior and the levels of trace
elements and compounds such as zinc, copper,
and amino acids. On the basis of these
findings, he eventually established a clinic
aimed primarily at curing behavioral disorders
in children, using dietary changes and
supplements, but no prescription drugs. He
was the founder and is now president of the
Carl Pfeiffer Clinic in Naperville, which has
become highly successful in treating tens of
thousands of patients per year, with many
referrals from psychiatrists and  other
physicians.

A few musicians have surfaced in CEN.
John McKee, Chuck McPheeters, and
Jim Eberhart formed a guitar trio and sang
numbers typical of the Sons of the Pioneers at
the Turkey Raffles. On one occasion, Sandy
Preto joined them, making a quartet. Sandy,
who did electrochemical research studies in the
battery program, had another talent. She took
up belly dancing and, for a short time,
moonlighted occasionally at an Aurora night
club. She also presented her “Sasha” routine at
one of the Turkey Raffles. Another musician
who contributed much to some of the CEN
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social affairs was Cindy Wesolowski, who
plays the accordion and also has an excellent
singing voice. Many other Division personnel
sing or play instruments, but have not been
heard at CEN.

Some other performers who deserve
mention are Bob Larsen and Ed Berrill, who
could always get a lot of laughs, and Johan
Graae, who was nearly always called upon to
give an impromptu speech at parties. Pat
Doolin, mentioned earlier as the electrician
who was assigned to Bldg. 205 for years, was
a talented magician. One of his best tricks was
to pass a cigarette (lighted or not) through a
borrowed coin; you could watch it from a
distance of a foot or two and still not
understand how he did it. Pat also served
many years as a scoutmaster, as did Herb
Brown with Martin Steindler as his assistant.

TECHNICAL PROGRAMS

As stated earlier, CEN’s technical programs in
the 1970s underwent a major shift from
nuclear reactor technology toward environ-
mental research and alternative energy options.
Impetus was added to this trend by the oil
embargoes. Another trend that affected the
Division strongly was a decision by the AEC,
ERDA, and especially DOE to place more of
their management activities “in the field.” By
1979, the total funding for CEN was about
$31 million, with about a third of the amount
being contracted out to industries, universities,
and other ANL divisions. The distribution by
program areas was roughly as follows:
electrochemical (batteries and fuel cells), 58%;
fission-related work, 16%; coal technology,
13%; basic energy sciences, 8%; other, 5%.
By the end of 1979, about 284 people were
employed by CEN, 222 of whom were staff.
The increased management effort for the
funding agencies required a significant part of
the staff effort.

Lithium/Metal Sulfide Batteries
INTRODUCTION

In 1970, the research and development work
on high-temperature batteries was still in an
exploratory stage. A decision had been made to
discontinue the work on thermally regenerative
galvanic cells in favor of rechargeable
batteries, which seemed to have more promise
for commercial application. Although a large
amount of information had been generated on
active materials for the electrodes and
electrolytes and numerous experimental cells
had been built and tested, many questions
remained as to their potential performance and
lifetime as well as their suitability for battery
configurations. The principal candidates for the
positive electrode material were the chalcogens
(sulfur, selenium, and tellurium), and lithium
was favored for the negative electrode. Early
on in the program, it became evident that the
terms “anode” and “cathode” were going to
lead to confusion in the case of rechargeable
cells. The chemical definitions are that
oxidation occurs at the anode (negative
electrode) and reduction at the cathode
(positive electrode) when a cell is discharged.
On recharge, however, the situation is reversed
so the negative electrode becomes the cathode
and the positive electrode the anode. To avoid
confusion, a decision was made to avoid the
terms anode and cathode and simply call them
negative and positive electrodes, which is true
during both charge and discharge.

There was some uncertainty about the
optimum composition for the molten salt
electrolyte, which had to be capable of
transporting  lithium ions between the
electrodes, have a sufficiently high
decomposition potential to be stable at the cell
voltage, and have a low enough melting point
to permit a reasonable operating temperature.
In addition to the electrodes and the electrolyte,
suitable materials had to be available for



components such as electrode separators,
current collectors, electrical feedthroughs, and
cell insulators and housings. Another
uncertainty in the program at the time was the
practical application envisioned for high-
temperature batteries. Several funding agencies
were supporting the work with different
applications in mind, including electric-vehicle
propulsion and load-leveling on electric utility
systems.

The result of the above situation was that a
concentrated effort was made during the first
two or three years to obtain the additional
information needed to select the most suitable
combination of cell components. The effort
was then focused on the development of
specific cell and battery designs for defined
applications. During this period, the program
expanded greatly and included the addition of
industrial participants to the overall effort. This
expansion, together with other factors,
produced several management changes in the
1970s. The first year or two, Art Tevebaugh
was the cognizant Associate Division Director,
and then Don Webster assumed this
responsibility until Paul Nelson became the
director of all the electrochemical programs in
1973. Elton Cairns was the Section Head in
charge of the high-temperature battery work
until he returned to the General Motors
Research Laboratory in 1974, and then went
on to Lawrence Berkeley Laboratory and the
University of California in 1978. Managers of
the High Temperature Battery Program were
Dick Ivins (1974-76), Bob Steunenberg
(1976-78), and Duane Barney (1978-84).
Al Chilenskas was Manager of Advanced
Battery Development. Section Heads at various
stages of the program were Elton Cairns,
Bob Steunenberg, and Eddie Gay. Group
leaders at one time or another included
Al Chilenskas, Bob Steunenberg, Eddie Gay,
Bill Walsh, Jim Battles, Paul Shimotake,
Don Vissers, Bill Miller, and Mike Roche.
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 INDUSTRIAL PARTICIPANTS,

CONSULTANTS, AND
CONTRACTORS

A major goal of this program was to involve
industrial organizations in the effort so the
technology could be transferred to industry as
it was being developed. In 1973, battery firms
were solicited for an assignment of one or
more of their scientists or engineers to assist in
the development work and assess the
likelihood of future commercial feasibility of
the technology. Approximately 20 industrial
participants worked on the program for periods
of a few weeks to a year on a cost-shared
basis. Some of these participants were Ray
Hudson and Ken Gentry from Eagle-Picher
Industries, Inc., Dick Rubischko from Gould
Inc., Jim Birk from the Atomics International
Division of Rockwell International, Robert
Hamilton from the Carborundum Co., and
Doug Stakem from Catalyst Research Corp.

In 1975, cell development and fabrication
programs were initiated at Gould, Eagle-
Picher, and Catalyst Research. At about the
same time, management of a program
supported by DOE at Atomics International
was transferred to ANL. Ray Hudson headed
up the operation at Eagle-Picher, Dick
Rubischko and later Barry Askew the one at
Gould, Sy Sudar the one at Atomics
International, and Doug Stakem the one at
Catalyst Research. (Catalyst Research dropped
out of the program after a couple of years, and
the General Motors Research Laboratory
joined the effort later with Elton Cairns as the
principal investigator.) Procurement contracts
were negotiated with Carborundum to develop
and supply boron nitride (BN) felt separator
materials. Dick Malecha was given the
responsibility for handling routine management
of these subcontractors.

Many consultants were used in the high-
temperature battery program. Scott Wood of



162 1970-1980

the Illinois Institute of Technology and Bruce
Wagner of Arizona State University assisted
the chemistry and materials groups. John
Newman from the University of California,
Berkeley, did extensive work on the
mathematical modeling of the processes
occurring in Li(Al)/iron sulfide cells, and one
of his students, Richard Pollard, did a Ph.D.
thesis on that subject. Some of the other
consultants  included  Richard  Alkire,
University of Illinois; Theodore Beck,
Electrochemical Technology Group in Seattle;
Douglas Bennion, University of Utah; John

Dunning,  General Motors Research
Laboratory;  Robert Huggins,  Stanford
University;  George  Janz,  Rensselaer

Polytechnic Institute; Rob Selman, Illinois
Institute of Technology; Warren Towle and
William  Tiedemann, Johnson  Controls
(formerly Globe-Union); and Ernest Yaeger
and Boris Cahan, Case Western Reserve
University. Certain members of CEN or
program review committees who had special
expertise in the area, including Ed Buzzelli,
Westinghouse Electric Corp., Terry Cole,
Ford Motor Co., Charles Tobias, University
of California, Berkeley, and Wayne Worrell,
University of Pennsylvania, also provided
helpful technical advice.

In 1976, ANL and the Chicago Section of
the Electrochemical Society co-sponsored a
Symposium and Workshop on Advanced
Battery Research and Design, which was
attended by many of the above individuals and
organizations, as well as a number of foreign
participants. The proceedings are reported in
ANL-76-8.

EXPLORATORY STUDIES

A large body of information had already been
accumulated at ANL on the chemistry and
technology of molten halide salts in the nuclear
fuel reprocessing and regenerative galvanic cell
programs and in the basic studies of molten
metals and salts. For cells having lithium

negative electrodes, it was clear that a lithium
halide salt system would be the most suitable,
and the LiCl-KCl eutectic was selected on the
basis of its relatively low melting point
(352°C), high decomposition potential,
compatibility with construction materials, and
low cost.

From the standpoint of theoretical specific
energy (W-hr/kg), the lithium/sulfur cell
(Li/LiCI-KCU/S) was the best of the systems
under consideration, and a concerted effort
was made for about three years to build and
operate cells of this type. One of the several
problems associated with this cell was the
lithium electrode. The liquid lithium in the
negative electrode caused several problems:
(1) It was sufficiently soluble in the electrolyte
to impart some electronic conductivity, which
led to current inefficiency and self-discharge of
the cell. (2) Its chemical activity was sufficient
to cause some reduction of the potassium in the
LiCl-KCl electrolyte,

Li + KCl > LiCl+ KT

which, over a period of time, resulted in
metallic potassium deposits in the cell and a
change in the LiCl:KCl ratio in the electrolyte.
(3) The lithium metal, being a potent reducing
agent, was not compatible with oxide ceramics
such as magnesia (MgO) and alumina (ALO,)
used as electrical insulators. (4) At cell
operating temperatures (generally 400-450°C),
it was difficult to confine in the negative
electrode structure. Confinement of lithium in
the negative electrode was most likely related
to two factors: competition between the lithium
and the electrolyte to wet the electrode
structure, and the fact that the cell housings
were normally at the negative electrode
potential, which meant the lithium could
deposit on the housing wherever electrolyte
was present. Many ingenious electrode designs
using various metals in porous forms such as
mesh, felts, and foams were designed and
tested, but none was fully successful.



All of the above problems were finally
resolved by going to lithium-aluminum alloy
negative electrodes. The Li-Al phase diagram,
which had been investigated earlier by Yao,
Heredy, and Saunders [J. Electrochem. Soc.
115, 1039 (1971)] and was refined by Jack
Settle and Mike Myles in Jim Battles’s group,
is shown in Fig. 4-2. At 450°C, there is a
composition range between 10 and 47 at.% Li,
where two solid phases (ot + B) coexist in
equilibrium and the electrical potential remains
constant at 292 mV relative to elemental
lithium. When cycled electrochemically, this
material formed a porous, interconnected
(skeletal) microstructure that is ideal for high-
rate, efficient electrodes, and it did not change
appreciably over thousands of cycles in well-
designed electrodes. On recharge, the lithium
all deposited in the electrode because of its
decreased chemical activity in the Li-Al
structure.

The price to be paid for these advantages
was a significant, but acceptable decrease in
the voltage and specific energy of the cells.
The lithium-silicon system was also a
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candidate for the negative electrode. In this
case, the electrode discharges through a series
of voltage steps at 42, 150, 277, and 326 mV
vs. elemental lithium, which correspond to the
transitions

Li, 5Si — Li;,sSi — Li, 5,51
- Li,,,Si— Si

In practice, the Li-Si electrodes were
generally operated between about 50 and
80 at.% lithium. A Li,,Si electrode in
combination with an FeS or FeS, positive
electrode has a specific energy approximately
10% higher than that for Li-Al in a similar cell.
Lithium-aluminum negative electrodes were
used in most of the cells that were built and
tested, but the Li-Si electrodes were also used
successfully, particularly in Li-Si/FeS, cells at
General Motors and in Li-Si/FeS cells at
Gould. In some cases, Gould used mixtures of
Li-Al and Li-Si. Some exploratory work was
done on calcium negative electrodes at ANL,
but it was not continued into full-scale cells.
Subsequent studies have shown that a ternary
Li-Fe-Al system is an excellent negative
electrode.

A somewhat similar situation developed in
the case of positive electrodes. On the basis of
previous work reported in the literature and
preliminary studies at ANL, the chalcogens
(sulfur, selenium, and tellurium) were selected
for the initial investigations. Of these three
elements, sulfur had the advantage in terms of
voltage and specific energy, and a large
amount of effort went into research on the
behavior of sulfur in electrodes, both in its
basic chemical and physical properties and in
the development of practical electrode
structures. The high oxidation potentials of
chalcogens required the use of refractory
metals such as molybdenum or niobium for
current collectors and other components of the
positive electrode, and many different
experimental electrode designs were evaluated.
Selenium and tellurium, with additives such as



164 1970-1980

thallium in some cases, were tested in many
cell configurations, but were finally abandoned
because of their lower voltages and specific
energies and short cycle life caused by soluble
species in the electrolyte. Much attention was
given to sulfur electrodes, due in large part to
the enthusiasm of Elton Cairns for
lithium/sulfur cells because of their very high
voltages and theoretical specific ~energies
(W-hr/kg).

A major problem with sulfur was its near-
zero electronic conductivity. Attempts to
increase the conductivity by various additives
such as carbon black and phosphorous sulfides
were unsuccessful. Another serious problem
was the tendency of sulfur to dissolve in the
electrolyte, which caused a serious loss of
capacity on extended charge-discharge cycling.
It was clear at this point that a new approach
had to be taken toward the positive electrode.
Don Vissers, Ziggy Tomczuk, and Bob
Steunenberg came up with the idea of using
metal sulfides, which are solids and offer some
degree of electronic conductivity. The iron
sulfides (FeS and FeS,) seemed to show the
most promise, and they performed well in
preliminary tests. Workers at the Atomics
International Division of Rockwell
International had the same idea at about the
same time, but the ANL group managed to get
a patent. The more promising metal sulfides
for this application are given in Table 4-7.

From a technical standpoint, any of the
above materials could be used successfully,
but cobalt and nickel sulfides were deemed too
expensive for large-scale practical application,
which left FeS and FeS, as the materials of
choice. (Later in the program, Laszlo Redey
and Don Vissers developed a Ni,S, reference
electrode for use in molten salts that was
highly successful and resulted in a patent and
an IR-100 Award.) Titanium disulfide, TiS,,
undergoes a reversible reaction with lithium,
and cells of this type were operated. The
reaction differs from those of FeS and FeS,,
however, in that it involves a lithium insertion
or intercalation mechanism that allows only
one lithium atom to enter the TiS, lattice,
which limits the specific energy.

As was the case with the Li-Al electrode,
the iron sulfide electrodes produced lower
voltages and specific energies than sulfur, but
later testing showed that they performed very
well electrochemically, with a long cycle life.
At this time, the program became focused on
the two systems:

Li(Al) (solid)/LiCl-KCl (liquid)/FeS (solid)
Li(Al) (solid)/LiCIl-KClI (liquid)/FeS, (solid)
These systems, with solid electrodes and a

liquid electrolyte, were of a more conventional
configuration for a storage battery.

Table 4-7. Promising Positive Electrode Materials

Material Potential vs. Li°, mV Material Potential vs. Li°, mV
FeS 1620 FeS, 2066, 1620
NiS 1830, 1656 Cos, 1997, 1900, 1663

Co,S, 1663 NiS, 2034, 1830, 1656
Ni,S, 1656




The overall discharge reactions for these
cells are

2Li+FeS,—»Li,S+FeS (1.67,133V)

2Li+FeS > Li,S+Fe (1.33V)

The theoretical specific energy for the
Li/FeS cell is 460 Wh/kg, and that for the
Li/FeS, cell, if both voltage plateaus are used
fully, is 680 Wh/kg. Both are respectable
values in spite of the compromises made in
both electrodes. At first glance, these discharge
reactions appear to be straightforward, but that
turned out not to be the case, especially for the
FeS electrode. The discharge process in the
FeS electrode proved to be very complex, and
a large effort was made by the materials and
chemistry groups to identify the reactions and
the intermediate phases that were formed. As
many as six electrochemical and four chemical
reactions appeared to be involved. A variety of
techniques were used to identify the phases
and reaction paths, including X-ray diffraction
and metallographic studies of partially charged
and discharged cells. Two compounds,
Li,FeS, (W-Phase) and LiKFe,,S,.Cl
(J-Phase, formed by reaction with the KCI in
the electrolyte), ~were identified  as
intermediates in the discharge reactions. The
J-Phase was shown to inhibit the kinetics of
the discharge reaction. Studies of the reactions
showed that alternative paths existed for the
discharge process, one of which did not
involve J-Phase. As shown in Table 4-8, the
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concentration of KCI in the electrolyte can be
lowered to avoid the formation of J-Phase. The
Jatter two salts improved the cell performance
significantly, but at the price of higher
operating temperatures.

Some cells were operated with FeS,
positive electrodes, which produced two
voltage plateaus, the first at about 1.6 V and
the second at 1.33 V. Cells with FeS
electrodes showed a single plateau at 1.33 V.
Although the FeS, cells had a higher average
voltage and specific energy, they had the
disadvantages of a voltage change during
discharge, corrosion of the metal cell parts,
and long-term loss of capacity. Through the
1970s, most of the cells were of the
Li(Al)/LiCI-KCU/FeS type, but at the end of the
decade, the following options were still
considered viable:

Negative Electrodes: Li-Al, Li-Al-Fe,
Li-Si, Li-Al-Si

Positive Electrodes: FeS, FeS,

Electrolyte: LiCl-KCl, LiF-LiCl-LiBr

MATERIALS RESEARCH AND
DEVELOPMENT

The high temperatures and corrosive materials
used in the cells required an extensive effort on
materials research and development. Martin
Kyle handled much of this work until about
1973, when an expanded program was
instituted with Jim Battles as Group Leader.
John Smaga was a major contributor to the

Table 4-8. Electrolyte Systems

System Composition, mol% Melting Point, °C
LiCI-KClI (eutectic) 58.8-41.2 352
LiCI-KCl 66.7-33.3 425
LiF-LiCl-LiBr 22-31-47 430
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materials work. A special laboratory facility
was set up in J-101, where metallographic
work could be done entirely within a
controlled-atmosphere glove box. A unique
feature of this facility was an arrangement in
which samples inside the glove box could be
observed from outside by a microscope
mounted in the top of the box, either directly or
by closed-circuit television. This arrangement
was very useful in showing and explaining
results to coworkers or visitors. This group
also had a laboratory in Room A-141 that was
used for corrosion testing and other purposes.
The materials program was far too broad to
describe in detail. Extensive corrosion tests
were conducted on all the metallic components
of the cells. Fortunately, it turned out that low-
carbon steel and stainless steel, which are
relatively inexpensive and easily fabricated,
could be used for cell housings and supporting
structures for the lithium-aluminum electrodes.
Stainless steel was preferred, mainly because it
was not subject to oxidation by the air
atmosphere outside the cells. The positive
electrodes presented more of a problem,
particularly with sulfur or FeS, as the active
material.  Refractory metals such as
molybdenum could be wused as current
collectors, but they are expensive, heavy, and
difficult to fabricate. For the FeS electrodes,
iron or low-carbon steel was used as current
collectors, but some corrosion occurred during
long-term charge-discharge cycling. Adding
iron powder to the electrode mix largely solved
this problem. Alumina (Al,O,) was used
successfully as electrical insulators in certain
parts of the cells, although long-term exposure
resulted in the formation of some LiAlO,. The
separator had to meet a severe set of
requirements. It had to be resistant to reduction
by the lithium electrode and to oxidation by the
positive electrode. At the same time, it had to
serve both as an electrical insulator and as a
porous medium for the liquid electrolyte to
permit the transport of lithium ions between the
electrodes. A great deal of development work

and testing resulted in two types of separators
that gave excellent performance: boron nitride
(BN) felt or woven cloth, and porous plaques
pressed from magnesium oxide (MgO) and the
electrolyte salt. The production of BN in these
forms was a technical breakthrough by the
Carborundum Co., which was making it for an
undisclosed military application. It was formed
by extruding boric oxide (B,0;) as fibers,
which were converted to BN by treatment with
ammonia, followed by a high-temperature
exposure to nitrogen. Although Carborundum
was most accommodating in developing and
producing these materials, this effort
demanded a great deal of guidance and
attention from the Materials Group. Several
options for electrode separators as of 1979 are
listed in Table 4-9.

Another troublesome problem that was
solved mainly by Mike Myles working with
subcontractors was the development of a
hermetic feedthrough from the positive
electrode to an external cell terminal. (An
extension of the cell housing served as the
negative terminal.)

In addition to the traditional materials work,
this group made very major contributions to
two other areas of the program. One was in the
identification of chemical phases and physical
structures formed in the electrodes during
different stages of charge and discharge. This
work contributed to an understanding of the
cell chemistry and provided guidance for future
electrode designs. The other contribution was
the identification of cell-failure mechanisms.
The most common mode of cell failures was
short-circuiting that developed over a period of
time during charge-discharge cycling. This
usually resulted from expansion of the negative
electrode, which resulted in extrusion of the
active material and breaching of the separator.
Extensive studies of this phenomenon by the
Materials and Chemistry Groups resulted in
electrode design recommendations (loadings,
geomeltry, erc.) that solved, or at least greatly
alleviated this problem. Some of the other
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Table 4-9. Status of Electrode Separator Materials

Form Material Comments
Woven Fabrics BN Used in early cells; satisfactory, but expensive.
Felt BN Well developed, satisfactory, expensive, but reasonable
cost projected for mass production.
Powder MgO, AIN, Si;N, | Pressed or vibratorily compacted; inexpensive, used
satisfactorily in test cells.
Porous Plaque MgO, Y,0; In the experimental stage.

failures were caused by loss of separator
integrity, escape of material from the positive
electrode, and hardware problems. Extensive
post-test examinations of weak and failed cells
that were conducted by this group were the
principal source of information needed to
improve the cell designs. The excellence of this
type of work by the Materials Group became
well recognized and resulted in programs
supported by other organizations.

CELL DEVELOPMENT

In the exploratory stages of the program, many
different cell designs were used, most of them
being cylindrical (pancake) assemblies held
together by bolted flanges and ranging from
about one to six inches in diameter. In a few
cases, cells were stacked together in series to
form small batteries. As the program became
more focused on specific energy and power
requirements and on configurations better
suited to practical applications, cells of the
types shown in Figs. 4-3 and 4-4 were
developed. This  development depended
heavily on results of work by the Materials
Group on electrode separators, electrical
feedthroughs, and other components. Tom
Kaun played a particularly major role in the
development of new electrode and cell designs
and obtained a large number of patents. The
cylindrical and prismatic cells had a central

positive electrode and two outer negative
electrodes, which were grounded to the cell
housing. Each of the negative electrodes
normally had about one-half the capacity of the
central positive electrode. These configurations
were called “bicells” because they were, in
effect, two cells connected in parallel with a
common positive electrode. Although the
earlier rectangular prismatic designs were also
bicells, the more advanced designs, as shown
in Fig. 4-4, had multiple negative and positive
electrodes.

The electrodes were plaques of the active
material that were usually made by pressing or
pasting the active material into a metallic
supporting structure, such as a mesh or foam.
The function of the current collectors in the
electrodes was to maintain a uniform current
density and provide connections to a bus bar,

Mo POSITIVE LEAD
FEEDTHROUGH
SS SCREEN SUPPORT
UPPER Li-Al ELECTRODE
|

Mo CURRENT EE:CL;:SBE
COLLECTOR

[
BN FABRIC
SEPARATOR

LOWER Li-Al ELECTRODE E-BRITE SS

Fig. 4-3. Cylindrical Cell Design
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e ~

YIOS FELT s

BN SEPARATOR — |

Li-Al ELECTRODE

Fig. 4-4. Rectangular Prismatic Cell

which was connected through an insulating
feedthrough to the outer terminal. Retainer
screens or cloths were used in some cases on
the electrode surface to prevent the escape of
particulate material. The function of the elec-
trode separator was to insulate the electrodes
electrically from one another while at the same
time containing the liquid electrolyte necessary
for the transport of lithium ions between the
electrodes. Cylindrical cells of the type shown
in Fig. 4-3 were about 5 in. in diameter, and
the prismatic cells (Fig. 4-4) ranged from
gbant® S S Hptto” 7 XA 2 1k
In the late 1970s, the rectangular prismatic
cell design was selected for continuing
development because it was better suited to
cells with multiple negative and positive
electrodes. For example, the cell shown in
Fig. 4-4 has five Li-Al negative electrodes and
four FeS positive electrodes. The two outer
negative electrodes are half as thick as the
others. The  positive electrodes are
interconnected by a bus bar that leads to the
positive terminal of the cell. The negative
electrodes are grounded to the cell walls,
which conduct the current to the negative
terminal attached to the cell housing. The

multiplate cell design permits the use of
relatively thin electrodes with a high surface-
to-volume ratio, which results in high specific
power at acceptably low current densities, and
high utilization of the active materials in the
electrodes, which increases the specific
energy.

“STATUS CELLS”

The program was coming under increased
pressure from DOE to provide assurance that
demonstrable progress was being made in the
cell performance and cycle life. The response
was to initiate an effort in which Eagle-Picher,
Gould, and ANL each designed and built
groups of identical state-of-the-art cells for
standardized statistical testing. In general these
“status cells” were of the prismatic multiplate
design, about 5 to 7 in. wide, 7 in. tall, and
1 in. thick. The principal difference in the cells
produced by the three organizations was that
BN separators were used in the Eagle-Picher
and ANL cells, while Gould preferred MgO
powder.

There were also differences in the designs
and materials used in the cell electrodes and
hardware. The cells were tested at ANL by
charge/discharge cycling until the cell capacity
had decreased to 80% of its initial value, which
usually occurred after several hundred and, in
some cases, up to 1000 or so cycles. A 50-cell
test facility (Fig. 4-5) was constructed in
which the cells were cycled continuously at the
operating temperature of 400-450°C. A
computer was used to monitor the results.

Tests were conducted on other cells to
determine the effects of various duty cycles,
for example, discharges typical of a driving
profile for an electric automobile. Effects of
overcharge and overdischarge were examined.

In addition to the electrical performance
testing, Al Chilenskas and his coworkers
conducted safety tests on cells, which were
subjected to vibration and shock with little if
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any effect. Cells were also crushed to evaluate
hazards that might result from a vehicle crash
in which the molten salt electrolyte could be
released from the cells at operating tempera-
tures. These, too, were uneventful; most of
the salt remained in the cell, and what little
did escape solidified quickly.

BATTERIES

Al Chilenskas was in charge of the battery
work in the program. All the potential
applications of high-temperature batteries that
were under consideration required voltages
much higher than those of the individual cells,
so a large number of cells had to be connected
in series to form a useful battery. The battery
then had to be enclosed in a housing with
high-efficiency thermal insulation to maintain
its operating temperature while minimizing
the loss of thermal energy, which reduces the
overall energy efficiency. Internal electric
heaters were installed with the cells to heat
the battery during startup and any time that
additional heating was needed to supplement
the resistive heating produced by normal
charging and discharging. The development

Fig. 4-5. Fifty-Cell Test Facility for Li/Metal Sulfide Cells

of heat-management strategies and high-
efficiency thermal insulation was a major
effort in the battery program. One quirk in the
chemistry of the system that made the job a
bit easier was an entropic effect in FeS cells
that tended to level out the heating and cool-
ing effects during the charge-discharge cycles.

Two basic types of high-efficiency thermal
insulation were investigated: conventional
and vacuum multifoil, with several different
versions of each. The thermal conductivities
of the better ones were in the range of 1-3 x
10° W/mK. Calculations for a small
LiAV/FeS automobile battery with 1/2-in. peg-
foil insulation produced by the Linde Division
of Union Carbide would have a heat-loss rate
of 66 W and energy densities of 87 W-hr/kg
and 150 W-hr/L. Table 4-10 lists the three
small experimental batteries were operated in
the 1970s.

Another problem that had to be addressed
was cell equalization during charging. Unlike
nickel-cadmium and certain other batteries,
lithium-alloy/iron sulfide cells have little
tolerance for overcharging, so the individual
cells had to be returned to the same state
of charge. This required the development
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Table 4-10. Experimental Batteries Operated in the 1970s

No. of Voltage, Capacity, Thermal
Year Cells \' kW-hr Insulation Cycle Life
1977 6 8.8 1.0 Vac-Foil 11
1979 10 59 Sil Conventional 34
1979 5 5.6 1.6 Vac-Foil 70

of a computer-controlled charge-equalization
system, which was designed by Fred Hornstra
and the Computer Applications Group. Once
developed and placed in operation, the
charge-equalization system performed well.
One of the “problems” with the battery
development program was that the cells were
beginning to exhibit long cycle life. The long
cell life was desirable, but it resulted in tests
that required months, or even up to a year,
before a cell failed. Consequently, a great
deal of time elapsed before the effect of a new
design feature could be evaluated in a post-
test examination. The DOE was becoming
impatient with the rate of progress toward an
in-vehicle battery demonstration, and, in
1978, mandated that one be done
immediately. The CEN engineers and
scientists felt that it was premature and so
indicated, but the DOE insisted, so Eagle-
Picher was given the job of assembling a
battery (designated Mark IA). The Mark IA
battery consisted of two modules, each
containing 60 cells that were fabricated in the
charged state, arranged in two rows of 30
each, and connected in series to provide the
required voltage (see Fig. 4-6). Each module
was enclosed in high-efficiency thermal
insulation and had a capacity of 20 kW-hr.
During heatup, one of the modules
developed a short circuit external to the cells,
which propagated from cell to cell. The only
external indications that something was awry

Fig. 4-6. Mark IA Battery

were fluctuations in the cell voltages and the
internal temperature, which rose to over
1000°C. As is usually the case, the incident
occurred in the middle of the night. A 24-hour
watch had been set with Don Vissers and
Sandy Preto on the night shift. They called
the fire department as a precaution, but no
action was required. The other module, which
was alongside and connected in series, was
unaffected by the failure.

Extensive examinations were conducted on
the failed module, and electrolyte leakage was
established as the primary cause of failure.
The other module was not tested, but the cells
were removed and used for other testing. A
few days after the incident, Barry Askew, the
Program Manager at Gould, concerned about
the political aspects of the failure, asked a
group of visitors from ANL, “Has there been
much fallout over the Mark IA meltdown?” He



was told that he could have found a better
choice of words while talking to people
recently involved in nuclear programs. The
failure of the Mark IA battery was, in fact, a
serious setback and may have been part of the
reason for diminishing support of the program
in the following years.

The program did continue, however, with
plans for a Mark II battery in which Eagle-
Picher and Gould would each produce a
10-cell module with emphasis on reliability.

By the mid-1970s, the potential applications
being considered for high-temperature batteries
had narrowed down to two: electric vehicles
and load leveling. Al Chilenskas instigated
design and cost studies on batteries for both of

these applications. The design criteria for
load-leveling batteries were (1) 100 MW-hr
of electrical energy stored in about 7 hr and
discharged over peak-load periods of 5 hr for
five days per week, (2)a plant lifetime of
20 years, and (3) a cost (in 1978 dollars) of
$45-55/kW-hr. Four conceptual designs were
developed by ANL and outside contractors.

Throughout the high-temperature battery
program, there were discussions concerning
the most likely practical applications of electric
vehicles. Delivery vans and commuters’ cars
seemed to be the best possibilities because they
both involve relatively short, predictable routes
that are compatible with daily, overnight
recharging. In the early stages of battery
development, at least, electric family cars
capable of cross-country trips did not seem to
be feasible. Electric vehicle design studies
were conducted jointly by the Toyota Motor
Company and ANL for a van and an
automobile. The vehicle requirements and
projected  performance  are shown in

Table 4-11.
PERSONNEL
Because of the large scope of this program and

the number of people involved in several
aspects of the work, it is virtually impossible
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to give proper credit to each individual. The
following is an attempt to list the contributors
under the general areas into which they put
most of their effort.

Chemical Research: John Ackerman, Milt
Blander, Paul Cunningham, Jim Eberhart,
Al Fischer, Ellen Hathaway, Myron Homa,
Paul Hunt, Carl Johnson, Stan Johnson,
Gene Kucera, Vic Maroni, Jane Marr,
Al Martin, Carlos Melendres, Sandy Preto,
Laszlo Redey, Mike Roche, Laury Ross,
Marie-Louise Saboungi, Bob Schablaske,
Rob Selman, Stan Siegel, Ramamritham
Sridhar, Jim Sim, Bob Steunenberg,
Condeocita (Cajigas) Sy, Ben Tani, Ziggy
Tomczuk, Veme Trevorrow, Don Vissers,
Bob Yonco.

Materials Research & Development: Jim
Battles, Jim Bouquist, John Dusek (MSD),
Martin Kyle, Jim Mathers, Frank Mrazek,
Trent Latimer (MSD), John Mundy (MSD),
Mike Myles, Ted Olszanski, Neil Otto,
Jack Settle, John Smaga, Bob Swaroop,
Wayne Tuohig (MSD), Dave Walker (MSD),
Tim Wilson.

Cell Development & Testing: John Allen,
Karl Anderson, Jack Arntzen, Lou Bartholme,
Glen Chapman, Tom Cooper, Dennis
DeNuccio, Ron Elliott, Bruce Feay, Bill Frost,
Eddie Gay, Tom Kaun, Bob Kessie, Dennis

Kilsdonk, John Kincinas, Nick Koura,
Wally Kremsner, Fred Martino, Chuck
McPheeters, Bill Miller, John Osudar,

George Redding, Jim Riha, Bill Schertz,
Paul Shimotake, Noel Vargo, Bill Walsh,
Mike Yao.

Battery Development & Evaluations:
George Bemnstein, Ed Berrill, Steve Box,
Al Chilenskas, Bill DeLuca, Johan Graae,
Magdy Farahat, Ed Hayes, Fred Hornstra,
Henry Kacinskas (ENG), Veme Kolba,
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Table 4-11. Vehicle Requirements and Projected Performance

Vehicle Van Automobile

Curb Weight, 1b 3150 2350
Battery Weight, 1b 950 660
Payload, 1b 795 330
Total Weight, Ib 4900 3340
Acceleration Time (0-60 mph), sec 22 16

Maximum Speed, mph )] 85

Range (Overnight Charge), mi 100 100

Israel Pollack (ENG), Al Zielen (EIS), Sam actual electrode materials are Pb/PbO,,

Zivi (ENG).

Other: Duane Barney, Dick Beatty (QA),
Elton Cairns, Jay Geller (QA), Dick Ivins,
Dick Malecha, Paul Nelson.

Development of Aqueous
Batteries for Electric Vehicles

The Electric and Hybrid Vehicle Research and
Development and Demonstration Act, passed
in 1976, called for the development of
improved batteries for electric-vehicle propul-
sion. This activity, which was part of the
Department of Energy’s Electric Vehicle
Project, was intended to reduce national
petroleum consumption by the transportation
sector. The Office of Electrochemical Project
Management (OEPM) was established at ANL
to manage the development of improved
batteries suitable for electric-vehicle applica-
tions by the late 1980s. Three types of batteries
were identified by OEPM as suitable
candidates for this application: lead-acid,
nickel/iron, and nickel/zinc. These names for
the three systems are used universally in the
trade, but may be a bit misleading in that the

Fe/NiOOH, and Zn/NiOOH, respectively. The
electrolyte in the lead-acid battery is sulfuric
acid (H,SO,); an alkaline electrolyte such as a
solution of potassium hydroxide (KOH) is
used in the other two systems.

Neng-Ping (Mike) Yao, who had been
instrumental in starting this program, was
placed in charge as Program Manager and
Director of OEPM. Mike had an interesting
background, having been born into an
aristocratic Chinese family and then receiving
much of his education in Japan. He received
his doctorate from the University of California
at Los Angeles (UCLA), where he did his
thesis work under Professor Douglas Bennion,
a well-known electrochemist who later did
some consulting work for the ANL battery
program. Yao came to ANL from the Atomics
International Division of Rockwell
International, Inc., where he and Laszlo
Heredy did the original work on the lithium-
aluminum electrode. Mike was fluent in
English, Chinese, and Japanese, a rather
unusual combination. Prior to his assignment
to OEPM, he worked a few years on the high-
temperature battery program at ANL.



Specific managerial assignments in the
OEPM program as of 1979 were as follows:

Mike Yao Project Manager and

Director, OEPM
Clint Christianson Deputy Project Manager
Fred Hornstra Manager, NBTL

Tien Lee Technical Monitor, Lead/
Acid Contracts

John Rajan Technical Monitor,
Nickel/Iron Contracts

Jim Miller Technical Monitor,
Nickel/Zinc Contracts

Glenn Cook Group Leader, Battery

Support Research
Group Leader, Battery
Components
Contract Administrator
Quality Assurance
Engineer

Bill DeLuca

Frank Foster
Jay Geller

Other members of the team included Mike
Genge, Jiri Klinger, Dave Poa, Jodean
Waters, and John Barghusen.

Industrial contractors on a cost-sharing
basis performed most of the battery research
and development work in this program. The
main function of ANL, in addition to managing
the contract work, was to monitor their
technical progress by standardized testing of
their cells, modules, and batteries in the NBTL
(National Battery Test Laboratory), located in
Bldg. 205. The workers at ANL conducted
some research of a more basic nature on these

systems.

INDUSTRIAL CONTRACTORS’
PROGRAMS

Eight major industrial contracts for the battery
technology development were initiated early in
1978: (1) lead-acid (Eltra Corp., ESB, Inc.,
Globe-Union, Inc.), (2) nickel/iron (Eagle-
Picher Industries, Inc., Westinghouse Electric
Corp.), and (3) nickel zinc (Yardney Electric
Co., Energy Research Corp., Gould Inc.).
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The 1980 performance goals for the three types
of batteries are listed in Table 4-12.

The NBTL (Fig. 4-7) was established to
conduct independent testing and evaluation of
various battery systems as they were
developed. (At the time, suspicions were aired
occasionally that battery  manufacturers
sometimes were not entirely candid about the
true performance and lifetime of their products.
These suspicions were real enough that they
surfaced occasionally as humorous slides at
professional meetings of electrochemists.)
Cells and batteries developed within the DOE-
sponsored programs and by private funding
were tested in the NBTL (located in Laboratory
H-102 of Bldg. 205 and expanded later into a
new addition to the building, J-156). Those
facilities as of 1980 were capable of the
simultaneous testing of 27 cells or modules
and one full-size (30-40-kW-hr) battery under
simulated driving conditions as well as under
normal cycling tests.

Graphical displays and tabulations of the
results were directly available through a
computer. The battery tests were normally in
the following sequence:

1. Self-discharge (capacity loss in seven
days).

2. Partial depth of discharge (to check
“memory effects”).

3. Energy density vs. power density (to
provide performance and modeling
data).

4. Simulated load profile tests (simulated
electric-vehicle driving profile).

5. Peak power for sustained duration
(30-sec at 80, 50, and 20% state of
discharge).

6. Life-cycle tests (3-hr discharges until
capacity declined to 75% of rated
capacity).

In 1980, the capabilities of NBTL were
expanded from 15 to 20 test stations, and work
was started on further expansion to 40 test
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Table 4-12. Performance Goals for Aqueous Batteries

Performance Lead-Acid | Nickel/Iron | Nickel/Zinc
Specific Energy (W-hr/kg) at C/3 Rate" 42 54 64
Specific Power (W/kg), 30-sec avg at 105 110 110
50% Depth of Discharge
Cycle Life to 80% Depth of Discharge 400 300 200
at C/3 Rate?

“The “C/3” rate corresponds to a full discharge in three hours.

Fig. 4-7. National Battery Test Laboratory (NBTL)

stations. A typical cell/module test station had
current and voltage capabilities of +500 A and
0-12 V. A full-size battery test station had
+300 A, -1200 A, and 10-200 V capacity,
which required a large power supply. A
system was constructed to measure sustained
peak power from a battery. Three walk-in
chambers were built to permit testing under
various conditions of temperature and
humidity. Other items included a computer-
controlled simulation of driving profiles,
instrumentation to measure individual cell
voltages during battery tests, and an
interactive control console to provide support
for the individual control console terminals.

Most of the research and development in
this program was performed by the battery
contractors. ~ Argonne performed some
supporting basic and applied research work to
complement the contractors’ efforts. The
following is a brief summary of the ANL
activities.

ANL SUPPORTING RESEARCH

Zinc Electrode Studies. The loss of capacity
of zinc electrodes on cycling is a problem
that has plagued battery manufacturers for
years. Several experimental and modeling
studies were focused on mass transport,



reaction mechanisms, and current distribution
in zinc electrodes. Galvanostatic polarization
experiments, combined with known informa-
tion from the literature, resulted in a new
theory involving passivation of the electrode
caused by precipitation of zinc oxide (ZnO) at
the surface. The effect of zincate supersatura-
tion on the conductivity of the electrolyte was
also investigated. This study demonstrated the
effect of reduced electrolyte conductance upon
zinc electrode performance.

Thermal Modeling of Ni/Zn Cells. A
study to model heat transfer within Ni/Zn cells
was undertaken under a contract with the
University of Illinois. An experimental cell
was constructed to measure temperature
distributions over full-size electrodes during
charge-discharge cycling.

Nickel Electrode Capacity Loss. During
tests and evaluations of near-term alkaline
batteries, three adverse effects had been noted:
(1) an inability to obtain a full charge from
some batteries after several charge/discharge
cycles, (2) a lower charge acceptance of nickel
electrodes in Ni/Fe cells as compared to Ni/Zn
cells, and (3) effect of temperature on recharge
efficiency. To investigate these effects, NBTL
test data were reviewed, measurements were
made on individual cell electrodes, and bench-
scale experiments were performed. The first
problem was quantified by NBTL data and
individual tests, and some insight was gained
into the problem, but the conclusion was that a
detailed study would be required to reach an
unambiguous understanding of the mechan-
isms involved. With regard to item (2), a small
amount of soluble iron in the electrolyte
resulted in more oxygen generation, which
reduced the charge acceptance of the nickel
electrode. Increasing temperature was shown
to cause a marked capacity loss in the nickel

electrodes.
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Lead  Positive Electrode Active
Materials. In spite of the fact that the lead-
acid battery is a well-established technology,
the electrochemistry of the system is still not
well understood. As an example, the utilization
of active material in the positive (PbO,)
electrode is limited to 30-50%. In-situ laser
Raman spectroscopic studies were conducted
on the electrodes to identify the reaction
products, and the study was extended to
evaluate the merits of using 4PbO-PbSO,,
tetrabasicleadsulfate (TBLS), as the active
material in these electrodes. The results
showed that a significant amount of PbSO, and
minor amounts of 3PbO-PbSO,H,0 and
PbO-PbSO, were formed. The relative
electrochemical oxidation rates were ranked
tentatively as follows:

TBLS>PbO-PbSO,>PbSO,

Upon discharge of the fully charged
electrodes, only PbSO, was observed as a
product. Thus, the only value of using TBLS
in the fabrication of electrodes would lie in
morphological effects produced in the first
discharge. Another study was undertaken on
lead positive active material, using neutron-
scattering methods. The results showed that
hydrogen (or deuterium) was incorporated into
the B-PbO, lattice and that the lattice was lead-
deficient.

Arsine-Stibine Emissions. Small amounts
of arsine (AsH,) and stibine (SbH,) can be
evolved from lead-acid batteries during
charging. Both are highly toxic gases. Air
samples were taken during the charging of
lead-acid batteries both in workplace situations
and in laboratory tests and analyzed for arsine
and stibine. The results served as a basis for an
engineering analysis that resulted in recom-
mendations on the ventilation of battery
compartments in electric vehicles.
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Post-test  Battery Analysis. Post-test
analyses involving various analytical tech-
niques and visual examinations were performed
to determine causes of failure and to offer
recommendations to the battery contractors that
could be incorporated into their next generation
of modules.

Battery Component Research and Devel-
opment. Charging regimes and parameters
have an effect on battery performance and
lifetime. By 1980, NBTL had in place
computer-control and data-acquisition systems
capable of handling up to 15 concurrent battery
charge/discharge cycling tests. Extensive
studies were performed on the effects of
constant-current, constant-voltage charging;
equalization charging; pulsed currents; and
other charging strategies.

Battery/Vehicle System Integration. The
oil embargoes of the 1970s and the air
pollution in large cities both generated pressure
on the DOE to accelerate the development of
electric vehicles, and their natural response
was to push strongly for early demonstrations
of the technology. Integration of battery
prototypes into vehicles was an essential part
of this endeavor. Most of the in-vehicle battery
testing was to be done by JPL (Jet Propulsion
Laboratory), and the batteries were to be
supplied by the commercial manufacturers.
The NBTL had the responsibility for providing
information on the batteries to be tested,
evaluating battery configurations suitable for
specific vehicles, and evaluating demonstration
results. Computer modeling of battery
behavior was undertaken to provide a better
understanding of the electrode and cell
behavior. An equivalent circuit model was
developed to predict the response of the battery
to driving cycles, regenerative braking,
charge/discharge strategies, and other such
factors. Finally, materials availability/cost
analyses were performed to evaluate the effects
of near-term market penetration by electric

vehicles on the cost and availability of key
materials.

Fuel Cells

The major fuel-cell program in CEN, which
began in about 1977, was directed toward cells
that use molten carbonate as the electrolyte.
Argonne became the lead laboratory with
management responsibility for all the DOE
work in that area, and CEN conducted an
experimental research program of its own.
Prior to that time, however, there were two
small related programs that deserve mention.
The first, which began in about 1971, did not
involve fuel cells per se but was a close relative
in that it employed an electrolytic cell with a
molten carbonate electrolyte to replace CO,
with oxygen in space capsules.

ELECTROLYTIC GENERATION OF
OXYGEN FOR SPACE
APPLICATIONS

The objective of this work, which was
supported by the Ames Center of the National
Aeronautics and  Space  Administration
(NASA), was to recover oxygen from the CO,
with high efficiency, and to recover an
additional amount of oxygen from water to
provide a total oxygen make-up stream of
about 2.0 Ib/astronaut-day. The carbon from
the CO, was to be converted into a readily
disposable or useful form. A particularly
desirable reaction would be

4CO,+2H,0 »2CH,+50,

Although some progress was made, the
research effort revealed several difficult
technical problems, and it was terminated after
about two years. Rob Selman did most of the
work on that program. Sam Von Winbush, a
visiting professor, also contributed to this
work.



AQUEOUS ELECTROLYTES FOR
HYDROCARBON FUEL CELLS

The second program, which began in about
1973 and was led by John Ackerman,
was aimed at improved electrolytes for
hydrocarbon/air fuel cells. The idea behind
this work, which was supported by the
U.S. Army Mobility Equipment Research and
Development Command (MERDC), was to
develop fuel cells that could use conventional
fuels to propel military vehicles. Two poten-
tial advantages of such vehicles are that they
would be quiet and that the fuel efficiency, in
principle, could be high because fuel cells are
not subject to the Carnot-cycle efficiency
limitations of internal combustion engines.
Conventional fuel cells with a phosphoric
acid electrolyte had been used widely with
hydrogen or alcohol as the fuel. The objective
of this program was to use hydrocarbon fuels,
and the effort was aimed mainly toward new
electrolyte systems of much higher acidity. A
number of organic and inorganic electrolyte
systems with very high hydrogen-ion
activities were investigated. John worked
closely with the Army people at Ft. Belvoir
during these investigations. This program was
discontinued when funding was terminated.

MOLTEN CARBONATE FUEL CELLS

In 1977, CEN assumed its role as the lead
laboratory for the DOE molten carbonate fuel
cell programs with John Ackerman as the
Program Manager. The overall objective of
the DOE program was to develop fuel-cell
power plants in which synthesis gas
(hydrogen and CO) from a fuel processor
such as a coal gasifier/clean-up system would
be fed to fuel cells to generate electricity. The
advantages of this type of plant are use of
coal, very low pollutant emissions, and high
efficiency (estimated at 60%, coal to bus bar).
The increased use of coal, rather than oil, for
power generation seemed like a particularly
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good idea in view of the oil embargo at the
time.

The molten carbonate fuel cell program,
like the battery programs, consisted of research
and development work performed by a number
of contractors under an ANL Program Office
and supplemented by in-house work at ANL.
The contractors included the Energy Research
Corporation, Oak Ridge National Laboratory,
the Institute of Gas Technology, and the
General Electric Company. In addition to
technical management, the CEN group
assisted DOE with planning and evaluations.
The molten carbonate fuel cell (see Fig. 4-8)
consisted of a porous nickel alloy anode, a
porous nickel oxide (NiO) cathode, an
electrolyte structure that insulated the elec-
trodes electronically but permitted passage of
carbonate ions (CO;Z’), and metal cell
housings, which, in the case of cell stacks,
were cell separator plates. The housings (or
plates) bore upon the electrolyte structure to
form a “wet seal” that separated the cell from

‘its surroundings. The electrolyte structure,

commonly called a “tile,” was a composite

Fig. 4-8. Molten Carbonate Fuel Cell.
Dimensions: 11 x 11 cm. A = gas
entrance slot; B = gas channels; C =
gas exit slot; D = wet seal area.
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of very small (<1 um) solid particles of lithium
aluminate (LiAlO,) and a mixture of lithium
and potassium carbonates (Li,CO, and K,CO;)
that is liquid at the operating temperature of
about 650°C.

Hydrogen and carbon monoxide in the fuel
gas react at the anode with carbonate ion in the
electrolyte to form carbon dioxide and water,
giving up electrons to the external circuit. At
the cathode, carbon dioxide and oxygen react
and accept electrons from the external circuit to
form carbonate ions, which are conducted
through the electrolyte to the anode.

Anode: H,+CO,” > H,0+CO,+2¢
CO +CO,” »2CO,+2¢€

Cathode: 2CO,+0,+4¢e —2CO>

The ANL in-house effort was directed first
toward improving the wet seal and then mainly
toward improvements in the electrolyte tiles.
The people involved in this work, in addition
to Ackerman, were Pat Finn, Kim Kinoshita,
Gene Kucera, and Jim Sim. In 1978, Dean
Pierce was brought in as a Group Leader. One
of the first problems to be tackled was
corrosion of the stainless steel housing in the
area of the wet seal where the two halves of the
housing pressed directly against the electrolyte
structure. The corrosion was due primarily to
gradients in the chemical potential in these
areas. The problem was alleviated greatly by
flame-spraying aluminum onto the wet seal
area and then heating the housing to form a
diffusion layer between the aluminum and the
Type 316 stainless steel housing. On exposure
to the cell environment, the aluminum was
oxidized, producing a graded structure,
presumably of lithium aluminate (LiAlO,),
alumina (ALO,), aluminum, and stainless
steel. The protective coating of lithium
aluminate and alumina was non-porous and
adherent.

Most of the ANL work concerned the
development of electrolyte tiles of adequate

stability, strength, and performance. Above the
liquidus temperature of the carbonate mixture
(about 450°C), the tile was a very stiff plastic
body held together by surface forces; below
the liquidus temperature it was a hard, strong
body resembling a ceramic. The carbonate
content of the tile had to be high enough to
transport carbonate ions at a rate sufficient for
good cell performance without sacrificing the
tile strength. The tiles typically had a carbonate
content of about 65 wt%.

A key factor in the strength of the tile was
the size and shape of the solid lithium
aluminate particles. The compound exists in
three different allotropic forms and can be
prepared in various sizes and shapes (spherical
“clumps,” rods, bipyramids, and platelets).
Methods were developed to prepare all three
allotropic forms in high purity and to identify
changes in the allotropic forms and particle
morphology. The effects of these variables
were evaluated in cell tests and post-test
examinations. The initial tests were conducted
with 7-cm-dia round cells, and in 1978 they
were continued with 11-cm-square cells,
which were more representative of a practical
system.

The research and development work on
electrolyte tiles continued in 1979, with more
detailed studies of synthetic methods and the
use of additional diagnostic techniques,
including dilatometry to determine expansion,
slumping and creep. New tile compositions
were explored and some work was done on
sintered electrolytes. By the end of 1979, the
tile quality had improved significantly, and
studies were started on long-term aging and
degradation effects.

Coal Combustion

INTRODUCTION

In 1970, about 20% of the energy consumed in
the United States was generated from coal. The
rest was from oil (43%), natural gas (33%),



and hydroelectric and nuclear (4%). Most of
the oil was imported because domestic sources
had been depleted to the point that their
recovery costs were too high to compete with
foreign supplies. The use of natural gas was
increasing rapidly as pipelines were built,
thereby displacing coal and oil for many
applications, including the generation of
electrical power. Estimates of U.S. gas
reserves at the 1970 rate of consumption
ranged from about 50 to 100 years. In
contrast, U.S. coal reserves, if they could be
used, would sustain the rate of energy
consumption at that time for several hundred
years. S. David Freeman, Director of the Ford
Foundation Energy Policy Project in the early
1970s, described the situation very succinctly:
“There are two things wrong with coal today.
We can't mine it and we can't burn it.”

The environmental and safety problems
associated with the use of coal as an energy
source had become a matter of considerable
public concern. Underground mining was
dangerous, and news report of numerous
fatalities, injuries, and chronic illnesses were
common. Environmental impacts from
underground mining included acid mine
drainage, erosion, leaching of pollutants from
wastes, fires in mines and waste piles, silting
of streams, and destabilization of land over the
mines. Deep mining, which produced most of
the higher-grade anthracite and bituminous
coal, was giving way to strip mining, which is
much safer and more benign environmentally,
but has its own problems. The areas where
strip mining is feasible tend to have lower-
grade deposits such as high-sulfur bituminous
coal, sub-bituminous coal, and lignite. The
environmental effects consist mainly of piles of
earth from the mantle over the deposits and the
excavated areas where the coal was removed.
Reclamation of strip-mined land is usually
possible, but expensive. In Northern ‘Illmms,
old strip mines, which become filled with clear
water, are common, and are sometimes used
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for recreational purposes such as swimming
and fishing.

Once the coal is mined, burning it creates
another set of environmental problems. The
off-gases contain particulate matter, sulfur
dioxide, nitrogen oxides, and carbon dioxide.
Nearly all of the particulate matter can be
removed by filters, which collect fly ash as a
solid waste. The solid wastes from coal
combustion contain a number of toxic
substances that complicate their disposal.
Liquid scrubbers can be used to treat the off-
gases, but they are expensive and create liquid
waste, which requires further processing.

The many problems associated with power
generation from coal resulted in extensive
environmental legislation to set standards and
regulate that aspect of the industry. At the same
time, there was an awareness that energy from
coal was needed in the long run to conserve oil
and gas. It was clear that new technologies
were the only way to reconcile these two
requirements, and the oil embargo of 1973
emphasized the need for timely development of
these technologies.

In 1969, the Chemical Engineering Division
had started a program on the combustion of
coal in a fluidized bed to which particulate
limestone (CaCO,) was added to reduce the
emission of sulfur dioxide (SO,) during the
combustion process. This program was funded
initially by the National Air Pollution
Control Administration (NAPCA) of the
U.S. Department of Health, Education and
Welfare. Spurred by the 1973 oil embargo,
President Nixon, in 1974, recommended a
$35 million expenditure for the direct
(fluidized-bed) combustion of coal. Programs
were sponsored by the Office of Coal Research
of the U.S. Department of the Interior and the
U.S. Environmental Protection Agency (EPA).
There was pressure to move into the
demonstration stage, and a 10-ton/day plant
was being constructed by Pope, Evans and
Robbins, Inc. Consideration was being given
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both to atmospheric-pressure fluidized-bed
combustion (AFBC) and to pressurized
fluidized-bed combustion (PFBC). An
advanced high-pressure concept was pursued
jointly by Argonne, Exxon Research and
Engineering, and Westinghouse Electric
Corporation. The equipment had progressed to
a scale of about 500 lb of coal/hr and a
conceptual design was in the works for a
3-MWe plant. The level of effort on the coal
program in the Chemical Engineering Division

was increased markedly in the 1970s.
Extensive bench-scale engineering studies
conducted throughout the decade were

supported by more basic investigations that
provided an understanding of the chemical and
physical principles involved in the process. By
the end of the 1970s, CEN, in addition to the
in-house work, was providing administrative
support in a number of areas to the
Morgantown, WV, Energy Research Center in
the form of program planning, project
management, and program reviews. A
substantial amount of the manpower in CEN
was committed to these activities.

Al Jonke was in charge of the coal program
until 1978, when Irv Johnson assumed that
responsibility. Individual parts of the program
at various times were headed up by Erv Carls,
Irv Johnson, Mike Myles, Bill Swift, John
(G.J.) Vogel, and John Young.

CLASSES OF COAL

Ideally, a fluidized-bed combustion unit should
be able to accommodate coal from any source.
Four different classes of coal, as shown in
Table 4-13, are found in the United States. The
values in this table, adapted from Bureau of
Mines information (Bulletin 650), should be
regarded only as typical, rather than specific
data, for the purpose of illustration. Anthracite,
although an excellent fuel, is very limited in
supply, constituting only about 2% of the
United States coal reserves.

Bituminous coal is plentiful and of good
quality, except for the fact that much of it has a
high sulfur content. This was the major reason
for investigating new combustion techniques
with a capability for in situ sulfur removal. It is
interesting to note that Illinois has the largest
bituminous coal reserves of any state in the
nation, but Illinois coal is plagued with a high
sulfur content (most of it 3 wt% or more) and,
therefore, is useless for power generation
without some means of sulfur control.

FLUIDIZED BED COMBUSTION OF
COAL

Bench-Scale Engineering Experiments.
The work that had been started in 1969 using a
6-in.-dia  fluidized-bed «+ combustion unit
operating at atmospheric pressure was
continued in 1970. The general features of this
unit are shown in Fig. 4-9. The fluidized-bed
combustor was 6 ft long, positioned vertically,
and was equipped with a gas preheater for the
fluidizing air and vibratory screw feeders for
the coal and limestone. The flue gases passed
through primary and secondary cyclone
separators followed by a glass fiber filter.
Infrared spectroscopy and other instrumental
methods were used to monitor the composition
of the flue gas. The principal variables in the
operation were (1) Ca/S mole ratio in the feed,
(2) type of limestone, (3) gas velocity, and
(4) combustion temperature. Initial tests were
conducted with pulverized limestone (25 pm),
a superficial gas velocity of 3 ft/min,
temperatures of about 800 to 900°C, and Ca/S
ratios of 1.5-2.5. The temperature and gas
velocity over these ranges had little effect, but
raising the Ca/S ratio from 1.5 to 2.5 increased
the SO, removal from 57% to 83%. Recycled
limestone from the fly ash gave about the same
results, and dolomite performed better than
limestone (90 vs. 83%). The results from these
runs  produced sufficient information to
develop a mathematical model from the data.
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Table 4-13. Classes of Coal

Class Anthracite | Bituminous | Sub-bituminous | Lignite
Quality Excellent Good Fair Poor
Availability Poor Excellent Good Fair
Fixed Carbon, wt% 86-98 50-86 40-60 <40
Moisture, wt% <D 2-6 20-30 40
Ash, wt% 39 4-12 5-10 5)
Sulfur, wt% 0-1 0-3 or more 0-1 0-1
Heating Value, Btu/Ib 13,000 13,000 10,000 7,000

Work was then started on pressurized
fluidized-bed combustion, using the 6-in.-dia
bench-scale unit. This system was operated at
10 atm pressure with a compressed air feed,
an air preheater, and an off-gas system made
up of cyclone separators, filters, gas sarpplers,
and pressure let-down valves. The unit was
instrumented with a data-logging system. The
principal coal used in the operation was a
highly caking, high-volatile, bltununqus type,
but some work was also done with sub-

bituminous coal and lignite. The coal feed
was ground to a particle size of -14 mesh and
dolomite was used as the sorbent for SO,.

In the experiments with bituminous coal,
the temperatures were about 800-900°C, the
Ca/S mole ratios 1-3, and the gas velocities
2-5 ft/sec. The runs were all at 8 atm pressure
with 3% oxygen in the flue gas and a bed
height of 3 ft. Again, the effect of temperature
was nil, and the sulfur retention increased with
higher Ca/S ratios. The effluent gas met the
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EPA standard of 1.2 1b SO,/10° Btu of energy
produced. The NO, levels were also low, well
below the EPA standard of 0.70 Ib NO/
10° Btu.

Experiments were conducted with the 6-in.-
dia pressurized combustor to determine
whether any difficulties would be encountered
in processing lower-grade coals. One of these
was a sub-bituminous coal with a high ash
content of 17%, and the other was a lignite
with a low heating value of 7,625 Btu/lb. The
operating performance was excellent in both
cases, which demonstrated the versatility of
fluidized-bed combustion for processing coals
of widely varying types and quality.

Some special tests were directed toward the
effects of operating conditions on the concen-
trations of SO, and NO and other components
in the flue gas. Sulfated dolomite was used in
the bed. Changes in the temperature had no
significant effect on the SO, and NO concent-
rations. A reduction of the operating pressure
from 8 to 1 atm did not affect the SO, concen-
tration, but did increase the NO level from
about 200 ppm to approximately 400 ppm.

The continuing bench-scale work with the
6-in.-dia fluidized bed showed that dolomite
was superior to limestone in experiments
conducted at 950°C and 8 atm pressure with
respect to sulfur retention, but NO concen-
trations in the flue gas were in about the same
range (85-150 ppm, compared to the EPA
standard of 500 ppm). The effects of excess
combustion air were also investigated. This
was of interest because combustion heat could
be removed from the bed by generating steam
in tubes immersed in the bed, by passing
excess air through the bed, or both. With
excess combustion air in the range of 17-50%,
and with different Ca/S ratios, no consistent
effect on sulfur retention by a dolomite bed
was observed. The NO level in the flue gas,
however, increased with the oxygen
concentration, as expected (160, 200, and
220 ppm NO with 3, 6, and 9% oxygen,
respectively). The combustion efficiency

increased linearly from 86 to 98% when the
excess air was increased from 17 to 75%.
Studies of particle-size effects showed that the
particle sizes of coal and dolomite had no effect
on the NO level in the flue gas or the
combustion efficiency. The sulfur retention,
however, increased with decreasing particle
size of the dolomite.

Scale-Up Studies. In 1975, the ANL
program on fluidized-bed combustion of coal
underwent a major expansion supported
primarily by ERDA. In addition to continuing
research on fluidized-bed combustion and
regeneration of the limestone or dolomite, a
proposal was made to construct at ANL a
Components Test and Integration Facility
(CTIF). This facility was a 3-MW (electric
equivalent) coal-combustion unit with a
pressurized fluidized bed. This unit was to be
tied into ANL’s steam plant to utilize its coal-
handling and water-treatment equipment. The
idea behind the CTIF was to provide support
for a full-scale pilot plant about ten times that
size.

In 1976 a conceptual design study was
initiated on the Component and Test
Integration Unit (CTIU). The objectives were
to provide technical support for a pilot-plant-
scale PFBC project; to provide a facility for

materials evaluation, equipment-component
testing, and instrument evaluation; and
ultimately to investigate alternative and

advanced concepts of PFBC systems. The
CEN staff people put a great deal of thought
and design effort into the CTIU project. The
reference  operating conditions for the
combustor design are given in Table 4-14. The
fluidized-bed combustor was contained inside
a 12-ft-ID steel vessel with a pressure rating of
18 atm. The combustor itself was made up of a
stack of flange-connected, refractory-lined
modules. The modules were round, but the
refractory liners in some cases were square.
The hot gas removal system comprised three
stages of particulate removal—two cyclone
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Table 4-14. Operating Conditions for CTIU Combustor

Operating Pressure, atm 10 Excess Combustion Air, % 20
Bed Operating Temperature, °C 900 | Superficial Gas Velocity, ft/sec 7
Bed Height, ft 8.4 Ca/S Mole Ratio 2
Freeboard Height, ft 23 Target Sulfur Removal, % 90
Fluidized Air, Dry, lb/sec 10 Combustion Efficiency, % 94

separators and a granular bed filter. Hot gases
from the third stage cleanup flowed into a
stationary turbine-test cascade. The system
was thoroughly instrumented, including
graphic displays, with overall control from a
central module for process management and
data acquisition and processing.

In August 1978, DOE decided to defer
construction of the CTIU indefinitely and to
use the existing facilities with comparable
operating conditions and performance charac-
teristics to achieve the program objectives.

Toward the end of the 1970s, DOE
concluded that the industrial application of
atmospheric-pressure, fluidized-bed combus-
tion (AFBC) was ready for commercialization
and was one of the technologies that could
make a major impact quickly on the national
energy problem. Four industries (chemical,
petroleum, paper, and primary metals)
accounted for about 70% of all fossil fuels
used in boilers. The DOE recommended
building one large (200,000 b steam/hr) proto-
type AFBC for each of these industries. Also,
several industrial AFBCs were being built, as
were PFBC units. One of these was a 20-MWe
PFBC test unit of the International Energy
Agency (IEA) at Grimethorpe, England. After
the design and engineering activities associated
with the CTIU project had been brought to an
orderly conclusion in late 1978, Erv Carls,
who had been Technical Manager of that
project, was appointed Experimental l_’rogram
Manager of the Grimethorpe operation and

spent two years in England in that position.
During that time, he continued as an ANL
employee on special assignment.

Limestone Studies. The term “limestone,”
which is calcium carbonate (CaCO,), has
sometimes been used generically in this
program to include dolomite, a double com-
pound consisting of calcium and magnesium
carbonates (CaCO,;-MgCO;). Limestone and
dolomite occur naturally in large quantities,
and both were investigated as sorbents for
sulfur removal in the fluidized-bed combustion
work. At the maximum operating temperature
of 900°C normally used in these studies,
calcium carbonate was stable, but magnesium
carbonate in the dolomite decomposed
(calcined) to the oxide, producing a CaCO,-
MgO combination. At 950°C, however, the
CaCO, also decomposed to form CaO. This
process apparently produced larger interstitial
openings in the particles, and the SO, retention
was better than values predicted by a mathe-
matical model from the lower-temperature data.
Ata Ca/S ratio of 1.5, the sulfur retention was
96%, compared to a predicted value of 89%.
The NO levels in the flue gas were very low in
the two experiments—135 and 120 ppm. Tests
at 950°C also showed that dolomite was more
effective than limestone in retaining sulfur.
Studies were conducted on the kinetics of
sulfation and regeneration reactions of
dolomite, using thermogravimetric techniques.
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The rate of the sulfation reaction

(CaCO, + MgO) + SO, + 1/2 0,
— (CaSO, + MgO) + CO,

was enhanced by the presence of water in the
reactive gas stream, and the reaction was either
first or three-quarters order in SO, concen-
tration, depending, respectively, on the
presence or absence of water vapor. The
reaction was zero order with respect to water-
vapor concentration, and it was one-fourth
order in oxygen concentration with water
vapor present. The apparent activation energy
was 7.6 kcal/mol.

A rudimentary model for the sulfation
reaction was developed on the following
assumptions:

1. Diffusion through the macropores of the
dolomite particles could be ignored as a
rate-determining step.

2. The CaCO,; crystallites were platelets.

3. Diffusion through the reaction layer was
rapid relative to the movement of the
reaction interface.

4. The effective diffusion coefficient was a
function of the extent of the reaction.

The model fit the data and led to detailed
structural studies of the material, using optical
microscopy, X-ray diffraction, and scanning
electron microscopy.

For economic reasons, the widespread use
of limestone in fluidized-bed combustion of
coal would require that sufficient quantities of
suitable limestone be available at various
locations across the country to avoid excessive
shipping costs. Tests were therefore conducted
to evaluate the effectiveness of representative
limestones from different parts of the country
for FBC use. Reaction rates of the limestone
samples with a SO,/O/N, mixture were
determined by thermogravimetric analysis. The
predicted values for the quantity of limestone

required for a given quantity of coal, based on
the test data, gave a range of 0.37 to 2.4 kg/kg
coal. Sixty percent of the limestones were
below 0.5 kg/kg coal. These results indicated
that highly reactive limestones required to meet
EPA sulfur emission standards are widely
available in the U.S.

In the fluidized-bed combustion of coal,
approximately one ton of limestone or dolomite
would be sulfated for each 5 tons of coal
(3 wt% S) combusted. The large volume of
spent sorbent material would be a major waste-
disposal problem unless some means were
available for its recycle. A limestone
regeneration process in which the sulfur could
be recovered in a commercially useful form
such as elemental sulfur, H,S, or SO, might
offset some of the processing cost. Various
methods for regenerating limestone or dolomite
were considered: (1) reductive decomposition
of CaSO, by CO or hydrogen, (2) a two-step
process in which CaSO, was reduced at 900°C
to CaS, which was then converted to CaCO,
and H,S by reaction with a CO,-H,O mixture
at about 600°C, and (3) a solid-solid reaction
of CaS with CaSO, at about 1100°C to form
Ca0 and SO,. The reductive decomposition
was believed to be the most promising of the
three methods, and partial combustion of the
coal was a potential in situ method for
generating the reducing gases. Dolomite that
had been sulfated in coal-combustion
experiments was regenerated by using methane
in a 3-in-dia reactor. The effects of
temperature, fluidizing velocity, fluidized-bed
height, solid-bed residence time, and total
reducing gas concentration in the flue gas on
the regeneration of CaO were examined. The
results, in brief, were as follows:

1. Deeper beds resulted in poorer
regeneration.
2. Increased fluidizing gas  velocity

affected regeneration adversely.



3. Higher  regeneration temperatures
(>1040°C) increased the extent and rate
of regeneration.

4. Establishment of two reaction zones in
the reactor was very effective in
preventing CaS buildup.

5. Decrepitation of the particles in the bed
occurred during regeneration.

Additional components were installed in the
bench-scale equipment, and the combustion
and regeneration systems were separated.
Also, the inside diameter of the regenerator
was increased from 3 in. to 4 in., and a coal-
feeding system was added. Other supporting
regeneration studies continued in CEN, one of
which involved the use of carbon to regenerate
sulfated limestone in an externally fired rotary
kiln. This approach was discontinued due to a
lack of durable construction materials and the
high cost of clean fuel required to heat the kiln.

Inorganic Salt Additives. The use of
inorganic salts as additives to enhance the
effectiveness of limestone beds was
investigated. Initial studies were made with
sodium chloride (Nalco), using synthetic flue
gas at 850°C. Changes in the surfaces of the
particles were determined by porosimetry and
electron microscopy. Trace amounts (1 mol %
or so) of the added salt apparently caused
structural rearrangements and migration of
pores to form larger pores, which increased
permeation of the gases into the particles. A
similar effect was noted with calcium chloride
(CaCl,) additions to limestone and dolomite.
Additions of larger amounts of CaCl, caused
the formation of a liquid capable of dissolving
CaO. This effect could lead to complete
sulfation of the material.

The success of this general approach
suggested the possibility of using other ;alts
such as sodium carbonate (Na,CO;) or sodium
hydroxide (NaOH), which do not contain
corrosive chloride ions. Because of concerns
about the corrosion that might result from these
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salts, a laboratory-scale fluidized bed made of
quartz was assembled to test various alloys in a
simulated flue-gas environment at 850°C and
20-500 ppm SO, with NaCl or CaCl, added to
the bed material. The alloy test specimens were
located in and above the bed. Stainless steel
and high nickel-alloy specimens in the bed
showed higher corrosion rates with the salt
additives, and specimens at 650 and 550°C
above the bed exhibited extensive corrosive
attack. In view of these results, a new,
automated AFBC unit with a 6-in.-dia
combustor was built with provisions for seven
corrosion probes, each containing seven metal
specimens (see Fig. 4-10). Several 100-hour
tests were conducted, using coupons of
nickel-, iron-, and cobalt-base alloys.

After the exposure, the coupons were
examined by scanning electron microscopy and
energy dispersive X-ray analyses. Additions of
0.3 mol % CaCl, to the sorbent had little effect
on the corrosion rates, but additions of 0.5 mol
% NaCl or 1.9 mol % Na,CO, accelerated
corrosion of most of the coupons. Samples
near the top of the bed were attacked more
severely than those near the fluidizing gas
distributor. In general, most of the specimens
were penetrated less than about 15 pm. The
uncertainties in long-term corrosion rates
calculated from these data were felt to be such
that much longer test times would be required.

Experience from operation of gas turbines
with hot flue gases from liquid fuel
combustion units had indicated that alkali metal
compounds such as chlorides and sulfates of
sodium and potassium cause “hot corrosion”
of gas-turbine hardware. This could also be a
problem with PFBC combined-cycle power
plants, where the flue gas is used to drive a
turbine. Granular bed filters were being
developed to remove these compounds, as well
as particulate material. Diatomaceous earths
and activated bauxites proved to be the best
sorbents for these beds. Removals of 95-98%
of the NaCl from the gas were readily achieved
with these materials. Tests indicated that
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Fig. 4-10. Corrosion Test Equipment

bauxite could be regenerated by washing with
water. Particulate matter also had to be
removed to prevent erosion of the turbine
blades. A granular bed filter using sulfated
limestone was investigated and found to
remove 91 to 99% of the particulates from the
gas. To reduce the loading of the bed,
however, the use of a high-efficiency
Donaldson TAN-JET® cyclone separator
upstream from the bed was examined. The
cyclone, by itself, was able to decrease the
particulate concentration to about three times
the acceptable level for use in a gas turbine.

Synthetic  Sorbents. The possibility of
developing synthetic sorbent materials as an
alternative to limestone or dolomite was
investigated. The thought was that it might be
possible to synthesize a material having
physical and chemical properties tailored to
meet the specific needs of a fluidized-bed
combustor.

Alkali or alkaline earth oxides deposited
on a support such as g-alumina pellets were
tested. Cylindrical q-AlLOs pellets (1/8 x
1/8 in.) were impregnated with CaO, and their
rates of sulfation were measured, using a

synthetic combustion gas and a thermo-
gravimetric analysis apparatus. The rate was
0.7 order with respect to SO; concentration
and first order in the CaO concentration. The
rate of sulfation was independent of water
vapor content of the gas and increased with
temperature from 750 to 900°C, above which
it became independent of temperature. The
sulfated additive (CaSOs in -Al,O3) was
regenerated with various reducing gases (Ha,
CHys, or CO), and the rate was 0.8 order in the
reducing gas concentration. The rate was the
same for CHs and Ha, but lower with CO.
Other metal oxides (Na,O, K>O, SrO, and
BaO) were also tested. The general
conclusion was that the synthetic additives
offered no significant advantages over
limestone or dolomite.

Behavior of Trace Elements. Coal contains
a large number of trace elements, which
appear in the fly ash or the fluidized bed after
the combustion process. Some of these
elements, for example, mercury, lead,
beryllium, and fluorine, are of particular
environmental concern because of their
toxicity. For this reason, studies were



conducted to determine differences in the way
trace elements behave in fluidized-bed
combustors and in conventional coal-fired
power plants. Preliminary data had indicated
that the fluidized-bed system would reduce
trace-element emissions.

Further studies of trace-element behavior
in ten-cycle combustion-regeneration tests
showed that nine elements (Cr, T1, V, Mo, Zn,
Ba, Fe, In, and Sr) were enriched in the
sorbent as a result of coal-ash buildup on the
surfaces of the dolomite particles. Eight
elements that tend to be volatile in conventional
coal-fired units were either enriched (Cr, TI,
and Zn) or remained stable (As, Cd, Pb, Ni,
and Se) in the dolomite.

FOSSIL FUEL UTILIZATION AND
CONVERSION

This program began with the title “Coal
Conversion Technology Program” and was
later renamed “Fossil Fuel Conversion and
Utilization.” Largely as a response to the oil
crisis of the 1970s, a large national program on
the conversion of coal into clean fuels was
being sponsored by the U.S. Department of
the Interior and other federal agencies, with
support by the U.S. Bureau of Mines, private
research organizations, and universities. The
initial work at CEN was authorized by the
AEC Division of Applied Technology in
September 1974 and was aimed at problems
related to an in situ (underground) coal-
gasification process being developed at
Lawrence Livermore National Laboratory
(LLL).

When ERDA was formed, the work
continued as part of the in situ gasification
program  under ERDA’s Division of
Petroleum, Gas, and In Situ Technology. In
1975, CEN was authorized to begin an
additional project in support of coal
liquefaction development called “Physical
Parameters in Synthoil Process.” This work

was done in cooperation with the ERDA
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Pittsburgh Energy Research Center. With the
advent of DOE, these programs were placed
under its organization, and CEN began to
provide technical support to DOE for its
management of the overall alternative fuels
development programs. This management
support consisted of developing program
plans, establishing objectives, reviewing
contractors’ proposals, providing contract
placement documents for DOE, and presenting
program reviews at contractors’ annual
meetings. This was much the same strategy
that DOE was using in the battery, fuel-cell,
and coal-combustion programs in CEN in the
late 1970s, i.e., the primary function of ANL
was to assist DOE in program management,
although a small in-house research and
development effort was also allowed.

Char is produced as a by-product during the
in situ gasification of coal. Two possible uses
of the char were under consideration:
(1) production of hydrogen by a steam-char
reaction, primarily for use in the coal-
conversion processes, and (2) combustion to
generate heat or electricity. The gasification
reactions to be studied were

CO +H,0 & CO, +H,
H,0+C« CO+H,
COo,+Ce2CO

A laboratory-scale unit to study the reaction
of steam and oxygen with coal and char was
originally designed to simulate in situ
gasification conditions at a temperature of
800°C and a pressure of 40 atm, and it was
later modified to operate at 1000°C and
136 atm. The variables to be studied were
steam pressure, coal devolatilization rate,
reaction temperature, and total pressure.
During the construction of this unit,
preliminary studies were conducted on char
reactivity with oxygen and steam at
atmospheric pressure and on the catalytic
activity of coal ash. Chars were prepared from
a number of coals and their reactivities with
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steam and oxygen at atmospheric pressure
were measured, by using a thermobalance. The
activation energy proved to be about one-half
of that reported in the literature, which
suggested that catalysis by inorganic matter
had occurred or that the reactions had taken
place inside small pores having a high length-
to-diameter ratio.

Ashes of several coals were prepared, both
by high-temperature oxidation and by low-
temperature ashing techniques, and the surface
areas and surface acidities were measured.
Surface acidity is used in the petroleum
industry as a measure of the activity of
cracking catalysts. On a unit area basis, the
coal ash had a higher concentration of surface
acid sites than a commercial cracking catalyst,
which indicated potential cracking activity by
the coal ash. Studies were conducted on the
reaction kinetics of the processes occurring in
the gasification zone of the coal-gasification
process, i.e., steam-char, CO,-char,
hydrogen-char, water-gas shift, and methana-
tion reactions. The coal samples were
representative of coals where field tests were
either in progress or were planned, and the
type of coal was shown to have a significant
impact on the steam-char reaction. The data
from this work were intended for use by others
in mathematical modeling of coal-gasification
processes. In 1979, the experimental work on
coal gasification was phased out due to budget
constraints.

During 1976-77, CEN had a short-term
experimental program on the Synthoil Process,
a method for converting coal to a liquid fuel of
low sulfur content that would be suitable for
use in power production. The process
consisted of liquefaction and hydrodesulfur-
ization of the coal in a turbulent-flow, catalytic,
packed-bed reactor. A slurry of the coal in
recycled oil was treated with hydrogen at
450°C and 135-270 atm pressure in the
presence of a Co-Mo/SiO,-Al,O; catalyst. The
gross liquid products were centrifuged to
remove the unreacted solids. The chemical

reaction is exothermic, and a batch calorimeter
was devised to measure the amount of heat
evolved by the reaction. Plans were also made
to determine heat-transfer characteristics to be
used in engineering-design calculations, to
develop improved methods for separating
solids from the liquid product, and to test
catalysts. Some preliminary work was done in
these areas, but it was halted as a result of
budget decreases and a shift of manpower to
DOE management responsibilities. Several
years later, after the immediate oil crisis was
over, the national Synthoil effort in the 1970s
was criticized severely by some politicians and
the media as a “government boondoggle.”

MAGNETOHYDRODYNAMICS

In the mid-1970s, a small CEN effort was
initiated in support of the ANL program on
magnetohydrodynamics (MHD). An MHD
generator is basically an expansion engine that
converts heat from combustion gases directly
into electric power by passing the hot, partially
ionized gases through a duct (or ‘“channel”)
lined with electrodes and surrounded by
magnetic coils that create a magnetic field
across the duct. Movement of the electrically
charged gas through the duct generates a
current that is collected at the electrodes. The
expanding high-pressure gas propels itself
through the duct. Very high temperatures are
required to ionize combustion gases, but an
addition of small amounts of potassium or
another alkali metal (seed particles) enhances
lonization sufficiently to permit operation at
temperatures of 2000-2500°C. Proposals for
using. MHD in generating plants usually
involve passing the exhaust gases from a high-
pressure combustion unit first through an
MHD generator and then into a boiler to
produce steam for a conventional steam-turbine
generator. Plant efficiencies for this type of
system are projected to be as high as 60%.

The downside of this technology lies
mainly in the corrosive gases and particulate



material, which, together with the high
temperatures, present serious corrosion,
erosion, and solids-deposition problems.

The coupling of high-pressure coal-
combustion technology and high-efficiency
(e.g., superconducting) magnets was a natural
for Argonne, which had been working in both
areas. A small CEN effort to provide chemical
and engineering support for the MHD program
at ANL was started in about 1975. This
became a sizeable program at ANL, in which
CEN was responsible for the development of
technology associated with the components
downstream from the MHD channel-diffuser,
and for processes to recover and recycle the
potassium carbonate (K,CO,) seed material.
The major focus was on interactions between
the slags and seed materials in the gaseous and
the solid or liquid phases, and development of
a process for removing sulfur from the spent
seed material. In 1979, the Division assumed
an additional task of conducting tests of MHD
steam-generating components in a 2-MW
facility constructed at ANL. One of several
possible arrangements for these downstream
components in an MHD plant is shown in
Fig. 4-11.

The overall objective of the MHD Heat and
Seed Recovery Project at ANL was to provide
technical data for designing and operating the
downstream gas system and the seed-recycle
process. An immediate project goal was to
support a 20-MW unit of this type that was
being built at the time by the University of
Tennessee Space Institute. The longer-range
goal was to provide the technical data needed
for a S00-MW Engineering Test Facility (ETF)
to demonstrate the feasibility of a coal-fired
MHD power plant. The Argonne MHD
Process Engineering Laboratory (AMPEL)
was a facility constructed by the ANL
Engineering Division to test MHD steam-
generator components under prototypical MHD
conditions. This facility could supply a mixture
of combustion gas, potassium compounds,
and coal ash at a rate of 1 kg/sec by burning a
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slurry of fuel oil, coal ash, and K,SO, with air
preheated to about 800°C. The Division was
given the lead role in the experimental work
with this unit. The equipment was operated in
three different temperature regimes: 2000-
1500°C, 1500-1200°C, and below 1200°C.
Instrumented, temperature-controlled tubes
were inserted in the system to measure heat-
transfer characteristics and to obtain samples of
condensates and other deposits. Preliminary
experiments showed that entrained solids in the
gas tended to block radiant heat transfer to the
wall, and deposits of K,SO, and a potassium-
rich slag phase were found on the tube walls.
These effects were not “show-stoppers,” but
they had to be taken into account in the
equipment designs.

A computer model, called “MHDGAS,”
was developed to predict the equilibrium partial
pressures of gaseous species and compositions
of condensed solids and liquids in the various
regions of the system. Later, the model was
extended to include diffusion rates within the
condensed phases, and to incorporate several
other elements present at low concentrations in
the coal ash (iron, sodium, chlorine, lead,
phosphorus, and zinc) to predict their behavior
in the process. This computer model proved to
be highly effective, and it was used extensively
in the engineering-design work.

Recovery of the potassium seed material
and its desulfurization became an important
part of this program because of environmental
and economic factors. Two types of processes
for removing sulfur from the K,SO, were:
(1) those that recover the sulfur in a
commercially usable form (elemental S, H,S,
SO,, and H,S0O,), and (2) those that recover it
in a disposable form (CaSO,2H,0 and
MgSO,). Both approaches were being
explored as of the end of 1979.

PERSONNEL

In addition to those mentioned earlier, the
following people worked in the coal
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The combustion gas leaves the MHD channel-diffuser at a
temperature of about 2000°C, a pressure of 1 atm, and a velocity of
100-200 m/sec. At this point, the gas contains liquid slag particles,
many smaller than 1 m in size, and about 1 wt% potassium vapor. In
the first component, the radiant boiler, slag is separated from the
combustion gas, while it is still at a high temperature, to minimize
reactions with vaporized potassium species that occur at lower
temperatures. The high concentration of NO, produced in the
combustor is allowed time to equilibrate to acceptably low levels by
providing a relatively modest cooling rate of 200°/sec down to about
1600°C. At 1500°C or lower, additional air is injected into the fuel-
rich gas to complete the oxidation of CO to CO,. The oxidizing
conditions also cause the potassium seed material to condense
primarily as K;SO,, which is an efficient way of removing sulfur from
the flue gas. The K,SO, and small amounts of solid slag deposit as a
liquid or solid on the tubes of the steam and air heaters. A gas-cleaning
system is then needed to remove the remaining slag-seed particles
before the flue gas is exhausted to the atmosphere.

Fig. 4-11. Downstream Gas System for an MHD Power Plant



combustion  programs: John Ackerman,
Lou Anastasia, Dale Bowyer, Ronald Brock,
Tom Bump, L. Burnett, Tom Cannon, Stanley
Che, Tsewei Chen, John Falkenburg,
Don Fredrickson, Darrell Fee, Ray Green,
Milt Haas, J. Hepperly, Chen-Chao Hsu,
Hann-Sheng Huang, Bill Hubble,
Roger Jarry, K. Javdani, Irv Johnson, Lowell
Koppel (consultant), Sheldon Lee, John Lenc,
Alain Lescarret, John Montagna, Dave
Moulton, Russell Mowry, Tom Mulcahey, Bill
Murphy, Satyendra Nandi, Frank Nuiies, John

Pavlik, Walt Podolski, Devabhaktuni
Ramaswami, Jim Riha, Satish Saxena
(consultant), Charlie  Schoffstall, John

Shearer, Atul Sheth, Stan Siegel, Gregory
Smith, Sherman Smith, Eugene Smyk,
Bob Snyder, John Stockbar, Gale Teats,
Clarence Turner, Noel Vargo, Elmo West, and
Ira Wilson. Some of these individuals were
from other ANL divisions.

The overall MHD Program at ANL was
under the direction of Mike Petrick of the
Engineering Division. The CEN work was led
by Terry Johnson, who, along with
Atul Sheth, did the computer modeling
studies, which were a major part of the
program. Others who were involved in various
aspects of the MHD work in CEN were Paul
Blackburn, Al Fischer, Carl Johnson, Sheldon
Lee, and Bill Swift.

Sodium Technology

The basic chemistry program that had been
started by Irv Johnson and Fred Cafasso in the
early 1960s bore fruit in 1969 when Argonne
was designated as the center for AEC’s sodium
analytical chemistry program. The major
components of this program were development
and standardization of improved analytical
methods for impurity elements in sodium, and
development of on-line meters for contin-
uously monitoring  the concentrations  of
impurity elements in flowing sodium. The
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objective of this program was to develop an
advanced chemical-analysis and impurity-
monitoring technology for the Fast Flux Test
Facility (FFTF), a sodium-cooled fast reactor
planned for construction at Hanford in the
1970s.

The impurity elements of greatest concern
were oxygen, carbon, and hydrogen. In the
core region of the reactor, cobalt-60 and
manganese-54, which are intense gamma ray
emitters, are produced by neutron activation of
stainless steel. Oxygen reacts with stainless
steel in the hot core regions to produce iron
oxides. These, along with the Co-60 and
Mn-54, are deposited in cooler regions outside
the core (piping and the intermediate heat
exchanger where heat is transferred to the
secondary sodium system). The resulting high
radiation levels that would prevail if oxygen
corrosion of the stainless steel were extensive
would make maintenance operations difficult.
Carbon is transported from stainless steel
components in the hot core region to cooler
regions of the primary sodium system. The
result is loss of strength of the stainless steel.
A capability to monitor carbon concentrations
in the sodium was needed to facilitate research
on the kinetics of carbon transport. Monitoring
of the hydrogen concentration in the secondary
sodium system was needed for rapid detection
of water-to-sodium leaks in the steam
generator.

The basic research program was continued
to provide a sound scientific foundation for
understanding the behavior of impurity
elements in sodium, especially their role in
corrosion of stainless steel. Tom Kassner of
the Materials Science Division headed up a
Materials Performance Group that studied the
roles of impurity elements in corrosion and
loss of strength of stainless steel in the core
region.

Because much of the sodium technology
work at ANL was in CEN, we were assigned
the responsibility of coordinating sodium
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chemistry programs among all the ANL
divisions that were involved: besides CEN,
Chemistry (CHM), Materials Science and
Technology (MST), and EBR-II. Les Burris,
assisted by Joe Draley, was the Sodium
Technology Program Coordinator. Particularly
important to this program was EBR-II because
impurity meters could be tested under reactor
operating conditions on the Radioactive
Chemistry Loop, through which a small
fraction of the primary sodium coolant could
be circulated.

In the early 1970s, the Sodium Technology
Program grew to an effort level of about 35
staff members. Fred Cafasso headed up the
Sodium Chemistry and Analytical Standards
programs. Paul Nelson was in charge of
developing on-line impurity meters and
administering a National Meter Program,
which involved other national laboratories and
commercial organizations.

ANALYTICAL STANDARDS
PROGRAM

The objective of this program was to establish
reference and standard methods for sodium
analysis and to certify them for national use.
Development of sampling methods and equip-
ment was a considerable part of this effort. To
help carry out these responsibilities, CEN
organized, under Bob Meyer, a National
Standards Working Group which involved
representatives from several other laboratories
in the United States. With the help of this
group, a manual of analytical procedures was
prepared for analyses of sodium and the
reactor cover gas. The analytical methods were
evaluated by a series of round-robin analyses
by the various laboratories. After some
difficulties with the procedures were resolved,
an approved manual of sodium analytical
methods was published. Researchers in the
Analytical ~ Standards ~ Laboratory were
Max Adams, Murray Barsky, Harry Edwards,

Bob Haglund (MST), Al Panek, Mike Roche,
Laury Ross, and Stan Skladzien.

One of the major advances in this program
was the development of an improved method
for determining the chemical activity of oxygen
in sodium. Developed by Dale Smith of MST
and Murray Barsky, the method involved
equilibration of thin wires of vanadium with
the liquid sodium at 750°C. The oxygen
activity in the sodium could be derived from
the oxygen content of the vanadium wire and
data on the distribution coefficient of oxygen
between vanadium and sodium.

NATIONAL METER PROGRAM

This program consisted of coordinating, as
well as participating in, a national program to
develop, test, and establish commercial
availability for impurity meters to be used in
FFTF and other sodium-cooled fast reactors.
Meters were developed for oxygen, carbon,
and hydrogen, as well as a detector of water
leakage into sodium in a steam generator by
monitoring the hydrogen concentration in the
secondary sodium as it exited the steam
generator.

Oxygen Meter. The oxygen meter chosen
for testing and further development was an
electrochemical device developed by the United
Nuclear Corporation (UNC). It was a galvanic
cell having a thorium oxide-yttrium oxide
(ThO,-Y,0,) solid electrolyte and a copper-
copper oxide (Cu-CuO,) reference electrode.
The cell developed a voltage that was
dependent on the oxygen activity in the
sodium. The electrolyte was in the form of a
thin-walled tube of about 3/4-in. diameter,
which was produced by isostatic pressing. The
reference electrode material was contained in
the tube around which the sodium flowed.
Several other reference electrode materials
were tested, namely, Na-Na,O, Sn-SnO, and
oxygen gas. The oxygen-gas electrode was
selected. Most of the development work on the



oxygen meter was done by Lou Bartholme,
Veme Kolba, Larry Marek, John McKee,
Dick Schlueter (MST), and Don Vissers.
Fred Cafasso and George Stavropoulos
conducted some basic electrochemical studies
of oxygen in sodium.

Twenty oxygen meters were tested to give a
statistical measure of their performance, ten in
CEN in a specially built loop, the Oxygen
Meter Rig, and ten in Westinghouse Electric
Corporation’s Advanced Reactor Division at
Hanford. Argonne people in this effort
included John McKee, Paul Nelson, and
Don Vissers. The meters were calibrated over
an oxygen concentration range of 1 to 15 ppm,
using the vanadium-wire equilibration
procedure. The meters performed very well.
Equipment used for oxygen meter calibrations
is shown in Fig. 4-12.

DISTILLATION SAMPLER

GAS PURGE / VENT
LINE

OXYGEN METERS

SODIUM COLD TRAP
RESERVOIR FLOW

METER
FLOW CONTROL
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LINE

HEATER

HEAT EXCHANGER

HEATER

Fig. 4-12. Oxygen Meter Calibration
Equipment

Carbon Meter. A carbon meter had also
been developed by UNC. A diffusion-type
meter operated at 750°C, it was based on the
principle that the rate of carbon diffus'ion
through an iron membrane, at constant sodium
flow rate, depends on the concentration of
carbon in the sodium. The carbon reaching the
other side of the membrane reacted with a
flowing moist hydrogen-oxygen mixture to
form CO, which was catalytically converted to
CH, (methane), whose concentration was
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measured in a flame-ionization detector. A
meter was calibrated by equilibrating sodium
of known carbon activity with a metal
specimen (e.g., Fe-8 wt% Ni). Figure 4-13
shows the equipment module that was used for
the equilibration.

The response time of the carbon meter to a
step change in carbon concentration was about
five minutes—somewhat slow, but adequate
for reactor use where rapid changes of the
carbon concentration in sodium would not be
expected. John Allen, Charles Luner,
Paul Mack, Don Raue, Mike Roche, Westly
Ruther (MST), and Stan Skladzien were
involved in the development of the carbon
meter.

Hydrogen Meter. The hydrogen meter was
developed for rapid detection of minute leaks
in a steam generator of a sodium-cooled fast
breeder reactor. The meter was patterned after
one used successfully by Electricité de France,
which was based on the rapid diffusion of
hydrogen through a nickel membrane and
subsequent measurement of the hydrogen
concentration with a mass spectrometer. A
vacuum drawn on the back side of the
membrane provided an activity gradient that
caused the hydrogen to diffuse.

Two versions of the hydrogen meter were
developed in CEN under the leadership of
Don Vissers. Lou Bartholme and John
Holmes were also involved in this work. One
version was the equilibrium hydrogen meter. It
measured the hydrogen pressure above the
sodium, which could be related to the
hydrogen pressure in the sodium by Sievert’s
Law:

'SR

where S is the concentration of sodium in
hydrogen, ppm; K is Sievert’s constant,
ppm-torr'?; and P is hydrogen pressure, torr.
Figure 4-14 shows an in-line arrangement of a

hydrogen detector. The remarkably precise
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Fig. 4-14. Hydrogen Activity Meter

results from this meter are illustrated by the
calibration curve in Fig.4-15. The other
version, the leak detector, was operated in the
dynamic mode. The flux of hydrogen through
the membrane was determined by monitoring
the current to the ion pump, which maintained
a vacuum on the back side of the membrane.
When operated in the dynamic mode, the
hydrogen meter was a highly effective leak
detector. It satisfied very well the requirements
for such a meter of high sensitivity, rapid
response, reliability, and ruggedness. A 4%
change from an initial hydrogen concentration

of 0.1 ppm could be detected within ten
seconds.

Impurity Meter Modules. Two modules
containing impurity meters and provisions for
equilibration and temperature and flow control
of metal specimens were designed and built for
testing by Don Cissel on the Radioactive
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Fig. 4-15. Calibration of Hydrogen
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Sodium Chemistry Loop at EBR-II (see
Fig. 4-16). Such modules were slated for
installation at FFTF.

Similar meter modules were also tested at
CEN on a small pumped-sodium loop called
the Apparatus for Monitoring and Purifying
Sodium (AMPS). This apparatus was built to
characterize impurity levels in cold-trapped
sodium as a function of several operating
variables. Cold trapping (precipitation of
impurities on a cold finger) is the normal
method of maintaining sodium purity in
sodium-cooled fast breeder reactors. The
modules performed very well, both at EBR-II
and on AMPS. Both types of hydrogen meters
were installed on the EBR-II secondary
cooling system, where they proved to be very
reliable. The principal CEN personnel in this
project were Lou Bartholme, John Holmes,
Verne Kolba, John McKee, Paul Mack,
Chuck McPheeters, Paul Nelson, Don Raue,
Stan Skladzien, Mike Slawecki, and Don
Vissers.

At EBR-II, the oxygen concentration in the
primary sodium was only 1 ppm, much lower
than had been found by the previously used
chemical distillation procedure. The hydrogen
concentration obtained by the equilibrium
hydrogen meter was only 60 ppb. The

DIUM INLET LINE

Fig. 4-16. Oxygen-Hydrogen Meter Module
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concentrations remained essentially constant
during the long time over which they were
followed. This observation removed much of
the concern about the level of impurities in
cold-trapped sodium and on concentration
fluctuations caused by system upsets. As a
consequence, interest in installing impurity
meters on the FFTF primary system waned.
(FFTF has no secondary sodium system, the
heat being exhausted to the atmosphere.)
Installation, operation, and maintenance of
the meters were eventually judged not to be
cost effective, so the impurity meter program
was phased out.

STEAM GENERATOR LEAK
DETECTION

As part of the General Electric Company’s
program on steam generator systems develop-
ment for a liquid metal fast breeder reactor
(LMFBR), the Division was given responsi-
bility for technical direction of work to
evaluate leak-detection systems. Most of this
work was conducted at the Sodium
Components Test Installation (SCTI) at the
Liquid Metal Engineering Center in Canoga
Park, CA, where a large 30-MW steam
generator was under test. The leak-detection
system that was evaluated consisted of two
ANL  hydrogen detectors and two
Westinghouse oxygen meters in the sodium,
along with a gas chromatograph and a
hydrogen meter in the cover gas. The cover-
gas hydrogen meter consisted of a nickel
diffusion tube surrounded by a heater that
induced cover gas to flow past the diffusion
tube by natural convection. The diffusion tube
had to be heated to about 540-650°C to obtain
performance comparable with that of in-
sodium meters at 485-510°. Steady-state
hydrogen and oxygen concentrations in the
sodium were 60-80 ppb and 0.6 ppm,
respectively. Steam-generator leaks were
simulated by injecting hydrogen or water into
the flowing sodium at rates ranging from
1% 10°t0 2 x 10* Ib HyO/sec.
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Many tests were performed on the SCTI.
At low sodium temperatures (about 200-
300°C), the rate of solution of hydrogen in
sodium is low, so bubbles of hydrogen
entrained in the sodium reached the cover gas
before dissolving. Under these conditions, a
cover-gas hydrogen meter provided better
sensitivity and better response than in-sodium
hydrogen detectors. At temperatures above
370°C, the cover-gas monitor was unaffected
by hydrogen injections that were easily
detected by the in-sodium monitors. The
oxygen meters also showed promise of good
sensitivity, but alarm circuitry for them had
not yet been developed when the program was
terminated. From the information obtained, it
was determined that water inleakage rates of
as low as 2x10° 1b H.O/sec could be
detected in less than one minute in the
secondary loop of an LMFBR, well below
leak rates that could cause significant damage
in five minutes (approximately 107 Ib/sec).
The work at SCTI was terminated in October
1973. Chuck McPheeters and Don Vissers
were involved in this work.

POST-1974 SODIUM TECHNOLOGY
PROGRAM

The CEN sodium technology program
underwent some significant changes in 1973
and 1974 as a result of budget cuts and
shifting priorities by the AEC. During the
1974-1980 time span, the program consisted
of three major areas of study: (1) tritium
behavior and control, including development
of in-sodium tritium monitors, (2) design and
regeneration of cold traps used in LMFBRs
for removal of impurities from sodium, and
(3) processing of bulk sodium for use in
LMFBRs or for disposal.

Tritium Behavior, Monitoring, and Control.
A tritium monitor was developed to facilitate
studies of tritium behavior in LMFBR
systems. The tritium monitor, illustrated in

Fig. 4-17, operated on the same principle as
the that of the sodium meter, namely, the
rapid diffusion of hydrogen isotopes through
a nickel membrane. Sodium-containing
tritium flowed on one side of the membrane
while a sweep gas of argon-1% hydrogen
flowed on the other. Tritium diffusing through
the membrane was carried by the sweep gas
into a proportional counter where the
disintegration rate was monitored. The probe
was designed to fit into an oxygen-meter
housing such as the one that had been
installed on many sodium systems and on the
EBR-II primary and secondary sodium
systems. Because the tritium count rate is
affected by many variables, e.g., membrane
area and thickness, gas flow rate, counting
tube volume, and counting efficiency, each
meter had to be calibrated by analyzing
sodium samples for tritium.

Tritium Removal by Cold Trapping. Tritium
is generated in an LMFBR by three-particle
fission and by activation of boron in the
control rods and impurities in the core region.
It migrates readily through the LMFBR
system and, without effective control, would
be released to the environment. Cold trapping
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Fig. 4-17. Tritium Meter Probe



has been found to be an effective way of
removing it from sodium and assuring
minimum environmental release.

Hydrogen, one of the major impurities in
sodium, is removed as its hydride (NaH) by
cold trapping. A study of tritum removal
showed that, of the two possible mechanisms,
coprecipitation with sodium hydride and
isotopic  exchange  with  hydrogen in
precipitated sodium hydride, coprecipitation
was dominant (see Fig. 4-18).
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Fig. 4-18. Cold Trap Efficiency for Tritium
Removal from Sodium

Tritium Behavior in EBR-II. Two tritium
monitors were installed on the primary and
secondary sodium systems at EBR-II and were
used to study the behavior of tritium. In these
studies, the cold traps on the primary and
secondary sodium systems were bypassed to
allow the tritium concentrations in these
systems to build up. A computer mf)Qel was
developed to predict the changes in tritium and
hydrogen concentrations. The rpeasgred and
predicted concentrations, shown in Fig. 4-19,
are in excellent agreement.

The development of the computer model
required measurement of the permeati9n
coefficient through the steam generator material
(Croloy®: Fe-2.25 wt% Cr-1 wt% Mo). The
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Fig. 4-19. Predicted and Measured Tritium
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formation of iron oxide layers on the steam
side of the Croloy reduced the tritium permea-
tion coefficient by a factor of approximately
160 compared to that of unoxidized Croloy.

From this study and the study of tritium
removal by cold trapping, it was concluded
that, in a 1000 MW(e) fast breeder reactor,
more than 99.8% of the tritium generated
would be removed by the cold traps. Tritium
release to the environment would be well
below the limits set by Federal regulations.

Chuck McPheeters, Don Raue, and Tom
Renner performed most of the work on tritium
in the sodium program.

DESIGN AND REGENERATION OF
COLD TRAPS

The major impurities in sodium, hydrogen and
oxygen, are removed by precipitation in a cold
trap where, at the low temperatures of the trap
(about 125°C), the solubilities of sodium
hydride (NaH) and sodium oxide (Na,O) are
very low. y
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Optimization of Cold Trap Design.
Because of the reliance on cold traps to control
impurities, particularly hydrogen and oxygen,
optimization of the cold-trap design was
studied in AMPS. Specially designed
sacrificial cold traps were used to determine the
distribution of deposits within the traps. A
one-dimensional ~ computer model  was
developed to predict the distribution of the
precipitates. The deposition of sodium hydride
was in excellent agreement with model
predictions, but the agreement was not as good
for sodium oxide. This was attributed to poor
adherence of sodium oxide particles and to an
inaccurate or drifting oxygen meter. Most of
the precipitated material in an LMFBR cold
trap is expected to be sodium hydride.

Cold Trap Regeneration. Cold-trap
regeneration was investigated because of the
likelihood that a secondary cold trap would
plug in about one year as a result of diffusion,
into the sodium, of hydrogen generated by
water-side corrosion in steam generators.
Replacement of a cold trap would be difficult
and costly. A study was made of cold-trap
regeneration by thermal decomposition of the
sodium hydride under vacuum. The released
hydrogen (and tritium) would be converted to
water for subsequent disposal. Rapid release
of hydrogen at temperatures between 300 and
400°C showed this to be a feasible procedure,
but the program was terminated when the
Clinch River Breeder Reactor (CRBR) was
cancelled in 1983.

BULK SODIUM PROCESSING

This program consisted of two major activities:
(1) reclaiming or upgrading sodium from
various sources for use in the CRBR and
(2) disposal of contaminated sodium. Sources
of sodium for the CRBR included the two
decommissioned reactors, Hallam and Fermi,
which amounted to about one million pounds

of the metal, and commercial-grade sodium,
which contains too much calcium but is one-
quarter as expensive as reactor-grade sodium.
A simple, inexpensive method for calcium
removal was therefore sought.

Reuse of Sodium from the Fermi
Reactor. In experiments conducted by Don
Raue and Art Youngdahl (MST), analysis of
Fermi sodium showed that it was suitable for
direct use provided that it was passed through
a 20-um filter to remove carbon-bearing
particulates. The program was ended before
Hallam sodium could be sampled and
analyzed.

Removal of Calcium from Commercial-
Grade Sodium. Sought in this program was
a calcium-removal procedure that could be
used at the reactor site so that tank-car
quantities of commercial-grade sodium could
be processed by passing it through a
calcium-removal procedure and into sodium
storage tanks. Several selective calcium-
oxidation procedures were conceived, but the
effort died when the CRBR was cancelled.
These studies were made by Ralph Leonard,
Chuck McPheeters, Don Raue, Tom Renner,
Stan Skladzien, Ray Wolson, and An
Youngdahl (MST).

Recovery of Contaminated Sodium. A
distillation process was developed for
recovering sodium drained from used cold
traps and other equipment components.
Fission-product ~ decontamination  factors
greater than 100 were achieved in a small
(10.2-cm-dia) ~ distillation  column.  The
principal contaminant in the product was
cesium. If desired, additional removal of
cesium could be achieved by passing the
recovered sodium through a reticulated
vitreous carbon trap. Such a trap had been
used successfully at EBR-II to remove cesium-
137 from the primary sodium.



Disposal of Contaminated Sodium. A
considerable quantity of contaminated sodium
had accumulated in the U.S. as a result of
LMFBR operations and reactor-development
programs. In the CEN Division, Chuck
McPheeters, Ray Wolson, Bali Misra, and
Stan Skladzien investigated possible processes
to convert the contaminated sodium and
sodium-bearing waste to a disposable form.

A calcining process proved to be effective
for converting sodium to sodium oxide, which
could then be converted to a silicate glass for
disposal. In the process, sodium was
introduced into the upper end of a slanted
rotary-drum reactor which had been preloaded
with sodium oxide and was operated at a
temperature of 200°C. Oxygen slowly
introduced into the exit end of the reactor
smoothly converted the sodium to sodium
oxide. The process was also demonstrated,
using a 55-gal drum as the reactor.

PERSONNEL

The following individuals were involved in the
sodium technology program in the 1970s:
Max Adams, John Allen, Murray Barsky,
Lou Bartholme, Bob Blomquist, Les Burris,
Fred Cafasso, Norm Chellew, Sanat Dhar,
Joe Draley, Jim Eberhart, Harry Edwards,
Magdy Farahat, Hal Feder, Erwin Filewicz
(EBR), Joanne Fink, Al Fischer, Don Fischer,
Sherman Greenberg (MST), Bob Haglund
(MST), Dave Hebditch, John Heiberger,
John Holmes, Chuck Honesty, Jimmy
Humphrey, Les Jardine, Tom Kassner,
Bob Kessie, Verne Kolba, Wally Kremsner,
Romesh Kumar, Len Leibowitz, Ralph
Leonard, Charles Luner, Paul Mack, Larry
Marek, John McKee, Chuck McPheeters,
Bill Mecham, Bob Meyer, Bill Miller, Bali
Misra, Paul Nelson, Al Panek, John Pavlik,
Don Raue, Tom Renner, Mike Roche, Laury
Ross, Westly Ruther (MST), Atul Sheth,
Stan Skladzien, Mike Slawecki, George
Stavropoulos, Marv  Tetenbaum, Ewald
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Veleckis, Pete Vilinskas, Don Vissers, Ray
Wolson, and Art Youngdahl (MST).

Fuel Element Failure Detection

Considerable effort, mainly by Norm Chellew,
Les Coleman, Bob Kessie, and Bill Miller,
was devoted to developing methods for
detecting fuel-element failures for application
in FFTF. The methods under consideration
were based on cover-gas analyses of one kind
or another, for example, detection of xenon
and krypton isotopes in the cover gas by
gamma-ray spectrometry. Out of this work
evolved a very effective gas-tagging technique
in which different ratios of Xe-133 and
Xe-135 were added to the plenums of the fuel
elements. If a fuel element failed, not only
could the failure be detected, but the particular
subassembly could be identified by the isotopic
ratio. This tagging technique was used with
great success until EBR-II was shut down in
1995.

Solar Energy

Solar energy, at first glance, would seem to be
an ideal way to meet many of the nation’s
energy needs—it is renewable, non-polluting,
and available in large quantities. In practical
application, however, it poses a number of
difficult problems. One is its intermittent
availability both on a daily and seasonal basis,
and during long periods of overcast weather in
many parts of the country. Various means of
energy storage, including pumped hydro-
electric systems, flywheels, storage batteries,
and conversion to hydrogen have been
proposed to solve this problem, but have not
come to commercial fruition. The other major
problem is that the low intensity of sunlight
requires that its energy be concentrated in some
way to provide the high-grade energy needed
for most applications. For example, solar air-
conditioning using the ammonia-water cycle
needs a minimum temperature of about 120°C,
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and large central power plants require
temperatures of at least 300-600°C. In the case
of photovoltaic cells, each cell typically
produces about 0.5 V, so many cells are
needed to obtain a useful voltage, and a large
area is required to achieve the necessary
power. In the early 1970s, all of these
problems were being addressed in projects at
various research organizations.

In August 1975, the Solar Energy Project at
ANL was transferred from the ANL
Accelerator Research Facilities (ARF) Division
to the Chemical Engineering Division. The
program was aimed toward the development of
advanced solar collectors based on a concept
used originally by Roland Winston of the
University of Chicago to collect Cherenkov
radiation in research studies. This concept,
known as the Compound Parabolic
Concentrator (CPC), used two parabolic
surfaces to reflect and concentrate solar
radiation onto an absorbing medium. The
parabolic surfaces were in the form of a trough
oriented in an east-west direction, with the
opening of the trough aimed south. To increase
the effective area, multiple troughs were placed
side-by-side to form an array.

The geometry of the collectors was
designed to concentrate the radiation without
f