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PREFACE

This technical handbook has been prepared to satisfy a need for an authontatlve
single-volume compilation of information and data on the characteristics of the 2*U radionuclide
and materials containing the 2*U isotope. The 2°U technical handbook presents basic data '
associated -with the properties, processing, and handling guidelines of 2*U-bearing materials.

The document has been planned for easy reference with an introductory section (Sect. 1),
which serves as a guide for the entire report. Organization of the report and a summary description
of the topics covered are described in Sect. 1. Suggestions for revising or including additional
relevant material in this document are always welcome and should be conveyed to:

. Stephen N. Storch
Oak Ridge National Laboratory
Building 4500-S, Mail Stop 6111
Oak Ridge, Tennessee 37831-6111
Phone: 423/576-7575
Fax:  423/574-6616
E-mail: sns@oml.gov
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1. INTRODUCTION
1.1 BACKGROUND ) . ’

Uranium-233 (”’U) is a man-made isotope produced by the irradiation of thdrium with thermal
nsutrons in a nuclear reactor. Because 2U is fissile [special nuclear material (SNM)), it has been
studied for its use as a nuclear-weapon material and as a fuel for nuclear power reactors. This
~ isotope was discovered By John Gofman and others during the time of the Mannattan Project |
(1944), and its apphcatlon as a fissile matenal in atomic bombs was nnmedlately recognized
(Rhodes 1995). While Y is not naturally occurring like the fissile isotope °U, ‘lt can be
- produced mdxly by the transmutation of relatively abundant natural thorium by irradiating
thorium with neutrons in reactors. The 23U produced is then separated from lrradlated thorium
targets or thonum containing SNF o ' f

In the late 1940s and wrly 1950s, concems arose regarding the long-tenn avallablllty of -
uranium as a nuclear fuel. As a result, th¢ government turned its development eﬁ'prts toward .
breeder reactors using the much more abundant element thorium (Brooksbank, Pe?xtton, and
Krichinsky August 1994). In the 1960s, 2°U was investigated as a nuclear reactor fuel.
Uranium-233 is assoc_:iated with the thorium fuel cycle, which offers three major advantagés over
the dranium_-plutoniurn fuel cycle: (1) the greater abundance of thorium, (2) the p?roduction of
fewer long-lived radionuclides (e.g., 7""Np) and (3) very-little plutonium is produéced' thus, the
risks of weapons productlon and proliferation are lessened. However, ma_|or dxsadvantages of the
thorium fuel cycle have also been identified. Thorium does not readily undergo ﬂssnon
Consequently, the thorium fuel cycle is not sélf-sustaining. Unlike #*U, which br@ds fissile
plutonium (i.e., #Pu) , thorium is not naturally present in economical reactor ﬁxéls. Another major
problem is that some nanon-irmdiated thorium is transformed into anothef uramum isotope, 22U,
which has a decay product, T, which emits a highly energetic ray when it decays. The latter -
difficulty complicates the handiing of 2”U—thorium.-based fuel. The intense ;adiati!on associated
with 2U that is produced with U has also complicated the use of 7'”U in nuclear weapons

Bctween 1964 and 1970, when U.S. interest had expanded to mclude the pOSSlblllthS of using
U as a fuel for producing electricity from commercial power reactors, the Atonuc Energy
Commission (AEC) directed the production and recovery of about 2 metric tons (t) of 233U at the -
.Savannah River Site (SRS) and the Hanford Site (Hanford). SRS produced my dunng five

J

1-1



12

' different campaigns between 1964 and 1969 (Orth April 1979). Hanford U production was ‘
. conducted in two disﬁnct campaigns: the first in 1966 [Atlantic Richfield Hanford Company
(ARHC) Mar. 11, 1968) and ﬂi'e second in 1970 (Jackson and Walser 1977). Further informétion
on SRS and Hanford #*U production ca'mpaigﬂs is provided in Sect. 3 of this handbook. Also, A
during this period, some ***U was produced from %*U-thorium-fueled commercial reactors, most -
V notably Indian Point Unit 1 (IP -1) [Electric Power Research Institute (EPRI) July 1981].

The United States investigated the use of Z*U for weapons, reactors, and other purposes from
the 1950s to well into the 1970s. Bas'ed on the results of these investigations, it was decided not to
se 2°U on a large scale. Most of the 2*U-bearing materials were placed in long-term storage at

various sites. About 2 t of 3U-bearing uranium are in the current U.S. inventory, most of which
resides at Oak Ridge National Laboratory (ORNL) and Idaho National Engineering and
Environmental Laboratory (INEEL) About one-half of this material is considered high-quality 2°U
with few impurities (i.e., low #y unpunty contents). ' .

The U.S. Department of Energy (DOE) Defense Programs (DP) Office has declared much of _
the stored 2°U material as excess to national security needs. However, in recent years, several

potential uses for 2°U have been identified. The application with the greatest near-term potential

involves using 2°*Bi, a decay product of 2°U, in radioimmunotherapy. One current small-scale use
for 23U is a calibration spike in eafeguards procedures for nuclear materials. These and other 2*U
~ applications are diseussed further in Sect. 5 of this handbook. .
Materials containing 2*U have several unique radiological properties that require special
attention and considerations during the processing and hanriling of these materials. Major examples
pf the relatively unique properties_and handling characteristics of 2*U-bearing materials are: -
} l alpha emissions that require containment (unlike the alpha emissions from other uranium
isotopes); V -
2. buildup of gamma emissien§ from the decay chain of an associated radioisotope, 2*U; and
3. emission through off-gas filters of radioactive radon gas (*°Rn), whose decay provides

external doses from alpha and gamma radiation.

. '1.2 PURPOSE

ThlS document is an unclassified compendlum reference on mU material properties,
processing, and handling guidelines. It has been assembled for future reference in documenting the
accumulated data and knowledge base gained throughout the DOE complex from experience with .
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operations and programs involving *U-bearing materials. This handbook is alsor intended to serve
as a useful and a convenient single comprehensive resource of information on 2”U- and *’U-
bearing materials to a broad range‘ of users, including technicians and operators involved with the
processing, handling, and storage of 2?U-bearing materials. For this reason, mueh of the
information presented in the document is useful in training and- certification programs. This
handbook is intended to serve as a technical reference for a variety of indi-'viduals,
including engineers, program managers, and workers being trained in the processing and
handling of #*U-bearing materials. The handbook is also intended to servé as a guidebook
by indicating those resources that provide more detailed information on B3y. and °U-
bearing materials. ' . A s A

This handbook has also been prepared asa comrmtment identified in the DOE Implementation
Plan for the Safe Storage of Uranium-233 (DOE Sept 25, 1997) which was made in response to
the Defense Nuclear Facilities Safety Board (DNFSB) Recommendatlon 97-1 (DNFSB Mar. 3,
1997). Sub-recommendatron 8 of the DNFSB’s Recommendatlon 97-1 ldentlﬁes the need for the
DOE complex to retam the technical knowledge and competency needed to ensure safe storage of
B3U-bearing material in the short-, and long-term. To assist in achieving that objective, this
handbook presents information for four major areas: (1) technical information on the
characteristics of U, (2) operational information on past 2U processes, (3) handlmg practices
and facility features appropriate for safe #*U operations, and (4) potential applic"'ations.v_

1.3 METHODOLOGY AND CONTENT . :

In general, this report was prepared by compiling 2°U information from uncljzxssiﬁed
documents and interviews with individuals knowledgeable of 2°U material propetties, processing,
and handling. Additional information provided as a result of expert reviews of drafts of this report
have also been incorporated. » _ ? |

The major body of the current report is comprised of four major sections (2 through 5) and
three appendixes. Section 2 documents the known properties of *U. Radiologica;l, criticality, and
physical and chemical characteristics are described, followed by a discussien of U biochemistry
and metabolic pathways. Section 3. 1s a summary of the proeessing history of 233U materials and
includes a discussion of the radiological and chemical characteristics of six speci:ﬁc 33U material
processes: (1) #°U separation from thorium targets, (2) progeny ingrowth removel from 2°U
mﬁterials, 3)*u oxide preparation, (4) test fuel fabricarion, (5) 2*U metal prep:aration, and

i
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(6) separation of 2*U from fission products. Handling guidelines for 22U materials are discussed in
Sect. 4, which covers the requirements and good practices for safely handling 33U and its decay |
products. The handling guidelines specifically address (1) radiation protection practices;
(2) shielding materials; (3) .control of radon emissions; (4) off-gas filtration; (5) confinement in
33U material processing; (6) special chemical hazards; (7) packaging materials and techniques; '
(8) storage requirements; (9) safeguards, security, and nuclear materials accountability;
(10) transportation; (11) safe plant operations; and (12) worker training. Where appropriate,

Sect. 4 provides a description of major facilities and equipment needed in various areas for safe

B3 material handling. Section 5 offers a discussion of major applications that have been identified

 for **U materials. The DOE Standard for storing mU-beanng materials is provided in

Appendix A. This is followed by Appendxx B, which provides a list of Internet sites that have
information on z’3U-beanng materials. Appendix C presents a summary of the characteristics of the
current DOE inventory of 233U-beanng materials.

For ease and flexibility in orgamzmg and in preparing this report, each of Sects. 2 through 5 is
subdivided into several related toplcs Each topic is discussed in a separate subsection wherein.
information is presented in the fo]lowmg sequence narrative, figures, and tables. References
associated with each topic discussed are listed at the end of each subsection narrative in two
groups: references cited and references recommended for further reading on the topic. All
references are listed in an author-date format.

For most topics, a basic summary level of information is provided. | Coverage of many topics
has been selective and restrictive in scope and content. The intefested reader will find more

detailed information presented in the references cited in each subsection. -
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2. PROPERTIES OF **U AND **U-BEARING MATERIALS

Major radiological, physical, and chemical properties of **U and BgU-Wg materials are
described in this section. Specific radiological, criticality, physical, and chemical characteristics
are first described followed by a discussion of **U biochemistry and metabolic pathways.

Uranium-233 is a ﬁss_ile' uranium isotope that can be used in nuclear reactors to generate heat
and electricity. Nuclei of Z*U have 92 protons and 141 neutrons. Uranium-233 is not naturally
 found. In a thorium-fueled reactor, U is formed by irradiating the thorium (mainly Z°Th) with
neutrons. ThlS reaction produces "”Th, which undergo&s two successive beta (ncganvc clectron)
decays to produce 3

n+ 22Th - #Th + y
. | ,
Z3Th - B%pa + B (22.3m)
. 1 .
B3pa - BY + B (27.0 d)

Uranium-233 contains a pafésitic impurity, 22U, another synthetic uranium isotope formed
along with #?U during neutron irradiation in a thonum-fucled reactor. The three pnncnpal
radiochemical reactions that produce 22U are:

(1) | - : | | ",
n + B2Th - 2Th + 2n ‘
|
" BITh - Blpa + B (25.5 h)
l .

Blpa +n~ BPa +y
. l N 4
Bpa -~ B2Y + B (131 d)
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~(2)
n+ B0Th - BITh +y
!
BITh (decays as shown above)

©))

n+ U - Y+ 2

- Uranium-232 is also formed by the chain initiating neutron irradiation of B35y, 26U, and Z’Np:

@

n{+\”’U-7‘“U+Y
!
mU+n-237U+y
i |

T BNpa B 675 O
. o
ZNp +n~ B6Np + 2n
7'3‘511‘1p ~ Bépy + B (22 h)
B‘ll’u ~ZU +a(285y)

The relative importance of these reactions is highly dependent on the reactor neutron spectrum,
20Th levels in the 22T, reaﬁtor neutron flux, and irradiation time. Both the total amount and the
ratio of *?U to ®*U produced increases with increasing neutron flux and irradiation time. -

The concentration of 22U in 23U materials is typically measured in parts per million v(ppm) of

the total uranium content. Several measures have been identified for minimizing 2°U
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concentrations. A simple improvement is to avoid using ores that are rich in ”"fh Such ores are
readily available. This helps reduce one of the reaction pathways to 2?U. Uranilfxm-232 ,
production is also minimized by lowering the exposure of the thorium targets to'h:igh-energy ‘
neutrons. There are two ways to accomplish this. First, a thorium-fueled reactof:; can be loaded so
that the targets are exposed only to a low-energy neutron flux. Also, using short irradiation times
will minimize the buildup of intermediate nuclides (such as 2'Th) and subsequent production of
?32U. y

For a single core fueling cycle under reactor conditions, the resultant 22U concentration is
typically less than 0.05 wt % (500 ppm of total uranium). Multiple cycles can blfli]d By -
concentration up to 0.15 wt % (1500 ppm of total uranium). At low reactor buxfri;up and well-

thermalized neutron production conditions, 2U concentrations were held as low as § ppm.
2.1 RADIOLOGICAL PROPERTIES

2.1.1 Alpha and Beta-Gamma Activity -

Once produced, mU'undergo'% a series of radioactive decays as shown in Fié. 2.1a (Carter
Deceber 1976). The radiations emitted in the U decay chain include alpha () and beta (8)°
particles from the decay of the parent and its radioactive decay products. The mléj decay chain is
actuaﬁy part of the Neptunium Series, shown in Fig. 2.15 (Salmon, Loghry, and Ashline
November 1995). Uranium-233 is a long-lived (159,200 year half-life) isotope, ar:xd its major
radiological characteristics are summarized with those of o'ther ﬁssioriablejsotopés in Table 2.1a
(Parrington et al. 1996 and Browne and Firestone 1986). The first decay productj 2Th, also ha;a
long half-life (7340 years), and the remaining decay products of the 2*U chain mé relatively short-
lived. Four isotopes in this series also emit gamma rays: 22U, 2'Fr, 2B, and 2"9'1‘1 (The isotope
2138 has a potential medical application, which is discussed in Sect. 5.1). The ”’ljj decay chain
ends with the stable isotope *”Bi. Table 2.1a shows that from the standpoint of specific activity,
234 is more than three orders of magnitude more radioactive than 25U and has ari activity that is
six times lower than that of ®Pu. It should also be noted that the specific activity,

(9.64 x 1073 Ci/g) of #*U is considerably greater than most of the isotopes of natural uranium
*tU: 3.33 x 1077 Ci/g, 25U 216 x 107 Ci/g, and *U: 6.248 x 1073 Ci/g). In addition, the -
specific aétivity of an associated iéotppe, B2y (discussed below) is significantly g;reater

(21.4 Ci/g).
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Alpha radioactivity can be a significant internal health hazard for persons handling fissionable

uranium (*’U and *°U) materials. To limit radiation doses to workers from ingestion and
inhalation, this high-alpha radioactivity by itself can require glove-box handling for #*U (discusSed
in Sect. 4). (As mentioned in subsequent sections of this document, 2*U-bearing materials usually '.
- contain sufficient quantities of 22U, whose decay products emit highly energetic gamma radiation
that can pose a significant health hazard to persons _handling the material.) |

Table 2.1b (Kocher May 1980 and U.S. DOE December 1997) summarizes and compares the
major radiological characteristics of 33U and its decay products (see also Fig. 2.1a). The ranges
of radiation decay energies associated with these nuclides are reported in Table 2.1¢ (Kocher
«~ May 1980 and Browne and Firestone 1986).

2.1.2 Uranium-232 Presence and Effects '

The amount of 22U associated with 2°U in the current U.S. inventory of separated 2°U can be
divided into eight major batches based on the characteristics of the 2*U. Table 2.1d (Forsberg and
Krichinsky January 1998) lists these batches and their characteristics, including the levels of 22U
impurity. The quality of the batches can be measured by two indexes. Most batches are almos_t '
i;otopically pure 2*U—except for Batéhes 1and 8, both of which contain significant quantities of
#3U. For most applications requiring 2°U, the high **U content severely diminishes the value of
the 22U. The second index of quality is the concentration of 22U in the 2*U. If the #2U
concentration is high, the longer-term radiation levels associated with these batches will be high.
The concentration of 22U in units of parts of 22U per million parts of 22U is shown in the
parenthesis above each column. The first two batches have high 22U concentrations.

Major radiological charactenstl'cs of 32U are listed in Table 2.1a. Uranium-232 is important

“because of its decay chain, shown in Fig. 2.1c, and the significant impacts of the concentration of
224 in 2°U on the handling of 2*U materials. Uranium-232 has a half-life of about 70 years
followed by short half-lives of various alpha-emitting daughter products. This decay chain includes
an unstable decay product, 2*T1, which emits a beta particle accompanied by a penetrating gamma
ray (2.6 MeV). It is this gamma radiation that is primarily responsible for the shielding
requlrements that are needed with 2°U materials. For mU—beanng materials with significant
quantities of 22U (e. g., 20 ppm or greater) the decay of **T1 can build in unwanted radiation

levels in 4 to 6 wecks. Other, less energetic, gamma rays from 22B; and other radionuclides in the
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32 decay chain are also of concern, although they occur at considerably lower )'"ields (intensities)
than the thallium emissions. The final product in the 2*U decay chain is the stable isotope **Pb.

- Table 2.1e (Kocher May 1980 and U. S. DOE December 1997) summarizes and compares the
major radiological characteristics of B2 and its decay products [see also Fig. 2. lc (Carter
December 1976 and Parrington et al. 1996)].. The ranges of radiation decay energlw associated
with these nuclides are reported in Table 2.1/ (Kocher May 1980 and Browne and Firestone 1986).

The relative abundance of 22U and the alpha, beta, and gamma emissions associated with the
2U decay chain dictate much of the handling practices for its sister isotope, mU Handlmg

| guidelines for #*U materials are discussed further in Sect. 4.

Another hazard associated with the 22U decay chain is the presence of 22"Rn, a high-energy
(6.4 MeV) alpha emitter. Because at normal temperatures and pressures, radon exists as a gas, this
causes additional requirements for the storage and handling of **U materials. Fuither discussion of

 the problem of radon generation from *°U materials is provided in Sect. 2.3.

2.1.3 References for Sect. 2.1 :

Listed below are tﬁe references cited in Sect. 2.1. This is foliowed by a list of additional
sources providing more detailed information on the radiological properties of ml—_l.(and 22
materials. '

2 1.3.1 References Clted S .

lBrowne E., and R. B. Firestone. 1986. Table of Radioactive Isotopes ed. V. S. thrley,

John Wnley and Sons, Inc., New York.

Carter, W. L. December 1976. HTGR FueI Refabriéan’on: Calculation of Radiém‘on Dose to
Uranium-Loaded Resin from 82y By, Béy, Y, 26U, and Their Daughters, GCR: 76-18,
‘Oak Ridge National Laboratory, Oak Ridge, Tenn.

Forsberg, C. W., and A. M. Krichinsky. January 1998. Strategy for the Future Use and
Disposition of ?’U: Overview, ORNL/TM-13550, Oak Ridge National Laboratory,
Oak Ridge, Tenn. .

Kocher, D. C. May 1980. A Radionuclide Decay Data Base—Index and Summary Table,
NUREG/CR-1413, ORNL/NUREG-70, Oak Ridge National Laboratory, Oak Ridge, Tenn. .

Parrington, J. R., et al. 1996. Nuclides and Isotopes—Chart of the Nuclides, 15th ed., General
Electric Co.,.San Jose, Calif. ,
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Salmon, R. S. L. Loghry, and R. C. Ashline. November 1995, User 's Manual for the Radioactive

. Decay and Accumulation Code RADAC, ORNL/TM- 12380, Oak Rxdge Natlonal Laboratory,

Oak Ridge, Tenn.

U.S. Department of Energy. December 1997. Integrated Data Basé Report—1996: U.S. Spent
Nuclear Fuel and Radioactive Waste Inventories, Projections, and Characteristics,
DOE/RW-0006, Rev. 13, Oak Ridge National Laboratory, Oak Ridge, Tenn.

2.1.3.2 Supplemental Resources |

Benedict, M., T. H. Pigford, andH W. Lev1 1981. Nuclear Chemical Engmeermg, 2nd ed.,
McGraw-Hxll New York.

Bodansky, D. 1996.. Nuclear Energy—Principles, Practices, and Prospects, American Institute
of Physics, Woodbury, N.Y.
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ORNL DWG 97-5710
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Fig. 2.1a. °U decay chain. ‘Adapted from Carter December 1 976.
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Fig. 2.15. Decay chains for neptunium series of actinides. Adapted

Jfrom Salmon, Loghry, and Ashline November 1995.
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Fig. 2.1c. U decay chain. Adapted from Carter December 1976
and Parrington, et al. 1996. , : ;



Table 2.1a. Major ridiological characteristics of 22U, **U, and other selected fissile radionuclides®

DlTh

Property my gy 23y Bpy upy
Atomic number (Z) 92 92 92 94 94
Atomic mass number (A) 233 232 , 235 239 241
(Isotopic mass, amu) (233.039627) | (232.03713) | (235.043922) | (239.052156) | (241.05687)
Half-life (years) 159,200 69.8 703,700,000 | 24,110 14.4
Modes of radioactive decay and average energy (MeV)
per disintegration ‘

. Alpha (a) emissions 4814 5.306 4.378 5.101 0.0001
Electron emissions (€) 0.0055 | o.0426 .
Gamma (y) and X-ray emissions 0.0013 0.0002 0.1561 0.0001 0.0052

~ Total’
(MeV/disintegration) - 4.821 5.307- 4.577 5.101 0.0053
(W/Ci) 0.02857 0.03146 0.02713 0.03024- 3.2E-05
Specific activity (Ci/g) 9.680E-03 21.40 2.161E-06 6.216E-02 1‘03.0
Initial daughter product from decay oy ueHd w3y MAM

"Based on Parrington et al. 1996 and Browne and Firestone 1986.

®Also referred to as the “Q” value, which is the sum of the average energies for different radiation types in keV/disintegration or W/CI. Includes
contributions from alpha and beta particles, discrete electrons, and photons. The “value” indicates the amount of energy (heat) that could be deposited

in a radioactive material from each decay event if none of the radiation escaped from the material.

°See decay chains shown in Figs. 2.1a and 2.15.
“See decay chain shown in Fig. 2.lc.

Oi'Z ..‘* h



Table 2.15. Major radiological characteristics of 2*U and its decay products®
. Principle modes(s) Average radlatmn energies “«An ¢
Nuclide | AOME | Halrite ipczcvlnﬁtyC of decay ey ¥ e
Cilg) 1 Type® Percent @ € yand X | (MeVidis) | (W/Ci)
my 92 1.592E+05y | 9.680E-03 @ 100 | .48141 | 0.0055 | 0.0013 - 4.821 2.8555-02_
Ty 90 7340E+03y |- S a 100 4.8620 00343 | 489% | 2.902E-02
™Ra 88 | 1424 I B 100 o057 | 00137 0.119 | 7.08E-04
WAC 89 | 100d f “a | 100 57501 | 0.0257 | 00176 | 5793 3.434E-02
My 87 49m f a 100 | 635m 0.0034 0.0277 6.393 | 3.789E-02
Ay 85 3.23E-02s f « 100 7.0657 0.0002 7.066 | 4.189E-02 .
gy |83 45.59 m f « 2.16 0.1268 | 0.4563 | 0.0825 0.666 | 3.95E-03 ;
' . B -97.84 : :
3pg - 84 42E-06s f o 100 8.3757 . 8376 | 4.964E-02
T 81 22m f 100 ' 27580 | 2.758 1.634E-02
*pb 82 3253h s B 100 0.1980 ~0.198 1.17E-03
g 83 (stable)

" “Average energy per nuclide disintegration. Adapted from Kocher May 1980 and U.S. DOE December 1997.
”y years, d = days h = hours, m = minutes, and s = seconds. ‘
‘a = alpha emission; p-=-negative beta emission, and-y-=-gamma emission- - - -~ -
e = alpha emission, € = total electron emissions, and y and X = gamma and X-ray photon emissions.

“The sum of the average energies for different radiation types in MeV/disintegration or W/Ci. Includes contributions from alpha and beta
particles, electrons, and photons. The “value” indicates the amount of energy (heat) that could be deposited in a radioactive material from each decay
event if none of the radiation escaped from the material.

An a decay chain, the activity of each decay product is controlled by the activity of the parent. The activities of these decay products can never
exceed the activity of the parent, taking into account any branching fractions. »

#Daughter product from the alpha emission of **Bi in a branch of the *U decay chain.



. Table 2;1c. Spectrum of major radiation decay energies (MeV/dis) for U and its decay products’

_ Principle | * Alpha («) emissions Total electron (€) emissions Gamm:“fg‘;nn: X-ray Average total

Nuclide | mode(s) ~ : . (“Q” value)°
of decay Range | Average’ - Range Average’ Range Average®

By « 4.3072-4.8247 ‘ 48141 0.0001-0.0062 0.0055 0.0011-1.1190 0.0013 4821
7 « | 4478350774 | 4.8620 - - 0.0173-0.2900 0.0343 4.89
25pa p | . S | 0.0000-0.3620 0.1057 | 0.0109-0.0403 0.0137 0.119
WAC «  |49015-58288 | 57501 | 0.0070-0.526 0.0257 | 0.0104-0.5260 0.0176 5.793
mEr a« 5.6893-6.4000 6.3571 0.0040-0.409 0.0084 | 0.0099-0.4091 0.0277 6.393
AL « 6.4835-7.0673 7.0657 o 0.0000-0.5940 0.0002 7.066
wp; a,p |0.0000-58691 0.1268 0.0130-1.100 0.4563 | 0.0090-1.1001 ' 0.0825 0.666
MWpg a |76141-83800 | 83757 8.376
@T1? B ~ 0.0092-3.3800 2.7580 2.758
pp B i : 0.0010-0.6450 10.1980 0.198.
g - (stable)

“Adapted from Kocher May 1980 and Browne and Firestone 1986.

Most probable or expected value in range specified.

°As defined in Table 2.15.

“Daughter product from the a emission of ?°Bi in a branch of the **U decay chain.
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Table 2.1d. Levels of 2*U impurities and quality of major batches of **U in inventory®
Uranium isotopic composilioh Measures of quality®
Batch Site? Material '
No. Total U my. my »y P Total U (kgy**U | U (kg) x 102U
(kg) (kg) ~ (kg) (ppm) (kg) (kg)
1 ORNL U,O, monolith in >400 welded stainless 1042.6 - 796.3 101.1 140 10.3 1440
steel cans [Consolidated Edison -
Uranium Solidification Program
(CEUSP) material) ‘
2 ORNL UO, powder i in 140 welded inner 674 0.00 616 165. 1.1 181
aluminum cans : . . -
3 INEEL/RWMC Unirradiated rods and pellets in 145 351 0.00 342 21 1.03 .22
. drums .
4 ORNL U,0, monolith in 27 welded stainless 65.2 A 0.00 60.3 15 1.08 16
steel cans placed in tin-plate cans :
5 INEEL/ICPP Unirradiated light-water breeder regctbr 3235 - 0.00 3174 9 1.02 9
‘ (LWBR) fuel with 14 MT natural ‘ :
thorium
6 ORNL UO, powder in 174 stainless steel 96.5- 0.00 - 91.2 7 1.06° 7
‘ screw-top cans ‘
7 ORNL UO, powider in 1743 welded stainless '45.7 0.00 48 7 1.02 7
: steel plates
8 Y-12° 42.6 38.7 0.8 0.113 53.2 6

9Adapted from Forsberg and Krichinsky January 1998. These data do not represent the entire inventory total because many small batches are not listed. ,
*The following site abbreviations are used: ORNL = Oak Ridge National Laboratory, INEEL = Idaho National Engineering and Environmental Laboratory,

T +~RWMC =Radioactivé Waste Miiiagemeénit Cotfipléx (1ocated at INEEL), ICPP= Idaho Chermcal Processing Plant (located at ICPP), and Y-12= Oak Rjdge Y-12 Plant

°A low number implies a higher quality.
“Based on total uranium. These concentrations need to be decayed to a common date.
‘May be classified as impure highly enriched uranium (HEU) or within the ®U inventory.
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Table 2.1e. Major radiological characteristics of **U and its decay products*

Principle modes(s)

Average mdlatmn energies

e | Ao | e | S | S i
. (Ci/g) Type® Percent « € - | yandX | Mevidis) | (WICi)

my 92 6.89E+01y | 2.140E+01 « 100 5.3065 0.0002 5307 | 3.146E-02
mTh 90 1913y f « © 100 53992 | 0.0201 | 0.0034 5423 . | 3.214E-02
2Ry 88 3.66 d e ‘ * 100 56751 | 0.0022 | 0.0103 5688 | 3372E-02
2pn 86 | 556 a « 100 6.2878 0.0005 6288 | 3.727E-02
16pg 84 1.50E-02 s f « 100 6.7785 - 6.779 | 4.018E-02
py, 82 1064h o B 100 0.1752 " | 0.1453 0320 | 1.90E-03
p; 83 1.0092 h f « 35.94 21740 | 0.5025 | 0.1061 2783 | 1.649E-02

' : B 64.06 , -
12pg, 84 2.98E-07 s f « 100 8.7844 8.784 | 5.207E-02
C*TIP 81 3.053m f B 100 0.5979 | 3.3742 3972 | 2.354E-02
8py, 82 (stable)

“Average energy per nuclide disintegration. Adapted from Kocher May 1980 and U.S. DOE December 1997. -
”y years, d = days, h = hours, m = minutes, and s = seconds.
a alpha emission, § = negative beta emission, and y = gamma emission.

Yo = alpha emission, € = total electron emissions, and y and X = gamma and X-ray photon emissions. -

“The sum of the average energies for different radiation types in MeV/disintegration or W/Ci. Includes contributions from alpha and beta
particles, electrons, and photons. The “value” indicates the amount of energy (heat) that could be deposited in a radioactive material from each decay

event if none of the radiation escaped from the material.

fIn a decay chain, the activity of each decay product is controlled by the activity of the parent. The actmtm of these decay products can never
exceed the activity of the parent, taking into account any branching fractions.
*Daughter product from the alpha emission of *'*Bi in a branch of the **U decay chain.
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Table 2.1f. Spectrum of major radiation decay energies (MeV/dis) for 2*U and its decay products®

Nuclide v'.Principle Alpha («) emissions - Total elfactron‘ (e) emissions Gamm: ng;{s)s :)nnds X-ray Average total

mode(s) : : : “Q” value)®

of decay Range Average” . Range Average’ Range " Average® .
By - 4.5029-5.3203 5.3065 0.0000-0.8744 0.0002 5.307
Th ~. o ‘ 5.1384-5.4233 5.3992 0.0150-0.2160 ,- 0.0201 - 0.0000—0.2158 0.0034 5.423
TR, « | 5.0341-56856 56751 | 0.0000-0.6500 | 00022 |00010-06510 | 00103 5.688
m’Rn @ 3.7486—6.2883 © 6.2878 - 0.0000-0.5498 ©0.0005 6.288
a1spg « | 5.9850-6.7785 6.7785 ) | 6.179
"1pp B 0.0000-0.9880 " | 01752 | 0009404152 | 0.1453 0320
By ap 0.0000-10.5487 -2.1740 0.0130—2.1970 0.5025 0.0090-2.2000 10.1061 2.783
mpy | @ |68420-116500 | 87844 8.784
ey | p ' 0.0130-2.6110 0.5979 | 0.0092-3.5000 3.3742 3972
) (stable)

“Adapted from Kocher May 1980 and Browne and Firestone 1986.
®Most probable or expected value in range specified. :

~ “AsdefinedinTable2.1b. . _ . . . ... . o . .
“Daughter product from the a emission of *Bi in a branch of the **U decay chain.

S1-T



2-16

2.2 NEUTRON GENERATION OF RADIQLOGICAL CONCERN

2.2.1 Discussion
The artificial isotope 2*U is fissile. Consequently, the fissioning of 2*U like that of #*U, #*Pu,
and #'Pu generates neutrons. Both 23U and 25U are fissionable by thermal neutrons, which have
an average speed of 2200 m/s and an average kinetic energy of 0.025 eV.
' The fission of a heavy nucleus, such as B3y, by the absorption of a thermal neutron, results in
the splitting of that nucleus into two or more nuclei of intermediate mass and the average emission
of 2 to 3 neutrons. In 2%U fission, the resulting fission fragments are formed with an average total
. kinetic energy of 163 MeV. In general, dreir masses are unequal—the most probable heavy mass
--number is 139. However, invesﬁgatidns_such as Katcoff November 1960 have detected fission
products throughout the mass region range 72 to 166. For comparison, Table 2.2a (Katcoff |
November 1960 and Lynch 1989) gives a breakdown of the average energy (MeV) released from
the fission of selected uranium and plutonium radionuclides.

The primary nuclide products from the fission of #*U by slow (thermal) neutrons are given in
Table 2.9 and Fig. 2.12 of Benedict, Plgford, and Levi 1981, That reference also mdrcates that
only a few of the primary 2°U ﬁssron products are stable, the rest being beta-emrttmg
radionuclides. For comparrson, the nuclear properties of 2°U. and those of other fissile nuclides are
listed in Table 2.25. This is followed by Table 2.2¢ (Ethenngton 1958 and Benedict, Pigford, and
Levi 1981), which is a list of capture and fission cross sections for 2°U and other nuclides which
fission with thermal neutrons. Table 2.2¢ also gives the average number of neutrons produced per
. nuclide undergoing fission (v) and per neutron absorbed (1)). The value for 1 is higher for **U

than for other fissile nuclides, and this property has grven 33U an important consideration as a
.'.-«potential nuclear fuei in thermal-neutron reactors (Benedict, Pigford, and Levi 1981). In fact, a
thermal breeder is feasible only with 23U in the fuel. In the early years of nuclear power |

development, it was felt that as natural uranium (and 2°U) became scarcer and the conservation of

neutrons and fissile material became more important, the production of 2*U from the more
abundant natural thorium offered the potential for greater long-term significance as a nuclear fuel.
The decay products of mU shown in Fig. 2.1c, contribute not only an abundance of energetic
alpha and beta emissions, but also an abundance of energetxc gamma rays and a small number of
neutrons from (y, n) reactions wrth l'i'g'ht elements that may contaminate uranium-bearing material.

Shielding is also ncceséary because of the high-energy neutrons from alpha decay in #*U-bearing
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materials. The alphas from the decay of 23U, 22U, and **Th interact with light élements such as
beryllium (Be), carbon (C), oxygen (0O), and fluorine (F) ro form neutrons. This Eet’fect canadda
neutron component to worker radiation exposure. The reactions of concern inclu_;de:

@ +%Be - C +n

 +3C . > %9 + q

« +""0 - ®Ne +.n

¢« +%F - Na + n

Uranium-232 also has a slight tendency to fission upon neutron capture. However, its
relatively dilute concentration (along with its association with the highly fissile 2*U) presents an

insignificant contribution to nuclear criticality, which is discussed in Sect. 2.4.

2.2.2 References for Section 2.2
Listed below are references cited in Sect 2.2. This is followed bya  list of addltlonal sources

that provide more detailed information on neutron generation assocnated with mU-beanng

1

materials. .

2.2.2.1 References Cited

Benedict, M., T. H. Pigford, and H. W. Levi. 1981. Nuclear Chemical Engineering, 2nd ed.,
McGraw-Hill, New York.

Etherington, H., ed. 1958. Nuclear Engineering Handbook, McGraw-Hill, New; York.

Katcoff, S. November-1960. “Fission-Product Yields from Neutron-Induced Fission,”
Nucleonics, 18(1 1), Bro‘okhaven National Laboratory, Upton, Long Island, N.Y.

Lynch, Charles T. 1989. Practical Handbook of Materials Sczence CRC Press Inc., Boca
Raton Fla :

2222 Supplemental Resources

Benedetti, G., et al. 1982. “Delayed Neutron Yields from Fission of Uramum-233
Neptumum-237 Plutonium-238, -240, -241, and Americium-241,” in Nuclear Science and
Engineering, 80, 379-87. .

Foster, A. R, and R. L. Wright, Jr. 1973 Basic Nuclear Engmeermg, 2d ed. Allyn and Bacon,
Inc,, Boston
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- Lamarsh, J. R. 1975. Introduction to Nuclear Engineering, Addison-Wesley Publishing Co., ' .
'Reading, Mass., pp. 110-11. "
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Table 2.2a. Breakdown of energy released (MeV) for fission of various radionuclides*

Recoverable energy form my o5y ™pu
Light fission fragments® : - 97 98 100
Heavy fission fragments* - 66 . 67 72
Fission product decay )

B-particles : , 9 9 9
“y-rays . - 14 15 14
Fission neutrons (kinetic energy) ‘ 5 4.9 58

Total recoverable energy (MeV) 191 194 201

*Adapted from Katcoff November 1960 and Sect. 11 in Lynch 1989.
*Nuclides of atomic mass number (A) < 120. The most probable light mass number is 95.
“Nuclides of A 2120. The most probable heavy mass number is 139. :




Table 2.2b. Properties of fissile radionuclides®.

- .. . Fission-
. Principal Effective Specific Neutrons -
Nuclide H(;:';:;t)'e mode(s) of | decay energy activity t::‘:;'s‘asl;::z:‘? produced i xaug
_decay - (MeV) (Ci/g) per fission -
A - : (barns) : »
By 6.98E+01' @ 5.414 2.140E+01 75 AWt n captufe_ by natural Th
B3y 1.592E+05 o 4.909 9.680E-03 531 2492 | ncapture by 2’Th
B35y 7.037E+08 « 4.681 2.161E-06 582 2418 Natural U (0.72 atom %)
B9py 2.411E+04 « 5.243 6.216E-02 743 2.871 n capture by 2*U
21py 1.44E+01 B 0.007 - 1.030E+02 1009 2.927 n capture by 2Pu

“Source: Benedict, Pigford, and Levi 1981.

bVariation of the fission factor 4 with neutron energy for **U, ®*U, and *Pu is shown in Fig. 2.4a in Sect. 2.4.

077
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Table 2.2c. Properties of fissile nuclides for thermal (2200 m/s) neu#rons'

Property By B3y . B8y mpus 241p,
Cross sections (barns) , X
Fission (o)) 75.2 531.1 - 582.2 7425 1009
Capture (0,) 300 47.7 - 98.6 2688 : 368
Absorption (0,) 375 578.8 680.8 1011.3 1377
oJo, 40 - 0.0898 ©0.169 0.362 - 0.3647
Neutrons produced ' - : A
Perfission(v) - = . 3.13 2.492 2418 2.871 2,927
Per neutron absorbed (n T 0.63 ©2.287 -2.068 2,108 2.145

“Adapted from Etherington 1958 and Appendix C of Benedict, Pigford, and Levi 1981.

!
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23 RADON GENERATION

- 2.3.1 Origin and Characteristics

Another hazard associated with the #?U decay chain is the presence of the noble gas isotope
20Rn, a high-energy (6.4 MeV) alpha emitter that has a short half-life of 55.3 s. Thorium-228 is
the first and longest-lived decay pfoduct of #2U and, Having a half-life of 1.9 years, will reach 99%
_ secular equilibrium with chemically separated 2*U within 13 years. The remainder of the décay

chain, which includes 2°Rn and its progeny, will have the same activity as 2*Th when the only

-means of removal is radioactive decay—for exahple, the radon is not removed by ventilation or
-other means. E '

Radon’s freezing points and boiling points are -71°C and -62°C, respectively. Thus, itis a
gas at all practical conﬂjtions, which can cause problems during the storage and handling of #°U
materials. This necessitates special precautions for control and holdup of 2°Rn in ventilation
systems to allow filtration of the radon and its progeny (U.S. DOE Jan. 2, 1998). If the holdup
time for 2°Rn in a storage and ventilation System of #*U-bearing materials is sufficiently long, the
out-leakage of #Rn and its decay cham products can be prevented or at least substantially o
reduced. As with any other gas, the extent to which radon can be moved by ventilation will depend
primarily on the physical form of the uranium matrix. Gas flow through a source could easily alter
the concentration of radon and its prog"eny.A The activity of *°Rn in the source would be expected
to re-equilibrate within minutes following the stop of such a purge, while its progeny would return

' to maximum activities within a few days.

~ Control of ®Rn in off-gas cleanup systems is necessary to preserve as low as reasonably .
_';clﬁevable (ALARA) conditions for workers handling #*U-bearing materials. Inhalation of radon |
.decay products, primarily those associated with “Rn, has been demonstrated to cause elevated
levels of lung cancer due to direct madxatxon of the respiratory system [National Council on '

| Radiation Protection and Measurements (NCRP) 77 1984 and International Council on 4
Radiological Protection (ICRP) 50 1987]. It should be noted that most research of lung cancer
causation by radon has been performed for %*Rn progeny; however, this is simply because of the
relative abundance of the isotbpe in habited structures. The effect per unit exposure for 2°Rn |
progeny is considered to be épproximately the san_1é as for #?Rn progeny and is reflected as such in
radon-specific occupational exposure limits such as those used by the DOE (U.S. DOE Dec. 14,
1993). '
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The short half-life of 220Rn implies that it will decay shortly after it is released to the

~ environment, and therefore, most of the radiological impact in the vicinity of a f;;cility emitting this

nuclide is a result of the 2Pb daughter and subsequent progeny (Till February 1?976). Radon
progeny will become charged and yvill usually attach very quickly to aerosols fol?loWing creation.
The fraction that remains unattached is usually quite small and highly reactive ahd will attach with
high probability to the air passages of personnel breathing the air. As for aitach:ed progeny, most
aerosol particles carry an ‘electrical charge and are relatively massive, with medx'an diameters
typically greater than 0.1 um. The particles are, therefore, capable of attaching to the surfaces of
the respiratory tract either by impingement or by electrostatic precipitation. Esseotially all dose, or
risk, from radon is associated with alpha decays from radon progeny attached to;tissues of the

* respiratory system.

The isotope Z°Rn'can create a potential effluent treatment problem unique to facilities that
handle #*U. Depending on the original impurity level of 22U, this can easily equate to a
substantial amount of #?°Rn being produced. Additionally, some of the subsequent progeny.

-following radon (e.g., Tl are étrong gamma emitters, which means that a dire(:t exposure hazard

will be generated. Tlus will occur at the storage location as well as at. any point where the radon is
purposely collected, such as an oﬁ'—gas filtration system. !

2.3.2 Comparisons of Radon from **U-*?U-Bearing Materials and Natural Uranium .
The radon problem for **U-"*U-bearing materials differs in scveral ways from that associated

with naturally occurring uranium. These differences include:

1. The nuclear decay chain of ieotopically pure 23U does not contain any radon isotope. The
isotope ZRn is formed in the decay sequence of 22U, which is typically present at ppm levels
in the DOE inventory of Z*U. . :

2. Naturally occurring uranium contains the decay products that have grown m\to the host mineral
over its entire existence. By contrast, B2y in storage has been isolated from 'decay products
through multrple chemical processing operations. However, the half-lives of By decay
products are sufficiently short such that the 32 decay chain progeny can become a significant
radiological source within a few momhs following chemical purification. The rate of activity
build-in of the decay chain will be controlled by the 1.9-year half-life of 22"’I“h, meaning that

more than 99% secular equilibrium will be attained within a period of 13 yez;irs.
- . ) ) 8
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The isotope Z°Rn, which is a direct decay product of 2*Th, has a half-life of only 55.6 s, while : ‘
the principal isotope formed.from natural uranium, .mRn, has a half-life of 3.82 d. Therefore,

a much longer time period (by a factor of about 6,000) is available for the latter to diffuse out

of the host environment.

The follow-on decay scheme for 2°Rn (from Z2U) to a stable isotope (***Pb) is rapid, with the

longest-lived member of the chain being 212pp, which has a half-life of 10.6 h. By contrast, the

decay chain for ZRn (from 2*U) contains '°Pb, which has a half-life of 22.3 years.

The differences in the residence times of the radon isotopes, “’Rn and *Ru, is a result of the

differences in their half-lives. Due to its 55-s half-life, 2’Rn can travel only short distances

prior to decaying. By comparison, 2?Rn, which has a 3.8-day half-life, can travel great

" distances. Consequently, an off-gas delay system that would reduce the concentration of 2°Rn

by an order of magnitude would have virtually no effect on an equivalent amount of **Rn

activity. - | ' N |

Direct alpha irradiation of the respiratory system is the prime internal dose pathway for both

20Rn and Rn progeny. The detrimental effect from this type of exposure far outweighs the

dose equivalent resulting from gamma or beta exposure from decay daughters. As for external

radiation fields in the vicinity of a source or collectioﬁ traﬁ, both Z°Rn and ZRn can pose a .
significant external exposure hazard at high activities, although the gamma radiation from the

29Rn chain is more penetrating, due in particular to **T1, and has a higher relative emission

abundance. ’

. 2.3.3 Treatment and Containment

Release of radon to the working environment could create both internal and external radiation

- hazards. Because ?°Rn is short-lived, a first line of defense for controlling the release of this gas is

retention within the primary containment system. The functional requirement is that such a storage

system should not necessarily require hermetic containment, but instead should attempt to achieve

a hold-up time that is long enough to enable only a small fraction of radon to escape the system
under typical operating conditions. Note also that the radon progeny will be electrically charged

upon creation and are, therefore, not likely to travel very far in a turbulent system without plating
to surfaces. .

Use of activated cafbon (charcoal) has been shown to be an excellent method for
decontamination of 2°Rn from off-gas streams. As indicated in Ackley April 1975, activated .
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(chafcoal) appeared to hold promise, based on theoretical assumptions coupled w:th ZRn
" measurement data, as an effective adsorbent for Z°Rn holdup and removal. How;éver, this
application could be limited by charcoal’s potential as a fire and explosion hamrd (Under certain
conditions, the combination of NO . compounds and charcoal constitutes a senous fire haza:d) Use
of an inorganic adsorbent in place of charcoal was also considered.

A summary of potential methods for the removal of #?°Rn from HTGR fuel-reproc&ssmg and
-refabrication off-gas streams is documented in Ackley April 1975. This source reviews available
22Rn adsorption data (including materials used to retain radon at various concentrations) and
identifies a useful theoretical treatment for adsorber design calculations. This document also
provides a survey of documented investigations relating to #2Rn adsorption on charcoal and then
derives a predlctwe model for appllcatlon to Z°Rn. Discussion of the problem ofmen release
during the carbonization, conversion, and coating steps of the refabrication of HT GR fuel has also
been documented by Carter April 1975 and December 1976. _ ' '

Actual measurements of 2?°Rn adsorption onto activated charcoal from fast-moving gas.
streams were perfqnned in 1998 (Coleman March 1999) to determine the eﬁ'ecti;;eness ofa A
coconut-based activated charcoal on the decontamination of off-gas during remediation tasks at an
ORNL facility where Z°U fuel was stored. The measurement information is summanzed in Sect. 4
as part of the discussion covering off-gas filtration design. In summary, the chan{coal proved to be
a very effective material for reducing the concentration of *’Rn in the off-gas stmm

The problem of **’Rn release has been apparent during handling and storing iargc volumes of
fissile solution. In the early 1970s, one such solution, wﬁich uéed soluble neutrod adsorbers fdr
criticality control, was tested at ORNL. This solution consisted of an aqueous mtrate of purified
uranium product from the Consolidated EdJson Indlan Point Reactor. After two ymrs the
radioactive daughters of Rn were found in the vapor space of a 5,000-gal tank at ORNL. The
- . tank was used to store nitrate solution. Subsequent deposition of these radionuclidm were also
found in unshielded off-gas piping. The problem was resolved by installing a de-éntrainment device
and a shielded Mini-Caisson™ filter near the storage tank (Parrott, Nicol, and Néchols 1971).

The off-gas systedn of the nitrate solution tank was modified to include a conéainment separator
and a small absolute filter. Rerouting of the piping eliminated an additional problem of entrainment
of solution that was occurring dt a low point in the system. The entrainment sepaﬁtor, installed in
a vertical section of the off-gas piping, provided four 180° direction changes for ﬂxe air flow. The
absolute filter had a capaéity of 50-standard cubic feet per minute (scfm). Eventufglly 4 in. of lead
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shielding were added to the filter to reduce the radlatlon to a permissible level. As expected, t.he ‘
dominant daughter product from the ?°Rn decay in the off-gas system was found to be **Pb.
Because of the 10.6-h half-life of '?Pb, only a few days after the storaée tank was sparged, the
radioactivity level of the filter was reduced to backgroimd (Parrott, Nicol, and Nichols 1971).
From the standpoint of P3U-2U storage, “Rn is short-lived and, thus, does not contribute to

container pressurization. Vacuum leak-tightness of primary and secondary containers is therefore

not necessary if the holdup time for *’Rn in the **U-*?U material storage configuration is long
enough to prevent out-leakage of “Rn and its decay products.

. The radiological contamination associated with the escape of ?°Rn from a containment system

' in a single incident is of a short-term nature. The longest-lived member of its decay chain is *'*Pb,

- which has a half-life of 10.6 h. The time required for the concentration of 2'2Pb to decline to 0.1%
(107%) of its initial value is 10 half-lives or 106 h, which equates to about 4 d.

2.3.4. References for Sect. 2.3
Listed below are the specific references cited in Sect. 2.3. This is followed by a list of
additional sources providing more detailed information on Z°Rn generation.
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Oak Ridge National Laboratory, Oak Ridge, Tenn.
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2.4 NUCLEAR CRITICALITY PROPERTIES

2.4.1 Nuclear Criticality Fundamentals iﬁd General Considerations
‘Four plfedominant iéotopes are,encounteréd in the nuclear industry that require special attention
for the safé;y.of personnel. They 5re B3Y; B5U; 2°Pu; and, to a lesser extent, #'Pu. These isotopes
of uranium aﬁd plutonium are capaﬁle of maintaining self-sustaining, neutron-fission-chain
reactions induéed by neutrons of 5 broad mngﬁ of kinetic energies. These isotopes are defined as
fissile isotopes. This means that sufficient Quanﬁﬁes (i.e., masses or concentrations) of 2°U can be
>».accumulated such as to maintain a se!f-suéta.ining, neutron-fission-chain r&ction (“criticality™)
~:*with thermal neutrons (i.e., neutrons having kinetic energies of about 0.025 eV and velocities of
- about 2200 m/s); intennediate—enei’gy neutrons (i.e., kinetic ¢nergies between about 0.025 eV énd
10 keV); or fast neutrons (i.c., kihetic energies between about 10 keV and 15 MeV)or-
combinations thereof. This is ‘t0‘say that, on average; during the “critical” neutron fission-chain-
reactions, precisely one neutron released from fission, or other fission-induced neutron (c.g., n-2n,
¥-n), will cause subsequent fissions at a constant power rate. That is, the number of fissions per
second will remain constant as the"re'sult of all neutrons, both prompt and del#yed, that are released
\ from each fission. Because the sum of prompt and delayed neutrons released from each fission is
approximately 2.5, neutrons must be lost from the chain reaction to prevent an increase in the "
fission power rate known as ‘féupercritica.lity” (i.e., a divergent, supercritical chain reaction). All*
neutron-fission-chain reactions can be initiated by neutrons that are released from the spontaneous
- fission of #3U or other commingled fissile materials (e.g., 2°U, ®°Pu, and **'Pu), or nonfissile
ﬁssionable‘mateﬁals (e.g., >, ?“’I\Ip, 2%py, and 2‘“’Pu). or fertile materials (e.g., 2*Th and 2*U). A
‘Tablé 2 4a gives the rate of neut;oh emission per nuclide mass from the spontaneous fissioning of
- certain nuclides. o
Because people can be injured or killed by the substantial quantities of unshiclded radiation
that can be released from a criticality accident, 2°U must be processed, stored, or transported so
that the neutron fission-chain reaction will: not be self-sustaining or divergent. The prevention of
criticality or supercﬁticalify is achieved by causing 5uﬁ"icient neutrons to be lost from the fission-
chain reaction so that the fission rate of the 2*U system will always digress to some relatively small

multiple of the spontaneous fission rate of the 2U and other fissile or fissionable and fertile

“material that is present. To varying degrees, this neutron loss can be caused by the presence of any

comming]ed and/or intermingled materials having neutron-absorbing characteristics (such as
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cadmium) or extreme quantities of water relative to the 23U content. Also, this n:eutron loss can be
caused by the geometric shape and density of the system containing “*U and by other materials
surrounding the system. Favorable geometric shapes and densities cause neutroris to escape or leak
from the system. High-density and/or thick materials can return or “reflect” neutrons to the #*U
system, whereas low-density and/or thin matenals can allow neutrons to leak from the system.

The safety activity responsible for the preventron of criticality or supercriticality in operations
with fissionable materials outside reactors is called “nuclear criticality safety.” Nuclcar criticality
safety includes the integration of administrative facets (i.e., education and trammg, auditing and
venﬁcatlon, policies and procedures, operating instructions and human factors, and regulatlons and
standards) and technical and thooretical'vcomponents (i.e., nuclear-reaction, cross%Section dota
measurements and evaluations, critical-experiment benchmarking, theoretical mofdeling,
computational programming, and oalculations) to verify, validate, evaluate, anal;{ze, specify, and.
document the basis of subcriticality and safety for fissionable material operations'.

Nuclear criticality safety has orooeeded and matured since the initiation of tho first critical
assembly on Dec. i, 1942, by Enrico Fermi-and others. The maturation process has evolvod ‘

through national efforts for the désigns of:

e fast neutron-driven, HEU and plutonium-fueled nuclear weapons, .

«  thermal energy neutron-driven *U-to-*’Pu production reactors,

+ thermal energy neutron-driven, highly enriched uranium naval light-water reactors (LWRs),
+ thermal energy neutron-driven lowly enriched commercial power LWRs, - ‘ :

«  thermal energy neutron-driven 22Th-to-2*U breeder reactors, and

+ fast-energy neutron-driven mU-to-mPu breeder reactors.

Those national design efforts included substantial commitments of physical, mtellectual and fiscal
resources to adequately and safely demonstrate the design objectives throughout the fuel cycle (i.e.,
fissionable material acqulsmon processmg and reprocessing, storage and transportatxon, and
fuelmg and defueling). Natlonal efforts of theoretical analysis and modeling, physrcal
experimentation, and benchmarking of fissile material systems were primarily foousedon the fast-
and thermal-energy-neutron applications of plutonium and lowly enriched uré;niur’n (LEU) and
HEU. The influence and’ concern for mtennedlate-energy-neutron fission-chain reactlons on.
nuclear criticality safety occurred in fuel-cycle operations, almost entirely out of reactors or

weapons applications. For these intermediate-energy, neutron-type systems, requlred
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- experimentation and benchmarking were frequently relegated to in situ subcriticality or remote"
criticality experiments on specific processing equipment or storage configurations.

Because there were very limited design applications and no production fuel-cycle facilities for
33U, the needed physical experimentation and benchmarking for 2*U systems were restricted to |
thérmal- and fast-energy-neutron research (i.e., criticﬁlity experiments and neutron cross-section
measurements). Materials preparation and fabrication batch or unit masses and throughputs for
the design applications were established conservatively low so as to avoid the need for
experimentation and benchmarking of #°U fissionable material systems outside the boundaries of
the limited design applications. A review of the open literature referencing critical experiments and
evaluations demonstrates the lumted availability of intermediate energy-neutron research, in
.partioular, for 23U fissionable material systems [Paxton and Pruvost July 1987, Ozer et al.

" July 1982; Organization for Economic Cooperation and Development (OECD)-Nuclear Energy
Agency (NEA) September 1998; and Koponen, Wilcox, and Hampel Apr. 24, 1979].

" Regardless of the fissile material of concern, nuclear subcriticality and safety relies upon the
specification and control of various factors that can affect criticality through neutron productlon,

l&kage and absorption. These factors include:

. densnty of the ﬁssrle isotope (concentranon or enrichment),

- neutron moderation (i.c., water neutron moderation causing neutron slow-down or
thermalization), ‘ ‘

. neutron'rcﬂectors (i.e., materials located externally to the fissionable material that can return
neutrons to the system); |

'« geometry or shape and dimensions (including volume) of the fissionable material system,
including reflector conditions;

* neutron interaction with other surrounding fissionable materials that may contnbute toa
cntlcal neutron-fission-chain reaction; '

+ neutron absorber nature, concentration/density, or enrichment (e.g., thermal- or intermediate-
energy neutron absorbers such as boron, cadmium, gadolinium, #*U or *Pu, etc.); and

«  mass of fissile isotope.

In the case of 2°U, the minimum retjuiredmass to achieve criticality (i.e., “critical mass™) is as
little as about 600 g 2°U if it is homogeneously distributed in a sphere of about 10 L of natural
water that is surrounded by a 6-in. thickness of natural water (i.e., neutron reflector). More

effective neutron reflectors, such as beryllium, and more effective neutron moderators, such as




231 S

high-density polyethylene, can substantially reduce the critical rnaSs below 600 g #*U. In contrast,
the critical mass of an unreflected, full-density 2>U metal sphere is approximately 16,500 g 2°U,
but it is about 7,000 g **U when reflected with 6 in. of natural water. These renflarkable variations
in critical masses appear even more dramatic when an infinite mass of 2°U is overly diluted in an
infinite volume with thermal-neutron-absorbing hydrogen, present in natural water, such that an
infinite mass of U is not critical as homogeneously distributed at less than 11 g 2*U per 1,000 g
- natural water. Contrarily, in the same infinite volume, B30 at the same mass ratio with poorly
neutron-absorbmg silicon dioxide (i.e., 11 g #*U per l 000 g Si0,) will be supercntlcal

2.4.2 Basic Nuclear Criticality Safety Parameters for U ,

. The basic nuclear parameter that describes the attribute that is necessary for a fissionable:
material system to reach criticality is the so-called neutron regeneration factor, . This factor is
the number of neutrons produced divided by the number of neutrons absorbed wrthm the -
fissionable material and is defined as:

where
v = number of neutrons produced per fission,
0, = neutron fission cross section, ’ ' /

g

. = neutron absorption cross section = ¢,+ 0., and

O, = neutron capture cross section. -

Each of the above are nentron-energy-denendent parameters. The regeneratic;n factors, shown
in Fig. 2.4a, were taken from Ozer (July 1982) who provides the source data used by the nuclear
mdustry for standard nuclear criticality safety computatlons It is apparent that the fissile isotopes,
B3y, 2°U, and *°Pu, have somewhat different values.of . More notable, however is the
difference in the magmtude and energy position of the neutron regeneration factor between 0.01eV
and about 1.0 x 10™* eV. As can be observed beyond about 60 eV for 23U, no resonance
structure” is recorded in the Evaluated Nuclear Data File B, Release V (ENDF/B-V) Thrs is also
true for the most recent release VI of ENDF/B. In Fig. 2.4b, ENDF/B-VI values w1th recent U

neutron-fission cross-sectlon measurements done in 1997 at the.Oak Ridge Electrpn Linear
K 4
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Accelerator (ORELA) facility are compared with those values from ENDF/B-VI that are used by .
the nuclear industry. As can be observed, there is substantial resonance structure to the fission’ ‘
cross section above 60 eV. The nearly straight-line behavior of the ENDF/B-VI values above
60 eV has been historically acceptable as a reasonable average value for any benchmarks (i.c.,
thermal- or fast-energy neutron) that were computationally tested. As a result of the 1997 ORELA
measurements, a new “ad hoc” cross-section evaluation was done at ORNL (Wright and Leal
September 1997). Because of the lack of intermediate-energy neutron-criticality experiments, the
reevaluated nuclear data were tested with thermal- and fast-energy neutron-criticality benchmarks.
Comparative criticality parameters for 2°U, 25U, and ®°Pu for water-reflected spheres,
“infinitely long”cylinders, and “infinite” slabs were taken from Paxton and Pruvost (July 1997) and
are plotted in Figs. 2.4c, 2.4d, and 2. 4e respectively. Some of the irregular curvatures for the my
parametcrs result from the lack of information over the range of data and the curve-fitting used to
avoid overestimation of critical mass values. However, some of the values for 2*U reported from
Paxton and Pruvost (July 1987) between 0.2-2.0 g 2*U/cm® may be somewhat in error. It is
apparent from an inspection of these curves that process systems designed for #°U are likely
inappropriate for *’U processes. Likewise, many process systems designed for plutonium are

likely inappropriate for U processes. As can be observed from Figs. 2.4c, 2.4d, and 2.4e,
extreme changes in critical mass and geometry occur over the fissile material density ranges
 between about 0.1-2.0 g/em”. ' .

The most recent and anticipated future operations involving 2*U.are expected to involve
nonreactor nuclear facility decontamination and decommissioning (D&D) and low-level waste
(LLW) tmnsportatiun and disposal. However, there is a limited, but promising,
radiopharmaceutical future from retrieval of 2*Bi from the decay chain of 2*U. Such retrieval
opemﬁous require the continued storage of 33U in a safe and secure environment for periodic
processing. Nearly all of these recent and anticipated future operations involving Z*U nuclear
subcriticality and safety evaluations and analyses require conservatlve compensatlons for the lack
of measured data (i.¢., criticality experiments and neutron cross-section data) for 23U fissile
‘material systems predominantly influenced by intermediate-energy neutrons. Conservative
compensations may be exercised through the sunple use of criticality safety limits imposed for
solution systems for. which experiments aud data do exist. Useful references to reports and‘

‘documents regarding ziy critical experiments and data my be exémined on the web site:
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http://ncsc.1inl.gov: 8080/koponen/b1bhogmphy html

by swchmg for the character stnng ‘uranium-233.” ”
The International Handbook of Evaluated Criticality Safety Benchmark Expenmenls

published by the OECD and NEA, contains ?°U criticality safety benchmark speclﬁcatlons t.hat
have been derived from U experiments perfonned at various nuclear critical facdltles around the .
world. Thc benchmark specifications are intended for use by criticality safety engmeers to validate
calculational techmqu&s used to estabhsh minimum subcritical margins for operatlons with fissile
material. The followmg By expenments are in Vol. V of the handbook (OECD NEA September
1998). '

28U Fast Metal Systems: . ,

1. 2%U JEZEBEL: A Bare Sphere of Uranium-233 Metal (U233-MET- FAST—OOl)

2. Benchmark Critical Experiments of Uranium-233 Spheres Surrounded by Uramum-235

. (U233-MET -FAST-002)

3. Benchmark Critical Expenments of Highly Ennched Uranium-233 Spheres Reﬂected by

- Normal Uranium (U233- ME'I-FAST-OOB)

4. Benchmark Critical Experiments of Highly Enriched Uranium-233 Spheres Reflected by
Tungsten (U233-MET-FAST-004) ' | .

5. Benchmark Cnt:cal Expenments of Highly Enriched Uranjium-233 Spheres Reﬂected by
Beryllium (U233-MET-FAST-005) - ' , ’

" 6. Benchmark Critical Experiments of a Uranium-233 Sphere Reflected by Nonnal Uranium with
Flat Top (U233 -MET. -FAST-006) '

Wy Thermal Solution Systems:

* 1. Unreflected Spheres of 2*U Nitrate Solutions (U233-SOL- THERM-OOI) ,

2. Paraﬂin—Reﬂected 5-,6-,and 7.5- Inch-Diameter Cylinders of 33U Uranyl Nitrate Solutions
(U233-SOL-THERM-004) | ’

3. A 48-Inch-Diameter Unreflected Sphere of 2°U Nitrate Solutlon (U233 SOL-THERM-008)

2.4.3 Criticality Control of ’”U by Isotoplc Dilution
Potentlally, nuclear criticality problems in 33U material systems can be avoxded best by -

isotopic dilution of the 2*U material with the nonfissile neutron absorber 2°U. Because all uranium
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A isotopes%have"the same chemical characteristics, the zay will not separate from the fissile uranium
(either 2*U or #*U) in any conventional chemical process, either before or after disposal. As shown
in ORNL/TM-13524 (Elarﬁ et al. November 1997), about 188 kg of depleted uranium (bU) are
needed for the criticality control of 1 kg of #Uinall nuclear systems except those that have
specml nuclear moderators such as beryllmm and heavy water. This is equal to 0.66 wt % 23’U in

" B¥Yor 0. 53 wt % 2*U in DU w1th an assay of 0.2 wt % 25U. The basis for this result is a sunple

| equation that has been developed to ensure the subcriticality of 2U and uranium enriched in 2*U
by dxlutlon with DU, specifically 0. 2 wi% ”SU The mass of DU requu'ed is expressed in terms of

. ,the masses of 2*U and ennched U as follows:

g DU=188-g2U + [(E- 1)/0.8]-gofenriched U,

where _ :
gDU = mass (g) of DU (i.e., 0.2 wt % V),
g™ = mass (g) of >°U, | |
E : = wt % of #°U (measured with respect to total U); and

gof enriched U = mass (g) of (Total U - 2°U).

In this equation, the isotopes #*U and 2°U may be considered to be #*U, provided that the
atom ratio (**U +24U):U does not exceed 1.0. If the calculated quantity of g DU is negative, the
uranium material already contains **U in sufficient qﬁantity such that subcriticality would be
ensured. Consequently, no additional DU is.needed. A more general equation which applies to DU
of assay other than 0.2 wt % 2°U is preseﬁu;d in Appendix A of Elam et al. (November 1997).

-2.4.4 Nuclear Fuel Cycle |

Criticality concerns are important corj;siderations that must be incorporated into the design of
nuclear fuel-cycle equipment coxitaA.ining..mU materials. The use of 2*U from thorium fuel cycles
iniro;igces the possibility of dry criticality occurrences while presenting additional radiation
hazards from the concentration of 32(J and its associated daughter products (Knief 1985). .
Uranium-232 also has a slight tendency to fission upon neutron capture, but its relétively dilute
concentration, along with its association with the highly fissile Z*U, result in 2*U presenting an

insignificant contribution to nuclear criticality.
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2.4.5 Standards Affecting **U Ceriticality Control and Safety

The American National Standards Institute (ANSI) Inc. and the American Nuclear Society

(ANS) have issued several nuclear criticality safety standards that impact the cri:tigality

requirements for 2*U. These include:

j

ANS-8.1 Standard (ANSI/ANS 1998a), which prov:dcs single-parameter hmlts for opcranons

with 23y (as well as 2°U and 2°Pu), but it does not address their combmatrons

Tables 2.45-2.4d (Clark 1981, 19824, and 1982b) and Table 2. 4e (ANSI/ANS 1998b) are

based on this standard. Table 2.4b gives fissile mass and enrichment limits for By, Y, and

B5Pu. These limits apply to a single piece of fissile material having no concave surfaces and

may be extended to an assembly of pieces provided there is no interspersed rr:lqdcration.

Table 2.4¢ reports parameter subcritical limits for uniform aqueous solutions of U, 2,

and #°Pu compounds. This implies that concentrations of the saturated solutions are not

exceeded. Table 2.4c¢ also gives subcritical limits of parameters for oxide compounds of 2°U,

254, and 2Pu. The limits apply only if the oxide contains no more than 1.5 Wt % water.

ANS-8.7 Standard [the “storage guide” standard] (ANSL/ANS 1998b), wthh bas been

expanded in recent years to include enriched-uranium (*°U as well as 2°U) splutrons as well as

solids. 'Table 2.4e is based on this standard, which provides general storage nﬁteﬁa for *U.

For purposes of interpreting this table, the follovring definitions apply:

— Storage unit (unit): a mass of fissile material (**U) considered as an entity (may be any
shape and consist of aeparate pieces), '

. — Storage cell (cell): a volume having defined bnundarics within which a slorage unit is

positioned;
— Storage array (array): a regular arrangement of storage cells and
— H:U ratio: hydrogen (H) to uranium (U) ratio, which is an expression of the composition
of the stored matenial.

 ANS-8.9 Standard [the “pipe’ intersections” standard] (ANSI/ANS 1978), whlch includes 2°U

solutions and could be expanded to include Z*U-Th solutions; and
ANS-8.10 Standard (AN SI/ANS 1975), which gives criteria for nuclear cntrcallty safety

controls in operations where shielding protects personnel.

Other standards that pertain more to. the safcty considerations of nuclear cntlcahty for storing

B3U-bearing materials are discussed in Sect. 4.6. . ' j
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2.4.6 References for Sect. 2.4 S
Listed below are references cited in Sect. 2.4. This is followed by a list of additional sources

that provide more information on *’U nuclear criticality. -
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' Critical Water Reflected Spheres of Fiss. Metal & Water Mixtures
in terms of Fiss. Mass (kg) and Vol.(1), Derived from LA—10860-MS Data
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Critical Water Reflected Inf. Cyl.s of Fiss. Metal & Water Mixtures
in terms of Linear Mass (kg/m) and Dia.(cm), Derived from LA-10860-MS Data
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Critic al Water Reflected Inf. Slabs of Fiss. Metal & Water Mixtures in
terms of Areal Density (kg/m2) & Thk.(cm), Derived from LA-1 0860~-MS Data
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Table 2.4a. Rate of neutron emission pér nuclide mass
(neutrons/sec-g) from spontaneous fission

Neutron emission rate

Nuclide Material type (neutron/s-g of nuclide)
™7h Fertile - 12E-07
my Fissile 54E-04
By . Nonfissile, fissionable 6.4E-03 -
By ' Fissile , ' 1.1E-05
uayy " Fertile . 1.3E-02
BINp Nonfissile, fissionable : - 1.4E-04
22py ‘Nonfissile, fissionable 3.6E+03

- mpy ‘Fissile . . 1.5E-02
20py Nonfissile, fissionable 8.9E+02

Hpy Fissile 2.1E-03

i

Table 2.4b. Si'ngle-parametel; limits of 2*U and other fissile nuclides for metal units

Subcritical limit for
Parameter .
: Bye SO
Mass of fissile nuclide, kg 6.0 20.1 i 5.0
Cylinder diameter, cm , 45 73 5 44
Slab thickness, cm’ : 038 - 1.3 © 065
“Maximum density for which mass and . )
dimension limits are valid; g/cm® 18.65 © 18.81 . 19.82

“Based on Clark 1982a.
®Based on Clark 19825.

‘ °Based on Clark 1981. ' : ‘
. ’ !
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_for uniform aqueous solutions

Table 2. 4c Smgle-parameter limits of 2*U and other fissile nuclides

. Subcritical limit for fissile solute
Parameter g " N s
®YUOF," | ®UO,MNOy,” | ®UOF, | ®UO,MNOy), | *Pu(NOy),/’

Mass of fissile nuclide,

kg 0.54 0.55 0.76 0.78 0.48
Diameter of cylinder of oo

solution, cm 10.5 11.7 13.7 14.4 15.4
Thickness of slab of ,

solution, cm 25 -3 44 49 5.5
Volume of solution, L 2.8 36 55 6.2 7.3
Concentration of fissile

nuclide, g/L 10.8 10.8 11.6 11.6 1.3
Atomic ratio of hydrogen o

to fissile nuclide? 2390 2390 2250 2250 3630
Areal density of fissile -

nuclide, g/cm? 0.35 0.35 0.40 0.40 0.25

“Based on Clark 1982a.
®Based on Clark 19825.

“Based on Clark 1981. The **Pu limits apply to mixtures of plutonium isotopes provided the
concentration of 2°Pu exceeds that of *'Pu and prov1ded M'Pu is considered to be ®Pu in computing mass

or concentration.
% ower limit.




. i Table 2.4d. Single-parameter limits for oxides of **U and other fissile nuclides containing no more than 1.5 wt % water at full density
Parameter myo,° »U,0,°. - =y, myo,t wy,0, myo, Mpyo,°

Mass of fissile nuclide, kg 10,1 13.4 152 323 440 $1.2° 10.2
Mass of oxide,? kg 11.7 16.0 187 372 52.8 626 115.
Cylinder diameter, cm 72 9.0 99 1.6 146 - 162 72
Slab thickness, cm 0.8 1.1 1.3 29 40 46 14
Maximum bulk density”_ 9.38 . 1.36 6.56 9.44 7.41 660 9.92
* for which limits are : :

valid, g/cm’ 1-0.085(1.5-W) | 1-006501.5-W) | 1-00s601.5-W) [ 1-008601.5-W) | 1-0.065(1.5-W) | 1-0.0571.5-w) ' | 1-0.091(1.5-W)

“Based on Clark 1982a.
on Clark 19825,

‘Based on Clark 1981.

“These values include the mass of any associated moisture up to the limiting value of 1.5 wt %.
‘W represents the quantity of water, in weight percent, inthe oxide. .

S at4
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Table 2.4e. Unit mass limit in kilograms of **U per cell in water-reflected storage arrays”

_ Number of units in , . Minimum dimension of cubic storage cell (mm)
cubic storage arrays

254 305 381 457 508 610
" Units: Uranium metal; H:U < 0.01; 100 wt % °3U

64 42 53 6.7 7.8° 8.5° 9.4°
125 35 4.5 5.9 7.1° 1P 8.8°
216 31 40 - 5.3 64 7.1% 8.2
1343 S22 3.5 . 4.8 - 59 6.6 7.7°
5127 24 320 44 55 6.1 7.3
729 22 29 4.0 5.1 58 6.9

1000 4 20 .27 37 438 54 6.6

Units: Oxides of uranium; H:U < 0.4; 100 wt % U

64 4.9 6.6 - 9.1 115 12.9° 15.4°
125 40 = 54 7.7 9.9 11.2 13.7
216 34 46 6.6 8.6 99 12:4
343 2.9 40 58 A 8.9 113
512 2.6 36 . 52 6.9 8.1 10.3
729 23 3.2 4.7 6.3 74 9.6
1000 21 29 0 43 5.8 6.8 8.9

- “Based on ANSI/ANS-8.7-1998. Note that this standard is currently under revision; consequently, the
data reported in this table are subject to possible future changes.
bValues are greater than 90% of critical spherical mass, water reflected.
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2.5 PHYSICAL AND CHEMICAL CHARACTERISTICS | :

The domestic inventory of stored "”U-bw.nng materials is found in a variety | of phys1cal and
chemical compound forms. These include metals (and alloys), oxide powders, ﬂuondes and
various other material forms and compositions. The major physical and chermcal propertlcs
exhibited by 2*U materials are described in this section. ,

The physncal and chemical properties of 2°U materials generally reflect those of compounds
containing natural or HEU. Consequently, the same chemical processes used for patuml uranium
and HEU-bearing materials are generally applicable to 2°U. As previously shown in Table 2.1a,
23y has a higher specific radioactivity than either natural uranium or HEU, which has greater than
20 wt % P*U. This means that certain radiation-induced chemical reactions are faster in uranium-
bearing materials thit contain significant quantities of **U. The faster radiation-induced chemical
reaction rates impact the long-term storage of *U by requiring that **U storage forms and
containers be limited to exposure to‘watelfh or any organic materials such as plasti:cs, which degrade
with higher radiation levels. (This is discussed further in Sect. 4.6). ‘ ‘

Uranium is a radioactive element and, as found in nature contams three radxoact.lve isotopes ‘
[mostly 22U (99.28 at. %), some trace amounts of 2*U (0.715 at. %), and ‘U (0 005 at. %)]. A
- significant number of other isotopes, mcludmg B2(J and 23U, have been synthetncally prepared.

Uranium has a toxlcuy similar to that of lead. When in the form of a solid or dust, uranium can
beadangerousﬁrehamrdwhenltlsexposedtohwtorﬂamc Uramumdustcanalsobean |
explosion hazard when exposed to a flame in the presence of oxygen (Thcse propemw are
~ discussed further in Sect. 4.)

© 2.5.1 Uranium Valence States | ,

In its purest state, uranium exists as a metal; and because it is strongly electropositive, it is
highly reactive and readily forms compounds with all nonmetallic elements, exccpt for the inert
noble gases. It also forms intermetallic compounds with many metals, mcludmg 1ron, lead,
mercury, and aluminum. Uranium has four oxidation states in aqueous media; 3+ 4+, 5+, and 6+.
The U* state is chemically very unstable with respect to oxidation and has a red-wmc color.

U™ reduces water, yielding U and hydrogen. Known as the uranous ion, U* is metastable with
respect to oxidation by nitrates and is dark green. The 5+ state, UO,", is black-brown and tends to
disproportionate U*" and UQ,**. The 6+ state, UO,"? (uranyl ion), is yellow and i 1s the most

}
)

'
¢

i
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prevalent and significant aqueous state.- It can be reduced to the 4+ state chemically,
photochemically, or electrochemically. -

2.5.2 Uranium Metal

.Pure uranium is a heavy metal that exists as either silver-white or black crystals. In this form,

uranium melts at 1132°C, boils at 3818°C, and has a density of 19.04 g/cm®. By comparison,

lead melts at 327°C, boils at 1750°C, and has a density of 11.35 g/cm®. Other physical properties

of uranium and some of its significant compounds (from a 2*U perspective) are listed in Table 2.5a

--(Linde 1998, Katz and Rabinowitch 1951, and Benedict, Pigford, and Levi 1981).

‘When uranium metal is in the form of solid chips, shavings, or dust, it can be a dangerous fire

~hazard if exposed to heat or flame in air. Because of uranium’s rapid and exothermic reaction with
oxygen, its condition as a finely divided metal is pyrophoric. Consequently, treatment of uranium
at elevated temperatures must be carried out in an inert atmosphere or in a vacuum. Uranium metal
can also react vigdrously, evenly violently, with oxidizing agents. Solid pieces, larger than 1/16-in.
diam will not spontaneously ignite (Pm'dék 1992), but their surfaces will corrode. The corrosion

rate is a function of surface area, teihperature, humidity, and oxygen. Corrosion of uranium metal
has several consequences. First, it converts a cohesive metal solid to a dispersible oxide dust. Also,
under wet conditions, uranium metal corrosion resulté in the formation of hydrides, which can lead
to a fire, explosion hazard, or container pressurization from either the radiolytic decomposition of
water or chemical reaction ﬁth water and the attendant evolution of hydrogen. Specific processes

for uranium metal preparation are discussed in Sect. 3.6.

:2.5.3 Uranium Oxides . 4

The oxides are the most frequently found compounds of uranium with, perhaps, the exception
of uranium hexafluoride (UF) (sée discussion below). The uranium-oxygen phase diagram is ‘
complex. Many binary oxides and crystalline modifications have been rcpoited. Three of the
uranium oxides are common in 2*U processing and storage areas: uranium dioxide (UO,),
uranium trioxide (UQO;), and triuranium octaoxide (U,0;), or pitchblende, also commonly referred
to as uranium oxide. |

Uranium dioxide is the most common compound used in reactor fuels (in a compressed pellet
form) and is a significant intermediate material used in uranium metal manufacture. It exists in the

form of brown-black (sometimes green-black) crystals, which are fairly chemically stable. At high
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temperatures, nonstoichiometric forms exist with oxygen ratios ranging from U0, to UO, 4. Ina
very finely divided form, UQ, is potentially pyrophoric (i.e., is capable of lgmuﬁg spontaneously in
air). In the early 1970s, UO, powder was prepared in Building 3019 at ORNL for use in
fabricating thoria-urania (ThO,-UO,) fuel pellets at the Bettis Atomic Power Laboratory [BAPL.-
(West Mifflin, Pennsylvania)] for the light-water breeder reactor (LWBR) in Shippingport,
Pennsylvania (see Sect. 3.5.1). D

Uranium trioxide is another significant intermediate compound used in uramum metal
manufacture. It is a yellow-red powder that is chemically stable, except for dxhydrate formation.
Uranium trioxide is routinely prepared by thermal decomposition of uranium mtrate,
UO,(NO,),*6H,0, or uranium peroxide, UO,»2H,0. ' "

The most stable oxide is U, Oy, which makes it best suited for long-term storage Itis the
primary oxide formed by burning in excess air and by corrosion after extended alr exposure, so it
can be derived readily from the other uranium oxides. Triuranium octaoxide is an olive-green
powder which is normally formed at high temperature from the other oxides. Because of the
chemical stability of U,0;, it is the preferred form for storage of uranium, includfing,HEU (Cox .
July 1995). | | f

Specific processes that have been developed for the stabilization of mU-beanng materials in an
oxide form are discussed in Sect. 3.5. - : T ' 5

o

]

2.5.4 Hydrates of Uranium Oxides : _

The uranium oxides (UO,, UO, and U,0,) react directly with water to form hydrates. A
summary of the major characteristics and origination of these compounds [based on information
reported in two sources (Harrington and Ruehle 1959 and Vdovenko 1960)] follows

Hydrates of UQO, and U,O, are prepared by precipitation rmtlon in soluuon Those of UO,
result from hydrolyzmg a solution of uranium chloride or uranium acetatc. For such hydrolysis to |
occur, the aqueous solution must be heated with air excluded or neutralized cherriicaﬂy with a base
such as ammonium hydroxide. =~ - A ‘

Hydrates of U,0; are formed during photochemical decomposition of uranyl onalate,
UO04(C,0,), and from reactions of uranyl salt solutions with organic reducing agonts such as
glucose alcohols, ethers, or acetaldehyde. The U,0; hydrates dissolve in acids and form a mixture
of quadnvalent (U“) and hexavalent (U‘6) uranium salts. ‘
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For UQO, there are four known hydrates: UO;¢2H,0, UO;H,;0, UO;¢0.8H,;0, and .
U0,¢0.5H,0. The dihydrafc UO,¢2H,0 is yellow or green-yellow and exists in two different forms.
It is formed by reacting saturated water vapor with the red form of UQ; in the temperature range of
5 to 75°C. However, heating to above 300°C drives off the water and returns the UO, béck toa
stabilized form (Vdovenko 1960). The stabilized UO, will reform UO;-2H,0 at temperatures under
60°C (Harrington and Ruehle 1959). The dihydrate can also be formed by the action of water on
the anhydrous UO, or the monohydrate of UO.

The monohydrate, UO,sH,0, is yellow or orange-yellow and crystallizes in the form of needles
or plates. This compound exists either as one amorphous or four crystalline forms, all of which are
stable atvroom temperature. The monohydrate can be prepared by hydrating UO, inmovist air at
25°C for a period of 24 h, | | |

The compound UQO,¢0.8H,0 is sometimes referred to as the alpha monohydrate. It is formed
by dehydration of UO,¢2H,0 in the temperature range 140 to 260°C and also results from
combining amorphous UQ, and water at 180°C.

The orange-colored hemihydrate UO3¢0.5H,0 is monoclinic and can be obtained at water
vapor pressure of 15 mm within a temperature interval of 160 to 300°C. The hemihydrate is
prepared by heating UO,2H,0 in water at 310 to 350°C and by hydrating the unreactive, orange
U0, at 350 to 380°C. Wﬁen heated in air to 700°C, the hemihydrate goes to pure U;0;.

2.5.5 Uranium Fluorides
Uranium fluorides are used extensively in the 2°U fuel cycle to enrich natural uranium and, as
UFg, represent the largest amounts of uranium that are available. However, fluoride compounds
. have less significance for the synthetic *°U. Uranium tetrafluoride (UF,) is nonvolatile and was
.7used, in a dilute solution of other fnoderator salts (LiF-BeF,-ZrF,), in the Molten Salt Reactor
Experiment (MSRE) at ORNL. Also, UF, can be directly fluorinated to form UF,, which is
volatile. It was this process that was used to strip the *°U from the fuel solvent and to refuel with
U in the form of a eutectic binary salt mixture of LiF and UF,.

During the past 30 years that the MSRE has been shut down, radiolysis of the fuel salt by
fission products dissolved therein (with the formation of fluorine gas), coupled by an annual
“annealing” cycle (intended to recombine the radiolytically produced fluorine), has caused much of
the uranium to migrate from the fuel salt into the off-gas system connecting the fuel drain tanks to
charcoal beds. Currently, the MSRE Remediation Program is underway to remove the fuel charge ‘
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of approximately 37 kg of uranium (now distributed from the fuel salt through th;e gas piping and
in the charcoal beds, principally as 2*U) from the MSRE facility. This material will eventually be
converted to U,0; and stored in Bulldmg 3019 at ORNL For a more complete djscussron of this
relevant subject, see Sect. 3.5.3. :

Uranium hexafluoride i is hlghly reactive with water and moist air, forrning ur;anyl fluoride -
(UO,F,) and rel&smg HF, both of which are chemically toxic. Inhalation and mg&shon of UFs
result in acutely serious health threats. Consequently, UFs must be stored in gas-ught, oorrosron-
resistant canisters. It is therefore desirable to convert the vast amounts of stored LUF‘; to the more
stable U,0, for long-term storage. ) . :

2.5.6 Uranyl Nitrate o P

Urany nitrate solution, UO,(NO;), is an important compound in the purification of uranium
and separation of its daughter prbducts by solvent extraction (SX). It is formed b;y the équeous
reaction of nitric-acid (HNO,) and uranium oxrd&s When dried, this nitrate solutlon forms yellow
- crystals, which corrode tin cans and degrade some plasch Urany] nitrate solutlons can be

absorbed through the skin.

2.5.7 Solution Chermistry of Uramum and Related Actnmdes . : ‘

The solution chemistry of uranium and the other actinides from which it is oﬁen separated are
discussed. Specifically, the solution chemistry related to the recovery of 2*U from irradiated ‘
thorium targets and to the penodlc requirement to purify 2*U from the decay products of its
isotopic impurity, 2?U, are discussed. Because of the presence of the natural uramum impurity in
thorium targets or the usc of equipment previously used in plutonium-bearing ﬁleis processing, it
may become necessary to remove traces of plutonium, americium, and curium ehber by ion
exchange or SX. Separations.are based on differences in valences and/or in the abfility of the
actinide iorrs to form complex’ speéim. The information presented below does not pmme to be
comprehensive and includes only information relative to manufacture and purification of **U.
More comprehensive mfonnatlon may be found elsewhere (Ahrland, Liljenzin, and Rydberg 1973;
Katz, Smborg, and Morss 1986; and Choppm and Rydberg 1980).
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--2571 ActmldeValence . S ' . ‘
The valences exhibited by the actmlde elements and the values for thelr ionic radii are shown in

* Tables 2.56 and 2.5¢ (Choppin and Rydberg 1980), respectively. The ionic radii of the actinide

elements of the different valences decrease with increasing atomic number. Consequently, the
| charge densi;y of the Mdc ions increases with increasing atomic number and, therefore, tnc
probability of the formation of cbmpléxes and of hydrolysis increases with atomic number. For
example, the pattern of stability of the complexes—not 1o be confused with the stability of the
uncomplexed ions—in the tetravalent state is: o

CTh* <U* < Np* <Pu“

- Similarly, for the same élernent, the stability of the complexes varies with the oxidation state

according to the following series:
M* >MO,* > M* > MO,"

The pentavalent state of the aétinides is the less stable than the other states (except for

protactlmum and neptumum) and normally undergm to dlspropomonatlon by the following
reaction: ‘ '

2MO, + 4H. = MO + M* + 2H0

. Pentavalent uranium and plutonium areteiativcly stable at H' = 0.01 Mor less, whereas NpO," is .
- relatively stable in 1 M acid. The most siabli; 4va.lence states of the actinides in aqueous solution in
 airare depicted in bold letters-in Table 2.55. Through the appropriate choice of acidity and redoi
agents, uranium valence can be 'adjus,ted and maintained as 4+ or 6+, plutonium as 3+, 4+, of 6+,
and neptunium as either 4+, 5+, or 6+. The ions U™, Np*, and Pa* are unstable in air and oxidize

~ to the next higher valence. In nquec;ns systems, thorium can exist only in the Th* state and
actinium in the Ac* state. The 7+ staté of neptunium is formed under very strong oxidizing
conditions and is relatively unstable. The 5+ and 6+ states of americium are also relatively
unstable except in the presence of very strong oxldmng agents such as sodium peroxodlsulfate
(Naqszo,,) or ozone (0,)
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25.7.2 Complexes of the Actlmda

Actinides form ionic and neutral complexes with i morgamc and organic hgands and this is the
basis of separations and recovery of actinides from aqueous solution. Reactxonsiof aqueous phase
complexes of the actinides with organic species to form compounds or adducts that are highly
soluble in an organic phase provide the basis for the separation of actinides from other elements
and from each other by liquid-liquid extraction. Likewise, differences in the aﬁimty of the various
elements to form adducts with the orgamc constituents associated with solid sorbents (e.g., ion
exchange) make separations possnble by column chromatography methods. Only the complexes .
relevant to the recovery and purification of 2* U are discussed here. More compg-ehcnswe and in-
depth discussions are reported elsewhere (Ahrland, Liljenzin, and Rydberg 1973; and Katz,
Seaborg, and Morss 1986). In 5queous solution, the 3+, 4+, and 6+ valence acti:nid&s form
cationic, anionic, and neutral complexes with a variety of inorganic ligands (nitrejue, chloride,
sulfate, etc.) and with a large number of organic species. L V'

Of the complexes formed with organic ligands, only the complexes with carb,'dxylate ions, such .
as acetate, find applications in 2* U scparations; Other types of carboxylate ions (such as '
hydroxyisobutyrate and aminécarbdxylate) are used in~§eparations of higher actinides such as -
americium, curium, berkelium, and californium. Acetate complexatibn is employf'ed in the
purification of 2°U from 22U radioactive daughter products by a cation exchan‘gé: process (Rainey
December 1972). Also see Sect. 3.5.1.2. Preferential sorbtion of the anionic nitrate complex of
thorium on anion exchange resin serves to recoverjm'i'h from the 2°U parent in n:itric acid
* solutions (Webb 1998a). Also see Sect. 3.3.2. | |

SX separation of macro quantities of thorium and uranium that are involvéii with the reooveryA
of 23U from irradiated thorium fuels or targets is based on the extractability of the
tributylphosphate (TBP) complexes from nitric-acid solutions. This separation 1s called the
Thorex process and is based on the difference in the extxaétability of the neutral complexes
UO,(NO,),+2 TBP and Th(NO;),+2 TBP into an immiscible organic phase of TBP dissolved in
normal paraffin hydrocarbon. The reactions for complexation aﬂd extraction areras follows:

UO"wy + 2NOyy + 2TBPgy, ¢ UONO,)»2 TBP

'} ’

Th*. + 4NOyuy + 2TBPy, ¢ Th(NO;)e2 TBP,

¥
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Relatively high concentrations of nitrate ions are used to promote extraction. The extracted .

uranium and thorium may be recovered from the loaded organicv phase by back-extracting
(stripping) it with an aqueous solution of relathely low nitrate concentration. Trivalent plutonium,
americium, and curium are virtually inextractible in TBP except at low acidity and véry high
nitrate ion concentrations. Under normal conditions for the Thorex™ process, they are not

4 extractible to a significant extent. - .

_ The process flowsheets and chemistry of the Thorex processing have been discussed by several
authors (Bond 1990 and Gresky et al. 1952). The removal of radioactive daughters of #2U from
aged nitric acid solutions of 2°U has been accomplishe(i with the extractant di-(sec-butyl)phenyl

“phosphonate (DSBPP) (Ferguson 1970), which also fonns a neutral complex with uranyl mtrate
'DSBPP has a higher extractability for uranium than does TBP. The Thorex process is dlscussed in
more detail in Sect. 3.2.3.3.

258 Characterlstlcs of Current *°U Inventorles

Summary chemical and physical characteristics of the inventories of **U-bearing matenals at
rﬁajor sites are provided in Table 2.5d [Bereolos et al. June 1998 and DOE/Idaho (ID) and Idaho
National Engineering and Environmental Laboratory (INEEL) December 1998]. More detailed
33U inventory data are provided in Appendix C of this handbook and in other reports (in
particular, Bereolos et al. June 1998, DOE/ID and INEEL December 1998, and Lewis and

Wilkinson March 1998). Most of the domestic U inventory is found in two major types of sohd
form material: unirradiated Shlppmgport LWBR fuel at INEEL and Consolidated Edison Uranium
- Solidification Program (CEUSP) material at ORNL.

2.5.9 References for Séct. 25
Listed below are references cited in Sect. 2.5. This is followed by a list of additional sources
that provide more information on the physical and chemical characteristics of B3U-bearing

materials.
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Table 2.5a. Characteristics of uranium and some uranium compounds®

Characteristic Natural U uo, Uo, U,0, UO,(NO,),'6 H,0 UF, © UF,
Boiling point, °C 3818 Decomposes | Decomposes® | Decomposes® | 118 1457 s7¢
Crystalline form Cubic Rhombic Multiple : Mlﬂtiple Rhombic Triclinic Monoclinic

‘ cubic® forms forms :
Color Silvefy-whitt_: Brown Orange Olive green- - | Yellow Green Colorless

i ' black :

Heat of fusion, * 4700 67 NA NA .
calg * . ,
Heat ofvaponzatmn 106,700 NA - NA- NA NA
callg : : '
Melting point, °C - 1132 2878 b ¢ 60.2 960 64
Molecular weight’ 238.03 270.03 286.07 842.21 £502.13 314.02 352.02
Specific gravity® 19.05 10.96 7.29 8.30 281 6.70 5.06
Specific heatf cal/g/°C | 6.57 0.056 0.071 0.0798
Thermal conductivity? | 0.071 0.02 1.60
cal/cm-sec:°C
Water solubility” I I I 11 S s'

“Based on Linde 1998; Katz and Rabinowitch 1951; and Benedict, Plngl’d, and Levi 1981,
Decomposes at greater than 600°C at reduced pressures.
---‘Decomposes at greater-than 1300°C- at reduced pressures.

9Sublimes at 1 atm.

'Faoe-oentered cubic lattice.

/NA = not applicable.
#Measured at 25°C.

*1 = insoluble; S = soluble.
‘Very slightly soluble in cold water.
ecomposes in cold water. -

LS-¢
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Table 2.55. Oxidation states of the actinides

in aqueous solution®

(The most stable oxidation states are shown in parentheses.)

"Atomic No.

.Ele.ment

89 9% 91 92 93 94 95 9

Ac Th Pa U Np Pu Am Cm

3) 303 3 @3 0
@ 4 4 4 @
6 S & 5 5
: 6 6 6 6
7 7

°Actinides of atomic number 97 and higher are omitted
because of their short half-lives and because they are not formed in
significant amounts in 2*U production. .

Table 2.5¢. Ionic radii of the

actinides (A)°

Element M* MY . M* M*
Ac 1.076
Th ) 0.984
Pa . 0.944 0.90
U 1.005 - 0.929 0.88 0.83
Np 0.986 0913 . 087 0.82
Pu 0.974 0.896 0.87 0.81
Am 0.962 0.888 0.86 0.80
Cm - 0946 0886 -
Bk 0.935  ~0.870

*Adapted from Choppin and Rydberg 1980.




Table 2.5d. Summhry chemical and physical characteristics of major components of
the current inventory of 2*U-bearing materials®

. . - . . CY(s)’ of -| Total U | U content
Site . Material description Chemical/physical form generation ke) (kg)
INEEL.. Containers of unirradiated LWBR | UO,~-ThO, pellets in fuel and 1976-77 306.64 300.80
fuel ’ blanket rods
Unirradiated assembled LWBR UO,-ThO, pellets in rods 1976-77 16.84 16.56
seed module o A '
55-gal and llO-gai 6M containers UO,-ThO, pellets in fuel and 1 1976-77 3542 34.20
of unirradiated LWBR fuel blanket rods A o '
LWBR fuel fabrication scrap Clothing, grinding sludge, rags, | 1976-77 | ~61.86 60.0°
: : polyethylene, gloves, processing ,
equipment components
INEEL total +420.76 411.56
LANL Various compounds Carbides, oxides, nitrates, 4.09 4.00
} tetrafluoride, and U,0,
Metals Encapsulated, turnings, and 2.82 2.78
special alloys
Noncombustibles Graphite, nonactinide, and 0.13 0.13
plastics ‘ ’ '
Process residues Hydroxide precipitates, 0.20 0.19
: ' sweepings, and screenings
| Other Combustibles (rags) and nitrate 0.01 0.01
ce v = colutiofis - e o ) T
LANL total 7.25 7.11
ORNL Savannah River (165 ppm *?U) UO, powder 1964-65 6714 61.6
MSRE salt (excess feed material) UF, with LiF - 1965-69 3.2 29
1985-86 1042.6 101.1

CEUSP material.

U,0; monolith (with CdO)

65-C



Table 2.5d (continued)

Site Material description Chemical/physical form gcezég;‘;f‘ T‘a‘fgl)u ”’U(i‘;';‘ent
ORNL 'Mound Plant material UO, powder 1967 36 35
“(contd.)
Uranium metals Uranium metal and alloys 17.3 17.0
RCP-06¢ U,0, monolith (with CdO) 1986 65.2 60.3
BAPL’ UQ, powder 1976 15.4 15.0
Savannah River (35 ppm *?U) UO, powder 1964-65 11.1 10.7
Oxide lots U,0; powder 198088 96.5 91.2
Zero-Power Reactor packets U,0; powder 1978-79 457 448
Miscellaneous Oxide powders 104 10.2
Other Miscellaneous forms 9.2 9.0
ORNL total ' 13875 | 4272
Other sites’ Miscellaneous >83.7 >5.1

“Based on Bereolos et al. June 1998 and U.S. DOE-ID and INEEL December 1998,
!CY = calendar year.
“This is LWBR scrap material whic|

(of total uranium).
“This is an arbitrary designation related to the history of the material.
‘Bettis Atomic Power Laboratory.
Ancludes contributions from 19 sites.

h has a fissile (**U) content of 97 wt % (of total uranium) and a ***U content of 9 ppm

092
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2.6 WASTE THRESHOLD CRITERIA | :

The requirements for storage, transport, and disposal of radioactive wastes are significantly
different from those for ﬁssile materials. Consequently, a proposed basis for deﬁning and
managing different classes of the current inventory of 2*U-bearing materials was reoently
developed and documented (F orsberg, Storch, and Lewis July 7, 1998). A summary of the major
results from that investigation is provided below

2.6.1 Introduction , :

Three categories that pertain to the current mventory of 2*U-bearing matenals have been

defined to establish separate and appropriate sets of criteria for storage, transport, and disposition

or disposal. These.are wastes, exception-case materials, and Aconcentrated fissile ifmtcﬁals ‘
(nonwastes). | , .

Each of these material categories has a uhique set of features relating to concerns regarding
economic value, nuclear criticality, and nuclear safeguards (including arms éontij'ol). The
safeguards requiréments for #*U are similar to those of plutonium. Current dom&sﬁc inventories of
the above three categories of 2*U-bearing materials are documented in the report Uranium-233
Waste Definition: Disposal Options, 'Safegua'rds, Criticality Control, and Arms Control,
ORNL/TM-13591 (Forsberg, Storch, and Lewis July 7, 1998). | : (

2.6.2 Wast&s : ;
Wastes oontauung B3J-bearing materials are deﬁned as materials contammg sumcnently small
masses or concentrations of fissile materials (**U as well as Z*U) such that they can be managed
as typical radioactive waste. - “ E
Uranium-233~containing material is waste if three conditions are met:
1. There is no existing, planned, or proposed use for the matenial.
2. The 2*U in the material is such that either: - .
. a. The actual 2*U concentration is <1 kg/m®, or - :
b. ‘The enrichment level is <0.66 wt % 2°U in 2*U. L
3. The U in the material is such that cither:
a. The approximate 2>U homogeneous concentration is <1 kg/m®, or

b. The enrichment level is <12 wt % U in 2*U. | o
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Thls definition covers three requirements that must be met (in the areas of economics, criticality
control, and safeguards and arms control) to allow the **U-bearing material to be handled as any
other radioactive waste. This definition assumes that the wastes will be managed in a manner

- similar to transuranic (TRU) (alpha emitting) waste. The hazards and characteristics of TRU and
33U wastes are similar. Consequently, most sites with 2*U wastes manage those wastes like TRU
~ wastes. The definition also assumes that, for safeguards purposes, the concentration of *U in the
waste does not exceed 0.15 wt %. More restrictive conditions apply if highly concentrated 2°U
exists in a batch of waste (Forsberg, Storch, and Lewis July 7, 1998).

Wastes containing 2*U-bearing materials at various sites contain materials from contaminated
arcas, glove boxes, and hdt cells; construction debris; personal protective equipment; piping; and
used standard equipment for either laboratory analysis or material processing and handling. The
waste forms include metals, wood, plastic, glass, and cardboard.

2.6.3 Exception-Case Materials

It has been proposed that exception-case materials be defined as materials that should be
examined on a case-by-case basis to determine if they are wastes. They include materials not
covered in the definition of wastes as described above, and are chemically contaminated up to
12 wt % #*U in non-**U-containing materials. As a result, such materials have a Z*U mass
concentration that exceeds | kg;/mj or about 200 g per 55-gal drum. Some of these materials may
be economically considered wastes, Bui they currently have properties that may impact how they
would be managed depending upon future decisions regarding criticality, safeguards, and arms-

control.

The DOE (U.S. DOE Feb. 11, 1999) has decided that certain plutonium residues containing up

to 10 wt % plutonium may be treated as wastes. No decision has been made for **U. However,
 this precedent indicates the potential option to classify similar **U materials as wastes with limited
safeguafds and security requirements.

Most of the domestic inventory of exception-case materials are currently found at INEEL. This -

material is a mixture of 2 to 12 wt % 2*UQ, in ThO,, which is stored in dry storage vaults and 6M
transport drums. Most of the material is in the form of unirradiated LWBR fuel rods stored in
canisters in dry storage vaults. The canisters contain a variety of LWBR fuel forms—pellets, rods
and tubes. Overall, these nmteﬁals are chemically stable and have a relatively uniform

" composition.
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Other exception-case materials at INEEL are in storage at the Radioactive WM-Mmagmnent
Complex (RWMC). These materials reside in two major types of storage buildﬁgs: a Buildirlg for
above-ground retrievable storage and earthen-cover berms inside a building. The? building contains i
exception-case material regarded as “accessible” in 11 overpack boxes, each of whrch contains
5 to 6 bbl, each having 55- or 110-gal capacity. Each overpack box has 3/4-in.-thick lead
shielding. Earthen-cover berms contain barrels of 2*U exception-case material that are stacked on
asphalt pads. The barrels are separated by layers of plywood and plastic and bati;kﬁlled under an -

- earthen cover. A total of 1804 barrels, 107 of which contain exception-case matenal are regarded

J

as “unaccessible” and are found in thc earthen-cover berms.

2.6.4 Concentrated Fissile Materials . :

It has been proposed that concentrated fissile materials be defined as materia;]s éf sufficient
fissile material content such as to require special handlmg to address nuclear cntrcallty,
sa.feguards and arms-control concerns. These materials exclude spent nuclear fuel (SNF), but they
essentially include all other *°U-bearing materials. Concentrated B3 fissile matenals contain
>12 wt % 2°U equivalent. : : . ,

Examples of concentrated fissile materials stored at ORNL include packages contairling myo,
powder received from the Savannah River Site (SRS) and stainless stoel cans containing stabilized
uranium in the form of solidified U,Oy. The latter material was generated as part- of the CEUSP.
The CEUSP matenial originated from Consolidated deson reactor fuel uranium that was recovered
by the West Valley Nuclear Services (WVN! S) plant at West Valley, New York, and later sent to
ORNL for storage. |

2.6.5 Future Wastes and Wastcs That Are Repackaged

The categonzatron scheme previously déscribed for the current 233U material inventory does
not necessarily imply that any 2*U-containing materials will be treated differently from those in the
past. The previously describe_d categorization scheme defines different levels of z;”U wastes and -
flags some materials as exception case. As new policies are developed in'the‘futu;re the
requlrements for the management of exception-case materials may change sngmﬁcantly and result
in these materials being managed as either wastes or concentrated fissile matcnals

Potentially significant quantities of new 23U wastes may be generated in the future from

repackaging and from future processing of fissile mat;:riéls. Some of the **U waétc inventory
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(including some exception-case material) will need to be repackaged to meet repository [Waste .
Isolation Pilot Plant (WIPP) and Yucca Mountain (YM)] waste acceptance criteria (WAC). Future
processing of *U fissile materials will be needed to extract **U for medical and other beneficial
purposes and to stabilize **U-bearing materials for either long-term storage or final disposition.
A recent study (Forsberg, Storch, and Lewis July 7, 1998) conducted for the DOE Office of
'Fissile Materials Disposition (MD) recommends that, where feasible, sufficient DU (i.e., 2*U) be
added to any future generated 23(J wastes to isotopically dilute the 2*U to a concentration level of
<0.66 Wt % U in 2*U. , ‘
Implementing this recommendation has the major advantage of minimizing major 23U waste
" concerns and issues associated with nuclear criticality, domestic safeguards, and arms control. In
- addition, there is no shortage of DU to meet this recommendation. The addition of DU to **U
waste streams is a beneficial use of DU. - ‘ N

2.6.6 References for Sect. 2.6
A full citation of the major reference that prowd&s the basis for the B3 waste threshold

cntena previously discussed is given below. Thls is followed bya hst of sources that provide

addmonal information on this topic.

2.6.6.1 References Cited

Forsberg, C. W., S. N. Storch, and L. C. Lewis. July 7, 1998. Uranium-233 Waste Deﬁnitioh
Disposal Opnons Safeguards, Criticality Control, and Arms Control, ORNL/TM-13591,
" Oak Ridge National Laboratory, Oak Ridge, Tenn.

U. S. Department of Energy. Feb. 11, 1999. Second Record of Decision on Management of
Certain Plutonium Residues and Scrub Alloy Stored at the Rocky Flats Environmental
Technology Site, Office of the Assistant Secretary for Environmental Management,
Washington, D.C.

2.6.6.2 Supplemental Resources - .

American National Standards Institute/American Nuclear Society. 1998. American National
Standard for Nuclear Criticality Safety in Operations With Fissionable Materials Outside
" Reactors, ANSI/ANS-8.1-1998, American Nuclear Society, La Grange Park, Ill.

- American National Standards Institute/American Nuclear Society. 1981. Nuclear Criticality
Control of Special Actinide Elements: An Amencan National Srandard ANSI/ANS-8.15-
1981, La Grange Park, Ill. .
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2-66

2.7 BIOCHEMISTRY AND METABOLIC PATHWAYS

2.7.1 Biological Properties and Hazards '
| All isotopes of uranium (including **U) and their compounds present biological hazards .
thrbugh ingestion and inhalation. The DOE and NRC permissible levels for soluble uranium
compounds are based on chemical toxicity, whereas the permissible body level for insoluble
.compounds is based on radiotoxicity. Following acute and chronic exposures, chemical toxicity
often appears as irreversible kidney damage and acute arterial lesions (Lewis 1996). Uranium is a
heavy metal and has characteristics of other heavy metals like lead. Soluble uranium compounds
may be absorbed through the skin, especially through open wounds. Insoluble uranium compounds
have a detrimental effect on the lungs as a result of irradiation by the radioactive decay of the
 inhaled particles. This material is transferred from the lungs very slowly. Regarding the inhalation
of moderately soluble and soluble forms of uranium, the radiation dose generally decreases with
increasing solubility of the inhaled compounds, But the kidney burden generally increases. Some
compounds associated with certain forms of uranium can also be toxic (e.g., HF, which is often
absorbed on UF, and is often a chemical reaction product between UF¢ and water). Table 2.7a
(Lewis 1996) lists groups of uranium compounds according to their varying degrees of solubility.

Unlike the long-lived (7340-year half-life) “Th in the decay of B3y, the #2U decay chain has
no long-lived “stopper” isotope that can be used to “break” the decay chain by chemical separation.
This property implies that the effective absorbed energy per disintegration of *?U and its decay
- products will be much higher than that for 2°U. This is é.signiﬁcant point in the consideration of
biological hazards. The lack of a “stopper” isotope in the U decay chain leads to an
approximately four times greater effective energy per disintegration to bone than from the 23U
decay chain. ‘

Biological half-life and rate of absdrption into the body are also factors affecting internal doses
from the decay of 2°U and 2*U. The bioldgical half-life indicates the time required for the body to
eliminate half of an administered dose of a radioactive substance by the regular (natural) processes
of elimination. For a particular'radionuclide, the biological half-life varies with the organ of the
‘body under consideration. Table 2.7b (ICRP 1979) lists the half-lives and critical organs for **U,
33U, and other fissile nuclides. The retention of manium in various tissues of the body is no longer
described by a single biological half-life. Table 2.75 is based on ICRP Publication 30 (ICRP
1979), which describes the reténtion of uranium in all tissues by a sum of two exponential
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functions. This means that for each uranium isotope there are two biological half-lives, each of
which applies to a certain fraction of the matenial deposited in the tissues of concern. Thus, for
cach uranium isotope and organ listed, Table 2.7 reports two biological half-livés and the
percentage of the activity deposited in that organ to which each half-life applies. .

The biological half-life of all uranium isotopes is the same, and the half-life 6f 32U is not so
short that it greatly shortens the resndcnce time in the body compared with other uramum isotopes
with much longer half- hves The dose from ingestion and inhalation of radlonuchd&s depends on
the amount (activity) taken into the body, and the dose per unit activity of 2?U ingested or inhaled
is higher than the dose from thé same activity illtake of any longer-liyed.isotopes, due to rapid
buildup and decay of the **U decay products in the body.

2.7.2 Metabolic Paihways ‘

In general, extcmal eiposure to alpha radiation from actinide contamination is not a concern
because of the protection afforded by the outer layer of skin. However, inhalatiorl of the more
radioactive actinides such as 2*U and 2, even in microgram quantities, delivers significant
internal radiation doses to the body. Absorption of actinides through contamination of open wounds
also dehvers an internal dose. Ingestion of actinides generally results in substannally lower
radiation doses than inhalation. :

When an actinide such as **U and U enters the body through inhalation, mgmlon, oran
open wound, its biologic behavior is detcrmmed by its physical and chemical cha.mctensncs
When larger msoluble particles are inhaled, they are efﬁcnently removed from the upper airways by
ciliary action, ingested and then excreted in the feces. Inhaled small actinide parpcles, less than a
few microns in diameter, penétrate deeper into the lungs, where they are'aggregaled in place by
cellular encapsulation or are translocated to lymph nodes and the liver. Massive: mhalatlon doses
from smaller particles can cause pulmonary injury, fibrosis, and even death, whlle intermediate
doses pose a potentlal for delayed lung cancer. Very small actinide particles and ionic fonns are
complexed in the blood serum and then deposited in the liver and on bone surfacés. These deposits
are metabolized very slowly. A fraction of the actinide lJeing translocated is excreted in urine;
therefore, the unnary actinide level can provide an estimate of the total body actuude content. An
actinide’s potential long-term radiological consequences, i.e., cancer, aré propom'onal to the local
absorbed dose from short-range alpha particles, and the consequences are conﬁned to the organs of
concentration: lung, lxver and bone (Cantey June 1995).

!
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2.7.3 Regulatory Exposure Limits, Concentration Limits, and Permissible Intakes ‘ ‘
Federal regulations specified by the U.S. Nuclear Regulatory Commission (NRC) in tables of

Appendix B of 10 CFR Part 20 (U.S. NRC Jan. 1, 1999) indicate the maximum permissible limits
of 2°U (and 2?U) for workers and occupational exposure, for concentrations in airborne.and liquid
effluents released to the environment, and for concentrations in-discharges to sanitary sewer
systems. These regulations serve as radiation protection standards for the general public.

Table 2.7¢ (U.S. NRC Jan. 1, 1999) hsts the occupational exposure limits for B3y, 22, other
uranium radionuclides, and natural uranium. The annual limit on intake (ALI) and derived air
:concentration (DAC) for inhalation are given for an acrosol that Ahas an average particle diameter
“6f 1 um and for three classes (D, W, Y) of radioactive materials, which refer to their retention
‘period (approximately days, weeks, or years) in the pulmonary region of the lung. This

classification refers to a range of nuclide cl&uancehalf-timm as follows:

- D: <10d.
W: >210dand<100d.
Y: >100d.

For uranium radionuclides, this chlassi'ﬁcation also refers to the following groups of

compounds:
D: UFs, UOF,, and UO,NO,),.
W: UO,, UF,, and UC,..
Y: UO,and Ugo;

- . It should be noted that the classnﬁcaﬁon of a compound as Class D, W, or Y is based on the

-chemical form of the compound and not on the radiological half-life.

In Table 2.7¢, the ALI values are thc annual activity intakes of a given radionuclide which
would result in either a committed effective dose equivalent of 5 rem or a committed dose
equivalent of 50 rem to any organ or tissue.. The DAC values in Table 2.7¢ are derived limits
intended to control chronic occupational éxposum Further discussion of the relationship between
the ALI and DAC values is prowded in Appendix B of 10 CFR Part 20.

Table 2.7d (U.S. NRC Jan. 1, 1999) lists the maximum permissible concentrations of "”U
221, and other uranium nuclides in airborne and liquid effluents released to the environment. ThlS
is followed by Table 2.7¢ (U.S. NRC Jan. 1, 1999), which reports the maximum permissible
concentrations of **U, 22U, and other uranium nuclides in monthly and annual discharges to | A ’
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sanitary sewer systems. In Table 2.7, the limits on activity concentrations in air and water for
releases to unrestricted areas that may'.be accessed by the public are based on anannual committed

-effective dose equivalent of 50 mrem (0.5 mSv) from inhalation and mgestlon, respecﬁvely. The
effective dose equivalent is a weighted sum of dose equivalents to different orgartis or tissues
defined by the ICRP (1977), and the committed dose is the dose received over Sd years following
an acute intake of a radionuclide. For any radionuclide, the committed dose includes the A
contributions from any radioactive decay products arising from decay of the'radionuclide in the .
body For mhaled matenals concentrauon Limits for different lung clearance cl&sses (solubilities in
the lung, descnbed above) are given. ' :

' The concentration limits for air and water presented in Table 2.7d are 'inversely..proportional to

the internal doses per unit activity intake by way of inhalation and ingestion, respectjvely. 'l'hc

dose per unit intake of a radionuclide provides a measure of its radiotoxicity. Thus, the data of

Table 2.7d indicate that longer-llved uranium isotopes such as **U and **U are lhss radiotoxic

than #*U and especially ?2U. V | |

Table 2. 7f (U.S. NRC Jan. 1, 1999 and ICRP 1979) gives the maximum penmssnble quarterly
intakes (oral and inhalation) of 2, 2"ZU and other uranium nuclides for critical body organs. The _

levels reported in Table 2.7f are those recommended for occupatlonal exposure by the NCRP. .

- However, Table 2.7f does not represent the annual lumts on mtake (ALIs) currently used by the

NRC and DOE. The ALIs in NRC and DOE regulations are reported in Table 2. 7g (ICRP 1994)

and are based on the models in ICRP Publication 30 and a limit on annual eﬁ'ectlve dose equwalent _
for workers of 5 rem. By contrast, the ICRP’s latest ALIs for workers are based on revised models

and a limit on annual effective dose for workers of 2 rem. (It should be noted that an cffectlve dose
is not the same as an effective dose equwalent ) )

2.7.4 Protection and Radiation Exposure a

The penctratmg radiation ﬁeld from a source of U and 22U depends upon many factors.

These factors are discussed furthcr in Sect. 4 and include:

. surface area of the radioactive source,

« distance from the source, _ _

« self-shielding due to density and geometry of source material,. and
. external shielding used to reduce the radiation field from the source.
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The most unportant factor speclﬁc to the penetrating radnanon field for 2*U is the quantity of .
B2, Because of the hlgh-energy gamma radiation given off by the =y daughter, **T1, the
quantity of 22U is the determining factor in the 2°U radiation field. External exposure is a much
greater concemn for 22U and its short-lived decay products than for 2°U, primarily because the
22Bj and 2*T] &cay products of 22U emit high intensities of high-energy photons but 2°U and its
decay products emit only low intensities of lower-energy photons. Figure 2.7a shows the
calculated gamma radiation levels over time for material with varying concentrations of Z2U.
These calculations were made for exposures 1 ft away from a 10-kg UO, source packed in a
cylindrical can with a 6-cm radius 1i-cm height and a thickness of 12 mil (0.03 cm). After the
initial increase as the gamma daughters are produced, the radiation levels are linear with mU
concentration. Maximum gamma exposure levels are reached a.ﬁer about 3800d (10. 3 ymrs)
(Bereolos et al. April 1998). .

Uranium-233 compounds are handled in sealed containers or in high-quality enclosures
(shielded cells, glove boxes, and ventilated tanks) because of the high radiation hazard
(Horton 1972). Additional cbuntenﬁeasures to protect workers, discussed in Sect. 4.6, include
ventilation control, personal hygiene, first aid, and shipping regulations (Lewis 1996).

2.7.5 References for Sect. 2.7 .

Listed below are the specific referenees cited in Sect. 2.7. This is followed by a list of
additional sources provndmg more detailed information on #*U biochemistry and metabohc
pathways ' ’
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- Table 2.7a. 'Solubili'ty of uranium compounds®

Relative degree of solubility

Compound(s) -

Most soluble

UF,

UO,(NOy),

uUo,Cl, -

UOF,

Uranyl acetates
Uranyl carbonates
Uranyl sulfates

Moderately soluble

UF,
Uo,
uo,
uo,
(NH),U,0,

Least soluble

UO, (high fired) -
U,0,

Uranium hydrides
Uranium carbides

~ “Based on Lewis 1996..




Table 2.75. Comparison of half-lives and critical organs for selected isotopes of uranium and plutonium®
Characteristic By -y Y =y Wpy Mipy
Half-lives : . :
Physical (y) 6.89E+01 1.592E+05 7.037E+08 4.468E+09 2.44E+04 1.32E+01
Biological (d) : :
Bone 20 (90%) 20 (90%) 20 (90%) 20 (90%) 36,500 36,500
5,000 (10%) 5,000 (10%) 5,000 (10%) 5,000 (10%)
Kidney 6 (99.6%) |6 (99.6%) | 6 (99.6%) | 6 (99.6%)
1,500 (0.4%) 1,500 (0.4%) 1,500 (0.4%) 1,500 (0.4%) :
Liver ' ’ 14,600 14,600
Gonads c Tc
Effective (d)’ o ‘
Bone 20 (90%) 20 (90%) 20 . (80%) 20 (90%) 36,500 4,300
5,000 (10%) 5,000 (10%) | 5,000 (10%) 5,000 (10%) :
Kidney® 6 (99.6%) | 6 (99.6%) | 6 (99.6%) | 6 (99.6%)
1,500 (0.4%) | 1,500 (0.4%) " | 1,500 (0.4%) 1,500 (0.4%) ,
Liver ’ 14,600 3,600 o
Gonads ¢ 4,800 4
Critical organs® | Bone Bone Bone Bone Bone Bone ‘
Kidneys Kidneys Kidneys Kidneys Liver Liver
GV tract GY tract GV tract GV tract Red marrow | Red marrow
Red marrow Red marrow Red marrow Red marrow Gonads Gonads
Lungs Lungs Lungs Lungs GY Tract GV Tract
Lungs Lungs

“Based on information in ICRP 1979. This reference describes the retention of uranium in all tissues by a sum of two

exponential functions. This means that for each uranium isotope there are two biological half-lives, each of which applies to
a certain fraction of the material deposited in the tissues of concern. Thus, for each uranium isotope and organ listed, there
are two biological half-lives and the percentage of the activity deposited in that organ to which each half-life applies. This
approach does not apply to the isotopes of plutonium, for which only one biological half-life needs to be specified for each
organ,

’Biological half-lives for kidneys also apply to all other soft tissues.

Plutonium deposited in gonadal tissues is assumed to be permanently retained there. -

“Effective half-life takes into account radioactive decay and biological removal.

“Critical organs depend on route of intake (mgesuon or mhalatmn), and critical organs for paxucular route of intake
depend on solubility of chemical form.

JGI = gastrointestinal; critical tissues include walls of upper and lower large intestines.
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Table 2.7¢c. Occupational exposure limits for U, 2°U, and other nramum radnonuclldes
' . Annual limit on intake (uCi) Derived anr concentxann
Radionuclide Retention class® . for mhalatmn
' Oral ingestion Inhalation wcucm’)

=y "D 2EH0 . 2E-1 9E-11
w * . 4E-1 2E-10
Y 8E-3 3E-12
my D 1E+0 1E+0 5E-10
w 7E-1 : 3E-10
Y ‘ 4E-2 2E-11
ey . D IE+1 1E+0 ~ SE-10
. W : 7E-1 A 3E-10
Y 4E-2 2E-11
By D 1E+1. 1E+0 6E-10
w - 8E-1 3E-10
Y 4E-2 2E-11
=y D 1E+1 1E+0 6E-10
C w 8E-1 3E-10
Y 4E-2 2E-11
Nat. U° D 1E+1 . 1E+0 512 10
- W ‘ - 8E-1 3E 10
Y SE-2 2E 11

“Specified by the NRC in Table 1, Appendix B of 10 CFR Part 20. Values listed give limits in air
and water for releases to unrestricted areas accessible to the public. Concentration limits are inversely
_ proportional to radlatlon doses per unit actmty intake by way of elther mhalauon (air) or ingestion
(water).
®Clearance of mhaled radionuclides from respu'atory tract in a matter of days (D) 1 for soluble
chemical forms, weeks (W) for chemical forms with intermediate solubility, and years (Y) for insoluble
chemical forms. Uranium (or thorium) in insoluble oxide forms should be Class Y. Reflects the
- following clearance half-times and groups of uranium compounds: E
D (< 10 d): UF,, UO,F,, and UO,(NO,),. o
W (> 10d and < 100 d): UO,,UE,andUCl L
Y (> 100d): UO, and U,0,.
“Natural uranium is comprised of 2U (0.0055 at. %), z'”U (0 720 at. %) and U (99 2745 at. %).

/
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Table 2.7d. Concentratnon limits of uranium radionuclides in airborne and
liquid effluents released to the general environment”

: Maximum effluent Maximum effluent
Radionuclide | Retention class® concentration (uCi/cm’®) concentration (ug/cm’)
Air Water Air Water -

=y D 6E-13 6E-8 3E-14 3E-9:
W SE-13 : 2E- 14
Y 1E- 14 SE-16

my D 3E-12 3E-7 3E-10 3E-5
W IE-12 - 1E-10 :
Y SE-14 SE-12

»y. D - 1E-12 .| = 3E-7 2E-10 SE-5
w - SE-14 . ' 8E- 12
Y 3E-12 SE-10

™y D “3E-12 3E-7 1E-6 1E-1
w 1E-12 SE-7
Y 6E-14 . 3E-8

=y. D 3E-12 - 3E-7 9E-6 9E-1
w IE-12 3E-6
Y 6E- 14 2E-7

© Nat. U° D 3E-12 3E-7 4E-6 4E-1

w 9E-13 ‘ 1E-6
Y 9E-14 1E-7

“Specified by the NRC in Tablc 20f Appendlx B of 10 CFR Part 20. Values listed give limits in
air and water for releases to unrestricted areas accessible to the public. Concentration limits are
inversely proportional to radiation doses per unit activity intake by way of either inhalation (air) or
ingestion (water).

®Clearance of inhaled radlonuchdes from respu'atory tract in a matter of days (D) for soluble
chemical forms, weeks (W) for chemical forms with intermediate solubility, and years (Y) for insoluble -
chemical forms. Uranium (or thorium) in insoluble oxide forms should be Class Y. Reflects the
following clearance half-times and groups of uranium compounds:

D (<10 d): UF, UO,F,, and UO,(NO,),.
W (2 10d and < 100 d): UOQ,, UF,, and UCI,.
Y (> 100d): UO, and U,0,.
"Natural uranium is comprised of ‘U (0 0055 at. %), 2°U (0.720 at. %), and Z*U (99 2745 aL %).
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Table 2.7¢. Concentration limits of uranium radionuclides '
' for discharges to sanitary sewer systems |
Maximum discharge - Maximum discharge
-concentration (uCi/cm®) concentration

Radionuclide ' , (ug/em?)

' Monthly Annual Monthly  Annual
average’ (calculated) average” (calculated)

=y " 6E-7 7.2E-6 '3E-8 3.4E-7
oy 3E-6 | 3.6E-5 3E-4 3.7E-3
By 3E-6 -~ | 36E-5 | SE-4 " S.8E-3
By 3E-6 3.6E-5 . 1E+0 . L7E+]
By 3E-6 3.6E-5 9E+H0 . . 1L1IE+2
Nat. U° 3E-6 3.6E-5 4E+0 © 5.2E+1

“Specified by the NRC in Table 3 of Appendix B of 10 CFR Part 20. Values listed give
limits in air and water for releases to unrestricted areas accessible to the public. Concentmuon
limits are inversely proportional to radiation doses per unit activity intake by way of either
mhalatmn (air) or ingestion (water). .

®Clearance of inhaled radionuclides from respiratory tract in a matter of days (D) for soluble
chemical forms, weeks (W) for chemical forms with intermediate solubility, and years (Y) for
insoluble chemical forms. Uranium (or thorium) in insoluble oxide forms should be Class Y.
Reflects the following clearance half-times and groups of uranium compounds:
D (<10d): UF,, UO,F,, and UQ,(NO,),.
W (2 10d and < 100 d): UO,, UF,, and UCl,.
Y (2 100 d): UO, and U,0,. :

“Natural uranium is compnsed of z"U (0.0055 at. %), B3 (0.720 at. %), and ""U

(99.2745 at. %).

L]
i
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Table 2.7f. Annual limits on intake of selected uranium isotopes by
workers in current NRC regulations®

Inhalation intake Oral intake
Radionuclide A
~ Solubility class® | ALI (uCi) £ ALI (Ci)’

2y D 2E-1° SE-2 | ' 2E+0°
w 4E-1 | 2E-3 SE+1¢

Y 8E-3
-y D 1E+0* SE-2 1E+1*
‘ W 7E-1 2E-3 2E+2

Y 4E-2
g " D 1E+0* SE-2 1E+1*
w 7E-1 2E-3 2E+2

Y 4E-2
sy D 1E+0* SE-2 1E+1*
w 8E-1 2E-3 2E+2

Y 4E-2
w8y D 1E+0° SE-2 1E+1°
w 8E-1 2E-3 | 2E+2

Y 4E-2
' U-natural ) 1IE+0° SE-2 1E+1°
w 8E-1 2E-3 2E+2

Y 4E-2

“Annual limits on intake (ALIs) are obtained from Table 1 of 10 CFR
Part 20 and are based on limit on annual effective dose equivalent of 5 rem,
unless otherwise noted.

*Compounds that are cleared from respiratory tract in a matter of days
(D), weeks (W), or years (Y). Class D applies to soluble compounds including
- UF,, UOQ,F,, and UO,(NO,),; Class W applies to less soluble compounds
including UQ,, UF,, and UCIl,; Class Y applies to insoluble compounds
including UO, and U0

“Fraction of ingested activity absorbed into blood from the GI tract.
Higher value applies to soluble hexavalent compounds of uranium, and lower
value applies to relatively insoluble compounds in which uranium is usually
tetravalent.

“Values for oral mtakes of insoluble compounds are obtained from ICRP
1979.

‘Value is based on limit on annual dose equivalent to bone surfaces of
50 rem.
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Table 2.7g. Annual limits on intake of selected uranium isotopes :by
workers based on current ICRP recommendations® ‘s
Inhalation intake Oml mtake
Radionuclide ‘
Solubility class® | ALI (uCi) S| ALI(kCi)
g F 1E-1 . 2E-2 2E+0
: M 8E-2 2E-3 1E+]
S 2E-2
my F 9E-1 | 2E-2 | . 1E+
: M 2E-1 2E-3 © 6E+1
.S 6E-2 . 1
By F 1E+0 2E-2 1E+1
M 2E-1 2E-3 TE+1
S 6E-2 S
g F 1E+0 2E-2 .| 1E+1
M 2E-1 2E-3 |~ 7EH
S 7E-2 -
gy F 1E+0 2E-2 | 1B
M 2E-1 2E-3 TE+1
, S TE-2 .
U-natural F 1E+0 2E-2 1E+1
M 2E-1 | 2E-3 :| 7E41.
S 7E-2 ;

“Annual limits on intake (ALIS) are based on effective dose coefficients
(Sv/Bq) for inhalation or ingestion in Table B.1 of ICRP 1994 and limit on
annual effective dose of 2 rem.

*Compounds that are cleared from respiratory tract in times that are fast
(F), moderate (M), or slow (S).' Class F applies to soluble compounds mcludmg
UF,, UO,F,, and UO,(NO,),; Class M applies to less soluble compounds
including UO,, UF,, UCI,, and most other hexavalent compounds; Class S
applies to insoluble compounds including UO, and U,0.

‘Fraction of ingested activity absorbed into blood from the GI tract.
Higher value applies to soluble hexavalent compounds of uranium, and lower
value applies to relatively insoluble compounds in which uranium is usually
tetravalent.



3. PROCESSING OF *'U

This eecdon is a brief summary of the processing history of 2*U materials. 'i'ﬁe radjolbgical
and chemical characteristics of specific **U materials processes are also discuss:ed. For the most
part, Sect. 3 discusses activities associated with the processing of 2*U in the‘Unifted States. Other
international efforts associated with the processing of 2*U-bearing materials are 'rexempliﬂed and
discussed in International Atomic Energy Agericy (IAEA) publication IAEA Technical Report
No. 52, Utilization of Thorium in Power Reactors (IAEA 1966). (This reference is listed in
Sect. 3.13.1) | ‘ o

3.1 HISTORY OF **U PROCESSING

3.1.1 Background

Since 1947, several federally sponsored programs have either produced or stabxhzed
B3U-bearing materials at government sites, most notably (in chronologlcal order)' at ORNL, SRS,
and the Hanford Site. A historical list of these programs is provided in Table 3. lfa. This section
describes the major features associated with each of these 2°U processing activitées, inciuding the
program and process objectives and process description (with basic flowsheet, as appropriate), and
mayjor results associated with the process performance. Further inqumation on eech process is

available in the references cited and in the supplemental resources listed.

3.1.2 Nuclear Power Reactors Using **U Fuel

A major application of 2°U materials has been the use as a fuel in nuclear power reactors.
Table 3.16 (U.S. DOE September 1995 and Nuclear Engineering International May 1975) lists
the major features of those civilian power reactors that have used fuel contammgsmU with natural
uranium. Collectively, these eight reactors generated over 4800 MW(e)-years of energy during
their operating lifetimes. )

As indicated in Table 3.1, eight nuclear power reactors have used 23U fuel i m their operation,

and most of these used Z*U only for a single core. Major features of these reactqrs and their 23U

3-1
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fuel eharacteristics are described below. This description is followed by a description of the major ‘
features of a new reactor design that is being proposed for the 2*U-Th fuel cycle.

3.1.2.1 Dresden Unit 1 Reactor

The Dresden Unit 1 Nuclear Power Station was a 200-MW(e) BWR in northeastern Illinois.
This plant was operated for 18 years by the Commonwealth Edison Company before it was .
permanently shut dowrr in 1978. |

The nuclear core of Dresden Unit 1 had space for 488 fuel assemblies, although it was never
loaded in excess of 464 (Commonwealth Edison Company March 1988). The 2*U fuel assemblies -
were manufactured by General Electric and wnaieted of conventional U-Th fuel elements (UO,-
_ ThO,) clad in stainless steel. Each fuel assembly consisted of a 10.9-cm? zirconium channel
surrounding 36 fuel rods, 1.4 cm in diam (Kramer 1958). Most of the Dresden *U fuel was
reprocessed at the West Valley, site, except for the corner rods, which were shrpped for storage to
the SRS.

To demonstrate application of the B3U-Th fuel cycle in a large BWR, thonum fuel was loaded
intothe core of Dresden Unit 1 and used to generate By,

3.1.2.2 Elk River Reactor (ERR)

Located near Minneapolis, ‘Minnesota, the Elk River Reactor (ERR) was a 24- MW(e) BWR,
which was built by Allis-Chalmers. This facility was operated for 5 years by the United Power
Association for the U.S. Atomic Energy Commrssron (AEC) before it was permanently shut down
in 1968. The reactor was fully dismantled during 1971-1974.

The ERR supported 148 fuel-clement assemblies in a complete. core loading.' Eaeh fuel
~-assembly was about 8.9 cm® by 2.1 m long and had 25 fuel pins of **UO,-ThO, clad with stainless
steel. One of the major objectives of the ERR was to demonstrate the thorium fuel cycle (Fisher
and Kendrick February 1968). The **U in the discharged ERR SNF resulted from the absorption
of neutrons in the thorium of the initial fuel. Currently, 188 assemblles of ERR SNF are stored at
the SRS (U.S. DOE December 1994) ,

In the late 1960's, a cooperatrve pro;ect was established between ltaly s Comissao Nacronal de
Energia Nuclear (CNEN) and Allis Ct_xalmers, leading to 3 shipments (28 assemblies per shipment)
of ERR fuel to a reprocessing facility [Italian Reprocessirlg Corporation (ITREC)] in southern
Italy during 1968-1970. Of the 84 ERR assemblies shipped to ITREC, 20 were reprocessed, and ‘
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the remaining 64 were placed in stainless steel cans and stored at ITREC in a fuél storage pool
(Nichols Mar. 8, 1996). '
3.1.2.3 Fort St. Vram Reactor (FSVR)

The Fort St. Vram Reactor (FSVR) station was a 330- MW(e) HTGR in cast centtal Colorado.
Serving as a full-scale HTGR for the U-Th fuel cycle, the FSVR was operated by Public Service
of Colorado for 10 years before it was peMently shut down in 1989. :

The Fort St. Vrain reactor fuel is a carbide-based fuel consisting of a 0.5-in.;'-diam by 2-in.-
long graphite-based compact containing a homogeneous mixture of fissile and fertile TRISO-
coated particles. The coated fissile particles consist of a 1:4 mixture of 93 wt % enriched, 2°U
carbide and thorium carbide that range in size from 380-485 um in diam. The coated, fertile
particles are 100% thorium carbide which range in size from 635-805 pm. The :coatings consist of .
an inner- buffer layer of porous pyrolitic carbon followed by a layer of high-denéity, isotropic
pyrolitic carbon. The next layer consists of silicon carbide to provide fission product containment
and physical protectmn to the parﬁcle The final layer is another layer of hlgh-densny, isotropic
pyrolitic carbon. The mixture of pamcles were blended into powdered graphite and processed into
cylindrical shapes, which were then sintered. The cylindrical compacts were plaeed in holes drilled
in the fuel block. Each block had 210 fuel holes approxxmately 30 in. long by 0. 5 in. diam
(Bendixsen et al. September 1992). -

3.1.2.4 Indian Point Unit 1 (lP-l) Reactor
" Located near New York City, Indian Point Unit 1 (IP-1) was a 265-MW(e) pressunzed-water
reactor (PWR) designed by Babcock & Wilcox. The reactor was operated by Consolidated Edison
-of New York for 12 years before it was permanently shut down'in 1974, In the early 1960s, the
AEC sponsored a test irradiat.ioh of IP-1's initial core to check the feasibility of xising the thorium
fuel cycle. This gave the IP-1 reactor a distinction of having the only UO,-ThO, fcore to operate in.
a commercial U.S. PWR [Electric Power Research Institute (EPRI) July 1981]. -

For its initial core, IP-1 used Babcock & Wilcox manufactured U-Th fuel elements *°U0,-
ThO,). The core was comprised of 120 fuel assemblies, each measuring 14.1 cm?. Each assembly
contained 195 fuel pins clad with Zircaloy-2 and arranged in a square at a pitch (l}f 0.95 cm
(EPRI July 1981). '

During reactor operation, some U was produced in the IP-1 fuel from neutron irradiation of
the thorium. Afier permanent discharge, all of these assemblies were reprocessed (November 1968
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~ through January 1969) at the West Valley NﬁclcﬁrFuel Services (NFS) plant in West Valley, New ‘
York, to separate the uranium (mostly 2°U and ’;’3U). This material was shipped in nitrate solution

for storage at ORNL. As described in Sect. 3.5.2, this reprocessed uranium solution was

converted to a stable oxide and stored in the cells of ORNL Building 30i9.. It is often referred to

as the CEUSP material. ' '

~ 3.1.2.5 Molten Salt Reactor Experiment (MSRE)
The MSRE was constructed at ORNL in the early 1960s as part of a larger program to - '

develop a molten salt thermal bl;eeder power reactor using the thorium fuel cycle. The Molten Salt

.Breeder Reactor program focused on the development of both converter and breeder reactor
concepts using uranium and thorium fluoride salts dissolved in a carrier salt mixture consisting of
"LiF, BeF,, and ZrF,. These salts afe molten and stable.at high temperatures, allowing the design of
reactors that operate at high thcr;nal efficiency at essentially atmospheric pressures (Rosenthal,
Haubenreich, and Briggs August 1972). Although many desirable features of the molten salt
reactor were identified, its development ceased in thé mi_d-l970s in favor of development of the

- liquid metal fast breeder reactor (LMFBR). " S

Prior to the thermal power reactor program, molten-salt fuels were considered for aircraft

reactor applications. In the early 1950s, a small Aircraft Reactor Experiment was constructed and
operated using UF, dissolved in a NﬁF-ZrF., salt mixture. Construction of a larger Aircraft Reactor
Test was then begun, but stopped when the overall aircraft reactor program ceased. The MSRE
was constructed as an inexpensive test of the molten salt breeder concept using the facility left over
from the aircraft reactor program. The objectives of MSRE were to demon§trate the stability and
compatibility of the LiF-BeF, salt with nickel-based alloys and graphite moderator materials, and
to demonstraté the continued operation of a molten salt reactor. If produced no electric power, and ’
did not irradiate thorium. Initial operation was with 2°U, but later that uranium was replaced with
_ ®U. The MSRE then became the first reactor to opérate solely on 2*U fuel. MSRE achieved initial
critiéality in 1965, and operated successfully until the experiment was terminated at the end of N
1969 to focus on other aspects of molten salt breeder reactor technology.

The MSRE circulated a LiF-BeF,-ZrF ,-UF, fuel salt through a graphite-moderated reactor
vessel, a centrifugal circﬁlatmg pump, and a shell and tube heat exchanger that transferred heat to
a secondary LiF-BeF, coolant salt. The coolant salt, in turn, was pumped through an air-cooled -
radiator that discharged heat into a coolant salt. The reactor operated at 8 MW (Robertson January
* 1965). '
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. Extensive references document the preparation of the salt mixtures used in tfie MSRE (Shaffer
January 1971), the processing of salts in preparation for reactor operation and as part of the
change to 2°U operation (Lindauer August 1969) and the preparation of the LiF-**UF, enriching
salt used during **U operations (Chandler and Bolt March 1969). An excellent eompendium of all
chemical.aspects of MSRE operation was prepared by Thoma (December 1971)!;. Specific
technologies generally applicable to the use of 2*U include:

« demonstration of the use of 2’U to fuel a reactor for extended periods of time; |

» fluoride fuel and carrier salt behavior, in contact with nickel alloys and graphite moderator;
. control of corrosion rates by adjustment of the UF,/UF, ratio; 7 |

+ separation of UF, from fluoride salt by sparging with fluorine (ﬂuonnat:on process)

« preparation of 2*UF, salt for use as fuel; and o

« the general handling of the salts and maintenance of equipment containing the salt.

Other test loops associated with the MSBR program evaluated breeding ratios Mm various
33YJ and thorium fuel and blanket concepts, including a sixﬁpliﬁed single-fluid reactor concept,
evaluated alternative secondary coolant salts for tritium control, and demonstrated various aspects
of chemical flowsheets to separate uranium and protactinium from the fuel and b;lanket salts.
Processes for the latter include the extraction of uranium from molten fluoride sa:lt into liduid
bismuth. , f o | ’

The MSRE fuel salt', a scpéréte flush salt used during maintenance of the reactor circuit, and
coolant salt were allowed to freeze in their respective drain tanks at the eonclusic;n of MSRE
operation. Recovery and disposition of the salts and the uramum left in the fuel salt is addressed in
Sect. 3. 5.3. ‘

3.1.2.6 PeachBottom Reactor (PBR)

The 40-MW(e) PBR was a prototype HTGR in southern Pennsylvania that the Philadelphia
Electric Company operated for 8 years before the plant was permanently shut down in 1974. As an
HTGR, the PBR was dwgned to operate on the thorium fuel cycle. In the reactor 33U was
generated from the neutron 1rra41at10n of 22Th in the fuel. Following permanent dlscharge, most of
the PBR SNF was shipped to Idaho (INEEL). Some test ﬁxel was shipped to ORNL ‘

The PBR fuel was a graphite-based fuel element in which the fueled portion |s in a stack of
annular fuel compacts 2.7 in. OD by 1 in. ID and 3 in. long. The compacts were stacked ona l-in.-

‘diam high-density, graphite rod and enclosed inside a graphlte sleeve 3.5 in. OD. The compacts
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were made up of particles of 93% enriched 2°U carbide and thorium carbide in a graphite matrix | ‘
which has been sintered ét 1800°C. The particles are the carbides of an intimate mixture of

uranium and thorium that are 200-600 um in diam. Each particle had been coated with a layer of

pyrolitic carbon. The core 1 particles, which had suffered significant degradation during reactor

operation, were coated with a layer of laminar, monolithic pyrolitic carbon. In order to imprové the
performancs of ihc particle coating, the, core 2 particles were coated with isotropic pyrolitic carbon
(Morissette, Tomsio, and Razvi Octob_ér 1986).

3.1.2.7 Shippingport Light-Water Breeder Reactor (LWBR)
Operated by the Duquesne Light Company for the AEC (and later DOE), the S}uppmgport
reactor began power operations in 1957. Located near Pittsburgh, this reactor was the first
commercial nuclear power station in the United States. During its operating life, the Shippingport .
reactor had three different cores, the last being a seed-blanket, LWBR-type core, which operated
from 1977 until 1982, when the reactor was permanently shut down. The reactor was fully:
dismantled dunng 1985-1989. _ ,
The Shippingport LWBR core v'ras developed as part of a research and development (R&D)
program whose objective was to use the well-established LWR technology to demonstrate the - .

potential of the #*U-Th fuel cycle. (Use of a nuclear fuel cycle based on thorium, which is more
naturally abundant than uranium and oﬁ'ers the potential for better use of the nation’s nuclear fuel
resources.) During its 5 years of operation, the LWBR core generated a gross electrical output of
2.13 million MWh (Atherton et al. October 1987). ’

The LWBR core consisted of 12 “seed” fuel assembli&s—hsxagonal modules arranged in 5
. symmetrical array, surrounded by a reflector-blanket region. Each module contained an axialiy
., movable “seed” region [which had a multiplication factor (k) greater than unity], and a stationary,
annular hexagonal blanket (which had k < 1). Each of these regions, in turn, consisted of arrays of
tightly packed, but not touching, fuel 'rods, which comained pellets of ThO, (thona) and UO,
(urania), the lat;er in amounts that range from 0 to 6 wt % in the seed and from 0 to 3 wt % in the
blanket region (Lamarsh 1975). - ‘ '

Most of the fuel fabricated for the Shippingport LWBR was shipped to the ICPP [now called
the Idaho Nuclear Teéhnology and Engineering Center (INTEC)). This included about 317 kg of
unirradiated LWBR fuel and all of the irradiated LWBR fuel. In addition,‘about 34 kg of LWBR
fuel rods and pellets were shipped for storage to the RWMC at INEEL.
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3.1.2.8 Sodium Reactor Experiment (SRE) '
Located northwest of Los Angeles, California, the Sodium Reactor Experin;ent (SRE) was a
0-MW(e) sodium-cooled, graphite-moderated reactor that was designed by Atofmics International
(a subsidiary of Rockwell International Corporation) and operated by Southern talifomia Edison
for the AEC for 7 years before being permanently shut down in 1964 The plantt"was
decommissioned from 1974-1983, during which time the reactor was fully dlsmantled _

The SRE system was 1mually operated as a graphxte-moderated, sodxum-cooled reactor. Later
it was modified to operate as a thermal power brwder reactor using Z*U fuel and thorium,
mpectlvely, as the fissionable and fertile components of the fuel. The SRE 2*U-Th core was
comprised of uranium and thorium rods clad in stainless steel. Investigations made with this type
of core in the SRE included the feasibility of the 33U fuel and evaluations of the iﬁxel element
design, coolant, str_'uctural temperatures, fuel burnup, and corrosion (Glasstone 1-955 and Nuclear
Engineering February 1957). ' |

The 23 fuel discharged from the SRE was shipped to SRS for storage.

3.1.2.9 New Developments o ]

In recent years, a seed-blanket reactor core design utilizing a thorium-based fuel element (rod)
has been proposed by Alvin Radkowsky (Galperin, Reichert, and Radkowsky l§97). Called the
Radkowsky Thorium Reactor (RTR), the major advantage of this design is the potential safety it
6ﬁ'ers against proliferation risks while burning excess plutonium. The RTR core?‘.produces almost
no plutonium and can be configured to dispose of HEU or weapons-grade plutonium (WGP). This.
core uses uranium enriched to just under 20 wt % (2°U), the threshold considered by the IAEA to
be unsixitable for nuclear weapons production (Nukem Market Report June l996>.

It has been proposed that by replacing the bulk of the 2*U present in a conve':ntional LWR core
with either 2°U or thorium, plutonium production can be reduced by as much as 30 to 90%. In
addition, by the time the RTR thorium fuel blankets are removed (scheduled oncé every 10 years),
the total plutonium itself is estimated to contain enough #*Pu and other nonﬁssilé Pu isotopes that
it would not be suitable for weapon applications (Nukem Market Report June 1996).

The basiés of the RTR core design is a “seed” and “blanket” fuel design. A c%onceptual design
for the RTR includes an implementation of a RTR fuel reload for a standard Russian VVER (a |
pressurized-water type reactor) having a capacity of 1000 MW(e). The RTR cor;é for this reactor
has 163 fuel-assemblies, each of which is comprised of a hexagonal “seed” and simounding
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“blanket.” Each seed and blanket is comprised of a set of fuel elements of 1.5 cm diam. Bundles of ‘
these elements coﬁ!d be assembled to form a replacement core for an LWR. .

The basic fuel Mgment concept for an RTR includes replacing the seeds on a schedule
similar to that for conventional LWR fuels, but leaving the uranium-thorium blankets in the core
for 10 years at a time. As burnup in the RTR proceeds, the newly generéted 23U assumes an
increasingly greater share of the fission load. Since any #*U produced from thorium irradiation
would also be irradiated in the core (i.e., in situ), the Z°U would not become a proliferation risk.
Even when an assembly blanket is removed, any Z*U would be mixed in with other nonfissile
uranium lsotopes to the extent that separating it would be significantly harder than simply
~ fabricating fresh weapons grade B (Friedman September 1997 and Nukem Market Report
June 1996). |

However, there are questions (F riedman September 1997) about the current feasibility of the
RTR dmign; These include concerns regarding the present lack of economic incentive as a result of

the current low price for conventional uranium fuel. Largely for that reason, it has been difficult to
 convince utilities that significant financial savings will result from either a ne§v RTR or retrofitted .
core before they put up capital for licenéing and technical development work in makmg the
transition to the RTR design (Friedman September 1997).
Private investors in the Radkpwsky Thorium Power Corporation (New York, New York) and

government organizations in‘ the United States and Russia are currently promoting the RTR design.
These proponents acknowledge that for economic reasons, the near future will not see construction
of many new RTRs. Rather, they anticipate a number of existing LWR-type facilities being
retrofitted (i.e., recored) in the near future to accommodate RTR assemblies and achieve lower fuel
~.¢cycle cosﬁ (Nukem Market Report June 1996). ‘

3.1.3 References for Sect. 3.1
A list of cited references documenting both the background of past major 33 government-
sponsored programs and the use of 2'U in nuclear power reactors is provided below. This is

followed by a list of sources providing additional information on these topics.
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The work conducted as part of the Molten Salt Breeder Reactor Program at ORNL
(Sect. 3:1.2.5) is well documented, covering reactor design and operating history, salt preparation
and experience, fission product migration, tritium migration, salt and uranium processing, and
other aspects of the project. In addition to the key references cited in Sect. 3.1.2.5, the series of
semiannual reports generated throughout the life of the program is particularly useful.




Table 3.1a. Historical summary of major **U reprocessing and stabflization programs

Year(s)

Site(s) Facility Program/process Major objective(s)/result(s) Major reference(s)"
1947-50 ORNL | Bidg 3019 | Hexone-23 Solvent extraction for Th/™’U from metal | Brooksbank, Patton, and Krichinsky
slugs (ORNL/TM-12720, August 1994)
1952 ORNL | Bldg. 3019 | TBP-Interim 23 ‘Solvent extraction for 2°U recovery Brooksbank, Patton, and Krichinsky
. ] _ (ORNL/TM-12720, August 1994)
1952-59 ORNL, Bldg. 3019 | -Thorex campaigns 60 kg of U recovered for experiments Brooksbank, Pafton, and Krichinsky
: Hanford, ' testing the U fuel cycle (ORNL/TM-12720, August 1994)
SRS ‘
-~ 1960-64 ORNL Bldg. 3019 | Kilorod Facility Pilot facility for *U/Th reactor fuel Brooksbank, Nichols, and Lotts (February
. ' fabrication : 1968) o N
Haws et al. (ORNL-3681, August 1965)
1964-66, SRS Purex D3 production campaign | 564 kg of 2°U produced from 240 t of Orth (April 1979) '
1968, 1969 Plant irradiated ThO, (for research and for LWBR
program)® '
1966, 1970 Hanford | Purex B production campaign | 863 kg of 2°U produced from 635 t of Atlantic Richfield Hanford Co.
- Plant irradiated ThO, (for confirming the (ISO440RD, March 1968)
suitability of the Purex process for :
processing Th on a campaign basis)’ Jackson and Walser (ARH-2127,
: March 1977)
1965-76 ORNL Bidg. 3019 | LWBR/Sol-gel Preparation of 1500 kg of ®*U as dioxide Leitnaker et al. (ORNL-4755, April 1972)
powder for Shippingport LWBR
-1985-86 - |.ORNL .. | Bldg.3019 | CEUSP- -|-Conversion of-hazardous liquid uranium - - | McGinnis et al. (1986) — - - - e

nitrate to a stable oxide form for safe
storage

“Major reports that document the activities and results of a particular U program. These are listed in Sect. 3.1.3.2.

*No information is available to indicate how much, if any, of the reported SRS production was discharged to waste tanks.
“About 45 kg of U produced at Hanford was discharged to waste tanks.

£l-¢



Table 3.15. Operational experience of reactors using Y fuel®

Reactor ' Capacity rating’ Lifetime energy
(location) 'Iype” Period of operation generation
MW(e) MW(th) [MW(e)-years]
Dresden Nuclear Power Station Unit 1 BWR 1960-1978 200 - T00 1800
(Morris, IL)
Elk River Power Station BWR 1963-1968 22 58 58
(Elk River, MN) ‘ :
Fort St. Vrain Reactor (FSVR) HTGR 1979-1989 330 842 490
(Platteville, CO) :
Indian Point Station—Unit 1 PWR 1962-1974 265 - 615 1440
(Buchanan, NY) . . 1
Molten Salt Reactor Experiment (MSRE) MSR 1965-1969 NA‘ 8 12
-} (Oak Ridge, TN) '

Peach Bottom Power Station-Unit 1 HTGR 1966-1974 40 115 157
(Peach Bottom, PA) ' '
Shippingport Nuclear Power Station LWBR* 1957-1982 72 1236 842
(Shippingport, PA)
Sodium Reactor Experiment (SRE) SCGM 1957-1964 10 30 4
(Santa Susana, CA)

“Based on U.S. DOE September 1995 and Nuclear Engineering International May 1975.

’BWR = boiling-water reactor; HTGR = high-temperature, gas-cooled reactor; PWR = pressurized-water reactor; LWBR = light-water breeder mctor,
MSR = molten-salt reactor, and SCGM = sodium-cooled, graphlte-moderated reactor.
°Two ratings are reported: MW(e), the rate of electrical energy output in megawatts, and MW(th), the rate of thermal energy output

“NA = not applicable.

“During its history, the Shippingport reactor operated with three different cores. Two of these were light-water cooled, seed-blanket, PWR-type cores.
The third and last core in the reactor (during 1977-1982) was a seed-blanket LWBR type.

4 G
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3.2 URANIUM-233 SEPARATION FROM THORIUM

3.2.1 Savannah River Campaigns o
This section provides a summary of the 2*U production bampaigns at Savannah River based
on Orth (April 1979) and Rathvon et al. (February 1968). Additional informatio:n is provided in the

references listed in Sect. 3.2.1.4.2.

3.2.1.1 Process Objective(s) . ' :

To produce U for research purposes, the chemical reprocessing facilities at the Savannah
River Plant (SRP) (now called the SRS) were used to separate and recover 2*U from irradiated
thorium oxide (thoria) and thorium-metal targets. To use the reprocessing ﬁciliﬁm at SRP, the
existing reprocessing facilities (which were originally used for uranium and plutbnium recovery
with the PUREX™ process) were adapted to the Thorex™ process for the recovéry of uranium
and thorium. _ |

Five separate campaigns were undertaken at SRP between 1966 and 1969. In the first two
campaigns, thorium metal was used as the feed, and only uranium was recovered while the thorium
was discarded as waste. For the last three campaigns, a new process also recovered thorium. In the
first of these three campaigns, both thorium metal and thoria were used as feed vérhilc in the last
two campaigns the feed consisted of only thona. . ,

. 3.2.1.2 Procless Description and Basic Flowsheet : ‘

The five campaigns undertaken at SRP were based on two different flowsheets. In the first
two cémpaigﬂs where only *°U was recovered, a 3.5 wt % TBP [(C,H;0),PO] flowsheet was used
(Fig. 3.2.1a). In the final three campaigns, the flowsheet was changed to use 30 wt % TBP to
extract and recover the thorium (Fig. 3.2.15). l'

3.2.1.2.1 Dilute TBP Flowsheet ‘ .

In the campaign that used the dilute TBP flowsheet, the initial feed was aluminum-lad
thorium slugs. The slugs were put into a dissolver. Then a boiling sodium hydrc}xide-sodium
nitrate (NaOH-NaNQ,) mixture was used to dissolve the aluminum cladding, which was then
transferred out as a waste for storage. The remaining irradiated thorium metal was then dissolved

by adding a solution of nitric acid, potassium fluoride, and aluminum nitrate [sp§ciﬁcdly,



3-16

12 MHNO, - 0.05 M KF - 0.2 M AI(NO),]. The dissolver product was then centrifuged to - ‘
remove undissolved fines, which were then fed back into the dissolver. ; |
Manganese nitrate [Mn(NO;),] and potassium permanganate (KMnO4) were then added to the
solution to form a precipitate, manganese 'di_oxide (MnO,). The MnO, precipitate carried a major
fraction of the ®*Pa and Zr-Nb fission products. The solution was then fed to a second centrifuge
to separate the precipitate and to reduce significantly the radiation level of the solution. The
" precipitate was stored for recovery of the 2°U produced by the decay of the #*Pa. The clarified
solution was then adjusted with either acid or water (or both) ’for feed to the first cycle SX system -
(1A-C) (Fig. 3.2.1a). ’ | ‘
In SX, mixer-settlers of 12 to 16 stages were used as the contactors. The first SX cycle used
- three mixer-settler banks. The uranium-thorium solution was fed to the 1A mixer-settler bank,
where the uranium was extracted with 3.5 wt'% TBP in Ultrasene™ (a high-grade kerosene). The
extracted uranium solution was sent to the next mixer-settler (1B), and the thorium was discarded
in a waste stream. In the second bank (1B), the uranium solution was then scrubbed with an acidic
solution of sodium phosphate (Na;PO,), which was added to remove 2*Pa for recycle and improve
" the decontamination from zirconium-niobium (Zr-Nb). The uranium solution was then sent to the
third _Stagc (1C), where the uranium was stripped with a dilute 0.01 M HNO; solution. The
uranium produét from this first cycle extraction cycle was then washed with Ultrasene™,
evapbrated, and acid adjusted for feed to the second SX.cycle (1D-E).
The second SX cycle consisted of two mixer-settler banks and was used for additional
decontamination from ﬁssion products. In the first bank (1D), the uranium was extracted by a
1.5 wt % TBP solution and then stripped in the 1E bank with 0.01 M HNO,; to produce a dilute
! uranium nitrate product solution. The uramum was absorbed on Dowex™ 50W-X12 cation
-exchange resin and then eluted with a mixture of 1 M HNO, and 2 M NH/,NO;. The uranium was
then precipitated as ammonium diuranate [(NH,),U,O,] using ammonium hydroxide (NH,OH).
The précipitatc was then calcined by heating at 550°C for 30 min to produce the final UO,
product. .

| 3.1.11.2.2 Thorex Flowsheet
The final three campaigns used a 30 wt % TBP flowsheet to recover thorium as well as
uranium. The flowsheet (Fig. 3.2.15) involved the addition of a third SX cycle for
decontamination. ‘ '
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In the final three campaigns, the feed was both irradiated thorium metal (as in the first two
campaigns) and (primarily) irradiated thorium oxide. The thoria (ThO) targets that were
processed were aluminum cans filled with 3.6 kg of thoria particles. The thoriux'n metal targets
were treated to remove the aluminum cladding as described in the first ﬂowsheet;j: For the thoria
feed and aluminum cans, a two-step dissolving process was used. First, concentrated acid
(12 M HNO,, 0.05 MKF)_was added to the dissolver to dissolve the thoria heel lleﬂ in the dissolver
from the previous charge. Thexi, fresh targets were added to the solutioxi, the aci';d was diluted, and
mercuric nitrate [Hg(NO,),] was added to catalyze the dissolution of the alummum This reaction
led to the dissolution of the aluminum and some of the thoria and left a heal of thoﬁa. The solution
was then sent through the centrifuge and MnO, precipitation steps as described m the previous
flowsheet to recover the protactinium. The clarified solution was then sent to thé first SX
cycle (lA—C). ’ .

The first SX cycle used three mixer-settler banks. The first bank (1A) coextx!:acted uranium and
thorium using a 30 wt % TBP in Ultrasene™ solution. The éxtracted thorium and uranium were
then sent to the second mixer-settler bank where thorium was separated from uramum by stripping
" with dilute HNO;. The thorium solution was then sent to a second SX cycle. '11;e uranium
Solution was then sent stripped in the third mixer-settler bank with a 0.01 M HNO3 solution. This
recovered uranium was then sent to a second SX cycle, involving cation exchang;:, preicipitation,
and oxidation, s described in the first flowshest.

* The extracted.thorium solution produced was further processed in a two-step SX process. The
thorium solution from the 1B partioning step was evaporated about two fold and then extracted
using a 30 wt % TBP solution for additional décontamination of protactinium and other fission
products. The thorium solution was then stripped in the second bank (2B) with Q.Ol M HNO} The
thorium product solution was then evaporated, the acid concentration feduced by:steam stripping in
the evaporator and stored as thorium nitrate solution. |

Solvent from all extraction cycles in both flowsheets was washed with dilute :sodium
bicarbonate solution, acidified, and recycled back into the system. Solvent extrac'tion wastes were
evaporated, neutralized, and sent to underground waste tanks. o
3.2.1.3 Process Performance—Major Results ;

Over five campaigns, the SRS processed 240 t of thorium and produced abo{;t 580 kg of
uranium (of which 564 kg »was/mU). The product purity of the uranium produced ranged from 91
t0 98 wt % **U. During the three campaigns that uranium and thorium were reciovered, total
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losses of uranium and thorium were less than 1.0 wt % The uranium product contained less than ‘
1500 parts of thorium per million parts uranium, and the thonum product contained less than two
parts uranium per mxlllon parts thorium.
One of the limiting factors of the process was thé dissolving rate for urania, which exceeded
4 vd, while the extraction rate for thoria was limited to around 1 t/d. During the campaigns, it was
established that the processing rafes through the mixer-settlers was stable when runat 0.9to 1.0 t
of thorium per day, but performance dctériorated at or above l.i t/d. Due to the extraction
properties of protactiriiunl; the uranium stream was pro‘ceséed an average of four times through the
“second uranium SX cycle to achieve the desired removal of protactiniu}n. Nuclear safety was

© maintained by limiting uranium concentrations to less than 6 g/L throughout the process.
3.2.1.4 References for Section 3.2.1 .
A list of references cited for 2*U production activities at Savannah River is provided below.

This is followed by a list of sources pr_oviding additional information.

3.2.1.4.1 References Cited

Or.th,l D. A. April 1979. “Savannah River Plant Thorium Processing Experience,” Nuclear
Technology, 43, 63-74, American Nuclear Society, Hinsdale, Ill.

Rathvon, H. C, et al. February 1968. “Recovery of 2*U from Irradiated Thoria” pp. 765-824 in
Proceedings of Second International Thorium Fuel Cycle Symposium, Gatlinburg,
Tennessee, May 36, 1966, U.S. Atomic Energy Commission, Division of Technical
Informatlon, Oak Ridge, Tenn.

3.2.1.4.2 Supplemental Resources'

Benedict, M , T. H. Pigford, and H. W. Lewi. 1981 Nucléar Chem:cal Engineering, 2d ed.,
McGraw-Hlll New York.

Burney, G. A. July 1966. Can’oh Exchange Concentration of Aqueous **’UO, (NO;), and
" Conversion 1o **UQ,, DP-1047, Savannah River Laboratory, Aiken, S.C.

Goodlett, B., and H. Bull, III. December 1974. Dissolution of Aluminum-Clad Thona DP-1072,
Savannah River Laboratory, Aiken, S.C.

Hyder, M. L., W. E. Prout, and E. R Russell. July 1966. Dissolution of Thorium Oxide, _
DP-1044, Savannah River Laboratory, Aiken, S.C.
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DP-1022, Savannah River Laboratory, Alken, S.C. .

Prout, W. E., and A. E. Symonds. January 1967. Recovery of Thorium and Uranium-233 from
Irradiated Thorium Oxide and Metal, DP-1036, Savannah River Laboratory, Aiken, S.C.
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3.2.2 Hanford Cambaigns ‘ ' o .
This section provides a summary of the 2>U production campaigns at Hanford based on '

" . Jackson and Walser (1977), Rathvon et al. (February 1968), and the Atlantic Richfield Hanford

Company (Mar. 11, 1968). Additional information is provided in the references listed in
Sect. 3.2.2.4.2. :

3.2.2.1 Procés Objective(s) .
To produce #*U for research, the Hanford chemical reprocessing facilities were used to

separate and recover 2*U from irradiated thorium oxide (ThO,). To use the reprocessing facilities
..at Hanford, the existing 'reprocessing facilities, which were originally used to separate and to purify |
- uranium and plutonium, were adapted to the Thorex process to recover uranium and thorium.
| Two separate campaigns were undertaken at the Hanford facilities, one in 1966 and one in

1970. The goal of the 1966v'campaign was to produce 2*U for research, while the 1970 campaign
target was to produce 360 kg of ?3U fér the LWBR Program.

-3.2.2.2 Process Description and Basic Flowsheet :
The two campaigns u’ndertaken at Hanford facilities were based on the Thorex II process,
which was developed at ORNL. A simplified process flowsheet is shown in Fig. 3.2.2a.

3.2.2.2.1 Head-End Operations _

The head-end process consisted of three batch operations. The processed thoria targets were
aluminum cans filled with 3.6 kg of thoria particles. The thoria targets were first lowered into the
::dissolver and covered with 1.9 M NaNO, énd theh heated to boiling. Then 19 M NaOH was added
-to remove the aluminum cladding from the thoria. The decladding solution was then cooled and

centrifuged to remove any entrained thoria particles. The thoria cake is then digested in a solution |
of 13 M HNO,, '0.025 MKEF, and 0.1 MAI(N03)3 for 6 h to dissolve the thoria. The solution was
then transfeﬁed to the acid boil-off step, which concentrates the solution to about 1.5 M thorium.
The thorium feed Solution was then sent to the first SX column cycle, 1A (Fig. 3.2.20).

~ 3.2.2.2.2 Solvent Extraction o
The SX process required four cycles. The feed fnaterial was decontaminated and partitioned in
a four-column first cycle; next the thorium was decontaminated further in a two-column second .
cycle, while the 2°U is decontaminated in two additional two-column cycles. The first-cycle .
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columns and the second-cycle thorium columns are large-diameter columns, while the additional
two 2°U cycles are small-diameter extractors designed originally for plutonium ériticality safety.
In the first column, 1A, uranium and thorium are coextracted using a 30 wt ‘% TBP solvent. A

nitric acid salting agent is added to the bodom extraction stage to optimize prodtl';ct

decontamination with respect to zirconium (Zr), niobium (Nb), ruthenium (Ru), and protactinium

- (Pa). Aqueous acidities were maintained at greater than 0.2 M to prevent thorium phosphate
precipitation. The extracted solution was then sent to the 1BX column, where th"e'mU and thorium
are partitioned by controlling acidity, temperature, and flow ratio. The uranium Solution ekits the

~ 1BX column with the solvent and is stripped out in the 1C column and then conqéntxated before
proceeding to the second uranium cycle. The thorium leaves the 1BX column inf:the aqueous
stream and is sent to the 1BS.column, where it is scrubbed with fresh dilute HNO, to remove any
uranium remaining. The product is then sent to the second thorium cycle.

The thorium solution produced was further processed in a two-step SX procéss. The thorium
solution from the 1BS column is sent to the 2D extraction column, where the thorium is extracted
using a 30 wt % TBP solution for additional decontamination of protactinium and other fission
products. The thorium solution was then fed to a stripping column, 2E, where the thorium was
stripped from the solvent using dilute acid. The thorium product solution was then evaporated, and
the acid concentration was reduced by steam stripping in the evaporator and stored as thorium
nitrate. ‘

The uranium solution was then sent from the concentrator to the second and third uranium
cycles. Each cycle consists of an extraction-stripping sequence, 2AB and 3AB, usmg 30wt %
TBP and dilute HNO, for the additional decontamination from fission products. The uranyl nitrate
solution produced is then sent through adsorption and cation exchange columns to further remove
thoﬁum contamination and unconverted protactinium. The final product is then éoncentratcd to
final product specifications. ' - _

Solvent from all extraction cycles of the flowsheet was washed with dilute sodium bicarbonate
solution, acidified, and recycled back from two separate systems. The SX wastes: were evaporated,
neutralized, and sent to underground storage tanks.

3.2.2.3 Process Performance—Major Results

The 1966 2*U campaign at Hanford produced about 235 kg of 2°U from 165 t of thoria. The
thorium and 2°U met all target specifications—except for the fission product content of the
thorium product. The 1970 campaign produced 628 kg of U from 470 t of thotia. The total U
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that was recovered (nearly 820 kg) from both of these campaigns met all product s'peciﬁcatiéns.
An overall thorium-uranium separation factor of 8.(').>< 10° was obtained. ‘

Oné problem found during the process was that partitioning in the 1BX column degenerated
and that a large percentage of #*U would go with the thorium. The #*U was usually re-extracted
in the 1BX column and recycied back to the 1A column. However, in some cases, the 2°U
continued into the second thorium cycle, and the final thorium product had to be reworked. This
problem was caused by two conditions: (1) a decrease in the organic-to-aqueous flow ratio in the
column and (2) a loss of salting §trength because of low thorium concentration in the 1BS feed.
Also, the ®°U tended to strip out of the organic whenever the thorium nitrate concentration in the
IBS feed dropped.

Nuclear safety was maintained by limiting uranium concentrations to less than 6 g/L
throughout the process.

3.2.2.4 References for Sect. 3.2.2
A list of references cited for 2°U production activities at Hanford is provided below. This is
followed by a list of sources providing additional information.

3.2.2.4.1 References Cited

Atlantic Richfield Hanford Company. Mar. ll; 1968. Process Performance of the First U-233
Production Campaign at the Hanford Purex Plant, ISO-440 RD, Richland, Wash.

Jackson, R. R., and R. L. Walser. 1977. Purex—Process Operations and Performance—1970
Thoria Campaign, ARH-2127, Atlantic Richfield Hanford Co., Richland, Wash.

Rathvon, H. C. et al. February 1968. “Recovery of #*U from Irradiated Thorium,” pp. 765-824
in Proceedings of Second International Thorium Fuel Cycle Symposium, Gatlinburg,
Tennessee, May 3-6, 1966, U.S. Atomic Energy Commission, Division of Technical
Information, Oak Ridge, Tenn.

3.2.2.4.2 Supplemental Resources

Benedict, M., T. H. Pigford, and H. W. Levi. 1981. Nuclear Chemical Engineering, 2d ed.,
McGraw-Hill, New York. : ,

Burney, G. A. July 1966. Cation Exchange Concentration of Aqueous ”’UO, (NOy), and
Conversion to ***UQ,, DP-1047, Savannah River. Laboratory, Aiken, S.C.

General Electric Company July 10, 1951. Redox Technical Manual, HW- 18700 Hanford Works,
Richland, Wash.
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Goodlett, B., and H. Bull, ITI. December 1974. Dzssolunon of. AIummum-CIad Thoria, DP-1072,
' Savannah River Laboratory, Aiken, S.C.

Hyder, M. L., W. E. Prout, and E. R. Russell. July 1966. Dzssolunon of Thonum Oxide,
DP- 1044 Savannah River Laboratory, Aiken, S.C.

Kishbaugh, A. A. February 1966. Performance of Mixers—Settlers in the T horex Process,
DP-1022, Savannah River Laboratory, Aiken, S. C. »

Prout, W. E., and A. E. Symonds. January 1967. Recovery of Thorium and Uranium-233 from
Irradiated Thorium Oxide and Metal, DP-1036, Savannah River Laboratory, Aiken, S.C. -

Rockwell Hanford Operations, September 1983. Purex Technical Manual, RHQO-MA-116,.
Richland, Wash. ' }

Siddall, T. H., IlI. October 1956. Extraction of Thorium Nitrate from Nitric Acid by

TBP-“Ultrasene”, DP-181, Savannah River Laboratory, Aiken, S.C. P
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3.2.3 Oak Ridge (ORNL) Campaigns ,

Major developmental work for the recovery of 2’U from irradiated thorium took placc at
ORNL in the years following World War II. During this time, three major processes were
developed and tested:

1. Hexone-23 (or Redox) process (where “23” refers to 2°U), j
2. TBP Interim-23 process, and ' . '

3. Thorex process.

A summary of each of these processes is given in Seets_3.2.3.l through 3.2.3.3.,

It should be noted that two separate Thorex processes (identified as Nos. 1 and 2) were
. developed, but only the No. 2 process was used for the demonstration with lnadlated materials.
The Kilorod pilot plant (discussed in Sect. 3.7. 1) was based on the Thorex No. 2 flowsheet
(ABmann etal. 1982). o

3.2.3.1 ORNL Hexone—23 (Redox) Campaign

In the years following World War 11, significant advances were made in nuclea.r fuel
reprocessing, particularly in those methods that used SX. For nuclear fuels, the basrc principle that ‘
applies to SX is that the nitrates of uranium and plutomum in the hrg,her oxrdatron states are
readily soluble in certain organic liquids that are unmrscrble with water: In contrast, the nitrates of
 fission products are generally insoluble in thme liquids. ‘

Argonne National Laboratory (ANL) developed the first successful SX process to recover
uranium and plutomum Called the Redox process, this scheme involved the use of methyl isobutyl
ketone, or hexone, as the organic solvent and the addition of aluminum nitrate m,the aqueous phase
to improve the separatlon . :

From 1945—1951 , pilot plant testing of the Redox process was performed at ORNL
Building 3019. This was followed with large-scale plant operatlons at Hanford i in 1952. A
description is provided below of the ORNL Redox process tests involving #°U recovery during this
.penod (ABmann et al. 1982 and. Brooksbank, Patton, and Krichinsky August 1994).

3.2.3.1.1 Process Objective(s) - '

. The Hexone-23 (Redox) procese resulted from the need to develop a continuous SX process to
recover and decontaminate U from irradiated thorium [Chemical Technology biﬁsion (CTD)
Oct. 20, 1949]. | | :
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3.2.3.1.2 Process Description and Basic Flowsheet ‘ ‘ .
The hexone-23 process has been well documented (Culler 1956 and Stoller and Richards

1961), and a summary flowsheet is provided in Fig. 3.2.3.1a. The process began by dissolving
irradiated thorium §lugs. in nitric acid (HNQ;). Then, the resulting thorium nitrate [Th(NO;)]‘, ‘
acting as the primary salting agent, was prepared and adjusted as an aqueous feed solution before
being introduced into the middle of the uranium extraction column. In this column, U was
extracted by the solvent methyl iéobutyl ketone {hexone [CH,(CO)CH,]} and entered 'an organic

.V phase. At this point, most of the °Pa, thorium, and fission products remained in the aqueous
phase. o o |

An acid-deficient aqueous scrub solution, containing aluminum nitrate [AI(NO,), » 9H,0] and
ammonium nitrate, was introduced at the top of the uranium extraction column to neutralize some
of the acid and further decontaminate the organic product stream from thorium and fission
products. The aluminum nitrate was also used as a salting agent to prevent the high concentrations
- of nitric acid that could be generated in the evaporators from reacting explosi‘vclytwim the hexone
(Katz, Seaborg, and Morss 1986). _ ' .

The organic product stream, containing 99.9 wt % of the original U foed, was fed to the

bottom of the uranium stripping column, where it was contacted with a 0.04 N nitric acid solution
to strip the B3y from the organic (Hexonc) phase. The resulting aqueous solution was subsequcnt]y‘
concentrated by evaporation to produce a uranyl nitrate product (CTD February 1950).

The hexone extractant proved u;eful m tlie Redox process because it is essentially immiscible -
(only 2% soluble) with water and was found to extract um’ﬁy] nitrate (as well as plutonium nitrate)
selectively from fission product nitrates if the aqueous solution had a sufficiently high nitrate ion

concentration. - ' R

Aqueous wastes from the Redox process included thorium, fission products, and ?'Pa. These
were stored in stainless steel tanks for further treatment and disposal (General Electric Company
July 10, 1951). o '

3.2.3.1.3 Process Performance—Major Results
Pilot plaﬁt tests at ORNL showed a 2U recovery rate of 99.9 wt %, and a 2*U product
separatioﬁ factor from thorium, protactinium, and fission products of 10*. The thorium was
' sufficiently inextractable in the hexone such as to permit separation factors of greétcr than 10°,
Decontamination factors for most fission products were 10°, ‘
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Several limitations and disadvantages of the Redox process were identified that resulted in this
process being abandoned in favor of the Thorex process (Benedlct, Pigford, and Levx 1981; Katz,
Seaborg, and Morss 1986). These included:

1. Volatility and flammability of the hexone solvent,

2. Large quantmes of aluminum nitrate [AI(NO,);] needed as a salting agent m‘the liquid phase,

3. -lnablhty of the process to recover thorium, and

4. Use limited to long-decayed material (i.c., material decayed until **U losses as protactinium
are very low). This feature was a result of the inability of the Redox process.to provide

effective separation of #*Pa.

3.2.3.1.4 References for Sect. 3.2.3
Listed below are the references cited in both Sects. 3.2.3 and 3.2.3.1. This i is followed by a list
of additional resources that provide more detailed information on the Redox process as it was used

in 2°U recovery.

3.2.3.1.4.1 References Cited

ABmann, H,, et al. 1982. “Reprocessing of Spent 2’Th->*U Fuels,” pp. 276-351 in Gmelin
Handbook of Inorganic Chemistry, 8th ed., Supplement Volume A4 (Uramum) System 55,”
(Sect. 2.4), Springer-Verlag, New York.

Benedict, M., T. H. Pigford, and H. W. Levi. 1981. Nuclear Chemical Engmeermg, 2ded,,
McGraw-HJll New York.

Brooksbank, Sr., R. E., B. D. Patton, and A. M. Krichinsky. August 1994. Hist?rical and
‘Programmatic Overview of Building 3019, ORNL/TM-12720, Oak Ridge National
Laboratory, Oak Ridge, Tenn.

Chemical Technology Division. Oct. 20, 1949. Chemical Technology Process Report for
Quarter Ending August 31, 1949, ORNL-467, Oak Ridge National Laboratory, Oak Ridge,
Tenn., p. 68.

Chemical Technology Division. February 1950. Progress Report for Month Eﬁding
December 31, 1949, ORNL-580, Oak Ridge National Laboratory, Oak Ridge, Tenn., pp. 5
and 14. : )

- Culler, F. L. 1956. “Reprocessing of Reactor Fuel and Blanket Materials by Sélvent Extraction,”

pp. 464-83 in Proceedings of the International Conference on the Peaceﬁd Uses of Atomic
Energy, Vol. 9, R5.1-1030, United Nations, New York. .
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~ General Electnc Company. July 10, 1951 Redox T echmca[ Manual HW- 18700 Hanford, '
. Richland, Wash.

Katz,J.J.,G. T. Seaborg, and L. R. Morss, eds. 1986. The Chemtsrry of the Actinide Elements,
2d ed., Vol. 1, Chapman and Hall, New York .

Stoller, S. M., and R. B. Richards, eds. 1961. Reactor Handbook Vol. I (Fuel Reprocessmg)
Interscience Publishers, Inc., New York.

) 3.2.3.1.4.2 Supplemental Resources

Etherington, H,, ed. 1958. Nuclear Engineering Handbook, McGraw-Hill, New York

Schulz, W. W, et al. eds. 1990. Science and Technology of Tributyl Phosphare Vol. Ill

(Applications of Tributyl Phosphate in Nuclear Fuel Reprocessmg) CRC Press, Inc.,
Boca Raton, Fla.
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3.2.3.2 ORNL TBP-Interim 23 Campaign | | ’

'3.2.3.2.1 Process Objective(s) ‘
This process used TBP [(C,H;0);PO] as the B3y extractant. The TBP-Interim 23 process was

developed to use after irradiated thorium had been stored long enough (2 to 3 months) to allow

most of the 2*Pa to decéy to 23U. Isolation of the 2°U product was achieved with a mixture of

. TBP in Amsco™, a commercial hydrocarbon diluent based on a high-grade kerosene.

3.2.3.2.2 Process Description and Basic Flowsheet .

Figure 3.2.3.2a shows a summary flowsheet of the 'I'BP-Interim 23 procdss.. In this system, the
.. U product was extracted from a thorium nitrate solution of the breeder blanket materials with
1.5 wt % TBP in Amsco™ and later back-extracted with 0.05 N nitric acid (HNO,). TBP was
used in the process as the preferential 2°U extractant. Detailed descriptions of the process are
provided in several sources (notably Culler- 1956 and Stoller and Richards 1961).

The flowsheet indicates major activities involving feed preparation, uranium extraction, |
uranium stripping, and final 23U product purification. Initially, thorium slugs were dissolved in
nitric acid, and the resulting aqueous thorium nitrate [Th(NO,),] solution was adjusted to required

process specifications before being introduced into a column for uranium extraction. At the bottom

of the uranium extraction column, the organic solvent of TBP in Amsco™ was added to extract

33U from the aqueous nitrate solution. The 2*U extraction left fission products, protactinium

(®°Pa), and thorium in the'aqueous waste raffinate from the column. An aluminum nitrate

] [AI(NO,)] solution was feed at the top of the uranium extraction column to scrub fission products
.- and thorium from the rising organic phase.

" An organic extract, rich in 2*U, was taken off the top of the uranium extraction column and
passed over to the bottom of another column, where it was stripped using a dilute nitric acid
solution. At the top of the stripping column, the TBP solvent was recovered, purified, and recycled.
At the bottom of the stripping column, the aqueous **U product was removed for concentration
and for furthier decontamination. The latter involved passing the #*U solution either through a

| second extraction cycle or throﬁghra tail-end purification step that used silica gel adsorption and
Dowex-50 ion-exchange resin (Stoller and Richards 1961). If tail-end purification was used, the
product was first passed through a silica-gel column for the adsorption of traces of fission

products, then through a small resin column for the removal of ionic impurities (e.g., corrosion
products and thorium), and finally through a larger resin column for the sorption of 23, The latter ‘
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series of steps proved effective for final concentration and decontamination of the 2°U product
from both radioactive and ionic impurities. |

The 2°U product left the larger resin column as uranyl acetate [”3U02(C2H3bgz ], which could
be precipitated as a peroxide and redissolved in nitric acid (Culler 1956). }

The product was stripped in dilute nitric acid, passed through a silica-gel column for

. adsorption of traces fission products, through a small resin column for removal of ionic impurities

(corrosion products and thorium), and finally through a larger resin column for sorption of the
233 o
U.

3.2.3.2.3 Process Performance—Major Results

During 1952, the ORNL Pilot Plant (Building 3503) separated 2.67 kg of 2*U from 3698 kg
of Hanford-irradiated thorium using the TBP-Interim 23 process. The recovered mU had an
isotopic assay of 98 at. % (Hylton Dec. 11, 1952) ;

The TBP-Interim 23 system provided excellent separation of the 2°U product from both
thorium and highly radioactive materials. It proved to be a suitable SX procedur? for producing

experimental quantities of *U.

3.2.3.2.4 References for Sect. 3.2.3.2
A list of cited references documenting the TBP-Interim 23 process is provided below. This is
followed by a list of sources providing additional information.

3.2.3.2.4.1 References Cited

Culler, F. L. 1956. “Reprocessing of Reactor Fuel and Blanket Materials by Sc;lvent Extraction,”
pp. 464-83 in Proceedings of the International Conference on the Peaceful Uses of Atomic
- Energy, Vol. 9, R5.1-1030, United Nations, New York. .

Hylton, C. D. Dec. 11, 1952. Separation of *U in the ORNL Pilot Plant, ORNL-1425, Oak
Ridge National Laboratory, Oak Ridge, Tenn.

Stoller, S. M., and R. B. Richards, eds. 1961. Reactor Handbook, Vol. II (Fuel Reprocessing),
Intersc:cnce Publishers, Inc., New York.

3.2.3.2.4.2 Supplemental Resources

Chemical Technology Division. Sept. 30, 1952a. “Interim-23 Process,” pp. 49-56 in Chemical

Technology Division Progress Report for Period August 20, 1951 to Fi ebruary 10, 1952,
ORNL-1311, Oak Ridge National Laboratory, Oak Ridge, Tenn.
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Chemical Technology Division. Sept. 30, 19525. “Interim-23 Process,” pp. 5-7 in Chemical o
Technology Division Progress Report for Period Ending May 20, 1952, ORNL-1328, Oak
Ridge National Laboratory, Oak Ridge, Tenn.

Katz, J. J., G. T. Seaborg, and L. R. Morss, eds. 1986. The Chemistry of the Actinide Elements, |
2d ed., Vol. 1, Chapman and Hall, New York.
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3.2.3.3 ORNL Thorex Campaigns | ' '
To reprocess irradiated thorium-based nuclear fuels, the solvent-exchange-based Thorex

process was developed at ORNL during the 1950s. The ORNL work was performed in the Pilot

Plant of Building 3019 and was the forerunner to the process used in the subsequent recovery of

3U from the spent Consolidated Edison IP-1 fuel at the West Valley NFS site (discussed in

Sect. 3.4).

3.2.3.3.1 Process Objective(s) _
The Thorex process was developed for separating and decontaminating thorium, 2*U, and
-J--"”Pa from neutron-irradiated thorium. It is a SX process which uses TBP as the extractant, nitric
.acid catalyzed with fluoride as the thorium-dissolution agent, and either aluminum nitrate '
{AI(NO,),] or nitric acid as the salting agent (Culler 1956). |
Two versions of the Thorex process have been developed and described, Thorex No.1 and
Thorex No.2 (Gresky, A: T., et al. Dec. 17, 1952). Each of these versions are described below.
Thorex No.l is an acid-based process that was-developed and demonstrated only on a laboratory
scale (Stoller and Richards 1961). By contrast, Thorex No.2 is an acid-deficient process and has
shown greater engineering feasibility in the reprocessing of thorium-based fuels (see Sect. 3.4). For ‘

this reason, Thorex No. 2 is commonly referred to as the Thorex process.

3.2.3.3.2 Process Dacriptlon and Basic Flowsheet
Separate flowcharts for the Thorex No. 1 and No. 2 proeesses are provided in Figs. 3.2.3.3a
and 3.2.3.3b, respectively. Each flowchart depicts a schematic for a one-cycle process. These
. ﬂowcharts represent typical Thorex processes developed at ORNL and are separately discussed
R below For certain applications at some sites [e.g., Knolls Atomic Power Laboratory (KAPL)),

other Thorex process flowcharts were developed (see Sect. 3.4).

3.2.3.3.2.1 Thorex No. 1 Process

The Thorex No. 1 process was a tentative approach to thorium-2*U-***Pa separation and
decontamination. As the ﬂowchart of Fig. 3'.2.3.3a indicates, the process featured the following
major steps, in order:
" 1. Extraction of 2*Pa in diisobutyl carbinol [(DISC) (i — C4H9)2'—' CHOH],
2. Extraction of ®*Uin 5 wt % TBP, and
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3. Extraction of 2*Th in a solvent mixed with 45 wt % TBP, 15 wt % benzene {(C6H6), and
40 wt % Amsco™., “

Process No. 1 began with irradiated thorium dissolution, after which the feed solution was
adjusted and fed into the middle of the column for extraction of **Pa by DISC. While the aqueous
acidity favors the 2°Pa extraction, some 2*U, thorium, ﬁnd fission products weré also extracted;
however, these were eﬁ'ectively scrubbed from the extractant by an AI(NO,), sol“'ution entering at
the top of the 2°Pa exu;actiqn column. The extract from this column was sent to,a stripping
column, where the organic solution was stripped with a slightly acidic strip solution. The spent
DISC solvent was purified and recycled, while ﬂle aque‘;ms stream containing the B3pa product

" was stored for decay prior to 2*U recovery. The aqueous raffinate from the 2‘”Pia extraction

column, containing the mU, thorium, and fission products, was fed into the By :extraction column,
where the aqueous phase was mixed with a solvent stream of 5 wt % TBP in Amsco™.

Under flowsheet conditions, the 23U is extracted by the TBP solvent and scrubbed with a
HNO; solution to remove thorium and fission products. The organic stream lw\fing the 2°U
extraction column cascades to a stripping column, where the U is stripped using a weak acid
solution. The TBP solvent stream is purified and then recycled back to the #*U column. The
raffinate from ﬁs column is fed into a third column for thorium extraction, where the aqueous
phase is mixed with 45 wt % TBP—15 wt % benzene in Amsco™. Under ﬂowsh:eet conditions,
thorium is extracted by the solvent and scrubbed by an AI(NO,); solution to rembve.ﬁssion
products. The aqueous waste containing the fission products leaves at the bottor%l of the thorium-
extraction column and is stored. The organic stream containing the thorium product passes over
the top of the thorium-extraction column to the bottom of the third stripping column, where a
HNO, solutién is used to strip the thorium from the organic phase. The TBP solvent leaves the top
of the stripping column énd is purified prior to recycle to the thon'um-exfraction column Further
purification and concentration of the 7"':‘Pa, 33U, and thorium streams may be achieved by
additional extraction cycles if required (Gresky et al. Dec. 17, 1952).

3.2.3.3.2.2 Thorex No. 2 Process

The Thorex No. 2 process was designed to accomplish the separations previously described for
the No. | prdcess using only TBP as the extraction solvent. In addition, the No. 2 process uses
acid-deficient Al(NO;); in p:lace of HNO, as a salting agent in the imitial separatiion cycle.
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As the flowchart of Fig. 3.2.3.3b indicates, the process featured the following major steps, in ‘

order:

1. Extraction of *°Pa in TBP,
2. Partitioning of **U from thorium in TBP, and
3. Stripping and isolation of the #*U product by ion exchange.

The Thorex No. 2 process begins with the dissolution of irradiated thorium fuel in concentrated
nitric acid. Typically, the fuel is in the form of ThO, pellets in aluminum cladding. Feed
dissolution is followed by a digésﬁon and feed adjustment step to remove excess nitric acid.

The aqueous feed is introduced near the middle of the extraction column. An aqueous scrub

solution of acid-deﬁcicnt-aluminﬁm nitrate, ferrous sulfate, and dilute phosphoric acid enters at the
" top of the column. TBP diluted with Amsco™ 125-82 (an inert paraffinic diluent) enters at the
bottom of the column and is used to extract thorium and 2°U. The primary TBP-nitrate complexes
of these elements are Th(N (.)3)44 - 4TBP and UO,(NO,), « 2TBP. The corresponding complex of the
nitric acid is HNO, - TBP. _ o

Because of the acid-deficient conditions of the aqueous phase, the #*Pa and most of the
troublesome fission products are not extractable. However, the aqueous scrub solution added at

the top of the extraction column provides for additional *’Pa and fission product removal from the
product extract. The scmb solution includes the phosphate ion, which assists in the
decontammatxon from 23Pa, and the ferrous ion, which prevents extraction of an oxidized
chrommm compound that 1s produced dunng the head-end treatment of the feed.
The aqueous ra.ﬁinate from the extraction column contains aluminum nitrate, is acnd deficient,

and contains any 293P, that has not decayed to *°U, fission products, and other impurities. To

-'minimize its storage requirements, the raffinate is evaporated to reduce its volume.
l The organic éxtract from the extraction column, containing >2Th, 2*Th, 23U, traces of fission
products, and any 2°Pa that may be present, is introduced into the middle of the partitioning
column. The thorium is stripped into an aqueous phase of nitric acid, which flows down the
partitioning éolumn; this aqueous solution is scrubbed by the organic stream of TBP introduced at
the bottom of the column. The aqueous strip stream represents the combined flow of an acid
solution introduced at some dist;nce below the top of the column and a water stream introduced at
the top of the column. This achieves the maintenance of slightly acidic aqueous conditions, which,

in turn, will permit thorium stripping into the aqueous stream and retention of the °U in the

organic stream. Although the water stream entering the top of the column results in some U ' ‘
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reflux, this step is necessary-to remove nitric acid from the organic phase so that:. the subsequent
uranium-stripping cycle will operate at maximum efficiency. ! ,

The organic effluent from the partitioning column, contains all the **U and éome traces of
nitric acid. ThlS effluent is passed to the bottom of the uranium-stripping colur\rm. An agqueous
phase of dilute nitric acid is introduced at the top of the column to strip the 2*°U :fromvthe rising
organic stream. The aqueous effluent is then passed through the following: a silica-gel column for
removal of trace quantities of fission products, a small column containing a catit;n-exchange resin
for the retention of traces of thorium and corrosion products, and a larger cation-exchange resin for
concentrating and further decontaminating the **U product. The effluent from the uranium-
stripping column is discarded as a chemical waste, and the 2*U product is eluted by a solution of
ammonium acetate (NH,C,H,0,) and acetic acid (HC,H;0,) (Culler 1956).

The laboratory development of .the Thorex process is described in several reports (Gresky et al.
Dec. 17, 1952, and Rainey, Meservey, and Mansfield Feb. 11, 1959), and the reader is referred to
these documents for further details. " |

© 3.2.3.3.3 Process Performance—Major Results

3.2.3.3.3.1 Thorex No. 1 Process :

While the Thorex No. 1 process appeared potentially adequate from the stan'dpoini of
separation and deconfaminatiom several engineering and chemical problems werjg noted and
documented (Gresky et al. Dec. 17, 1952) during its development phase. The objectionablc

engineering features included the necessity for:

1. Equipment and operational control of three different solvents (DISC, TBP, and TBP-benzene);

2. Extra solvent vessels for storage, pumping, holdup, and chemical treatment;.and

3. The excessive number of first-cycle columns (six) required for separation, at least four of
which would be contaminated with radioactivity. |

The chemical problems associated with Thorex No. 1 involved:

1. Incomplete stripping of 2°Pa from the diisobutyl carbinol,

2. The need for aromatics s'uch as benzene in the TBP extractant to prevent two-phase organic
layers when the TBP is saturated with thorium, o

3. Incomplete 2°Pa decontamination in the thorium removal step because of its:TBP |

extractability in acidic systems, and
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4. The uncertain attainment of equilibrium or steady-state in the complicated TBP-thorium-nitric ‘
acid system. o ' ' ' A

3.2.3.3.3.2 Thorex No. 2 Process .

The Thorex No. 2 process is still poteritially useful for reprocessing irradiated thorium-based
fuels. Use of the Thorex process to isolate 2*U from irradiated thorium has been demonstrated on
an industrial scale. Detailed flowcharts for such processes may be found in several documents
(ORNL February 1968 and CTD July 1971).

3.2.3.3.4 References for Section 3.2.3.3
A list of cited references documenting the Thorex process is provided below. This is followed
by a list of sources providing additional information.

3.2.3.3.4.1 References Cited

Chemical Technology Division. July 1971. Chemical Technology Division Annual Progress
Report for the Period Ending March 31, 1971, ORNL-4682, Oak Ridge National Labomtory,
Oak Ridge, Tenn.

Culler, F. L. 1956. “Reprocessing of Reactor Fuel and Blanket Materials by Solvent Extraction,”
pp. 464-83 in Proceedings of the International Conference on the Peaceful Uses of Atomic
Energy, Vol. 9, R5.1-1030, United Nations, New York.

Gresky, A. T. et al. Dec. 17, 1952. Progress Report: Laboratory Development of the Thorex
Process, ORNL-1367, Oak Ridge National Laboratory, Oak Ridge, Tenn.

Oak Ridge National Laboratory. February 1968. Thorium Fue! Cycle—Proceedings of Second
International Thorium Fuel Cycle Symposium, Gatlinburg, Tennessee, May 3-6, 1966, Oak
~ Ridge, Tenn.

Rainey, R. H,, A. B. Meservey, and R. G'Mansﬁeld Feb. 11, 1959. Laboratory Development of
the Thorex Process Progress Report, December 1, 1955 to January 1, 1958, ORNL-2591,
Oak Ridge Natlonal Laboratory, Oak Ridge, Tenn. * -
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Interscnence Publishers, Inc , New York.
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3.3 PROGENY INGROWTH REMOVAL |

Processing Z*U-bearing materials in glove boxes may be facilitated temporarily by using SX or
ion exchange (IX) to remove selected radioactive daughters. The role of each of these processes is -
discussed in several sources (notably, Parrott et al. September 1979) and is summarized below.

The overall objective of daughter removal is to break the #2U decay chain by extracting and
removing the longer-lived daughters (particularly Z*Th, 1,, = 1.9 years; and 2‘Ra, #,, = 3.7 ). This
_ greatly reduces the intense radiation field from subsequent decay producté and briefly allows
processing some **U-bearing materials in unshielded glove boxes. Unfortunately, the #*U decay
chain lacks a long-lived “stopper” isotope (like 2>Th with 1, = 7340 years in the 2*U decay chain)
- that can be used to “break” the decay chain for an extended period (i.e., for months or longer)

- through a chemical separation. "I'herefore, very brief periods (i.e., up to weeks) of relief from

| penetrating gamma emitters can be realized by removing thé'longer-lived daughters of 22U.

It mustbe recognized, however, that gamma radiation relief in unshielded glove boxes is dependent
upon the absence of (or vigilaﬁt housekeeping to remove) aging 2*U->2U residues left in
equipment from earlier processing. Sué_h residues can provide a field that would preclude
continued, unshielded processing.

Unshielded glove box processing is practiéal only for short periods with material involving
very small quantities of 22U (i.e., much less than 20 ppm of U). Therefore, any strategy of
daughter ingrowth removal to allow subsequent unshielded glove box processing must consider thé
quantity and isotopic purity of the material to be processed in addition to the time frame that
includes both the duration of processing and the time after punfication. .

3.3.1 SX ’

A modified Interim-23 SX flowsheet has been used effectively to separate and remove bulk
nitrate salts (e.g., thorium nitrate, aluminum nitratc or sodium niirate), excess nitric acid,
transuranium element impurities, and >?U decay daughters from **U-bearing materials. SX
removes essentially all By daughters from uranium-bearing solutions, which results in a dramatic
and immediate reduction in the radiation that is produced By B2 progeny (notably 2**T1).
However, where thorium is present in substantial feed concentrations (e, comprisihg a large
* portion of the nitrate salt concentration), the SX process will allow some small concentration of
thorium (<0.01 wt %) in the feed to remain with the uranium. The presence of the thorium from
32U decay (i.e., 2*Th~t,, = 1.9 years) will hasten the return of a substantial radiation field that is
associated with the uranium product of SX. Feed solutions for this process are prepared from
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either Z*U-Th nitrate dissolver solutions or ammonium acetate—nitric acid recycle solutions from
the IX system, which is discussed below.

The SX flowsheet for 2°U separation is shown in Fig. 3.3a. Because of cnucallty safety
considerations where large feed tankage is used, the feed solution typically contmns B3 in
concentrations that are no more than 8 g/L. The feed solution also typically contams a high
concentration of inextractable nitrate salts (aluminum, ammonium, sodium, thorium, etc.) and may
include up to 5 M nitric acid. The organic extraction solvent used in this flowshegt is 5 vol % of
di-sec-butyl-phenyl phoéphonate (DSBPP) in diethylbenzene (DEB), although Tl;BP in DEB has
 also been used. The saturated solution of total uranium in this solvent is typically 20 to 25 g/L.
The invlentory of organic solvent used in the SX system is typically about 600 L.iOnly a small
portion of the solvent actually rcsides in the columns; the bulk of it resides in a sbecial storage
tank. During operation of the SX system, the organic solvent exiting the strip col';xmn is transferred
via this storage tank back to the extraétion column. When the SX system is not o:perating, the
* entire batch of organic solvent is periodically washed with sodium carbonate to remove solvent
degradation products. : r

During SX operatloh, the feed is contacted with the organic solvent in the extraction column
and the aqueous raffinate solution is usually a waste stream. The organic solvent,j‘ which contains
the 2*U-bearing product, is scrubbed with an inextractable aluminum nitrate soluftion in the
scrubbing column and is then stripped with dilute acid in the stripping-column. Tﬁe stripped
uranium product solution is concentrated by means of an evaporator or further processmg and then
stored in product solution tanks to await additional processing (e g., product conversion to oxide or
polishing in the IX system).

332 IX |

IX is used to remove trace impurities from a solution. For 23U, IX is used to remove 22U
decay daughters from the uranium by preferentially absorbing the **Th daughter.“' (In this process,
most 2‘Ra is also adsorbed.) The removal of *Th and Z“Ra interrupts the #?U djecay chain and
substantially reduces the radiation that is produced by the subséquent decay prodillcts (notably
- 20%71) of that chain. Feed for the IX system is either the produd from the SX system or the
dissolver solution from the uramum dissolver. |

A typical IX flowsheet is given in Fig. 3.3b. The IX column contains about 10 L of a cross-
linked, orgmﬁc;bésed cation exchange resin (200 to 400 mesh size). Prior to procéssing a uranium
solution, dilute nitric acid is passed through the column to convert the resin to the H+ form. The
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feed solution is then passed through the column to absorb the thorium (**Th) and radium (**Ra)
impurities; during this process, most of the resin is converted into the uranium form. In this '
manner, 2-to 3 kg of uranium is retained in the column along with the impurities. The remaining
uranium passes through the column to the product tanks. When the impurities are eluted (washed
out), 2 to 3 kg of retained uranium are also rémoved from the column. The eluate solution is then
stored for subsequent recovery of the uranium by means of the SX system.

The IX product solution can be processed to produce a stable solid form. Another IX blfpcess
is described in Sect. 3332. |

--3.3.3 Applications
The thorium ingrowth removal process has provided a promising medical application. Certain
decay products of the U decay chain may play a critical role in the treatment of certain cancers
(see Sect. 5.2). In recent years, the recovery of 2°Th from the 2°U decay chain has proven useful
. for the subsequent production of alpha géncrators like **Bi, which can be used for such medical
applications. This section describes the recovery of 2°Th from 2*U-bearing materials for the
subsequent use of ?"*Bi (Hall July 22, 1998). As part of the U decay chain (see Fig. 2.1a in
Sect. 2.1), **Biis an Alpha emitter with a short half-life (46 min). Decay occurs throughtwo
chains. About 98% of the number of decays of **Bi involve the emission of an 8.4-MeV alpha
particle from the 2'*Po daughter (half-life, 4.2 ps). The other 2% of the ¥°Bi atoms decay by direct
emission of an alpha paniclé (5.8 MeV). In the treatment of some types of cancers (e.g., leukemia,
lymphorhé, ovarian, and lung), **Bi is attached to monoclonal antibodies® that are used to target
certain types of cancer cells. The alpha emissions from **Bi have a very localized impact on cell
' tissue beéause of their short range in tissué. The high linear energy transfer emitted by *°Bi has a
_path length of 50-80 »m (Jurcic et al. Nov. 15, 1997). This featuré enables the **Bi alpha
radiation to kill cancer cells with a high degree of efficiency and precision (Nadis Oct. 14, 1997).
Further discussion of this application is provided in Sect. 5.2.

3.3.3.1 Process Objective(s)
Thorium-229 (half-life, 7,340 ygaré), the first daughter of B3, can be purified from
inventories of Z°U-bearing materials as a first step in providing ?*Bi for medical applications. -
Significant quantities of 2°Th exist in the U stockpiles. The extraction and recovery process

*A monoclonal antibody is a protein molecule that attaches to the outside of a cell membrane. -
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described in the following also removes the 22U decay products that are associated with the 2°U
inventory. The 22U decay daughters will grow back to equilibrium in ~10 years;

A major hindrance to extracting 2’Bi precursors from 2*U is the extremely slow production of
23R that results from the relatively long half-life (159,200 years) of 2°U. In addition, as
previously discussed in Sect. 2.1.2, #2U is an isotope associated with inventories of 2*U.
Uranium-232 has undesirable gamma-emitting daughters which can significantly. complicate
handling. Uranium-233 is also fissile.

3.3.3.2 Process Descriptibn and Basic Flowsheet

A summary flowsheet that shows the extraction of 2°Th and the recovery of 2*Bi is provided
in Fig. 3.3c. Three major phases are involved in the process, and each phase involves a series of
related steps. '

In the first phase, 2°U oxides are dissolved in nitric acid (HNO,). Thorium-229 is then
separated from the #*U by ion exchange. The resulting thorium-bearing solution ‘contains
e;sentially no fissile nuclides and thus poses no complications regarding nuclear weapons use,
safeguards, and criticality. The remaining uranium in solution can be ro;solidiﬁed: and stored in
standard packages for futﬁre use or disposal. After allowing several years for thé ingrowth of
additional ®*Th from the decay of the 2°U in these packages, the entire 2°Th extraction process
can be repeated. . .

In the next major phase.of 2B recovery, Z°Ac is separated from Z°Th and other decay
products of the #*U and #2U decay chains. Because there are no actinium daughtcrs in the 22U
decay chain, this separation results in a product of pure >*Bi precursor. ‘

The final phase in the 2’Bi recovery flowsheet involves loading a blomedica{ generator system
with *Ac, from which *Bi can be extracted or “milked” as 2*Ac decays. (As Fig. 3.3c shows,
different nuclides are milked at different sites: *Th at ORNL and ?'?Bi at the héspital.)

Thorium-229 has been extracted at ORNL from two different sources. The ﬁrst source wasa
very limited amount of Z*Th residues that had been saved from previous 2°U précessing. This
material was contaminated with small amounts of metals and uranium. The second source is the
inventory of stored 2°U. The ®Th is present at milligram (1073 g) quantities as a result of the
natural decay of kilogram quantities of ®*U oxides. Reillex HPQ™" anion-exchange resin has been
used to extract thorium from the first of these source materials (Webb et al. 199‘7). The Reillex

*The Reillex HPQ™ (resin product name) is produced by Reilly Industries, Indianapoiis, Indiana.
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HPQ did not perform well when challenged with the removal of trace thorium from bulk =y ‘
Modifications to the separation and different resins were required for this separation. A second
resin, BioRad MP-1™,"* and a finely controlled process were shown to be much more effective at
separating trace quantities of 2°Th from the Z*U parent (Webb Sept. 10, 1998).

- The ORNL process for purifying residual materials (thorium materials contaminated with
small quantities of metals) from prior 2*U processing began with dissolution in a high
concentration of nitric acid (HNO;) followed by filtration. The thorium was selectively retained on
a Reillex HPQ resin in HNO,, while uranium, actinium, iron, aluminum, radium, and lead were
eluted. To speed thorium extraction and minimize worker radiation exposure, an open-top ion
. exchange column was maintained at an elevated temperature (70°C) and gravity-fed with
extraction solution at a high flow rate (10 cm®min). The thorium was then stripped by a dilute
solution of HNO; and collected for further purification.

In the second ORNL extraction process, 2°Th was recovered from stored 2°U oxides. The
ZTh in these stored oxides resulted from the natural decay of the ®°U. The Z5Th extraction began
by dissolving the 22U oxides in Istrong HNO,, folldwed by filtration and ion exchange. The thorium
was stripped from the resin using dilute HNO, for further purification. Afterwards, the 2*U was
solidified and calcined for storage. | |

3.3.3.3 Process Performance—Major Results -

At ORNL, the extracted ®*Th product has been separated from a waste stream of 22U
processing that had been stored in several waste tanks. The U-bearing material used in this
extraction was ongmally produced at ORNL during the mid-1970s as part of the Light-Water

“Breeder Reactor Program. A Reillex HPQ™ anion exchange resin was used to separate the 22""l‘h
_ product (Webb et al. 1997). . 4
) The *Th extraction prooeés, currently being dei'eloped and used at ORNL, has involved the
use of a strong-acid, ion-exchange solution to separate milligram (107 g) quantities of “*Th from
kilogram quantities of 2*U. Most of the thorium product has been recovered in a single pass
through the anion exchanger (Webb et al. i998).

" The recovery of **Bi for medical applications has shown much promise. Preliminary results
using 2"*Bi in the treatment of several cancers (e.g., leukemia, prostate, melanoma, breast, and
lymphoma) have been promising. Details ére discussed in Sect. 5.2. The amount of *’Bi needed to

**The BioRad Mp-1™ (resin product name) is produced by Bio-Rad Laboratories, Hercules, Califonia. ‘
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treat a heavy tumor load is on the order of a few nanograms (10~ g). The potential amount of 2Bi
that could be harvested annually from the current domestic 2*U inventory could support research
and treatment for hundreds of thousands of patients (Webb et al. 19986). The potential pool of
25Th will continue to increase for centuries as the 2°U continues to decay. However, this pool
faces a major threat of depletion as a result of processing losses.

A Separation of ?*Th can be costly because of the low concentration of Z*Th (in the
parts-per-million range amongst the bulk 2°U) and precautions that need to be taken for By
criticality, safety, safeguards, and radiological protection from progeny of the contaminant U
isotope. In addition, the short half-lives of 2°Ac (t,, = 10 d) and ?"*Bi (t,, = 46 min) require that the
23B; nuclide be harvested shortly before medical use (Jurcic et.al. Nov. 15, 1997.)

3.3.4 References for Section 3.3 ‘
A list of cited references on thorium ingrowth removal is provided below. This is followed by a
list of supplemental references that provide additional information on this subject.
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3.4 URANIUM-233 SEPARATION FROM FISSION PRODUCTS (REPROCESSING‘) : .
This section discusses the appliéation of the Thorex process to the separation and removal of

thorium from 23U in SNF. The type of process discussed is more commonly referred to as nuclear

fuel reprocessing. When irradiating #?Th to produce U, mPa, with a half-life of 27 d, is the

intermediate product that decays to *U. As a consequence, if U is to be recovered from freshly

irradiated thorium, it is necessary to recover both **U and *’Pa. The recovered *°Pa will then

decay into 2*U.

3.4.1 History and Process Objective(s)

A history of reprocessing thorium-based reactor fuels is provided in Benedict, Pigford, and
Levi 1981. As their discussion indicates, ORNL (Rainey and Moore May 11, 1962) performed
small-scale experiments on the application of the Thorex (No. 1 or acid-based) process to SNF
containing uranium, thorium, and tracer quantities of principal ﬂssion products. The overall
objective of the ORNL analysis was to simulate recovery.of uranium and thorium from irradiated
6 wt % uranium and 94 wt % thorium fuel that was used in the initial loading of the Consolidated ‘
Edison IP-1 PWR. Spent uraniﬁm-thorium fuel from the IP-1 PWR was subsequently reprocessed
in 1971 at the West Valley NFS Plant, near Buffalo, for recovery of uranium, but without

separation of thorium from fission broducts. No account of this separétion has been published
' (Benedict, Pigford, and Levi 1981). ’

The other full-scale applications of the Thorex pr@ss have involved the separation of Z*U
from thorium irradiated in govémmen’t production reactors at the SRS and Hanford. These
campaigns were previously discussed in Sects. 3.2.1 (SRS) and 3.2.2 (Hanford). A summary

- description is provided below of the ORNL Thorex reprocessing experiments as documented in

:several sources (Blanco, Ferris, and Fe'rguson‘Feb. >28, 1998; Rainey. and Moore May 11, 1962).

3.4.2 Process Description and Basic Flowsheet
The basic process used to separate 2°U and thorium from fission products by SX was
described in a conference paper by A. T. Gresky (1956). This process used nitric acid as the
thorium dissolution agent, TBP as the extractant, and aluminum nitrate and nitric acid as the
aqueous salting agents. In the final step, 2*U is isolated by ion exchange. The basic process
described is the original Thorex flowsheet, which was discus§ed in Sect. 3.2.3.3. .
Figure 3.3a illustrates the acid Thorex flowchart (Blanco, Ferris, and Ferguson Feb. 28, 1998)
that was used to reprocess SNF containing 2*U from the Consolidated Edison IP-1 reactor. In this ' ‘
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process, nitric acid is used as the “salting agent” in the SX of thorium and uramum from an acid-
deficient feed with 30 wt % TBP in Amsco. The process was demonstrated in laboratory
equipment for the recovery of synthetic Consolidated Edison thorium reactor fuei containing tracer
fission products (Rainey and Moore May 11, 1962).

In the first cycle of Fig.- 3.3q, the adjusted (acid-deficient) feed contains 265 g/L of thorium
and 15 g/L of uranium along with concentrations of 0.115 M AI**, 0.046 MF',and . .
0.1 M NaHSO,. As the flowchart indicates, the feed is contacted with 30 wt % TBP and scrubbed
with nitric acid (HNO,) to coextract thon'um and uranium in the first column. Th?e extract is
scrubbed in the first column with HNO,, H,PO,, and Fe(NH,S0,), to decrease the extraction of
: ﬁssioﬁ products, protactinium, and CrO, ? (from stainless-steel corrosion), respectively. In the
second column, the thorium s partitioned from uranium with 0.008 M AI(NO,), 'and the uranium
is stripped from the solvent with 0.008 A AI(NO,); in the third column. The thorium and uranium
are each processed thfough an extraction cycle for additional decontamination to sufficiently ensure
that the fission product activities are not greater than those of the daughters of thlg B2y decay
chain,

3 4.3 Process Performanc&—Major Results

In the laboratory expenments at ORNL, the ﬂowchart of Fig. 3.3a was demonstmted using '
three 2-in.-diam pulsed columns with 12-ft sections for extraction, scrubbing, partmomng,
(thorium stripping and uranium scrubbing), and uranium stripping. A single extrgcnon step in the
flowchart of Fig. 3.3a resulted in typical dmnmtion factors of 1,000, 5,000, 10,000, and
100,000, respectively, from ruthenium, zirconium-niobium, protactinium, and rar;e-earth elements.
Uranium losses were 0.0l wt %, and thorium losses were <0.3 wt %. Most loss;es are aresult of -
incomplete separation of thorium and uranium in the partitioning column, where good flow control
is required (Ryon Jan. 17, 1961); The extracted thorium and uranium may be selectively stripped
or costripped as desired, and additional SX cycles may be used to increase deoont:amination.

For thorium fuel reprocessing, the acid Thorex flowsheet was found to be very flexible and
may be varied to give maximum decontamination of feeds with various fission product ratios or
adapted to available process equipment (Rainey and Moore May 11, 1962). Anotiherymajor
advantage found with the acid Thorex process was the ten-fold improvement in wastc concentration

compared to the process that uses aluminum nitrate for salting.
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E 3.4.4 References for Section 34 ‘ ' : .
A list of cited references documenting the reprocessing of spent 331J.bearing fuel is provided

below. This is followed by a list of sources providing additional information.

3.4.4.1 References Cited

Benedict, M., T. H. Pigford, and H. W. Lev1 1981. Nucléar Chemical Engineering, 2d ed.,
McGraw-Hill, New York. '

Blanco, R. E., L. M. Fermris, and D. E. Ferguson: Feb. 28, 1962. Aqueous Processmg of Thonum
Fuels, ORNL-3219 Oak Ridge National Laboratory, Oak Ridge, Tennessee. '

Chemical Technology Division. Sept. 14, 1961. Annual Progress Report for Period Ending'
May 31, 1961, ORNL-3153, Oak Ridge National Laboratory, Oak Ridge, Tennessee.

Gresky, A. T. 1956. “Solvent Extraction Separation of 2*U and Thorium from Fission Products by
Means of Tributyl Phosphate,” in Proceedings of the International Conference on the
Peaceful Uses of Atomic Energy, Vol. 9, pp. 505-10, United Nations, New York.

Rainey, R. H,, and J. G. Moore. May 11, 1962. Laboratory Development of the Acid Thorex
Process for Recovery of Consolidated Edison Thorium Reactor Fuel, ORNL-3155, Oak
_ Ridge National Laboratory, Oak Ridge, Tennessee.

Ryon, A. D. Jan. 17, 1961. McCabe-Thiele Graphxcal Solution of Uranium-Thorium Partitioning
JSfrom 30% TBP-Amsco Solvent, ORNL 3045 Oak Ridge National Laboratory, Oak Ridge,
Tennessee. .

3.4.4.2 Supplemental Resources

Blanco, R. E,, et al. May 23, 1963. Aqueous Processing of Thorium Fuels, Part II, ORNL-3418,
Oak Ridge National Laboratory, Oak Ridge, Tennessee. :

-Electric Power Research Institute. July 1981. Analysis of ThO,-UO, Isotopics from Indian
Point-1, NP-1919, RP 1254-1, Palo Alto, California.

Stoller, S. M and R. B. Richards eds. 1961. Reactor Handbook, Vol. 11, Fuel Reprocessing,
Interscience Publishers, Inc. New York.
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3.5 U OXIDE PREPARATION ' . - ‘
This section describes the major programs involving the preparation of **U oxides. Three
ORNL programs are described: the LWBR Support Program, the CEUSP, and the recent MSRE
Fuel Stabilization Program.

~ 3.5.1 Production of Fuel-GradE "”UO,—LWBR Demonstration Support Program

During the period 1973-1976, ORNL, under contract with BAPL, preparéd metric-ton
quantities of 2°U as dioxide powder (*UO,) in the 3019 Building Pilot Plant for use in the
Shippingport LWBR Demonstration Program (Parrott 1980). The 2°U for this activity was
-~ separated originally at the SRS and Hanford Site (as discussed in Sects. 3.2.1 and 322,

.. Tespectively).

3.5.1.1 Program Objectives and Scope

The objective of this program was to convert kilogram quantities of 2°U to UO, powder
directly suitable to use in preparing ThQ,-UQ, fuel pellets for the Shippingport LWBR. As
specified in ORNL’s contract with BAPL, the prepared UO, powder was to meet rigid chemical

and physical specifications and be freshly separated from the decay daughters of U just before
shipment to BAPL. The UO, powder productlon campann was conducted in Cells 5, 6, and 7 and
the oxide conversion facility of the Bulldmg 3019 Pilot Plant.

© 3.5.1.2 Process Description‘ and Flowsheet ,
The oxide preparation process began with purification of a uranyl nitrate [UO,(NO;),] solution
by ion exchange (see Fig. 3.3b) to remove the 22U decay daughteré. The resulting solution was
.-converted to oxide (UO,) and generally shipped not more than 16 d after purification so that the
BAPL fuel fabrication operations for the LWBR could be performed unshielded in a relatively low
radiation ﬁeid at a rate of 15;20 kg U per week (Horton et al..March 1972). Reject ?°U0,-ThO,
pellets were returned to ORNL, granulated, and dissolved in nitric acid catalyzed with hydrofluoric
acid. The 2°U was recovered from the thorium by a modified Interim-23 SX process (see
Fig. 3.3a) before it was purified again by ion exchange. |
A summary flowsheet of the 233sz p'reparation‘campaigﬂ is given in Fig. 3.5.1a (Parrott
1980). The isotopic purity of the ®*U used was greater than 97.5 wt %, and the associated **U

content was <10 ppm. The uranium was produced by the irradiation of thorium in the Hanford and '
SRS production reactors and separated from the residual thorium and fission products at those
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sites. ORNL received about 65 wt % of the total *U (as a uranyl nitrate solution) from Hanford
and the remainder (as UO) from SRS. These materials were stored at ORNL until needed for the
production of UO,. This storage lasted several years and necessitated plfocessing of the matenal
immediately before its conversion. A high-pressure, cation-exchange technique was used to
effectively remove the 2*Th and 2*Ra, both of which had formed from the decay of Z2U (Raincy
December 1972). During the ensuing 3-d period, the resulting solution was allo»%zed to decay to
0.2% of the mass equilibrium concentration for 2°*Tl, the principal gamma emitter in the 2*U decay
chain. '

The flowsheet of Fig. 3.5.1a shows the major steps used in the conversion process:
precipitation, drying, reducﬁon, and blending. The uranium was converted in 1-kg batches, with
one batch being fed to the system every 4 h. Nominally, a 10-L solution of uranium (having a
concentration of 100 gU/L) was transferred to a metering vessel (calibrated to measure system
input) and then transferred to a pre;:ipitation vessel. While the solution was bemg recirculated in
the vessel, a stream of ammonia gas was bled into the recirculating pump’s suction line until the
pH of the solution reached 8.25. The pump discharge was then rerouted to a rotating centrifuge,
which contained a Teflon™ liner. The supemate overflowed, leaving the wet ammonium diuranate
(ADU) [(NH,),U,0;] cake in the liner. Afier the cake had been washed with water to remove the
residual nitrate, the centrifuge was shut down. .

Following removal from the centrifuge, the Teflon liner was placed into a microwave oven
equipped with a turntable. The cake was dried while being subjected to a microwave power level of
2 kW for 1 h followed by 1 kW for 1 h. Since Teflon does not absorb microwave encrgy, the liner
was able to be reused several hundred times.

The dried cake was then passed through a 100-mesh granulator and loaded into the furnace
boats. Each 1-kg batch was distj'ibuted evenly into four boats. Calcination and reduction were
conducted in a continuous-belt, multizone, controlled-atmosphere furnace featuriﬁg a distinct
hydrogen region in the midsection bounded by argon regions at.the ends. The povxi/der was heated to
625°C in argon, then passed into the hydrogen atmosphere, where it was heated to 650°C and held
for 6 h to achieve reduction. Following this treatment, the powder was reintroduced into an argon
atmosphere and cooled to ambient tcmpcrature '

The UO, leaving the furnace was.pyrophoric and, thus, would have rapidly omdlzed to U;04
on exposure to air. To prevent such oxidation, a thin outer layer of the powder was stabilized by
contact with moist air. The final oxygen:metal (O:M) ratio varied between 2.03 and 2.07, which
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was well below the specified maximum 6f 2.18. The resulting moisture content varied between
0.10 and 0.36 wt %, which was well below its specified maximum of 0.5 wt %.

Following stabilization, the powder was granulated through a 100-mesh screen, and the UO,
product from a week’s operation (25-35 kg) was mixed in a V-blender to achieve uniformity. The
blender was then inverted, and the Uo'2 was vibrated into stainless-steel cans (each containing
400 g of UO,) for packaging and shipment to BAPL.

3.5.1.3 ‘Process Performance and Results | |
Major highlights (Parrott 1980) from the ORNL preparation of 2°U for the LWBR
Demonstration Program are as follows:

“1. The 23U was handled in glove boxes within 10 d following the removal of the high-energy 22U
daughters, and 1 d/weck was spent in cleaning the glove boxes. However, in spite of these
‘precautions, the radiation exposure to operating personnel still resulted in being
20-30 mrem/person-week.

2. Specification-grade UO, was produced during the initial batch processing.

3. Of the total quantity of UO, produced (2030 kg), only 99 kg f#iled to meet all specifications.
No material was rejected by BAPL.

4. Microwave drying of the ADU [(NH,),U,0,] before calcining eliminates the effects of
precipitation on the final UO, powder characteristics. ‘

5. ORNL'’s contract with BAPL called for delivery of the UO, product within 16 d of
purification. Only 1 shipment of 188 to BAPL was not delivered on time.

3.5.1.4 References for Section 3.5.1
A list of cited references documenting the LWBR Support Demonstration Program at ORNL is
provided below. This is followed by a list of sources providing additional information.

3.5.1.4.1 References Cited

Horton, R. W, et al. March 1972. Safety Analysis: LWBR Support Program in Building 3019
Pilot Plant, ORNL/TM-3567, Oak Ridge National Laboratory, Oak Ridge, Tenn.

Parrott, J R. 1980 “Prcparaﬁon of 23U0, for the ng,ht-Water Breeder Reactor Demonstration
Program,” Transactions of the American Nuclear Society, 34, 434—35 ISSN: 0003-018X,
American Nuclear Society, La Grange Park, Ill.
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3.5.1.4.2 Supplemental Resources

Brooksbank, Sr., R. E., B. D. Patton, and A. M. Krichinsky. August 1994. Hz.s:toncal and
Programmatic Overvzew of Building 3019, ORNL/TM-12720, Oak Ridge National
Laboratory, Oak Ridge, Tenn. A i

Chemical Technology Division. 1974. “Preparation of 2*U0,,” pp. 22-23 in Chemical
Technology Division Annual Progress Report for the Period Ending March 31, 1974,
ORNL-4966, Oak Ridge National Laboratory, Oak Ridge, Tenn.

Chemical Technology Division. 1975. “Preparation of #*UQ,,” pp. 25-26 in Chemical
Technology Division Annual Progress Report for the Period Ending March 31, 1975,
ORNL-5050, Oak Ridge National Laboratory, Oak Ridge, Tenn.

Leitnaker, J. M., et al. April 1972. Conversion of Uranium Nitrate to Cerami(:‘:-Grade Oxide for
the Light-Water Breeder Reactor: Process Development, ORNL-4755, Oak Ridge National
Laboratory, Oak Ridge, Tenn. '

U.S. Department of Energy. December 1994, Integrated Data Base Report—1993: U.S. Spent
Nuclear Fuel and Radioactive Waste Inventories, Projections, and Characteristics,
DOE/RW-0006, Rev. 10, Oak Ridge National Laboratory, Oak Ridge, Tenn.
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3.5.2 Conversion of Uranium Nitrate to Oxide for Storage—Consolidated deson Uranium
Solidification Program (CEUSP) )

3.5.2.1 Program Objectives and Background

The CEUSP developed a unique conversion and solidification process that was carried out at
ORNL (Bui'lding 3019) to prepare a stable uranium form for long-term, safe stqfage. During
1985-1986, an evaporation-thermal denitration process was developed, operate?:l, and maintained
at ORNL to achieve the solidification and safe storage of about 1000 kg of highly radioactive and
fissile uranium, which had been stored in a nitrate solution. :

The uranium processed by CEUSP originated from the irradiation of a ThO,-UO, fuel core in
the Consolidated Edison IP-1 reactor during the early 1960s. The irradiated fuél.l_was reprocessed
in 1968 at the NFS plant in West Valley, New York, and the uranium nitrate product solution was
sent to ORNL for storage in 1969. The nitrate liquid was placed into an undergrl)und storage tank
. located in a vault outside Building 3019 and stored there until 1986. Dui'ing this;time, soluble
poisons (cadmium nitrate and gadolinium nitrate) were added to ensure subcriticality. Because no
apparent use was found for the uranium while the nitrate solution was in storage' the CEUSP was
developed to solidify the material during 1985-1986 for long-term, safe storage (Parrott
August 1978 and McGinnis et al. 1986)

3.5.2.2 Process Description and Flowsheet
A schematic diagram of the CEUSP process flowsheet is given in Fig. 3.5.24 (McGinnis,
Collins, and Patton 1986). The processed uranium nitrate solution had a concentffation of 130 gU/L
and contained about 1000 kg of highly radioactive and fissile uranium. The matefial was divided
and processed into about 400 batches, each containing about 2.6 kg U. The CEUgP used methods
in remotely operated evaporanon—acld destruct:on thermal demtranon—sohdnﬁcanon, and solid-
material handling. The major steps mcluded

’

1. Batch evaporation to concentrate the uranium-cadmium-gadolinium nitrate solution to slightly

less than the saturation concentration, '

2. Use of formaldehyde in an evaporator to destroy nitric acid so that crystallization of the nitrate
salts due to supersaturation would not occur,

3. Thermal denitration to form the oxide in situ in the storage can, ‘ !
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4. Remote welding of the can iid and installation of a crimp-sealed, secondary containment .
caniﬁtcr, and A
5. Transfer of the finished package to a shielded storage well.

While a simple solidification process was utilized, several constraints (McGinnis, Collins, and
Patton 1986) complicated the use of equipment and facilities. These included:

1. . The presence of mU (140 ppm) and its associated decay daughters (see Sect. .2), thu‘s reciuin'ng
massive shielding and alpha containment;
2. The large mass of fissile uranium (3*U and Z°U), which necessitated equipment deésigns
geometrically favorable to subcniticality;
3. Limited available in-cell processing space,
V 4 Intﬁcate mechanical equipment needed for fhe remote operation and transport of the product
" storage cans, and - o | _
5. The available facilities requlred direct, hands-on maintenance of the processing equipment.

'As shown in Fig. 3.5.24a, an evaporator was included in the process design to utilize
evaporatlon in reducing the overall time requlred for solidification. The feed solution to the
evaporator was concentrated. by a factor of about 2.5. Evaporatlon of a feed batch took 2to 3 h

and was much faster than the downstream thennal denitration process, which took about 1 d. Thus,
the CEUSP facility equlpment had three thermal denitration systems, which were operated in a
parallel mode, but only one evaporatlon system.

The evaporation step incorporated the need for a destruction process usmg formaldehyde to
remove part of the nitric acid. This addition was necessary because, with the desired feed
-concentration in the absence of any acid destruction, a supersamratéd concentrated solution would

.have been produced that would have salted out solids, plugging the process equipment. ‘

Major features of the evaporation—acid destruction step and thermal denitration step of the
CEUSP process are described below. Further details of the CEUSP operatlonal experience are
provided in McGinnis et al. 1986.

3.5.2.2.1 Evaporation—Acid -D.estruction ‘

As shown in Fig. 3.5.25, the CEUSP evaporation—acid destruction step, which concentr"awd'
the fissile uranium—cadmium solutions, was performed in a thermosiphon-type evaporator vessel.
The vessel was operated semicontinuously to concentrate about 21-L batches of feed solution toan

8-L volume (Hall, Patton, and Hass 1986). The CEUSP feed solution and formaldehyde entered
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the evaporator through a common nozzle and were swept downward through the evaporator by the-
recirculating liquid from the thermosiphon leg. The reaction of formaldehyde w1th nitric acid was
conducted at temperatures above 95°C to obtain an instaxitaneous, controllable ireaction (Healy and
Davis Feb. 22, 1956).

3.5.2.2.2 Thermal Denitration—Solidification

The CEUSP system configuration for thermal demtranon—sohdxﬂcanon occurred ina
combination reactor/storage can, as shown in Fig. 3.5.2c. The thermal denitration step was a
semicontinuous process in which batches of the concentrated CEU solution (eac:h containing
. ~2.6 kg U) was fed into a can located inside a three-zoned cylindrical heating furnace (Vedder,
Collins, and Hass 1986). As the splution was fed in, it was evaporated to dryness, and the nitrate
was decomposed, leaving a solid cake in the can, which also served as a storage ?containcr, thereby
minimizing any problems associated with handling solids. An entire batch was fed at a rate of
~9 mL/min during a 16-h period in which the temperatures in the bottom, middl(;, and top zones of
the furnace were independéntly increased by a programmable controller. Following the feed
addition, a bakeout period of 3 h at ~800°C was used to complete the solidification. Off-gases
from the denitration, primarily water vapor and nitfogen oxides, exited the can tlirough a jacketed
line to a liquid collection tank. During the feed addition period, the off-gas line was washed with -
nitric acid to dissolve any entrained solids. The collection tank was vented throug:h a chilled-water-
cooled condenser, and condensables were drained back into the tank. Figure 3.5.':-2c also shows that
the feed and purged air entered the can through a process connection nozzle. Gases evolved during
the dcm'tratioﬁ exited ﬂle can through the same nozzle. . ‘

The CEUSP material was loaded into its packaging by placing each contain& in a high-
temperature furnace, in which the uranium (mostly °U and 2*U ) was added as a nitrate solution.
In the package, the nitrate decomposed to an oxide (U,0;), foﬁning a cast-in-platéc solid monolith.

3.5.2.2.3 Solid Material Handling A

_ The solidified CEUSP material was piaced in over 400 stainless stéel cans, which were welded
shut and placed in Cell 4 of ORNL Building 3019. The design of a CEUSP storage inner can

assembly is given in Fig. 3.5.2d; The inner cans have 3.5-in. outer diam (OD) and 24.25 in. length.

Each inner can was placed inside a double-seamed, tin-plate outer canister (not sﬁom). The outer

canisters have a 3.625-in. interior diam (ID) and a 24.75-in. length (Martin Manétta Energy

- Systems, Inc. June 1984). - '
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A summary of the major characteristics of the solidiﬁéd CEUSP material' stored at ORNL is
provided in Table 3.5.2a (Peer Consultants and Engineering, Design, Geosciences Group
Dec. 23, 1987). Collectively, over 400 welded CEUSP canisters contain 1043 kg of uranium, most
(898 kg) of which is ﬁssjle.

3.5.2.3 Process Performance and Results '

The CEUSP project achieved its major goals of converting hazardous liquid uranium nitrate to
a stable form and placing that stéble form into safe storage. Over 1000 kg of highly radioactive
- and fissile uranium, containing about 75 wt % *°U, about 10 wt % U, and about 140 ppm **U,

“was processed and solidified in over 400 canisters as an oxide.
3.5.2.4 References for Section 3.5.2
A list of cited CEUSP references is provided below. This is followed by a list of sources

providing additional information.

3.5.2.4.1 References Cited

Hall, R., B. D. Patton, and P. A. Haas. 1986. ;‘chtion of Formaldehyde and Nitric Acidina .

Remotely Operated Thermosiphon Evaporator,” p. 313 in Proceedings of Symposium Waste
Management ‘86, Tucson, Arizona, March 2-6, 1986, Vol. 1, Arizona Board of Regents,
Tucson, Arizona.

Healy, T. V., and B. L Davis. Feb. 22, 1956. - The Destruction of Nitric Acid by Formaldehyde,
Part II, AERE C/R 1739, UK. Atomic Energy Research Establishment, Harwell, UK.

Martin Marietta Energy Systems, Inc. June 1984. Final Safety Analysis Report for the
- Consolidated Edison Uranium Solidification Program (CEUSP) Facility,
ORNL/ENG/INF-83/2, Oak Ridge National Laboratory, Oak Ridge, Tenn.

McGinnis, C. P, E. D. Collms, and B. D. Patton. 1986. “A Remotely Operated Facility for In
Situ Solidification of Fissile Uranium,” p. 453 in Proceedings of Symposium Waste
Management ‘86, Tucson, Anzona March 2-6, 1986, Vol. 1, Anzona Board of Regents,
Tucson, Arizona.

McGinnis, C. P. et al. 1986. “Development and Operation of a Unique Conversion/ :
Solidification Process for Highly Radioactive and Fissile Uranium,” presented in Radioactive
Waste Management, March 1987.

Parrott, J. R., Sr. August 1978. A Review of Alternatives for Amelioration of Problems
Associated with Continued Storage of Consolidated Edison Core “A” Uranium Solution,
TRCE-78-101, Oak Ridge National Laboratory, Oak Ridge, Tenn.
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Peer Consultants, P.C., and Engineering, Design, and Geosciences Group, Inc. ;
Dec. 23, 1987. Part B RCRA Permit Application for Cell 4 Solids Storage Facility, Oak
Ridge National Laboratory, Oak Ridge, Tenn.

Vedder, R. J.,, E. D. Collins, and P. A. Haas. 1986. “Development of the In- Storagc-Can Thermal
Denitration Step in the CEUSP Process,” p. 309 in Proceedings of Symposmm Waste
Management ‘86, Tucson, Arizona, March 2-6, 1986, Vol. 1, Arizona Board of Regents,
Tucson, Arizona. ‘.

3.5.2.4.2 Supplemental Resources

Chemical Technology Division. 1978. “Conversion of Consolidated Edison Uramum from a
Nitrate Solution to U,Qq,” p. 81 in Chemical Technology Division Annual Progress Report
for the Period Ending March 31, 1978, ORNL-5383, Oak Ridge National Laboratory, Oak
Ridge, Tenn.
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Table 3.5.2a. Characteristics of Consohdated Edison Uramum
Solidification Program material at ORNL’

Descnptwn
Monohtluc uranium oxide material (radioactive and hazardous)

Storage location
Radiochemical Processing Plant (Building 3019, ORNL), Cell 4

Material i'nventory, kg

*Total material 1673.3
Total U 1042.6
By 796.4 : '
=y 101.1

Uranium isotopic composition, wt
9.69
1.39
76.52 .
5.60
6.80
~0.01 (about 140 ppm)

SEEREE

Chemical composition, wt %

U,04 A 75.6

Cdo® 21.7

Gd,0;° 27 ,

Metal contaminants (Trace amounts of Si, Fe, Al, P, and Cr)
Storage containers

403 welded canisters; each i inner can is placed inside a un-plate outer can
(Fig. 3.5.24).

Inner can: 3.5 in. OD by 24.25 in. length

Outer can: 3.625 in. OD by 24.75 in. length

Average radiation levels from storage containers

At surface: 300-350 rem/h
At 1 ft from surface: 60-80 rem/h

“Based on Peer Consultants, P.C., and Engineering, Design, and Geosciences
Group, Inc. Dec. 23, 1987.

*Neutron poisons cadmium and gadolinium were added to the CEUSP matenal to-
reduce the risk of a criticality accident during its 17-year period of storage as a liquid.
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3.53 Cbnversion of Uranium Fluorides to Oxides for Storage—Molten Salt Reactor
Experiment (MSRE) Fuel Stabilization

-3.5.3.1 Process Bac‘kground and Objective(s)

As noted in Sect. 3.1.2.5,. the MSRE operated at ORNL from 1965 through 1969, at which
time it was shut down and the fuel, flush, and coolant salts were allowed to freeze in their
respective drain tanks. At the time of sﬂutdown, it was expected that a waste repository would be

. available in a few years and that the storage period at MSRE would be brief. Irradiation of solid
salt was known to result in the liberation of fluorine from the salt matrix, and a procedure to heat
(not melt) the solid salt to recombine fluorine w#s mstxtuted After the salts were not moved for
 several years, an evaluation of continued storage was berformed (Notz September 1985). In 1994,
a gas sample taken from the off-gas system serving the fuei and flush tanks showed that fluorine
had escaped the fuel salt in significant quantities and that uranium was present as UF at a partial
pressure near the saturation pressure. Recent experiments have shown that the annual heatup
procedure likely resulted in the oxidation of UF, in the salt to volatile UF, (Williams, Loghry, and
Toth January 1998). Furthér investigations identified a deposit of uranium in a charcoal bed
connected to the off-gas system (Fig. 3.5.3a). The MSVRE Remediation Project was established to
stabilize conditions at MSRE, recover uranium from the off-gas system and the charcoal bed, and
remove, process, and package the fuel and flush salts (Peretz et al. September 1998).

The MSRE Remediation Project consists of the following activities:

» Stabilization of the facility, including impfdveineﬁts in nuclear criticality safety and material
. confinemient; ' . ‘
-+ Removal of the uranium present as a gas and as solid deposits in the off-gas system;
+  Removal of the uranium deposit present in the auxiliary charcoal bed,
Removal of the fuel and flush salts, separation of the uranium remaining in the salts
stabilization and packaging of the salts for long-term storage; and |
-+ Conversion of uranium to U;0; for long-term stomge.
In the conduct of the MSRE Remediation Project, several technologies applicable to the
general handling of 2°U are being applied. These include:
+ Radiological surveys based on Z?U daughter products,
» Trapping of UF¢ on sodium ﬂuoride,i |
* Restoration of the oxidation state of uranium during melting of radiolytically reduced salt,
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Separation of 2*UF, from salt by oxidation to UF4 using a fluorine gas spar_lge,

»  Desorption of UF, from sodium fluoride and conversion to U;0s, '

+  Conversion of uranium-carbon compounds to U;0;, and

+  Maintaining nuclear criticality safety handling significant quantities of 2*U m various process
configurations. - ' 5

The MSRE Remediation Project has been the subject of various reviews, including a review by
the National Research Council (Margrave 1997). It is being conducted as a CERCLA project
under the Oak Ridge Federal Facilities Agreement (FFA).

A3

3.5.3.2 Process Descriptions and Basic Flowsheets

3.5.3.2.1 Recovery of UF, from Off-Gas System .

Based on the analysis of the initial sample taken from the MSRE off-gas system, it was’
determined that there was at least 5 kg of uranium present as volatile 2*UF in a gas stream
consisting of equal parts fluorine and helium. An unknown quantity (now estimated at about 18 kg).-
was expected to be present as solid deposits of UF¢, which had condensed in cool portions of the
off-gas system. A reactive gas removal process was installed to recover the uranium on a sodium
fluoride trap and to react fluorine on an alumina trap (Fig. 3.5.35). This selection was based on a
review of trapping technology (Trowbridge et al. ‘August 1995), and process pa@metérs were
confirmed in the laboratory (Rudolph et al. July 1997). On-line evaluation of UF,5 concentrations
was installed using Fourier-transform infrared (FTIR) spectrometers. Gas was withdrawn from the
off-gas system into previously evacuated decay tanks. The residual gas was held for the decay of
“%Rn and its daughter products. Thermal profiles in the traps were used to monit%;r trap filling, and
gamma radiation transmission was used to positively identify progress of the uranium front past
specific locations. Final ihventory control'was achieved by weighing the traps. Thls equipment has
proven effective for the removal of volatile UF; as long as the piﬁing transportmgl the gas is clear.

Several plugs in the off-gas piping existed; these were initially postulated as $olid UF,
deposits. However, reducing the partial pressure of UF; in the off-gas system did'not cause the .
material to sublime. It was then postulated that the plugs consisted of either UOzf?z produced by
contact with moisture, or of UF, or UF; produced radiolytically by the high alpha activity of the -
33U and its.®2U contaminant. Treatment of these plugs with CIF; to oxidize the uranium back to
volatile UF, was selected (Trowbridge June 1997) and demonstrated in the laboratory
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(Williams et al. April 1997). These gas treatments have been successful in removing the plugs, and
reaction products indicate that the material was most likely radiolytically reduced uranium fluoride.

3.5.3.2.2 Recovery of Uranium-Bearing Charcoal Deposit A

When the uranium deposit was discovered in the auxiliary charcoal bed, concerns developed
over both the form of uranium present in the charcoal and the potential chemical reactivity of
carbon-fluorine compounds formed in the water-cooled bed. A series of laboratory tests were
conducted to identify the carbon-fluorine-uranium chemistry under the conditions at which fluorine
and UF; were loaded on the bed (Del Cul et al. September 1998). This work identified the
formation of a C.F compound at 23°C with an approximate C:vatio of 2.6. This compound can
-react exothermally to form higher fluorides, such as CF,. A process to safely react the C.F with -

.ammonia, producing nonreactive carbon, NH,F, and nitrogen, was then demonstrated | '
(Del Cul et al. October 1997) and implementcd to prevent undesirable chemical reactions during
removal of the uranium. | ,

The same series of tests demonstrated that uranium deposited in activated charcoal from a
UFJF, gas stream is in the form of nonvolatile uranium ﬂuoride§ and uranium oxyfluorides that
are intercalated in the micrographitic structure of charcoal. The uranium-laden charcoal was
visually indistinguishable from virgin-activated charcoal. A process was developed to physically

- tap into the auxiliary charcoal bed below the deposit and vacuum the uranium-laden charcoal into a
critically safe centrifugal separator and collector vessel (Fig. 3.5.3¢). After HEPA filtration, the
exhaust was then passed through a charcoal bed for retention of ?°Rn for decay. A flow test of a
prototype charcoal bed was performed to demonstrate the effectiveness of this radon decay bed
(Coleman March 1999). A _

A recent initial entry into the auxiliary charcoal bed has identified a hard, nonémular
structure in the top several inches of the bed As a result, modifications to the removal process
described above is now being developed. It is likely that physical removal of the top of the bed
vessel ﬁll be required, allowing either direct removal of a portion of the deposit or access to break

up the charcoal matrix prior to pneumatic transfer.

3.5.3.2.3 Recovery of UF, from Fuel and Flush Salts as UF;
The MSRE fuel salt is divided between two drain tanks; a similar flush salt used to rinse the
reactor loop before and after maintenance is stored in a third tank. The salt content was well-

documented throughout the reactor’s operation, and fission-product inventories can be estimated by
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accounting for decay (Williams, Del Cul, and Toth January 1996). Because of the fluorine lost
directly from the salt and the fluorine lost by the evolution of UF, the solid-fucl; salt matrix isin a
net- reducing condition. Although no impact is observed with solid salt, when the salt is melted, a
series of reactions takes place (Williams, Toth, and Del Cul November 1996). These reactions lead
to the reduction of UF, to UF;, after which both zirconium and uranium metal lS formed. These
metallic species may be seen in the salt, and they tend to interact with the walls é)f the container.
Furthermore, a clear melt is not achieved with mdolﬁmﬂy reduced salt. Instmd, clmﬁps of
nonflowing material appear in the salt. | ‘

An evaluation of alternatives for the removal, processing, and disposition of the salt has been
performed (Peretz August 1996). This evaluation identifies the advantages of removmg the salt as
a liquid and thcn separating the uranium from the salt using the same ﬂuorihatiop process as was
sed to remove the initial 2*U charge in 1968. The U can then be managed along with the rest of
the uranium being removed from MSRE, and UF; can no longer be liberated fro*n the salt. A
‘chemical getter can be used to prevent lﬁrcsshrizaﬁon of the salt containers. Thesc alternatives have
been documentéd using the CERCLA process, and a Record of Decision'(ROD) to melt, process,
and store the salt has been approved (Jacobs EM Tmm July 1998). Thc overall block diagram of
the process being used is shown in Fig. 3.5.34d.-

In order to safely melt the salt and obtain a clear liquid with all the uranium jn solution, a pool
of salt will be melted near the solid-salt surface, and the liquid in that pool will be treated with a
HF/H, gas sparge (Toth, Williams, and Del Cul July 1996). This pool-melt process has been tested
on sunple salts (Williams, Loghry, and Toth January 1998), and tests using the nomadxoactwc
MSRE coolant salt are about to commence.

3.5.3.2.4 Conversion of UF, to U;0y for Long—Term Storage

A 2NaF+UF complex is produced by trapping UF6 from the off-gas system and from
fluorinating the fuel and flush salts. In addmon, the uranium-laden carbon rcmov.ed from the
auxiliary charcoal bed is not suitable for long-term storage. Consequently, a faciiity is being
constructed to convert the uranium to the stable oxide U;O; (Del Cul, Icenhour, and Toth
November 1997). Because of the 2.6-MeV. gamma radiation produced by the 2*T1 daughter of
B2y, this process must be installed in a hot cell and operated remotely. The main,; critenia used to .

3
¥

select the conversion process were:
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e Minimal loss;
« Minimal secondary wastes and contamination;
« Adaptability to small-scale, hot-cell opération;
» No moving parts, stirring, mixing, or transfers between vessels;
« Minimal product purity requirements; and .
« Adaptability to a variety of uranium feed materials, including the 2NaFUF, complex,

uranium-laden charcoal, and miscellaneous materials such as uranium deposits in piping.

The p\ro,ce;ss opefates in batch mode, using either a NaF trap from the off-gas recoilcr}_' process or
the salt fluorination process, or a container of charcoal as the processing batch.

The process consists of two uranium-recovery schemes interconnected with a common oxide
conversioh unit. The first recovery unit is shown in Fig. 3.5.3e. UF; is desorbed from the NaF trap
by heating the trap to 400—450°C in a closed-loop recirculating system. UF; is then condensed and
cooled in a process vessel. A small amount of fluorine gas is continually circulated through this
loop—first, as a carrier gas for UF; and, secondly, to convert any oxyfluorides or lower fluorides
of uraniurﬁ into UF4. Two ih-linc infra:ed gas cells are used to monitor the completeness of the
recbvcry—condensation operation. The pressure in this loop is kept below atmospheric pressure. A
soda-lime trap is located before ihe vacuum pump to ensure that no fluorine or uranium leaves the
system. | ' | .

_The charcoal recovery schgmie is shown in Fig. 3.5.3f. A charcoal container is connected to thé
FTIR gas cells and the condenser/conversion vessel. An intermediate room-temperature trap (an
empty vessel) is included for the initial heating of the passivated charcoal to allow the condensation
of ammonium fluoride that emanates first from the charcoal container. AOnce the charcoal reaches
600°C, it will be reacted with F; to produce, primarily, CF, and smaller quantities of other carbon
fluonides. Accompanying this combustion of charcoal in fluorine will be the formation of UF, from
the lower fluorides and oxyfluorides present in the charcoal. The volatile UF¢ will be carried over
to the condenser-conversion vessel, where it will condense and be cooled.

The conversion of the frozen UF to U,0; will be conducted using the process shown in
Fig. 3.5.3g, in the same vessel uSéd to freeze the UF,. Initially, a slight excess of water vapor (the
amount needed to stoichiometricailly react with the UFG) will be condensed as ice on top of the UF.
The vessel will be allowed to warm to room temperature, thus resulting in the formation of the
contents into solid UO,F,*xH,0 and HF. The resulting solid will be heated and contacted with
pressurized steam, which will penetrate into the cake and react with the oxyfluoride-oxide mixture
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to produce HF. A NaOH solution will be used to neutralize this HF. Air will then be passed over
the solid when the temperature reaches 750°C to convert the uranium oxides for;med at lower
temperatures into the air-stable oxlde U,0;. '

Laboratory testing of this process has been completed with both 2NaF-UF, and uranium-laden
charcoal feeds. This testing is being integrated with the development of a storage standard for Z*U
oxide material. Construction of the final process equipment is beginning in the high bay above the
hot cell, prior to relocating the pretested hardware into the cell. |

3.5.3.3 Anticipated Proéess Performaﬁce and Results

The removal of UF, from the off-gas system is now nearly complete, with residual volatile
uranium concentrations in most of the system near or belbw the detection limit. No significant
uranium plugs remain in the off-gas system. Passivation of the charcoal bed wntl} ammonia is
complete, and initial entry into the auxiliary charcoal bed is underway. Modifications to the
process for removal of the uranium-laden charcoal are needed to account for the;solid mass
identified by the carly entry activities. Access has been gained to the drain tank cell, equipment in
the cell has been examined and found suitable for use, and removal of the coolantisalt is underway.
Testing of the salt melting and uranium recovery processes; usmg both the coolant salt and smaller
batches of salt irradiated to reproduce the radiolytically reduced conditions of thc fuel salt, is now

underway. The conversion process has been tested with both 2NaF+UF, and uramum-laden

charcoal feeds, and construction of the final process equipment is beginning.
3.5.3.4 References for Secﬁ'oh 3.5.3
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3.6 URANIUM-233 METAL PREPARATION AND APPLICATION

3.6.1 Process Objective(s) 3
The preparation of uranium metal is needed for weapons component manufacture and other

uses.

3.6.2 Process Description and Basic Flowsheet

Uranium metal is prodliced using the industrial batch, metallothermic reduction process, where
magnesium metal (Mg) is used to reduce uranium tetrafluoride (UF,) to uranium metal and
magnesium fluoride (MgF,) by-product (Harrington and Ruehle 1959). The reaction is represented
by the following equation:

UF, + 2Mg-U + 2MgF, .

A flowshet of the conversion process, shown as part of the process of conventional uranium
refining, is given in Fig. 3.6a (Rich et al. June 1988). This is followed by Fig. 36b (Rich et al.
June 1988), which show§ a detailed flowsheet of uranium metal production by the reduction of UF,
with magnesium. A summary description of the metal preparation process is prowded in the
following sections. The mfomauon presented is based on several references (Harnngton and
Ruehle 1959, KhmaJuly 30 1962, Rich June 1988, and Wilhelm 1956).

3.6.2.1 UF, Reduction to Metal :

The convérsion of UF, to uranium metal is undertaken using a batch operation. The UF, is
first added to a double-cone mixer, and then Mg particles are added. The amouns of magnesium
added is approximately 4 wt % more than is theoretically required for the reduction of UF,. The
UF4 and magnesium is then mixed until they are well blended. The mixed solids gre then emptied
into a graphxte-lmed, steel retort vessel. Afier the retort vessel has been filled, it ;s transferred toa
capping station. At the capping station, a graphite lid is first inserted into the v&ésel, and then a
steel lid is bolted onto the retort. No gaskets are used in order to allow gases to eswpc the vessel
and to not allow pressurization of the vessel.

After the vessel has been capped, it is moved to a fumacc where it is heated from 40 to 540°C
for several hours. This heating induces the reduction reaction, which produces an.exothemuc
reaction that heats the retort contents to about 1650°C. As the reaction progrms%s; molten
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uranium metal forms and settles to the bottom of the retort to form a uranium metal ingot. The
MgF, forms as a solid slag at the top of the vessel above the ingot. The total time for the reaction
to go to completeness is about 13 h. At this point, the vessel is then cooled.
The retort is first moved from the furnace to an air-cooling chamber. The vessel is allowed to
air cool until the surface temperature reaches 540°C. At this point, the vessel is moved into a
water bath, where it continues to cool until it reaches room temperature. After the vessel is cooled, |
it is moved on to the breakout station. |
. At the breakout station, the two lids are removed, and the retort vessel is inverted aﬁd jolted.
This action removes both the uranium ingot and the MgF; slag from the retort. The retort is then
sent to the refurbishment station, where it is cleaned and inspected for use in the next batch. The
. ingot and slag are sent to the separation step, where they are separated. The ingot is sent to
cleanup, and the slag is sent to slag processing (Dubrin et al. May 1997).

3.6.2.2 Slag Processing ‘

The MgF, slag material that is recovered from the retort is then processed, and uranium
pa.fticl&s are recovered. The MgF, slég is first fed into a crusher, which reduces the slag to about
1/4-in -size pieces of MgF, and deforms any uranium metal remaining in the slag into Iargér sizes.
The crushed material is then fed to a vibrating screen, which allows the MgF; to pass through but
retains aﬁy uranium metal pieces. These uranium metal pieces are then collected and held until
enough material has been collected. Wﬁen enough uranium metal has been collected, it is sent to
an induction furnace in which the metal is melted into an ingot and then sent to the iﬂgot cleanup
area. The MgF, that is collected is sent to a roasting furnace in which it is heated to 540°C to

. oxidize any remaining uranium and excess inagnesium. After the material is cooled, it is sent to a
.;hammer and ball mill to produce fine MgF, particles, which are then sent to a leaching system.
The MgF, is leached with nitric acid to reduce the uranium content (predominantly 22U) to less
-~ than 90 ppm (<35 pCi/g) so that it rﬁay be disposed of in an ordinary landfill (Dubrin et al. May
1997). :

3.6.2.3 Ingot Cleanup

The ingot§ that are received from the separation station and from the slag-processing systemA
are cleaned to remove any slag or other surface impun'fies. ’i"he ingots are first sent to a foasting ‘
furnace in which they are heated to about 650°C. This causes the surface of the ingot to oxidize.
The ingot is then put in a water quench tank which causes the oxidized surface layer to fall off.
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The ingots are then dried in an oven and cleaned up for packaging and shipment._f The quench
water is filtered to remove the uranium oxide and then recycled back into the quench tank. The
oxide is dried and stored for recovery.

3.6.3 Process Performance—Major Results

During the reduction of UF, w1th magnesium, several things must be watched to produce hlgh
purity metal. A high moisture content in the bomb charge can cause side reactions which will -
. lower the yield and quality of the uranium metal produced. High oxygen content in the UF, charge
in the form of uranyl fluoride (UQ,F,) will lower the uranium-metal yield and la;;d to poorer slag
separation. For acceptable metal yieldé, the UF, should be around 98% pure or Bettcr. Another
factor is the packing density of the UF,. The higher the packing density, the grm:tcr the amount of
heat generated pcr’unit area of the container. A charge with a higher packing deﬁsity usually has a
better heat conductivity, which, in turn, will lead to better yields. A packmg densny of at least
3 g/cm for the UF, is reéommcndcd (Wilhelm 1956).

3.6.4 Application of 2*U-Bearing Metal—The Jezabel Critical Assembly _

One example of a use of U metal was the Jezabel Critical Assembly (JCA), which is
described in Klima July 30, 1962. The U associated with the JCA, its components, and scrap
were used as source of uranium feed material for fuel rods fabricated in ORNL l';'uilding 3019 for
use at Brdokhaven National Laboratory (BNL). Six small discs, machine chips, and JCA
fabrication residues were repackaged at Los Alamos National Laboratory @M) into aluminum
cans furnished by ORNL. This repackaging was done in order to eliminate scraps of cioth, paper,
wax, and metal other than uranium or aluminum. ORNL furnished aluminum wool, which was
stuffed into the cans at LANL to prevent the rattling of the %*U metal picces during shipment.
After arrival at ORNL, the recanned metallic pieces were stored until transfer to Building 3019 for
charging into a dissolver and subsequent fabrication into fuel rods for use at BNL

3.6.5 References for Sect. 3.6
A list of references documenting information on uranium metal preparation is: provided below.

Additional information on this topic is provided in the supplemental resources mdgcated '
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3.7 FABRICATION OF **U-Th FUEL

Historically, two major programs were involved with the fabrication of 233U-boanng fuels for
nuclear reactors: the ORNL Kilorod Facility and the fabrication of thona-urama (ThO,-UO,) fuel
for the Shippingport LWBR Program. The fuel fabrication activities associated évith each of these
major programs are described below followed by discussions of the Babcock and Wilcox (B&W)
experience with direct fabrication of U fuel elements, the fabrication of fuel eléments for the
Idaho ANL-West (ANL-W) Zero-Power Physics Reactor (ZPPR) and the fabncanon of other
33U fuels.

- 3.7.1 ORNL Kilorod Facility

The Kilorod Facility was designed, constructed, and operated during 1960- 12964 as a pilot
facility for demonstrating 2*U-Th fuel fabrication. The facility was located in OkNL Building
3019, where a single cell (No. 4) was renovated to receive the equlpment for this pdot-plant
program. Because of the energetic gamma radxoactmty resultmg from the decay of the daughter
products of *U normally present in *U, an economical Z*U-Th fuel cycle reqpm chemical and
‘mechanical processes éasily adaptable to remote, fuel-handling procedures. The Kilorod pilot-plant
demonstration showed the feasibility for the remote fabrication of ?*U-bearing fiiel. The Kilorod
Facility provided a complete system for making 2°U fuel elements by coupling the sol-gel process
with the vibratory-compaction loadmg of fuel tubes (Lotts et al. December 1962 and CTD
November 1964). '
3.7.1.1 Process Objectlv&s Z

The specific objectives of the leorod Facility demonstration program (Brooksbank, Nichols,
and Lotts February 1968) were to:

1. Prepare about 1000 ercaloy-clad rods contaxmng 3 wt % 200,97 wt % ThOz in order to
fulfill a request for my fuel rods needed in criticality experiments at Brookhaven National
Laboratory (BNL). |

2. Determine the radiation levels and persohnel exposures encountered in the fabrication of **U-
bearing fuels. | ‘

3. Provide base-line engineering information for future mU fuel fabrication plants.
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3.7.1.2 Process Description and Basic Flowsheet - ” ' .
* A summary flowsheet for the Kilorod Facility, which is prowded in Fig..3.7.1a, indicates the

involvement of three major operations:

1. prepa.ranon of feed materials—involving hydrothermal denitration and SX,
2. sol-gel process—involving preparation of the smtered solids, and '
3. fuel-rod fabrication—involving powder preparatlon as well as rod fabncatlon

Preparation of the feed materials included both the purification of **U and the preparation of
ThO,. Uranium-233 was purified by using a one-cycle SX process to remove the daughter
products of 22U from **U in a **U0,(NO;), solution. Thoria was prepared by denitration of
thorium nitrate crystals under a superheated steam atmosphere at 450 to 500°C. The SX process

“used to purify the 2°U demonstrated the use of a new extractant, 2.5 wt % di-sec-
butylphenylphosphonate in diethylbt;nzene. | o

In the sol-gel process, 2UQ,(NO,), and ThO, feed stocks were blended at 80°C to form a
stable sol (3 wt % #*U0,-97 wt % ThO,). A flowsheet (Haws et al. August 1965) is provided in
Fig. 3.7.15. In the Kilorod Facility, the sol was dried to a gel at 80°C and afterward calcined and |
reduced in an Ar-4% H, atmosphere atl 150°C to produce a smtered, ﬁagmented mixed 2°UO,-
ThO, product.

- Fuel rods were fabricated by grinding and sizing the mUO;-'I'hOz fragments and loading the
oxide powder into Zircaloy-2 fuel tubes by vibratory compaction. In the sizing operation, the solids

were screened through a 6-mesh screen onto a 16-mesh screen. The remainder of the solids were
ball-milled to a powder of “smeared” size distribution. The powders were then blended in proper
' proportions and loaded into Zircaloy tubes by vibratory compaction. Following compaction, the
:Aénd of each rod was closed by welding and inspected for leak-tightness and uniformity of packing.
Finally each completed fuel rod was decontaminated. A flowsheet of the major steps taken in the
fuel rod fabrication process is shown in an 3.7.1c (Sease, Lotts, and Davis April 1964) '
Figure 3.7. ld gives a cross-schon overview of both of the Kilorod sol-gel (sohds-preparanon)
and rod fabncauon areas (Brooksbank, Nichols, and Lotts February 1968)

-3.7.1.3 Process Performance—M'ajor Results
The Kilorod process produced a total of 1100 fuel rods. Of this total, 900 rods each contéined
890 g of mixed oxide (3 wt % **U0,-97 wt % ThO,), and 200 shorter rods each contained 310 g
of the same mixed oxide. Most of the rods v_vefe needed for criticality experiments at BNL. The .
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basic design features of each BNL fuel rod required in these experiments are shown in Fig. 3.7.1e.
These rods had a Zircaloy-2 clad and measured 0.5 in. diam by 46 in. in length. '

In addition to the production of over 1000 #*U-bearing fuel rods, the Kilorod pilot-plant
demonstration also provided encouraging results regarding worker exposure in the fabrication of
30 fuels. Data were also collected on hammeters affecting radiation dose ratm' This enabled
estimations to be made of the allowable U content in similar U fuel fabrication lines. From this
information, a model was developed to provide a basis for extrapolating personnel dose rates to
fuel fabrication lines having a nominal capacity of 10 kg of product oxide (*UQ,~ThO,) per day.
The Kilorod demonstration showed that this pilot Z*U fabrication process could be readily scaled
to larger operations. This result provided a basis for estimating the design parameters of
conceptual 23U-Th fuel fabricating plants havmg capacltm ranging from 60 to 3700 kg of heavy
metal (U and Th) per day (CTD November 1964).

3.7.1.4 References for Section 3.7.1 .
A list of cited references documenting the ORNL Kilorod Facility pilot-plant demonstration is
provided below. This is followed by a list of sources providing additional information.

3.7.1.4.1 References Cited

Brooksbank, Sr., R. E., J. P. Nichols, and A. L. Lotts. February 1968. “The Impact of Kilorod
Facility Opemnonal Experience on the Design of Fabrication Plants for 2*°U-Th Fuels,”
pp. 321-40 in Proceedings of Second International Thorium Fuel Cycle Symposium,
Gatlinburg, Tennessee, May 3-6, 1966, U.S. Atomic Energy Commission, Division of
Technical Information, Oak Ridge, Tenn.

Chemical Technology Division. November 1964. Chemical T echnology Divisién Annual
Progress Report for the Period Ending May 31, 1964, pp. 153-63, ORNL-3627, Oak Ridge
National Laboratory, Oak Ridge, Tenn.

Haws, C. C. et al. August 1965. Summary of the Kilorod Project—A Semiremote 10-kg/day
Demonstration of *’UO,-ThO, Fuel-Element Fabrication by the ORNL Sol-Gel Vibratory-
Compaction Method, ORNL-3681, Oak Ridge National Laboratory, Oak Ridge, Tenn.

Lotts, A. L. et al. December 1962. “The Oak Ridge National Laboratory Kiloer Facility,”
pp. 351-83 in Proceedings of the Thorium Fuel Cycle Symposium, Gatlinburg, Tennessee,
December 5-7, 1962, USAEC Report TID-7650, Book I, Oak Ridge Tenn., and American
Nuclear Society, Hinsdale, IIl.
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3.7.1.4.2 Supplemental Resources . . ' ‘

Ferguson, D. E., O. C. Dean, and D. A. Douglas: 1965. “The Sol-Gel Process for the Remote

Preparation and Fabrication of Recycle Fuels,” Proceedings of the Third United Nations

Conference on the Peaceful Uses of Atomic Energy, Geneva, 1 964 10, 307-315, United
" Nations, New York. <

Lotts, A. L. and D. A. Douglas Ir. 1966 “Refabrication Technology for the Thorium-Uranium-
233 Fuel Cycle,” Utilization of Thorium in Power Reactors, IAEA Technical Reports Series
No. 52, pp. 212-45, Vienna, Austria.

Sease, J. D., A. L. Lotts, and F. C. Davis. -April 1964. Thorium-Uranium-233 Oxide (Kilorod)

Facility—Rod Fabrication Process and Equipment, ORNL-3539 Oak Ridge National
Laboratory, Oak Ridge, Tenn
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3.7.2 Light-Water Breeder Reactor Fuel Fabrication

3.7.2.1 Process Obj'ectiva and LWBR History

During 1975-1981, 2*U-bearing fuel was fabricated at BAPL for the core of the Shippingport
reactor, which was modified from PWR design to that of an LWBR in order to demonstrate and
verify nuclear fuel brecding capability. -

~ The fuel pellets of the LWBR core had a righf-circula:—cylinder shape and were comprised of
thoria (ThO,), or thoria with a low content (1-6 wt %) of uranium dioxide (**UO,), or urania. The
ceramic thoria—urania (ThO,~2*UQ,), or binary fuels were similar to UQ,, but they had higher
. melting temperatures, more creep resistance at higher temperature, better corrosion stability, and
released less fission product gases (Atherton et al. October 1987).

Fabrication of the LWBR fuel pellets was based on sintering, which is a single-fire process
that offered the advantages of less radiation exposure to personnel and the need for less processing
equipment. ' '

Figures 3.7.2a through 3.7.2e give an overview of the basic design of the LWBR core, fuel
rods and assemblies, and fuel pellets. The LWBR core in the Shippingport reactor was a uniquely
designed seed-blanket type, as shown in Fig. 3.7.2a (Connors et al. January 1979). This core
operated in the Shippingport Power Station in Pennsylvania from 1977 to 1982. As shown in
Fig. 3.2.7b (DiGuiseppe and Johnson July 1982), the LWBR core consisted of 12 “seed” fuel
assemblies—hexagohal modules arranged in a symmetrical array, surrounded by a reflector-
blanket region. Each module contained an axially movable “seed” region [which had a
multiplication factor (k) greater than unity], and a stationary, annular hexagonal blanket (which

A‘had k< l) Each of these regions, in turn, consisted of arrays of tightly packed, but not touching,
fuel rods, which contained pellet's'of ‘ThO, (thoria) and mle; (urania), the latter in varying
amounts from 0 to 6 wt % in the seed and from 0 to 3% in the blankef region (Lamarsh 1975).
Figure 3.7.2¢ (Bolton, Christensen, and Hallinan March 1989) gives a cutaway view of an LWBR
seed ﬁ]édule, and a similar view for an LWBR blanket module is provided in Fig. 3.7.2d. The seed- .
blanket module combination provided a unique binary (ﬂxoﬁa and urania) fuel control and
distribution scheme, which is described in detail in several sources (Connors et al. January 1979
Aand Heckler June 1979). ‘The design of typical seed, blanket, and reflector pellets are shown in
Fig. 3.7.2e (Belle et al. January 1976). More detailed information on the features of the LWBR
fuel components just described is provided in the references listed in Sect. 3.7.2.4.
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3.7.2.2 Process Description and Basic Flowsheet
Specific activities required for fabricating the Shippingport LWBR fuel pelljets, rods, and
assemblies are discussed below. In Sect. 3.7.2.2.1 fuel pellet manufacture is dis:g:ussed, and in
Sect. 3.7.2.2.2, the production of the fuel rods and supporting assemblies are diScussed.
Major features of the LWBR fuel fabrication facility are described in LWBR Progfam
Summary report (Atherton October 1987). For thoria fuels, the processing of powder into pellets
involved dealing with only low level amounts of alpha radiation, which enabled this work to be
performed in either hoods or other exhaust-controlled containment areas relativeilyﬁ'ee from
_shielding. More strihgent requirements needed to be observed for binary fuels; hftawever. Areas of
kthe fabrication facility for producing binary fuels had to be designed and constructed to incorporate
the following features: i ’

*  precluding inadvertent criticality, -

*  controlling the escape of contamination, ‘ :

» providing for material security and control, and :

*  minimizing radiation exposure of personnel.

A major consideration in-the facility design was th_at the binary fuel contains low levels
(<10 ppm) of the beta-gamma-emitting **U, which requires a shielded facility and procédur&s to
minimize radiation exposure. For this reason, the binary fuel area used a continuous system of

shielded glove boxes connected by short tunnels and similar enclosures.

3.7.2.2.1 Fabrication of Fuel Pellets _ ‘

As described by BAPL (Belle etal January 1976) the fabncatlon of hlgh-strucmral-mtegnty,
high-density thoria and binary fuel pellets was based on a smgle-ﬁre process (smtenng) and
included the following 14 major activities shown in the order of their occurrence in the flowcharts

i
of Figs. 3.2.7f (thoria fuel pellets) and 3.2. 1g (bmary fuel pellets):

1. Blending, » - ' \
Micronizing, .
Secondary blending,

Agglomération,

Granule drying,.

Final blending,

Lubricant addition,

N R Wb
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8..Compaction, _ .
9. Pretreatment, o ' | ‘
10. Sintering, ‘ | ’
11. Pellet grinding,
12. Cleaning and drying,
13. Inspection and evaluation, and
14. Degassing.

Detailed process parameters of each of these activities are provided in the LWBR pellet
. manufacfure document (Belle et al. Januéry 1976), which was prepared by BAPL. It should be
‘noted that the dashed lines shown in Figs. 3.7.2f and 3.7.2g refer to process control operations that
‘were added to deal with product variability and material losses in achieving a satisfactory fuel-
pellet product. A summary description of the role and function of each of the major fabrication
process activities follows. The order followed in this description is the same as the sequence used
in the fabrication process.
1. Blending. The fabrication of binary fuel pellets first requires blending the as-received thoria
‘and urania powders to a mixed feed material suitable for further intermixing and processing.

The initial (or primary) blending operation serves as an important safety precaution with
respect to criticality control because it provides well-dispersed, small-sized UO, aggregates
before release for further probmsing. Rigid housekeeping practices and cleanliness for

avoiding the presence of foreign materials are essential in the initial blending process.

2. Micronizing. Micronizing, powder comminution, and mixing are performed on the as-
received calcined fuel ;;owder to activate the powder to a level suitable for meeting final
density speciﬁcaﬁons and uranium homogeneity. Activation in this context refers to the
process of increasing the surface area of the powder by decreasing the particle size by
gnndmg the particles together. The as-received powder is not inherently éctive because of the
relatively high temperatures (980 to i040°C) used during manufacture of the powder by
calcination. Such high temperatures result in increased crystalline size and reduction in
surface area. Micronizing of binary powder mixtures is also required to ensure that stringent
uranium homogeneity requirements are met. For binary fuels, micronizing provides a highly
efficient mixing or hohogmidng operation. For the LWBR fuel, powder micronizing was

performed in a 4-in. jet mill, which consisted of a circular grinding chamber, a vibratory ‘

powder feeder, an inlet and outlet air supply, and a milled powder collection system.
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Table 3.7.2a lists the typical levels of surface area and particle size that were necessary for
the production of high-density, high-integrity thoria and binary fuel pellets for the LWBR.

. Secondary blending. Secondai'y blending is performed on co-micronized thoria-urania
powder batches, thereby minimizing product variability. This operation mxxm powder batches
to form an inspection sampling unit for the product final certification. When this operation is
complete, samples are obtained from the homogeniied powder. Surface am analyses are
performed to verify the required activity of the powder. Blanket material blends are composed
of a maximum of 12 micronizing batches for a total blend size of 100 kg. Seed material blends
are composed of up to 6 micronizing batches for a total blend size of 25 kgz Both sizes are
maximum units established from criticality control criteria. Blanket blendhig is performed in a
standard industrial 2-ft* twin-shell blender (internally modified for cn'ticalit.y control), and
seed blending is performed inside a 0.5-ft* twin-shell blender. Secondary blending follows the
same levels for cleanliness that are observed in the initial (primary) blending operation.

. AggIomeratfon. The agglomeration process transforms the finely divided, linicronized powder
into a free-flowing compactible pms'fwd, which is spherical in shape. Tlus step resolves two
major problems associated with compaction of a finely divided powder, nonuniform filling of
the die and the formation of circumferential cracks in the. pellets. The spheﬁ'cal agglomerates
flow more easily and consistently into the die. Because they have-a higher b;ulk density than
micronized powder, less trapped air and associated cracks result during cor&!paction.‘ '

Agglomerates are formed by the addition of the secondary blender powder tp a wax binder in
solution with a solvent (oxylene). The binder-solvent solution is introduced as a spray during
tumbling of the powder in a twin-shell blender. Agglomerates ranging from 0 004 t0 0.25-in.
diam are formed. These are subsequently granulated through a standard 25 m&sh screen to
produce a sphere size ranging from 0.004 to 0.030 in. diam. The output of the agglomeration
process has a significant impact on the quality of LWBR fuel. The characteristics of the
resultant agglomeration control subsequent processing steps and strongly in;ﬂuence final
product characteristics. The following fuel pellet characteristics are inﬂuen.éed by
agglomeration: granular segregation, external porosity, internal porosity, de}lsity, internal
cracks, and circumferential c_ﬁips (chips out of the pellet sides).

. Granule drying. Granule drying is performed on the agglomerated product after granulation
to volatilize the retained oxylene from the granules in order to provide a dry press feed
suitable for compaction. In this process, a batch of the agglomerated-granulated powder is
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distributed into a shallow bed on.drying trays and dried in a recirculating-air drying oven at a
temperature (~40°C), which is sufficiently high to promote effective evaporation of the

_oxylene solvent. The nominal drying time for each batch is determined from the amount of
retained oxylene. A

.6. Final blending. Following drying, the agglomeration batches are finally blended together for

remixing in twin-shell blenders for several minutes. For thoria blends, a 1-ft* blender was
used. After blending, the binary powder was loaded into 5-in.- diam by 15-in.-long cans in
preparation for the next step, lubricant addition. Thoria powder remained in the twin-shell
blender, which also served for lubricant addition. At this point, the blended, agglomerated
powder is characterized by a sieve analysis and measurement of the bulk density of the
granules to control the agglomerétion parameters and ensure satisfactory compaction.

. Lubricant additiqn. Before compaction, a dry powder lubricant (Sterotex) is added to the
agglomerated powder to minimize interparticle and die-wall-to-pellet friction. The lubricant
also minimizes pressing loads during pellet compaction and reduces the forces required to
eject a pellet from a die cavity, thereby minimizing ihtemal pellet stresses that tend to cause
cracks and other associated pellet defects. Lubricant addition for thoria and binary
compositions is performed in different types of equipment, which require different mixing
parameters. However, both procedures result in comparable degrees of mixing. Addition of
the lubricant to the thoria -prms feed is performed in a 1-ft* twin-shell blender following the

final blending operation. For binary fuel, addition of the lubricant is performed in 5-in.-diam

by l~5-in.-lqng powder-container cans.

. Compaction. The corﬁpaction process forms fuel pellets by cold pressing the feed powder.
The forces of compaction establish the interparticle contacts in the powder that arevnecessary
for pellet densification and microstructure develoﬁment in the sintering operation. Compaction
parameters determine the density level and particle distribution within the pellet, and these, in
turn, control dimensional uniformity and pellet shrinkage during sintering. The compaction
process is a very critice;.l ope;atio_n that requires close control conditions in order to prevent
flaws or faults from occurring in the pressed pellet product. Such defects are not correctable
in subsequent fabrication processing steps. There are several operations involved with the
compaction process. Initially, the granular powder to be compacted is poured into a
compacting presé feed hopper. Gravity feeds the powder into a shuttle-type feed shoe, which
volumetrically fills the die cavity on the forward stroke and then levels the powder charge in
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the cavity on the return stroke. The powder is then compacteq to a predetermined density in
the die between an upper and a lower punch, and the pellet is ejected from ;thé die and pushed
away by the feed shoe in the succeeding die-fill motion. The pressed pellet 1s manually
removed from the die table, inspected, and then loaded into a tray contai;lef (or “boat”) made
of Inconel or molybdenum. An Inconel boat is used for binary fuel becausq it is compatible
with the high-temperature CO, pretreatment atmosphere (discussed below);; while the
molybdenum boat is used for thoria fuel to prevent oxidation. Figure 3.7.2:; shows the typical
geometry and finish-ground dimensions of three types of LWBR fuel pellets: seed, blanket, ‘
and thoria reflector. ' '

Pretreatment. Before compacted “green” (untreated) pellets are intrOducedé into a furnace for
densification (sintering), they are exposed to a thermal pretreatment to remc}ve the Sterotex
lybricant additives. For such removal to be effective, this process requires ;he pellets to be
subjected to an environment that is controlled in terms of time, temperature, heat-up rate, and
atmosphere. Thoria pellet pretreatment is performed in molybdenum boats m aCoO,
atmosphere, using a bell (batch-type) furnace at 400-450°C for about 4 h. Bmary thoria-
urania pellets are pré;reated in a CO, atmosphere in a continuous eléctric furnace.

Sintering. The densification or sintering process consists of heating compa#ted (and
pretreated) fuel pellets gradually up to a maximum temperature to obtain a high-density
product that meets all finished product microstructural requirements. The pé’odm:t density is
typically 97-98% of the theoretical density. For binary fuels, sintering has the added
objective of forming a homogeneous solid solution of the mixed and blendeti tﬁoria and urania
powder. Pellet sintering is performed inside a special furnace. For the LWBR fuel, pellets in
boat trays wefe heated at a rate of 100-115°C/h up to a maximum furnace ppérating
temperature of 1790°C. The pellets were sintered for a minimum of 12 h in a wet H,
atmosphere. Such conditions are controlled by both the temperature profile (over length) of
the furnace and by the stroking rate of the pellet boats through the furnace. '

Pellet grinding. The final geometric shape and size of a sintered fuel pellet T‘a,re attained by a
two-stage, centerless plunge grinding procedure. This operation produces pellets with a
configuration which satisfies dimensional design requirements. The pellet-gn%inding operation
is performed on conventional centerless plunge grinders. A specially 'designeffd pellet feed
system accepts the sintered pellets, pushes each pellet forward along a wbrk:blade which
supports it, and places it into position to be ground. When in position, the plunge grinder -
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regulating wheel moves toward the grinding wheel and pushes the pellet against the grinding ‘
wheel. The final shape of each pellet is determined by the shape of the grinding wheel and the

steps of the regulating wheel. The latter, which control taper and chamfer size, are attained by

dressing the wheel with a diamond truing tool, which traces the profile of special truing cams.

This process of regulator wheel dressing, repeated when as-ground pellét characteristics begin

to drift toward the limits of acceptance because of wheel wear, is a normal characteristic of

commercial grinders used in the process—the only exception being that these opefations are

performed in a large glove box enclosure.

- Cleaning and drying. Following the grinding operation, the fuel pellets are cleaned to remove

remaining‘ particulate matter in machine oil from the grinder. To ensure that no unacceptable

- . residues are left, deionized Grade A water is used for a cleaning fluid aided by the use of

13.

ultrasonic agitation. The cleaning operation begins with the as-groﬁnd pellets being placed in
specially designed, perforated, stainless-steel-covered trays. To keep grinding sludge from

drying on the pellets, the trays are loaded under water, which provides buoyancy and enables

the smaller, less fragile seed pellets to drop into the water-filled trays. The blanket pellets have
grmter size and mass and require individual handling to minimize chipping. Bllanket-siwd :
pellets are individually placed, with tweezers, into a support structure in the trays. Once the .
pellets are loaded into a tray, the tray is placed into a water-filled can and transported to a

glove box for cleaning. Within the glove box, the trays are removed from the cans and placed
into a tank of still water for a rinse before being moved to a second water-filled tank, where

they are cleaned ult:asonically for several minutes. The remainder of a typical cleaning

process includes another ultrasonic cleaning in a third tank followed by a water rinse in a

fourth tank. Conventional commercial ultrasonic cleaners are used in this cleaning sequence.
Following removal from the fourth tank, the pellets, still contained in the trays, are drained

and then placed on small dollies for transport through a drying oven for several hours. During
this time, the pellets are subjected to a continuous counter direction heated air flow to ensure

the degree of dryness attained. The cleaning and drying processing steps for both thoria and

binary fuels are the same and use the same type of ultrasonic cleaner.

Inspection and evaluation. Fuel pellets are inspected to ensure compliance with technical
requirements, which include requirements for granular segregation, grain size, and

nonhomogeneity. This step is accomplished by nondestructive visual examination of all pellets
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and dimensional, metallographic, and chemical evaluations of sample pellets taken from each

blend. The inspection and evaluation process includes the following activities:

a.

d.

Visual and dimensional inspection of all finished fuel pellets to ensure that all technical
requirements are met~ :

Structural attribute inspection of random samples This is determined by metallographic
evaluation in which samples are sectioned transversely or longltudmally and then polished
for evaluation of pore size, pore distribution, granular segregation, mterpal and comer
cracks, foreign inclusions, and color. '

Composition inspection of random samples. Thiis involves a chemical analysis of random
samples of pellets fof compliance to the requirements for total and isotopic uranium
content, impurities, and oxygen-to-uranium ratios. ‘

i

Random sampling of each blend of fuel.

14. Degassing. Before being loaded into fuel rods (Sect. 3.7.2.2.2), the fuel peliets are subjected

to a high-temperature-vacuum degassing operation to remove any adsorbed moisture, other

surface contaminants, and any residual gases within the fuel. The residual gases include
mainly CO and H, with minor amounts of CO, and various hydrocarbons, »\i/hich are formed

during the pretreatment and sintering steps as a result of the decomposition of the binder and

lubricant additives and subsequent chemical reactions of the decomposition i.)roducts with the

fuel and the pretreatment and sintering gases (CO, and Hy). The degassing operation begins
with the loading of both thoria and binary pellets that have passed inspection into Inconel
boats for a controlled heatup coupled with the removal of air, which results in a 3- to 4-h soak

at a temperature of 970-1040°C under a pressure of 10 millitorr or less. 'I'hese conditions -

have been found to provide pellets with very low levels of residual gas. Once degassed, pellets

are loaded into tubes which are welded closed with glove box air exposure hmlted toa

maximum of 32 h. Finally, an analys:s for residual gases left aﬁer degassmg is performed on

“samples from each fuel blend to verify that the degassing operatlon has mdeed removed most
of the gases and to certify that the degassed pellets meet the specification limits.

3.7.2.2.2 F abncatlon of F uel Rods and Assemblies
As descnbed in the Light-Water Breeder Reactor Program Summary Report (Atherton
October 1987), 17,290 fuel rods were assembled into the LWBR core. Each fuel rod was

composed of a Zircaloy-4 seamless tube filled with oxide fuel and thoria pellets. All fuel rods were
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approximately 10 ft long and varied in diameter according to fuel type. Nominal diameters were .
0.306 in. for seed rods, 0.571 in. for standard blanket rods, 0.526 in. for power-flattening blanket
rods, and 0.832 in. for reflector rods. At the top of each rod, a plenum region provided a void
volume to accommodate released fission gas and a helical coiled spring to exert pressure on the
pellets to keep the stack together. As an example, the general dimensions and components of the
seed rods are shown in Fig. 3.7.2h (Biékel ét' al. March 1986). The dimension specifications of all
various LWBR fuel elements (peliets and rods) are given in Table 3.7.25 (Campbell and Giovengo
October 1987). ' o
The fabrication procedure for the LWBR fuel rods (Atherton October 1987) consisted of six
-.major steps performed sequentially:

~ 1. Sizing and cleaning the finished metallic components provided by suppliers. [These
components consisted of tubes, end caps, and plenum hardware (spring, plenum sleeve, and
plenum pin)].
2. Welding an end enclosure to ﬂie bottom end of each cladding tube to form a tube assembly.
3. Loading the fuel pellets and plenum hardware into each' tube assembly to form a fuel rod
assembly. ’ ' _
4. Welding the top end closure to seal the fuel and plenum hardware in each cladding tube to form - ‘
a fuel rod (The welding is done in a helium atmosphere to provide an inert environment inside
the fuel rod.): '
5. Pickling each fod to final diameter and applying a corrosion film to all surfaces.
6. Inspecting each finished fuel rod for external and internal attributes, including the integrity and

proper placement of the fuel pellets

The welding performed in Step 2 (above) is a critical i)rocedure in processing the fuel-rod tube
assemblies. For each tube assembly, gas tungsten arc welding was used to join a prepared bottom-
end closure to a cladding tube. Each weld was machined and polished flush with the tube surface,
and then inspected for internal defects by both radiographic and ultrasonic techniques. A
pressurized helium leak-check of the welds was performed, and this was followed by measurement
and visual inspection of the internal ﬁbe length before ahy fuel pellets were inserted.
* In Step 3, before the loading of the fuel pellets, the welded tube assembly, thé end-closure
assembly, and plenum spring were vécuum-dried to remove surface moisture. In a glove box
environment, the vacuum-degassed and inspected pellets were assembled into the required stack
length. Aﬁér stacking, a tube assembly end was inserted into the glove box and the fuel pellets .
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were loaded.into the tube. The loaded assemblies and their hardware were stored under vacuum in
the welding equipment area until a sufficient weld lot was accumulated. The top-end-closure
welding of Step 4 was performed using equipment and procedures similar to thojsc described above
for bottom-end welding. After welding, the end closures were machined and mspected
ultrasonically for internal defects. To remove surface contamination, acccptablei welds were rinsed
in a cold nitric acid solution and transferred to the fod-proc&ssing area. Rejected welds were
rewelded, and the machining and evaluation process was repeated. |

Following Step 4, the rods were radiographed in motion to confirm pellet loading. The top-end
closure was radiographically evaluated for weld integrity and inspected for dimensional
- requirements b); the same procedures performed on the bottom end. The surfaces of acceptable
rods were vapor-blasted to prepare for pickling to final size and corrosion testiné. Remaining
operations associated with Steps 5 and 6 consisted of inspections to evaluate the, rod for all
required attributes before final release. The corrosion film evaluation was perfoftned after
corrosion testing, the final visual inspection was performed as close to the end of the processing as
possible, and the in-motion radiography for internal evaluation was performed lést

Approved and released rods were cleaned, coated with Neolube (an assembly lubncant)
packaged, and then shipped to the module assembly area (Atherton October 1987)

Details of the module assembly activities, in particular, the fabrication of th? fuel rod support
grids for the Shippingport LWBR, have been described in detail by BAPL in various reports
(notably, Bickel et al. March 1986 and Atherton October 1987).

3.7.2.3 Process Performance—Major Results

The BAPL fuel manufactunng facxhty fabricated about 24,000 ﬁ:cl rods dunng the period that
the Shippingport LWBR core operated (1977—1982)

In addition to providing the necessary fabncatxon capability, the BAPL facnhty for
manufactunng the LWBR binary fuel mcorporated features that precluded madvertent nuclear
criticality, controlled the escape of radioactive contamination, provided for nuclw material
security, and minimized personnel radiation exposure. A major basis for the facnllty design was
that the fabricated binary fuel would contain concentrations of 22U <10 ppm. Thns resulted in a set
of procedures to minimize radiation exposure and a facility which employed a system of shielded
glove boxes connected by short tunnels and similar enclosures. ' -

Not all LWBR fuel components required shielding in the BAPL fabrication facility. Since the
processing of thoria powder involved only low levels of alpha radiation, the proc#ssing of thoria
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bowder into thoria pellets was "performed in hoods and exhaust-controlled containment areas . o .
relatively free from shielding.

3.7.2.4 References for Sect. 3.7.2
A list of cited references documenting the BAPL fuel fabrication for the Shippingport LWBR
is provided below. This is followed by a list of sources providing additional information.
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Fig. 3.7.2g. Flowchart of binary (thoria and urania) fuel pellet fabrication. .From Belle et al. January 1976.
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Fig. 3.7.2h. General dimensions (in inches) and components of LWBR
seed fuel rods. From Bickel et aI March 1986.
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Tible 3.7.2a. Typical levels of surface area and average particle size®

. Typical characteristics
Fuel mwder ' Characteristic As-received - As-micronized
powder powder
Thoria (ThO,) - Surface area 6.5-7.5m%g 9.0-9.5m¥g
. Average particle siz¢Z  1.4-1.8p 05p
Binary (ThO,-UO,)  Surface area 45-60m’g 8.0-9.0mYg
Average particle size 1522 p 05p

“From Belle et al. January 1976. .
*Expressed in microns (), where 1 p= 10 m.
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Table 3.7.25. LWBR fuel element dimension specifications®

Power i

Fuel element Seed Sanagi;‘: flattening Reflector
blanket
Zircaloy-4 cladding
Outside diameter 0.306 £.0015 0.5715+ 0015 0.5275+.0015 - 0.832+.003
Inside diameter 0.262 + .001 0.516 = .001 0.475 £ .001 0.748 £ .001
Nominal wall thickness 0.022 10.02775 . 0.02625 " 0.042
Outside diameter-to- 13.9 20.6 20.1 : 19.8
thickness ratio .
Cladding heat treatment®  RXA SRA SRA SRA
UO,~ThO, fuel pellets
" Diameter 0.252 + .0005 0.5105+.0005  0.4695 + .0005
Length 0.445+ .020 0.530+.020 - 0.870+.020
0.615 £ .020 0.870 = .020 - 0.785 £ .020
0.785 £ .020 0.700 £ .020
End shoulder width 0.046 = .008 0.055+ .015 0.055 + .015
End face dish depth 0.009 + .003 0.014 £ .004 0.014 + .004
‘ Chamfer or taper : : -
Depth 0.015 £ .005 0.001-0.004 0.001-0.004
Length 0.015+ .015 0.100-0.200 0.100-0.200
Range of individual 94.55-99.27 96.55-99.38 95.26-98.60
pellet densities, % of . '
theoretical " :
Fuel-cladding diametral 0.0085-0.0115  0.004-0.007 0.004-0.007 ‘
gap : - .
)
" ThO, fuel pellets .
Diameter 0.2555+.0005 0.5105+.0005 0.4695+.0005 .0.7415+ .0005
Length 0.530+.020 0.615+ .020 0.445 £ .020 . 0.740 + .060
End shoulder width 0.055+ .010 0.055+ .010 0.055£.010 ;0.074 £.010
End face dish depth 0.009 + .003 0.014 + .004 0.014 + .004 £ 0.014 £ .004
Edge configuration 0.015 = .005 0.006 = .004 0.006 + .004 :
Chamfer Chamfer Chamfer , Square edge
Range of individual 95.14-99.75 93.10-99.36 95.37-99.95 . 93.08-99.08 -
pellet densities, % of ‘
theoretical . - :
Fuel—cladding di