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ABSTRACT

The basic processes for reprocessing thorium based light water reactor
type fuels are defined for use in identifying criticality data needs. The
Reference Thorium Fuel Cycle is used as the primary fuel cycle. Material
forms and compositions are described for each major processing step. These
forms consist of nitrates and oxides of Th - U - Pu combinations. Fuel
fabrication and fuel pool storage facilities are also defined to the extent

they interact with fuel reprocessing.
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CRITICALITY RESEARCH IN SUPPORT

OF CHEMICAL REPROCESSING IN

THE THORIUM FUEL CYCLE TECHNOLOGY

PROGRAM - BASIC PROCESS DESCRIPTION

INTRODUCTION

In the design and operation of fuel reprocessing plants, a sound
understanding of the criticality parameters involved is required to acnieve
a safe and economical facility. The purpose of this document is to estab-
lish a basic process description for use in identifying criticality data

needs in the thorium based Light Water Reactor (LWR) type fuels.

Several fuel cycle options are currently being considered for these

() 235, 238, 233

thorium based fuels. Practically all combinations of U, U, U,

Pu, arnd Th are covered in these variocus options. As the initial basis for
establishing the criticality datz needs in these fuel cycles, the Reference

(1)

Thorium Fuel Cycle has been chosen and is the primary fuel cycle considered

in this document.
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PROCESS DESCRIPTION

The flow diagram for the proposed Reference Thorim Fuel Cyc]e(]) is
shown in Figure 1. The fuel cycle consists of six different types of

facjlities. These are:

e A - Uranium and Thorium mines

e B - Uranium Enrichment Plant

o C - Fuel Fabrication Facilities

e D -~ Light Water Reactors

e E - Spent Fuel Storage Facilities

e F - Chemical Reprocessing Plants

The top row of blocks in Figure 1 represent the present LWR fuel cycle. The
facilities indicated in the additional blocks are needed to impfement a com-
plete thorium based fuel cycle. Although this document is primarily concerned
with chemical reprocessing plants, fuel fabrication and fuel storage facilities

are also covered pecause of their close interactions with fuel reprocessing.

The fuel fabrication plants include both remote operations, for recycled
thorium/uranium (C3) and plutonium/thorium (C4) fuel, and contact operations
for non-recycled thorium/uranium fuel (C2). Currently, an oxide fuel form is
the primary candidate for the thorium based fuels because of the greater
experience with oxide fuel irradiation. The oxide form could be either as

a sintered powder or as compacted microspheres.
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FIGURE 1. Proposed Reference Thorium Fuel Cycle



A typical flow sheet for fabricating LWR sintered oxide fuel pellets
is shown in Figure 2.(2) A flow sheet for the Qak Ridge Sol-gel process for
microsphere fuel fabrication is shown in Figure 3.(3) The sol-gel oxide
production process could be located either in the fabricaticn plant or re-
processing facility. The flow sheet for this process is shown in Figure 4.(3)
The fissile material form at various process steps for fuel fabrication and

sol-gel preparaticn are presented in Appendix A.

The criticality safety limits placed on spent fuel storage pools at
reactor sites or in facilities dedicated to storage are similar to those
which could be used in the storage pool of a chemical reprocessing plant.
The reprocessing plants in the referenced fuel cycle (F in Figure 1) must
have the capability for reprocessing three types of fuel; uranium, uranium/
thorium mixtures, and plutonium/thorium mixtures. Although one plant could
be built to handle all fuels, equipment designed for thorex solvent extraction
will not be optimum for Purex operation, and vice versa. A1l fuels will be
considered to contain uranium, plutonium, and thorium. A flow diagram for

(2)

uranium/plutonium/thorium reprocessing is shown in Figure 5. The solvent
extraction employs the acid thorex process. A concaeptual flowsheet for this
process is given in Figures 6 and 7. The fissile material form at various

praocess steps for reprocessing are presentad in Appendix B.



UPPER PLENUM
COMPONENT
INSERTION

-

1 § HARDWARE

PuO, POWDER ThO, POWDER
U0, POWDER =—== = 1 7= === Tho, POWDER
U0, POWDER ] Pu0, POWDER Zr20R Zr4
2 T T e TUBING
BATCH BLENDING | +
CLADDING TUBE
l MILING }, | INSPECTION
+ s——BINDER I
A 4—-1 OT BLENDING CLEANING
SAMPLES LoT et l AND PICKLING
[ AGGLOMERATION _______;::::::_;L,
} ‘
. FINES | AUTOCLAVING
[ GRANULATION _—:1— END
‘ PLUG
L f'
GRINDING BoTToMm |
PELLET PRLESSlNG K ! END leo B
BINDER REMOV AL r INSPECTION |
l S INTERING
T OXIDATION/
REDUCT!ON
SCRAP
RECOVERY L CRINDING
PELLET
SAMPLES +1  |nspECTION
PELLET STACK
FORMATION AND
INSPECTION
v ¥
FUEL ROD
LOADING INTERNAL

3

TOP END
DECONTAMINATION

!

{FUEL CFF-GASSING

i

TOP END PLUG
INSERTION
AND WELDING

¥

HELIUM LEAK TEST

]

FUEL RCD
DECONTAMINATION

!

FUEL RQOD
INSPECTION

I

| FUEL ELEMENT
’ ASSEMBLY
| AND INSPECTION

!

PACKAGING
| AND SHIPPING

FIGURE 2. O0Oxide Pell

et Fuel

. SEREA
Element Fabrication(2)



DENSE OXIDE FUEL POWDER
FROM SOL-GEL PROCESS
INCOMING .
TUBING GRINDING AND SCREENING
v v
WELDING FUEL- POWDER-
FIRST END CAP LOADING MiXTURE
v S
| mstinG BLENDING
]
vy v
LOADING AND
VIBRATORY COMPACTION
3
CLEANING AND
DECONTAMINATION
3
WELDING
SECOND END CAP
v
[ CLEANING |
v
{ LEAK TEST L
Y
| DYE-PENETRANT TEST | INCOMING
STRUCTURAL COMPONENT
] DENS {TY TEST ]
v [ PARTIAL ASSEMBLY |
FINISHED
FUEL RODS | InseecTioN |
[ }
¥ ¢
UNDERWATER
STORAGE
MECHANICAL
ASSEMBLY
+
FINAL
INSPECTION
*
FINISHED
FUEL ELEMENTS
v
| storace |
(3)

FIGURE 3. Sol-gel Fuel Element Fabrication



THORIUM

STEAM
SUPPLY

—

NITRATE
v
DENITRATION [ CONDENSATION
DISPERSIBLE ACTIVE WASTE INCOMING UOZ(NO3)2
THORIA SOLUTION
< ¢ ‘L L 7
SOL PREPARATION
v
FUEL-CONTAINING SOL
v
EVAPORATION CONDENSATION
y y
FUEL-CONTAINING GEL ACTIVE WASTE
v
CALCINATION CONDENSATION
DENSE OXIDE ACTIVE WASTE
FUEL POWDER
FIGURE 2. Scl-Gel Microsphere Preparation<3)



{RRADIATED FUEL

SRS bl ol tovini o S
INITIAL | RECYCLE
Pu0; | Do,
o, | Tho,

FUEL SHIPMENT

FUEL RECEIVING
AND STORAGE
{POOL)

e ]

|
[ END PIECES ‘__1‘ SIZE REDUCTION |
!

STORAGE \CHOPY
ALTERNATE
r N
CLAD REMOVAL |4l CLaD soLUTION
(CHLORINATION . CALCINATION
— g I , ]
* — vouxicanon || wasrestomase |
FNO,, HF, ALNO,)
3 33
SN S
;
; FUEL DISSOLUTION |
i Kr Y0x | PuOg-wPuiNOglg ;
| ThOp—sThiNOqly |
| Pue P00y, |
HEAD END

. FEED ADJUSTMENT

| SOLIDS REMOVAL Wy

- 4 SOLVEMT EXTRACTION | HL'W

4001 THOR
AODIFIED ACID THOREX
Y.
e , FEED ARILSTAENT |
- . ThiND,s
| 700,180, . PG, 34 f
L J o |
[7SOLIDS REMOVAL | | SOLICS REMOVAL |
! Juw
| SOLVENT EXTRACTION SOLVENT EXTRACTION |
M apucvce | ACID THOREX
l TFu
—
Z| | FEED ABJUSTMENT i .
3 n
E
2 SOLIDS REMOVAL |
z — T ]
; ¢ % N .
el
le]  SOLVENT EXTRACTION
2ND Py CYCLE
¢ . — | .. SOWENTEXTRACTION _____ |
/ CONVERSiON { !
QXALATE PREC; PITATION ] [ 0w, STORAGE
PUNDy*9uC,0 5 | 07N, UG, 4 74 f
2 |__DR SOL-G& PROCESS e s
3 X I :
CALCINATION ‘ U0, SHIPMENT NG PURIFICATION |
PUIC, 0 7>0u0, | 10 REFABRICATION | IONEXCHANGE |
T

1 Pu0q SHIPMENT ‘ "hINOqig SHIPMENT |

7O REFABRICATION | TQREFABRICATIONOR
_ I__39L-GE PROCESS I

CONVERSION

(2)

FIGURE 5. Uranium/Plutonium/Thorium Fuel Reprocessing



LAF

200-220 glg Th
0.3-1M HNO3
52-57gle U
0.71-0.78 g/¢ Pu
0.3 M ANO3)5

1AA IAS'
13.0M HNOS W)U 5 amino,

1AX

610 > 50% @ IAS -
304 18P ¢ . 0.01M HNO,

@ 0.01M H3PO,
cw

IAW IBS _@ - <1073%y
0 < 100%% Pu
< 0.5%Th ; 30-35 C
: 30% TBP - 2,
< 0.01% U . <% Th
< 0.05% Pu
2.1 M HNO, 402 . @ @
IBPT IBX |
8.79/4Th 0.2 HNOs 260t
< 106 ppm U i
0.18 g/¢ Pu @
0.23 M HNO, 397
ICu IcX
13.1-14.4qlgV 0.01 M HNO,
0.1 M HNO,

FIGURE 6. Acid Thorex - First Cycle



2AX

2AF

90-100 g/2Th
0.35-0.40 g/¢Pu
1.5-2.0 M HNO3

21

30% 18P

30-35°C

O

2AW

0.5 M HNO3

< 0.05% Th
< 0.05% Pu

30% 18P

FIGURE 7.

2AS

2.0 M HNO

0.01M i13P04

160

30-350¢C

80

BP

0.88 glg Pu
2 M HNO
<0.1%T

2CW

< 0.01% Pu
<0.0¥%Th

28X

2.0 M HNO,

0.1 M Fe(NO3)y

0.2M NH,y

>30°C

6

©

X1

42.5qlt Th
0.7M HNO3

Acid Thorex - Second Th/Pu Cycle

(1

2CX

0.03 M HNO4

0L



11

Estimated isotopic compositions for uranium/thorium and plutonium/
thorjum fuel cycles are given in Appendix C. These abundances are given
only to indicate ranges of concentration ratios which might be expected

in the fabrication and reprocessing facilities.

CONCLUSIONS AND SUMMARY

The TFCT program involves a wide range of fuel forms. These
include powders, solutions, pellets, rods and fuel rod bundles. Chemical
forms include nitratas and oxides. A summary of the expected forms is
given below:

¢ Powders - UO2 - ThO2 and PuQ, - ThO2 powders with low and medium

2

moderation: Possible feed material in fuel fabrication and end

product in reprocessing.

o Pellets - UO2 - Th02 and PuO2

Present fuel fabrication and possibly in head end of reprocessing.

- ThO2 hoth dry and water moderated:

e Rods & Fuel Rod Bundles - U0, - ThO2 and PuQ, - ThO2 with and without

2 2
fixed and soluble poisons: Present in shipping containers, fuel fab-

rication, and spent fuel storage pools.

e ruel Rods in Fissile Solution - UO2 - Th02 and PuO2 - ThO2 mixtures
in acid fissile solutions: Present in dissolvers. Rods may be clad

or unclad and soluble poisons may be present.
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e Solutions - UOZ(NO3)2 - nh(NO3)4 and PU\N03)4 - Th(NO3)4 solutions:
Present in solvent ex;raction. Possibility of soluble poisons being
present. Both over— and under-— moderated systems possible. Organic

and acid present.

o Fluidized Bed - UOZ(N03)2 - T'n(N03)4 with trace plutonium present
in fluidized bed. The bed may consist of oxide or stainiess steel
spheres coated with sprayed Th(NO3)4. Normally only depleted uranium
is present, but should the solvent extraction system fail, greater

than trace quantities of Pu and U could be present.

” el
A1l the abcve uranium/thorium mixtures contain ‘38U with either 235U or 233

U
and'235U. Criticality data are needed on all these fuel forms to achieve the

safest and most eccnomical thorium based LWR fuel cycle.
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[. Oxide Pellet Fucl Fabrication

Process Step Fuel Cycle Tyne

Fissile Material Torm

dry UO2 powder

1. Receipl and Storage of Us/1h
Vo, 1ho,, and/or Puo,, S
U3/U5/Th
Pu/lh

Blending, Milling,

us/Th or U3/U5/Th

g

Agglomeration of axide

powders

Pu/lh

3. Pellet pressing, sintering, Us/th or 43705/ 1h

grinding, inspection, storaye

Pu/Th

(a)

recycle thorium,
A-1

dry UO2 powder
dry 1h02 powder with trace

Quantities of p]utonium(a) and uraniuu

dry Pu02 powder
dry Th02 powder(a

Hixtlures of UO2 and ThO2 powders

combined with binder

Mixtures of PuOQ and ThO2 powders
combined with binder

U02~Th02 pellels - normally dry with

possibility of moderation trace

Pu02~Th02 pellets - normally dry wilh
passibility of moderation

Should solvenl extraction fatl, significant concentrations of plulonium and/or uranium could be present in

(@)



APPENDIX A - TUEL FABRICATION

Process Step fuel Cycle Type Fissile Material Form
4. Fuel rod loading, off-gassing, U5/Th or U3/U5/Th NMormally dry rods containing peliets
welding, inspection, packaging, of U02—Th02. Possibility of moderation.
storage, shipping. e R
Pu/Th Hormally dry rods containing pellets
of PuOZ-ThOZ. Possibility of

moderation,

Y. Scrap Recovery; dissolution, us/Th, U3/U5/Th, and/or Steps similar Lo reprocessing plant:
precipitation, centyifuging, 'u/Th Scrap dissolved and thorium, uranium,
calcination. and plutonium separated. The uranium

and plutonim will be precipitated and
calcined to oblain oxide powders for
reintroduction at top of flow.

[1. Sol-gel Fuel Element Fabrication

The Fissile material forms encountered in sol-gel fuel element fabricalion are similar to those for oxide
pellet fuel element fabricalion excepl no pellels are produced. Instead, the powder is directly vibralory
compacted into the fuel elements. Hence, all fissile material torms except pellets are present.

A-2

91



(6) ORNL-368]
APPTHDIX A - TULL _FABRICATION

I Sol-Gel Micyosphere prepavation'™ - SR e
Process Step fuel Cycle Type Fissile Material Farm
I. Receipt and storage of U0, (NO5), us/Th uo, (N03)2 solution only

and 1h (NO.,)4 from purificalion. e e e e

U3/US/Th U0, (NO4), solutions Th (NO3),
containing trace quantities of

fissile uranium and plutonium.(a)
2. Demitration us/1h None
U3/U5/Th Recycle Th (N03)4 wilh trace quantities

of fissile uranium and plutnnium.(a)
Product is Th02. Fluidized bed deni-
tration consists of Th (N03)4 sprayed
ohlo oxide or stainless steel spheres.
Air jels rewmove solidified oxide.

3. Sol preparation U5/Th or U3/U5/Th Mixtures of UO2 (N03)2 and ThOZ.
Trace plutonium may be present. a)
Product U03-Th0? sol.

d . . . . . .
( )5hould solvent extractton tail, siynificant concentrations of plutoniuwm and/or uranium could be

present in yecycle thorium,
A-3



Process_Step

4.

Gelation and Calcination

(a)

APPENDIX A = FUEL FABRICATION

fuel Cycle Type

U5/Th or U3/U5/Th

Fissile Material Form

U03—Th02 is evaporated and

calcine
U0,-ThO

d.

d
2.

Product is dense, dry

Should solvent extraction fail, siynificant concentrations of plutonium and/or

present in recycle thorium,

A-4

uranium could be

8l
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APPENDIX B - FUEL RIPROCESSING

Uranium/Thoriuwn Fuel Reprocessing (Both U5/Th and U3/05/Th)

Process Step fissile Material Form
9 - s s
1. Receipt and storage of U()Z—Tho2 “3bu02/1h02 and 233UOZ/ThO2 rods in bundles, Probably stored in
irradiated fuel elemenls. waler basins,
2. Chopping of fuel rods and clad Dry U02/Th02 rods and mixtures of rods in acid solution with oxide
(5)

removal by zirflex and sulfex. fines. Zircaloy clad removal in boiling GH_NH4F—1@NH4NO3.

Stainless steel clad removal vefluxing 4M 11,50,

3. Voloxidation to remove volatile Oxidation heating to cause U()2 change Lo U3 g
tission producls and tritium.

6)

— S e e s e - Ve

4. Dissolving ( Change of U0, to U02(N03)2 and ThO, to Th(N03)4 in solution of

2 2
2 - . .
]“!HH03, 0.05M HIF and A](N03)2. Rods and fissile solutions will be
presenl simultaneously. Also, soluble poisons might be present.

Low concentrations of plutonium are also present.

B-1



APPENDIX 8 - FULL RIPROCESSING

Process Step Pissile Material Form
5. First Cycle solvent extlraction. 200-220 g/¢  Th with 52-57 g/« U and 0.71-0.78 g/¢ Pu feed. Also
present 1IN0 and 307 TBP. Fixed poisons may be present.

6 Second cycle solvent extraction 90-100 g/« Th with 0.35 to 0.4 g/« Pu in 1/5-2.0 M HNO3, Trace U.
(Th/Pu). Fixed poisons may be present,

/. Second cycle solvent extraction Over moderated “02'(N03)2 solution with trace Th and Pu.
(uy. Fixed poisons may be present.

8. UU2 (Nﬂ3)2 conversion or transfler U02 (N()3)2 solution converted to either UF6 or “02'
Lo sol-gel facility.

9. Th (N03)4 purification and ship- Th (N()3)4 with trace Pu content.(d)
menl Lo retabrication or sol-gyel
facility.
10. Pu conversion Pu (N03)4 converted to Pu (C204)2 and then to Pu 02.

IT. Plutonium/Thorium Fuel Reprocessing

The reprocessing of plutonium/thorium fuel is similar to uranium/thovium fuel. The difference is in the
abundances for uranium and plutonium. Siwilar process steps are cmployed. Appendix C gives estimated
isotopic concentrations.

(a)

Should second Th-Pu cycle solvent extraction fail, significant Pu could result.

B-2
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APPENDIX C

Appendix C FUEL ISQTOPIC DISTRIBUTIONS

Fuel Compositions (wt%)

(\) Irradiated
US/Th Fuel Initial Load (29,000 Mud/Mt)
Th 0.7785 0.7916
235
U 0.0443 0.0179
238 0.1772 0.1769
233, - 0.0108
Fissiie Pu - 0.0028

5,
U3/U5/7Tnh Fuel (2) Pecycle Load

Th 0.708 - 0.7785
235y 0.0 - 0.0443
238, 0.1772- 0. 57
23y 0.0 - 0.0%5
Pu/Th Fue](/)' Recycle Loaa [rragdgiated
Th 0.877 9.500
233, - G.071
233, 5.540 0.017
2405, 2,040 0.034
24p, 7.024 3318
2325, 2.019 0.013
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