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B.l BRIEF DESCRIPTION OF THE FAST BREEDER FUEL CYCLE 

B.l.l The Reference FBR System Design 

By agreement, Che reference FBR data base to be used for Che XNFCE 
Subgroup 5B report will be derived by Che rapporteurs from data on hardened 
designs from existing large-scale national LMFBR projects (e.g., Super Phenlx 
in France and the CBR in Che United Kingdom). Accordingly, Che U.S. con
tribution does not include a reference data base of the type defined in Che 
approved Subgroup 5B syllabus. Neither does it contain information on 
projected national and global FBR deployment rates which is Co be supplied 
by Subgroup 5A In close coordination with Working Group 1. 

B.l.2 Critical Points in the FBR Fuel Cycle 

The basic elements of the FBR fuel cycle considered in this report 
are reprocessing, fabrication, waste handling, and transportation activities. 
As fuel materials pass through the cycle they present varying degrees of 
attractiveness for diversion depending upon their fissile concentration, 
type and level of radioactivity, physical and chemical form, and purity. 

The designs of fuel cycle facilities normally are based on 
optimization of process conditions. Although designs generally lend them
selves to a prescribed level of security, overall safeguards considerations 
have been secondary. Facility characteristics can strongly affect the 
ability to engineer the process equipment and process techniques for laproved 
safeguards. 

All fuel cycle facilities contain various process equipment enclosures 
designed to protect people from the process. Protection of people from 
radiation, contamination, toxic chemicals, or high-temperature equipment 
has long been a goal of facility design for all nuclear facilities. The 
resulting hardening of structures around process equipment can be regarded 
as a built-in containment and surveillance advantage. Enclosures designed 
with safeguards in mind (allowing for sufficient specialized safeguards assay 
penetrations) might eliminate in-process accountability problems. 

B.l.3 Possible Technical Antiproliferation Measures 

B.1.3.1 International Safeguards 

No submission at this time. 

B.l.3.2 National Safeguards 

For a discussion of national safeguards, the reader is 
referred Co the U.S. Contribution to the Subgroup C Report, INFCE Working 
Group 5. 

B.l.3.3 Efficiencies of Detection of Diversion 

No submission at this time. 
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B.2 FUEL REPROCESSING 

For reference purposes it is considered that aqueous reprocessing 
keyed to the Purex solvent extraction technique will be used for F3R oxide 
fuels. The purpose of this section is to present and briefly discuss perti
nent flowsheets and process descriptions, including proposed aodifications 
to the reference process that might enhance proliferation resistance. The 
descriptive and analytical material presented are based on the reactor sys
tem mass flow data given is Table B.2-1. The reference reactor design from 
which these data are derived is described in detail in the U.S. contribution 
to the BiFCE Subgroup 5A report. Some important performance parameters 
for this design are listed below. 

Reactor Power, MWe/MWth 
Capacity Factor, Z 
Compound System Doubling Time, 
Reactor Breeding Ratio 
Average Burnup, MJD/kg 

Core 
Axial Blanket 
Radial Blanket 

Fuel Residence Time, fpd 
Radial Blanket Residence Time, 

yr 

fpd 

1000/2740 
75 
17.3 
1.325 

52.3 
2.5 
3.1 
548 
1370 

B.2.1 Aqueous Reprocessing Technology 

Conventional aqueous reprocessing basically Involves a series of 
operations in which a) spent fuel and blanket materials are dissolved in 
nitric acid, b) the resulting nitrate solution after adjustment and clarifica
tion is treated in a solvent extraction process where the plutonium and uranium 
actlnides are separated from the fission products and from each other, c) the 
resulting product streams are converted to appropriate solid fora and com
position for transfer to a refabrlcation plant, and d) the fission-product 
waste stream is processed to produce solid waste. The basic steps for the 
FBR aqueous reprocessing schemes included in this section are presented in 
Fig. B.2-1. 

Aqueous reprocessing of U-Pu fuels is keyed to a basic solvent extrac
tion process (Step 7.0) known as Purex. Solvent extraction separation pro
cesses make use of the differences in equilibrium distribution of the desired 
actlnldes and the fission products between aqueous and organic phases. This 
principle Is Illustrated in the schematic representation of the countercur-
rent extraction process for the basic Purex process shown in Fig. B.2-2. 
Trlbutyl phosphate (TBP) in a diluent such as dodecane is an extremely effec
tive organic extractant for this purpose. Process descriptions and stream 
characteristics for aqueous Purex reprocessing are presented and discussed 
below in reference to a plant with an annual capacity of 1500 tonnes of 
heavy metal (5 tonnes of heavy metal per day). 



Table B.2-1. Mass Flow Data for Reference Pu-U Oxide LMFBR 

235u 

Core 22.3 

Axial Blanket 19.9 

Radial Blanket 1B-0 

Total 60.1 

Core 13.5 

Axial Blanket 16.4 

Radial Blanket 15.2 

Total 45.1 

236y 2380
 2 3 8P U 

0 11,272 20.2 

0 9,907 0 

0 8,978 0 

0 30,157 20.2 

1.9 10,529 15.0 

0.9 9,706 0 

0.7 9,798 0 

3,5 29,033 15.0 

Maaa Flow, kg/yr 

239Pu 2«*0pu 2«<lpu 

Equilibrium LoadInn 

1,364.A 390.9 206.5 

0 0 0 

0 0 0 

1,364.A 390.9 206.5 

Equilibrium Discharge 

1,385.7 456.8 140.7 

171.7 6.2 0.4 

146.9 6.7 0.5 

1,704.3 469.7 141.6 

Total Total 
2l,2Pu Fissile Heavy 

Metal 

49.3 1,593.2 13,325 

0 19.9 9,927 

_0 18.0 8,996 

49.3 1,631.1 32,248 

58.1 1,540.0 12,600 

0 188.5 9,902 

0 162.5 8,968 

58.1 1.89J.0 31,470 
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B.2.1.1 Receiving and Storage 

Shipping casks containing the spent assemblies are removed 
from the carriers, sealed from below to the floor of an inert-atmosphere, 
shielded unloading cell, and vented to a radioactive off-gas collection and 
treatment system. After a fuel assembly is removed from the cask and cleaned, 
its identity is confirmed. Then it is transferred to an addressed location 
in the storage pool. 

B.2.1.2 Mechanical Head End 

This step is carried nut in a heavily shielded, remotely 
operated cell. First, the shroud (or hexagonal flow duct) is circumcised at 
the end fitting where the fuel pins are anchored and then is withdrawn. 
The pins (still attached to the end fitting) are transferred to the feed 
mechanism of the mechanical shear where they are chopped into segments be
tween 25 and 50 mm long to expose the fuel for subsequent chemical reaction. 
Alternatively, the fuel say be disassembled and the pins withdrawn separately 
for shearing. The shroud and end fittings are discarded to the waste. 

B.2.1.3 Voloxidation 

In this step, the sheared fuel segments are dropped into a 
rotating calclner and heated in air for 1 to 2 hours. The principal purpose 
of this operation is to remove tritium, which is released as the fuel breaks 
up and expands during 11303 formation. (In FBRs, from 5 to 8Z of the 
tritium generated by ternary fission is retained in the fuel, as compared to 
LURs where essentially all of the tritium is retained in the fuel.) The 
tritium is selectively absorbed from the off-gas as tritiated water. In 
addition to removing tritium, this step serves to render inert any residual 
sodium in the fuel segments, thus precluding violent reactions In the dis
solves A part of the iodine and noble fission-product gases a -e also re
leased during this step. 

B.2.1.4 Dissolution 

Dissolving may be carried out in either batch or continuous 
fashion. In the continuous mode, the dissolver is a rotating cylinder so 
designed that the residence time and the rate of advance from feed to dis
charge is controllable. In it nearly all of the fuel and fission products 
axe dissolved in concentrated (3 to 8 M) nitric acid. The dissolvent 
contains gadolinium nitrate as a neutron poison for criticality control. 

B.2.1.5 Peed Preparation 

In this step, shown schematically in Pig. B.2-3, the concen
tration of the clarified dissolver solution Is adjusted and the valence of 
the plutonlum is adjusted to the +4 state in preparation for the solvent 
extraction step. 
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Fig. B.2-3. Flow Diagram for Feed Preparation Step In FBR Aqueous Fuel Reprocessing. 
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B.2.1.6 Solvent Extraction 

A flow diagram for the reference Purex solvent extraction 
process is shewn in Fig. B.2-4. The feed solution is sent to a codecontamina-
tion/partitionlng cycle, where it is contacted countercurrently in an 
approximately ten-stage contactor with dodecane containing 15 to 302 TBP. The 
organic solution from the Initial contactor passes to the partitioning 
contactor. The aqueous waste stream leaving the extraction contactor con
tains more than 992 of the fission products. 

The organic solution from the extraction contactor passes 
through a partitioning contactor, where tetravalent plutonium is chemically 
reduced to the essentially lnextractable trivalent state. This causes the 
plutonium to transfer from the organic solvent into the aqueous stripping 
solution which then is sent to the plutonium purification cycles. The 
organic solution containing the uranium passes through another extraction 
contactor where the uranium is stripped into dilute nitric acid (M3.01 M) 
which, after concentration, passes to the uranium purification cycle. 

The partitioned plutonium and uranium streams aie further 
purified by repeating the extraction and stripping steps. The aqueous pro
duct streams are sent to the respective product conversion steps. Aqueous 
raffinates from the final purification cycles are concentrated and recycled 
to the extraction section of the initial cycle extraction contactor where 
the contained uranium and plutonium are recovered. 

The spent organic streams for the several cycles are washed 
successively with dilute aqueous solutions of sodium carbonate and nitric 
acid to remove the products of radiolytic decomposition, and then are 
recycled. 

Stream characteristics are shown in Table 3.2-2 for the mass 
flow data provided in Table 3.2-1. 

B.2.1.7 Product Conversion 

For the reference process this step involves converting the 
aqueous U and Pu product streams from the solvent extraction process into 
sinterable powders for use in the fabrication plant. (The stream character
istics are considered in Section B.2.3.2.2.) The reference process for 
converting uranium to UO2 is the ammonium dluranate (ADU) process. Oxalate 
precipitation is the reference process for producing Pu02« 

In the ADU process, uranyl nitrate solution is first concen
trated, then ammonia is added to precipitate the ADU. After separation using 
a centrifuge, the precipitate is calcined and reduced in a steam-H2 atmo
sphere. The resulting UO2 powder is milled to the proper size, inspected, 
packaged, and shipped. Off-specification material Is recycled through the 
reprocessing plant, entering at the fuel dissolution step. In the oxalate 
precipitation process, plutonium nitrate feed is treated with hydroxylamine 
nitrate (HAN) to reduce any Pu 6 to Pu \ Nitric acid is also added to 
adjust the acidity of the feed to avoid hydrolysis. The adjusted feed is 
then heated and blended continuously with a slight excess of oxalic acid. 
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Table B.2-2. Stream Characteristics for the Reference Purex Solvent Extraction Process 

Stream 
Characteristics 

6.3.1 

Stream Number 

7.1.2 7.1.3 7.3.3 7.3.A 7.4.1 7.A.2 7.6.1 7.6.2 

Fissile Concentration, g/1 

Fissile Flow Kate, kg/hr 

Total IM Flow Rate, kg/hr 

Dose Rate,0 R/hr-kg MM 

12 

11.7 

200 

8000 

Neg. 

0.1 

1 

>105 

12 

12.0 

206.9 

6 

12 

11.8 

15.A 

0.06 

Neg. 

0.2 

4.0 

6 

Neg. 

Neg. 

183.9 

0.0006 

Neg. 

Neg. 

3.7 

0.06 

250 

11.6 

15.1 

0.003 

Neg. 

0.2 

0.3 

0.06 

All streams are liquid nitrate solutions and the concentration of fissile isotopes (239Pu and 2l,'Pu) 
relative to total Pu Is 77Z. 

Negligible: Stream contains <_ IS of incoming quantity of fissile Isotopes. 

Calculated for distance of 1 m and assuming no self-shielding. 
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After a digestion period of about 1 hour, the precipitate is recovered, 
washed, dried, and then calcined to PuOj. The Pu02 is stilled, inspected, 
packaged, and shipped. Off-specification material is recycled. 

B.2.1.8 Waste Processing 

All of the functional steps in FBR aqueous fuel reprocessing 
generate radioactive waste streams; major streams are shown in Fig. B.2-5. 
The primary gaseous waste stream is generated in the volozidation and fuel 
dissolution steps. During the voloxidation step, tritium, krypton, some of 
the iodine, and some of the ruthenium are liberated. During the dissolution, 
step, the bulk of the iodine and the remainder of the krypton are released 
to the off gas system. The tritium may be retained as tritiated water 
incorporated in a solid such as concrete. Krypton may be collected by any 
of several concentration steps, such as absorption in freon, and subse
quently stored in compressed gas cylinders. Iodine may be recovered as an 
Insoluble solid such as barium iodate and incorporated in concrete. 

The aqueous streams from receiving and storage, feed prepara
tion, and solvent extraction will be concentrated and solidified, packaged, 
and sent to a waste disposal facility. The solidified waste would be highly 
radioactive (MO^R/hr-kg H2f) and would contain very little fissile material. 
The water and nitric acid recovered during the concentration step would be 
recycled within the reprocessing plant. 

Solid wastes are generated in the feed preparation, dissolu
tion, and mechanical head end steps. The major flow is the metallic end-
hardware and shroud (duct), that are removed during the mechanical head end 
step, and the cladding hulls from the dissolution step. These materials 
would probably be compacted, packaged, and sent to a waste disposal facility. 
The compacted material would be highly radioactive and contain very little 
fissile material. The total losses of fissile material from the process 
are discussed below. Further discussion of wastes from FBR reprocessing is 
presented In Section B.5. 

B.2.1.9 In-Process Losses 

The greatest potential for significant loss probably exists 
with the solid highly radioactive wastes, the leached hulls in particular; 
fuel pieces with near-closed ends would cause these losses to increase. 
Greater understanding of and control over the shearing process coupled with 
the use of a rotating drum dissolver instead of a static-bed dissolver is 
expected to reduce this loss. 

Owing to the nature of the countercurrent processes used, the 
losses in the reprocessing plant are more the choice of the designer and the 
operator, based on economic considerations, than any physical limitation of 
Che process. These limited losses are controlled by the operating conditions 
and the number of cycles. 
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B.2.1.10 Status of Technology 

Aqueous fuel reprocessing for production of plutonlum has been 
practiced for over three decades. The particular separations process chemistry 
and general process approach presented here have been in use for about two-
thirds of that period. Additional development work is required in the areas 
of 1) shearing of highly irradiated stainless steel clad fuel; 2) dissolution 
of fuels containing high concentrations of plutonium oxide; 3) separation 
of insoluble fission products from solvent extraction feed solutions; 4) con
version of the nitrate solution products to solid oxides; 5) confinement of 
radioactive materials to the fuel cycle operations within the plant; 
6) conversion of high level liquid waste to solid; and 7) the design of 
low-cost remote maintenance systems. The work remaining to be accomplished 
Is predominantly in the area of engineering development and demonstration. 

The combination of plant experience and developmental data 
Indicate chat satisfactory solutions to these problems can be devised, but 
that additional engineering development, including demonstration in a radio
active system, is necessary. Such demonstration is desirable for purely 
technical reasons, but appears to be mandatory to provide adequate demon
stration that the above problems can be solved without unacceptable economic 
penalty. 

B.2.1.U Reference Purex Reprocessing Costs 

Mo submission at this time. 

B.2.2 Analysis of Diversion Risks in Conventional Reprocessing 

B.2.2.1 In-Process Inventories 

No submission at this time. 

B.2.2.2 Present Methods of Accountability, Surveillance, and Protection 

Except for some head-end receiving and mechanical operations 
and tail-end storage and shipping functions, Che reference reprocessing plant 
utilizes a continuous flow process. Generally fuel is assayed in the flowing 
stream; however, in some stages (for example, in hold-up tanks) the flow may 
be slow enough so that samples can be taken. 

NDA techniques can be used in the flowing process lines and 
depend on process instrument measurements of liquid level and organic/aqueous 
phase interface level to determine column (or tank) plutonium quantities.1 

Primary NDA techniques used are alpha assay, gamma ray analysis, and absorp
tion edge densitometry.2 These techniques measure relative quantities of 
plutoniua in the process line. By coupling standard flow meter data and 
frequent NDA calibration using analytical chemistry techniques, fuel mass 
flow is determined. 

A system has been evaluated3 for diversion sensitivity by 
computer modeling the process streams, the NDA measurements, and a safe
guards analysis system.3''* 
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The results of these evaluations are given in Table B.2-3 to 
show the range of capabilities for diversion detection. The amount of mate
rial, the loss of which would be detected within a given time, is presented 
as a function of material balance frequency and assumed accuracy for measur
ing fissile content in bulk liquids, as in columns, contactors, and holdup 
tanks. In the table, the right-hand column is the cumulative mass at which 
tiie safeguards computer realizes the diversion is taking place. 

The most marked improvement occurs when there are many bal
ances during a detection period. System improvements could be made by 
increasing the balance frequency and/or improving measurements methods for 
the material in columns (or tanks). 

It is unlikely that process monitoring sensitivity will ever 
approach that of the portal monitors, because process monitors must speci
fically identify the Pu and measure its quantity, while the doorway monitors 
measure gross gamma or neutron fluxes and assume that the signal is wholly 
from plutonium. Typical portal-monitor sensitivities require the detection 
of 0.5 g Pu in 3 mm of brass. These monitors provide the best safeguards 
against covert diversion of small quantities of special nuclear material. 

Although quantities of SNM below the detection limits 
presently represent only a tiny fraction of plant throughput, future techni
cal Improvements prior to actual deployment of FBR reprocessing could pro
duce significant reductions. It is important to note, however, that these 
limits would apply only to rather sophisticated national safeguards systems, 
which may not be suitable for IAEA use. 

B.2.3 Technical Modifications to Conventional Reprocessing 

Four modifications of the reference Furex process have been suggested 
for enhancing diversion resistance in the reprocessing plant and complic
ating subsequent handling of tJ-Pu fuel materials: 

- Reference Purer with spiked Fu stream 
- Furex coprocessing 
- Furex coprocessing with added spikant 
- Furex coprocessing with low decontamination. 

Is this section each of these modifications is described, and technical 
impacts relative to the reference Furex reprocessing scheme are presented. 

B.2.3.1 Reference Furex with Spiked Fu Stream 

The conctpt of fuel spiking is to add a radiation barrier 
around some of those parts of the fuel cycle is which the plutonium is not 
protected by radiation from the decay of fission products. As a safeguards 
measure, the addiclon of a spikant, as yet unspecified, in the reprocessing 
plant-could be Introduced for the purpose of detection, delay, or deterrence 
$» discussed in Section B.3.3.2. 
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Table B.2-3. Hypothetical Reprocessing Safeguards 
Diversion Sensitivity 

Maximum 
Detection 

Time 
(hr) 

8 

(1 wk) 

1 

24 

Material 
Balances Per 

8-hr Shift 

1 

1 

8 

8 

Assumed Column 
Measurement 
Accuracy 

(X) 

10 

10 

5 

5 

Average Material 
Diversion Sens i t i v i ty 

(kg/Balance) 

4.2 

0.3 

2.6 

0.075 

Cumulative 
Mass at 
Time of 

Detection 
(kg) 

4 .2 

6.3 

2.6 

1.8 

Average detection time for single random diversions i s half of chat indicated. 
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The spikant would be added to the nitrate product stream 
as indicated In Fig. B.2-4. The effect on the radiation level of the pro
duct stream is shovn in Table B.2-4 as an increase of about four orders of 
magnitude. The dose rate of 70 R/hr-kg HM shown is based on the criterion 
discussed in the Barnwell Plant applicability study.5 

B.2.3.2 Coprocessing 

In the coprocessing option, the recovery and utilization of 
fissile material from spent fuel is performed without ever producing a 
purified plutonium product. By not separating plutonium from uranium in a 
Purex reprocessing plant, a measure of protection is afforded to all sub
sequent fuel cycle operations. Still, a plant designed to operate in a 
coprocessing mode can be made to yield chemically pure plutonium with fairly 
minor adjustments of process conditions such as addition of plutonium re-
duct ant, flow rates, temperatures, and acid concentrations. 

Coprocessing can be effected in the reference Purex system 
by appropriately varying the partitioning conditions in Che solvent extraction 
step. This presents the need for modified product conversion relative to 
Che reference system. For this purpose, two possibilities exist: 1) co-
conversion of the U/Pu product solution (by the Coprecal process, for 
example) and 2) the formation of gel microspheres. 

B.2.3.2.1 Solvent Extraction; Uranium and plutonium can be 
co-extracted and co-stripped by appropriate modification of the conditions is 
the first two solvent extraction cycles. 

In the third and final cycle, the partitioning 
contactor is operated In such a fashion that all of the plutoniua and some 
of the uranium is stripped into an aqueous stream as Indicated in Fig. 3.2-6. 
In the final contacting step used in this cycle the balance of the uranium is 
stripped from the organic phase. The fraction of the uranium chat is made to 
stay with the plutonium in the partitioning operation is controlled by the 
aqueous flow rate and composition and by the ratio of organic to aqueous 
flow races. For example, whereas in the reference Purex process Che aqueous 
flow is about one-tenth the organic flow and carries only traces of uranium, 
increasing the aqueous flow Co a liccle over one-half the organic flow will 
increase the uranium concentration to about four times the plutonium con
centration in the aqueous produce stream. The product is highly deconta
minated, and only the activicy normally associated with the several isotopes 
of plutonium is present in significant quantity. The stream characteristics 
are compared with those for the reference process in Table B.2-4. 

« 

B.2.3.2.2 Product Conversion: Two produce conversion steps 
applicable to Furex coprocessing are shown in Fig. B.2-7 and briefly des
cribed below. Scream characteristics are listed in Table B.2-5. 

Coprecipitacion (Coprecal) There are four basic steps in the coprecipication 
and slurry calcination (Coprecal)6 process: 

1. Addition of ammonium hydroxide eo concentrated pluconlum-uranyl 
nitrate solucion Co produce a finely divided slurry of ammonium 
dluranace and pluconlus hydroxide. 



Table B.2-4. Streaa Cliaracteristlca (or Purex Solvent Extraction Schaaoa 

St ream t 

Characteristics 
Stream Number 

t . j . l 7 - t . l 7 .12 7-1.) 7 . 1 . * 7.1.5 7.2.1 7 2 . 1 7 1 1 7.).2 7 , ) ) 7 ) » 7.**- > 7.k.2 7.6.1 76 .2 

Scheme I - Reference Purex 

Fissile Concentration, g/l 12 
Fissile Flow Rate, kg/hr 11.7 
Total MM Flow Rale. kg/hr 200 
Oose Rate.- R/hr-kg MH 8000 

Meg. 
0.1 
I 
>I0 S 

12 
12.0 
206.9 
6 

Neg. 
Meg. 
187.6 
0.06 

12 
II.S 
IS.It 
0.06 

Neg. 
0.2 
4.0 
6 

Neg. 
Nag. 
IB).) 
0.0006 

Neg. 
Neg. 
j . ; 
0.06 

2S0 
11.6 
ISI 
0.00) 

Neg. 
0.2 
0.) 
0.06 

Fissile Concentration, g/l 

Fissile riow Rate, kg/hr 
Total HH Flow Rate, kg/hr 
Oose Rate. R/hr-kt. HH 

Scheme 2 - Pure* with Spiked Pu Stream 

70' 

Scheme ) - Purcx Coproccss 

Fissile Concentration, g/l 
fissile flow Rate, kg/hr 
Total HH Flow Rate, kg/hr 
Oose Hate. R/hr-kg HH 

Fissile Concentration, gV! 
Fissile Flow Rate, kg/hr 
Total MM Flow Rale, kg/hr 
Oose Rate. R/hr-kg HH 

Fissile Concentration, g/l 
Fissile Flow Rate, kg/hr 
Total HH Flow Rate, kg/hr 
Oosc Rate. R/hr-kg HH 

12 
12.k 
209 
6 

12 
12.* 
209 
6 

Scheme 6 -

Scheme 4 - Pure* 

fs
f!

 

11 Heg. II kO 
12 0.2 || 11.6 
70S 4 102 IS.Ifu.8),9U 
0.06 6 0.00] 0.00) 

Purex Coprocess with Added Splkant 

12 Neg. II k0 
12 0.2 (1 11.6 
20S <• 102 IS.IPu.8lSu 
0.06 6 0.00) ?0« 

Coprocess with Only Partial OeconlaminatIon 

to 
11.6 
ISIPu.8J-9U 
600 

0.06 

0.06 

II II 
100 

II 

100 

II 

100 

z 
0.00) 

2 
0.00) 

2 
600 

*AII streams are liquid nitrate solutions and, except (or the spikant streams 7.S.I and 7.S.2 (splkanl unspecified) which ere not shown, the concentration 
of fissile Isotopes ( z l V u and 2<>lPu) relative lo total Pu is 7 7 V 

^Negligible: Stream contains ± It of Incoming quantity of fissile isotopes. 

Calculated for distance of I at from can and assuming no self shielding. 

^Parallel vertical lines indicate stream characteristics Identical (o ihose for Scheme I • Reference Purax. 

'lascd on spiking to produce 1000 R/hr at distance of I ft from 5 kg of fissile isotopes; tplkant unspecified. 
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Stream 
C h a r a c t e r i s t i c s 

Physical lorw 
F i s s i l e C o n e , 9 / I ur wt % 
f i s s i l e f low Rate , L.j/I.r 
l o t a l tin f l o w Hate , ki j / t ir 
Oxide f low R a l e , k<|/hr 
Ouse H a l e . ' R/Ui-V.i| ltd 

Physical f o r * 
lass il%- C w i c . , <|/l or wt t 
F i s s i l e I low Ka le , k<|/hr 
t o t a l IIN Flow Male, k.j /hr 
Oxide I low Mate. k<i/hr 
Pose M a t e . ' • / S r - I . q Ml 

Physical l o tM 
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Physical form 
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l o t a l HH r iow Ha le , ku/hr 
Oxide I l i u H a l e , k«,'«r 
tk.se h a l e . ' H/lir-k>j lilt 

Physical l o r « 
l i s s i l e C o n e . i | / l 01 wl I 
t i s s i l e Flow H a t e , k.j/hr 
To ta l im f low Hate . koVltr 
(><iilc Flow Rate . l . | /hr 
hose R a t e , ' R/hr-k<i Ittl 

7."..I 

l iquid 
Me«j.e 

Men.. 
1 8 ) . 9 

0 .0006 
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I! 

100 

u _ 
a i i or t.t^tt 

ScttVW I 

Powder or uspheies 
H..J. 
Uet|. 
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' 1 0 . i 
0.0006 

I'M 

l<iJ 
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0 . (Hli 
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J*;L2. 

in 
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i ' , . 1 
• "/ t 
0.00) 

/ u " 
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100 
l l V 
II 
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1110 
l i d . 
II 
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100 I Oil 
l l« i . 
II 

/ ) . * 
U,P»« 

a.1.1 01 a n 

l iquid 
<l0 U./I 
11.6 
IS.IPu,8).9U 

0 .001 

I iuuid 
<<0 i j / l 
11.6 
IVIPu.B3.9U 

~/o'' 

Powder <ir i isphcrjs 

is.n 
11.6 
li.IPu.83.9U 
1 1 ) 1 
0 .003 

Powder 01 |is|ilieres 
IS tt 
11.6 

IS.IPu.83.9U 
113.1 
70" 

Liquid Powder 01 psphcrcs 

<i0 4/I •!» n 
M.6 11.6 
IS.IPu.Bj.9D IS.IPu.B39U 

1 1 3 . I 
600 600 

"*l«r all slfcaios tl»: cixtcenlrat ion of fissile isotopes (*''*PM and •''•'Pii) relative to total Pu is lit. 
h . 
lii|iud streams ate nitrate solutions. 

Ptet ipi t.tled powth-r (or pressing and sintel imj ol pellets. 

U'-pherrs: Microspl,eres lot ptessinij and siitleiimj ol pellets or lot Sphcre-pdc (ucl loiw. 

nVqliqihle: Sireaut contains il* of intowiit | «|>iaiilily ol lissile isotopes. 

Calculated lor distance of I m from can and assuming no sell -shielding. 

"I'.iral lei vertical lines indicate St 1earn dial ac ler isl ics idcnlital to those lor Scheme I - Reference fur ex. 

'based on spiking to produce 1000 R/lir a distance of I ft flow S kg of fissile isotopes. 
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2. Calcination of the entire slurry in an elutrlative fluid-bed unit. 

3. Reduction of the calcined powder in an atmosphere of N2-6Z H2 at 
elevated temperatures to produce (U,Pu)02. 

4. Treatment of the reduced powder with hot carbon dioxide gas to 
stabilize the powder with respect to reoxidation in air. 

The stabilized (U,Pu)02 is screened to product specifications, inspected, 
packaged, and sent to the refabrication plant. 

Microsphere Fsraation The gel microsphere process is used to prepare 
free-flowing gel microspheres which when sintered are suitable for loading 
Into fuel pins using low-energy vibratory compaction. This process offers 
potential advantages over conventional coprocessed powder conversion. These 
include simpler processing steps, assurance of fuel homogeneity, and elimina
tion of dusty process operations. 

Sphere-conversion consists of three major steps: (1) preparation of a 
special solution called "broth," (2) gelation of broth droplets, and (3) 
washing and drying to give dry gel microspheres suitable for shipping to a 
fuel refabrication plant. Gelation can be accomplished chemically by the use 
of ammonia generated within the broth droplets by decomposition of hexamethy-
lenetetramine (internal gelation). It can also be accomplished externally 
using ammonia gas and ammonium hydroxide. A generic functional flow diagram 
for sphere-conversion is shown in Fig. 3.2-8. 

B.2.3.3 Coprocessing with Added Spikant 

The spikant is added to the product stream in the solvent 
extraction co-processing step with an attendant dose rate increase of about 
four orders of magnitude (Table B.2-4). 

B.2.3.4 Coprocessing with Low Decontamination 

If the first solvent extraction column is operated with a 
low nitric acid scrua-to-feed ratio and, possibly, a relatively high solvent-
to-feed ratio, a sizeable portion of some of the fission products can be made 
to extract with the actlnides. Deliberate inefficient operation of this sort 
results in a low-decontamination, and therefore intensely radioactive, 
product with potentially Improved diversion resistance. A flow diagram is 
shown in Fig. B.2-9 and the stream properties are listed in Table B.2-4. 
It is to be noted that a five-order-of-magnitude increase in radiation level 
could typically be achieved by this technique. The use of a uranium cleanup 
cycle (Step 7.4) is optional. 

B.2.3.5 Status of Technology 

Coprocessing solvent extraction has all of the technical 
problems of the reference Purex process and, in addition, would require 
careful optimization of all flow rates and mass balances and very careful 
process control. Conversion o: the coprocessed product to an acceptable form 
for fabrication also would require development. The Coprecal and gel micro
sphere formation examples of conversion process described above are processes 
currently under development in the U.S. 
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Coprocessing with low decontamination introduces additional 
developmental needs. In reprocessing, expanded remote operation and main
tenance of the plant would be required. If decontamination factors of 
at least 100 are maintained, only modest changes to present technology will 
probably be required. At a minimum, the chemical processes would be more 
uncertain. Retention factors for the held-over fission products would have 
to be developed at the laboratory level, with subsequent demonstration at the 
production level. The extra heat production (by a factor of about 5/ would 
require development of end-product cooling processes. In product conversion, 
existing approaches would have to be modified to accommodate remote operation 
and maintenance. 

B.2.3.6 Cost Impacts of Reprocessing Modifications 

No submission at this time. 
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B.3 FUEL FABRICATION 

The current reference fuel fabrication process in the U.S. involves 
the automated, shielded production of fuel assemblies from pressed-and-
sintered pellets based on uranium and plutonium oxide powders (the products 
of the reference Purex reprocessing plant). There are two alternative FBR 
oxide fuel forms, generally referred to as particulate fuel forms. They 
involve compaction, under vibrational forces, of gel microsphures (Gel-Sphere-
Pac) or irregular shards (Vi-Pac). Fabrication methods for producing a l l 
three forms are described in this section. The discussion includes comments 
on Che impact on fabrication processes of fuel recycle modifications that 
have been proposed for increased proliferation resistance. 

8.3.1 Conventional Fuel Fabrication 

In conventional FBR oxide fuel fabrication, uranium- and plutoniun-
bearing oxide powders (including recycled, clean U-Pu oxide scrap) are 
mechanically mixed, cold-pressed into the form of right-cylindrical pe l le ts , 
and sintered. The pellets are then inserted into Type 316 stainless s tee l 
tubes and the resulting fuel pins are assembled into fuel bundles or 
subassemblies. Similar techniques are used for fabrication of blanket e l e 
ments. A generic flow diagram for FBR fuel fabrication is shown in Fig. B.3-1. 

B.3.1.1 Process Descriptions 

The processes described here essentially are those for 
fabrication of FFTF reactor fuel . 9 They are addressed in reference to the 
generic diagram of Fig. B.3-1 as well as to selected Level-1 flowsheets. 
Emphasis i s placed on those aspects of the process that are considered to be 
important for safeguards measures. 

B.3.1.1.1 Feed Material Preparation: The purpose of this 
step (Fig. B.3-2) is to receive and assay incoming or recycled xaterials and 
condition them for use in subsequent fuel production operations. Analysis 
of materials passing through the receiving area includes isotopic composition 
for purposes of accountability and quality control. Powder batches are foraed 
based on as-received analyses. These batches are blended, milled as required, 
and screened to condition the powder for the pressing operations. 

B.3.1.1.2 Fuel Production; Finished pellets are produced 
in this step (Fig. B.3-3). Press feed conditioning i s necessary to provide 
structurally stable pellet characteristics. Five operations are involved: 
1) the admixing of a binder-lubricant to promote uniform pressing, 2) 
pressing into low-density "slugs," 3) granulation of the slugs, 4) screening 
to provide a uniform press feed, and 5) a second admixing of a binder-
lubricant. 

High-speed pellet presses are used to provide 
uniform compacts for sintering. Samples are taken at frequent intervals for 
measurement of the density of the as-pressed pel lets . These pellets are 
heated in a reducing atmosphere to remove the binder and lubricant, and 
sintered at 1700-1SOO*C. 
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Sintered p e l l e t s are inspected for f i s s i l e con
tent , density, surface condition, and dimensions. Currently, inspections 
are performed manually according to predetermined sampling p lans . The develop
ment of high-speed, automated gages which permit 100Z inspection i s considered 
to be essent ia l i f product qual i ty and accountability are to be s ign i f i cant ly 
lop roved. 

B .3 .1 .1 .3 Pin Fabrication: The pin fabricat ion operations 
are shown i n Fig. B.3-4. As part of the inspection s tep , a procedure known 
as f i s s i l e assay i s used to determine to ta l f i s s i l e content, homogeneity, 
and time s ince separation for every p e l l e t i n each pin. This assay i s 
accomplished by monitoring gamma radiations from the p e l l e t s before and af ter 
act ivation by a neutron source. This information i s used not only to deter
mine the acceptabil i ty of the product but also for safeguards operations. 
Rejected pins are e i ther reworked or disassembled for fuel recovery. 

B.3 .1 .1 .4 Bundle Assembly; In th is s t e p , accepted pins are 
assembled into finished fue l elements. A flow diagram for t h i s step i s 
shown i n Fig. B.3-5. 

B .3 .1 .1 .5 Scrap Handling; All scrap materials are sent 
to th i s step (Fig. B.3-6) for sorting and treatment or d i sposa l . In the 
clean scrap recycle l i n e , uncontaminated U-Pu oxide powder granules, fractured 
p e l l e t s , or whole (out-of-tolerance) pe l l e t s are received fcr comminution 
by oxidation/reduction and crushing. The equipment involved i s standard 
calcining furnaces and grinding m i l l s . 

A separate wet chemical system i s provided for 
processing chemically contaminated SNM scrap generated during p e l l e t and pin 
production operations. The wet scrap recycle (WSR) system i s c r i t i c a l to 
continuous operation, because i t c loses the materials-balance loop. The WSR 
process consists of acid d isso lut ion, purif ication, product conversion, and 
Plutonium/uranium assay. In the reference process, separate n i t ra te streams 
of Pu and U are produced for subsequent conversion to UO2 and Pu02 powders 
as described in Section B.2 .1 .7 . After analysis and accountabil i ty checks, 
the powder products are transferred to the feed material preparation s t e p . 

B.3 .1 .1 .6 Waste Processing; Wastes from a l l operations are 
sorted and transferred as l iquid and so l id streams either contaminated or 
potent ial ly contaminated. 

Solid and l iquid wastes normally contain only very 
dilute quantities of f i s s i l e material . These wastes are packaged and sur
veyed and accountability measurements are made prior to shipment to a waste-
disposal f a c i l i t y . 

B.3.1.2 Analytical Procedures 

Processes for fabrication of F3R fuel typ ica l ly require the 
following analytical measurements: U/Pu and 0/M rat ios ; p a r t i c l e - s i z e 
distribution; and carbon, gas , hal ide , sulfur, and moisture contents. De
velopment of more rapid feedback afforded by a close-coupled on- l ine capabi
l i t y i s desired for improved process control and reduced diversion s ens i 
t i v i t y . Such capabil ity would eliminate the need for large storage capacity 
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between operations and also reduce the amount of o f f - spec i f i ca t ion material 
produced. 

In addition to the dose-coupled analysis capabi l i ty , other 
f a c i l i t i e s are required for any special analyses such as powder characteri
zation (including a l l analyses on powder feed s tocks) , i sotopic composition, 
special impurity analyses, homogeneity measurements, ceramography, quality 
assurance overchecks, special safeguards overcheck analyses, and SNM 
accountability overchecks. 

B.3.1.3 Process Inventories 

The reference manufacturing process requires storage capa
b i l i t y for feed powder, process l i n e buffer, f inished fuel p ins , and com
pleted assemblies. In addition, accumulation points are required for clean 
(dry) and contaminated (wet) scrap. Estimated in-process storage requirements 
are given in Table B.3-1 and the scrap recycle requirements are summarized 
in Fig. B.3-7. For normal operation, a 100 TeHM/yr plant must maintain an 
average throughput of 400 kg/day based on 250 working days/yr. I t i s assumed 
that an occasional weekend and th ird-sh i f t operation w i l l be o f f se t by 
production delays due to inventory, equipment repair, or clean-out operations. 
In-process inventory other than storage may be assumed to be 400 kg HM/day 
of fuel containing 167. Pu, result ing i n a daily Fu throughput of 64 kg. 

B.3.1.4 Diversion Potential 

Plutonium in process or in storage during fuel fabrication 
i s potent ia l ly vulnerable to diversion. Unlike the reference reprocessing 
plant (Section B .2 .1 ) , where the f i s s i l e material purity and chemical form 
vary substantial ly during processing, the bulk of the fuel material in the 
reference fabrication plant arrives and remains as oxide. The reference 
feed material includes Pu02 powder which, of course, i s a s ens i t i ve com
modity. After the powder blending step (step 2.3 of Fig. B.3-2) , separated 
PuOj i s not handled again in the fabrication process except possibly in 
the contaminated scrap recycle step (see Section B.3 .1 .1 .5 and Fig. B.3-6) . 

B.3.1.5 Safeguards 

No submission at th i s time. 

B.3.1.6 Status of Technology 

Fabrication of IT-Pu oxide FBR fuel elements from pressed and 
sintered pe l l e t s i s the reference technology in the United States and i n 
most other countries with FBR development programs. The approach in the U.S. 
i s that the fabrication process must be automated to provide the required 
improvements in safeguards, personnel radiation protection, and throughput 
capabi l i ty . 

Some process steps have been commercially demonstrated on an 
engineering sca le . Methods for automating such processes as powder metering, 
pe l l e t pressing and inspection, and fuel-pin welding have been demonstrated 
on an engineering sca le . All other development a c t i v i t i e s for fabrication 
equipment have progressed to or beyond the proof -o f - feas ib i l i ty s tage . The 
remaining key issue i s whether prototypic equipment can be successful ly 
demonstrated in an integrated, remotely operated and maintained fabrication 
l i n e . 



36 

Table B.3-1. Process Line Storage Requirements for 100 Te M0Xa/yr FBR 
Fuel fabrication Plant 

Storage Location 

Material Receiving 

Line Buffer 
- Green Pellet 
- Sintered Pellet 

Finished Pins 

Fuel Bundle 

Dry Scrap 

Wet Scrap 

Material Form 

Pu02, MOX Powder 

MOX Compacts 
MOX Sintered Pellets 

Pellets in Pins 

Assembled Pins 

MOX Powder, Pellets 

Contaminated MOX 
Powder, Clad, 
Gloves, etc. 

Holdup 

Time, 
days 

60 

2 

2 

HA 

7 

14 

Capacity 

Heavy Metal 
in MOX (Te) 

16.7 

0.8 

0.8 

62.5b 

0.2 

0.14 

Fissile 
Inventory 

(kg) 

2700 

128 

128 

10,000 

32 

22 

fMOX: Mixed U-Pu oxide 
°One reactor core. 
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B.3.2 Alternative Methods of Fuel Fabrication 

The a l ternat ive oxide fuel forms are generally referred to as p a r t i 
culate forms for which compaction i s effected by vibration of irregular 
shards or of gel-microspheres. Since there are real differences i n prepara
tion technology and in performance of particulate fue ls prepared by 
these two routes , and because the two have at times been confused, they 
are described separately below. In the present discuss ion, the high-energy 
vibrational compaction of angular shards i s referred to as the Vi-Pac pro
cess , and the low-energy vibrat ional loading of ge l -prec ipi tated spheres i s 
referred to as the Gel-Sphere-Pac process. 

I t should be noted that of these a l ternat ives , ge l micro
spheres may be made direct ly from the aqueous n i t ra te solut ions of uranium 
and/or plutonium, which are the products of Purex reprocessing. Vi-?ac uses 
high-density angular par t i c l e s (shards) produced by compaction and crushing 
U02» Pu02, or (U,Pu)02 powders prepared from the n i t r a t e product o f the 
reprocessing plant. 

B.3 .2 .1 Gel-Sphere-Pac Particulate Process 

The Gel-Sphere-Pac process involves two basic a c t i v i t i e s : 
(1) prepation of high-density gel microspheres in a l l necessary s i z e s and 
(2) fue l -p in fabrication by loading these microspheres into rods i n an 
e f f i c i en t ly packed geometry using low-energy vibration. The density of the 
microspheres after calcining at 1450°C i s 100Z of theoret i ca l . Compacted 
smear dens i t ies of 882 of theoret ical can be achieved using the three s i z e 
fractions 1200/1250 um, 300/350 um, and 20/40 um in the rat io 40:10:1 . This 
technique i s an important element of the Civex concept.9 Detai ls of the 
process and performance are given in Refs. 10 and 11. 

The potential advantages of Gel-Sphere-Pac are that i t s use 
insures the preparation of a completely homogeneous fuel and that i t provides 
ease of remotely operated processing and maintenance. From a process flow
sheet standpoint, a l l steps through pin fabrication d i f fer s ign i f i cant ly 
from the reference p e l l e t process as indicated in the flow diagrams shown 
in Figs . 8.3-3 and B.3-9. Generally, they are simpler and reduced in scope. 
In addition, i t offers a potent ial reduction in personnel radiation exposure, 
equipment decontamination times, and process l o s ses by the fact that no 
dusting occurs from the starting material. (Dusting i s a major problem in 
the fabrication of mixed-oxide f u e l s . ) A further potent ial advantage i s 
improved reactor performance because of higher gap conductance and reduced 
mechanical and chemical interaction between fuel and cladding. 

Fuel production (Fig. B.3-8) mainly cons is ts of calc inat ion 
at 400-500*C, s intering at 1450*C, inspection, and minor scrap handling. 
In the pin fabrication step (Fig. B.3-9) the i n i t i a l dispensing step i s 
important for maintaining adequate material accountability and meeting fue l -
pin design spec i f i cat ions . 

The development of gel-microspheres and Gel-Sphere-Pac tech
nology in general i s far behind that of standard p e l l e t technology. The 
microsphere concept originated in the U.S. about 20 years ago, and for the 
l a s t decade i t has been act ive ly pursued in Europe. The Sphere-Pac loading 
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portion of the Gel-Sphere-Pac technology has received l e s s overal l develop
ment effort than the portion involving microsphere preparation. Equipment 
experience has been on a laboratory sca le only; no broad-based technological 
development experience i s avai lable . The principal areas requiring develop
ment are engineering scale-up and demonstration.of the process , and i rrad i 
ation performance v e r i f i c a t i o n . 

B.3.2.2 Vi-Pac Particulate Process 

Early work on Vi-Pac was conducted by high-energy vibration 
loading of increments of arc-fused U02 and mechanically blended U-Pu oxide 
f i n e s . Later, a more successful method was developed based on a high-density 
(about 982 of theoret ical ) fuel material produced by pneumatic compaction30 

For 1 /2- in . .diam tubes, smear dens i t ies between 85 and 902 of theoret ica l are 
achievable. For 1 /4 - in . diam tubes the highest smear density that has been 
achieved on a routine basis i s 82.51 of theoret i ca l . 

In the pneumatic compaction s tep , about 6 kg of mechanically 
blended mixed-oxide powder i s heated under vacuum i n a s t a i n l e s s s t e e l 
container to 1200°C ±TA i s compacted in a d ie at 250,000 to 500,000 ps i 
impact pressure by the k ine t i c energy of a massive pneumatically accelerated 
high-speed ram. The resul t ing ceramic b i l l e t i s then crushed and screened 
for vibratory compaction. This process generates extremely d ir ty scrap. 
Combined reject ion/recycle rates range from 10 to 17% for the powder prepara
tion part of the process and 4 to 9% for the rod segment. Most of the 
recycle material i s generated during crushing and sieving of the feed (owing 
to excess production of f i n e s ) , and during loading. 

All development work on Vi-Pac in the U.S. was suspended in 
the l a t e 1960's . I t i s estimated that from 2 to 3 years would be required 
to re -es tab l i sh past capabil i ty so as to reasonably i n i t i a t e a development 
program of FBR fuel fabricat ion. 

B.3.3 Impact of Process and Product Modifications 

The e f f ec t on fabricacion technology of coprocessing, spiking, low-
decontamination feed, and preirradiation of fabricated assemblies are d i s 
cussed i n th is sect ion. 

B.3 .3 .1 Coprocessed Feed Material 

The use o f coprocessed feed i s not expected to impact the 
reference p e l l e t process in any s igni f icant way. I t i s to be noted that 
powder blending (UO2 di lut ion) may s t i l l be required for downgrading the 
feed to required l e v e l s of f i s s i l e content. 

Gel-Sphere-Pac methods are based on the use of coprocessed 
material in the f i r s t place. There should be l i t t l e i f any e f fec t of using 
coprocessed feed in Che Vi-Pac process. 
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B.3.3.2 Spiked and Low-Decontamination Feed Material 

Spiking or low-decontamination processing of fuel materials 
is being considered for subnational diversion enhancement. °»11 The dis
cussion that follows is based primarily on analysis of its suitability as a 
measure for preventing subnational diversion. The concept is based on the 
consideration that to increase the penetrating radiation associated with the 
fuel is to enhance its diversion resistance and complicate subsequent pro
cessing. This can be accomplished by adding a radioactive material to the 
fuel (either dissolved in the fuel material or inserted in or attached to 
the fuel pins) or by leaving some of the fission products in the fissile 
material stream during reprocessing (low-decontamination processing). Both 
approaches are considered here to be a form of spiking and, although the 
discussion is addressed to spikants dissolved in the fuel material, most 
of the observations would apply to any type of spiking. 

Moderate to high levels of spiking may be effective deterrents 
against terrorist actions. Although substantial disagreement exists about 
the radiation levels required for deterrent spiking, suggestions range from 
1000 R/hr to upwards of 100,000 R/hr at 30.5 cm from 5 kg of fissile 
material. The lower part of this range is considered to be technically 
feasible for any of the proposed spiking methods. The upper end of the 
range could only be achieved by specifically manufactured isotopes. For 
these upper levels, even spent fuel would require attached isotopes if it 
were cooled uor more than about three years. 

B.3.3.2.1 Candidate Spiking Materials; Criteria for selecting 
spikants11 include characteristic half-life; radiation energy and intensity; 
chemical, physical and thermodynamic properties; production feasibility; 
and cost. Spikant materials meeting these criteria are the fission products 
10*Ru and 1MfCe and the deliberately manufactured radionuclide 60Co. The 
relative merits of these materials are summarized below. 

• Cobalt and cerium are the most attractive spikants for application as 
an added or attached source. 

• Cerium in a PWR fuel element (530 kg fuel) can provide a maximum of 
about 2000 R/hr at 30.5 cm from an element after two years, 
while ruthenium can provide about 13,COO R/hr at that distance. 

• Approximately 50% of the ruthenium, 3-5% of the cerium, and none of 
the cobalt could be coprocessed with the fuel; additional losses 
could occur during fabrication. 

• Recycling and decay of cerium and ruthenium isotopes would result 
in dilution of the radionuclides by a buildup of stable isotopes of 
each of these elements. The worst case is for cerium where, after six 
reprocessing cycles, total replacement of the fuel with Ce02 would 
provide less than 27,000 R/hr at 30.5 cm. For ruthenium, after six 
reprocessing cycles, the required concentration would be 10% 
to achieve the same dose rate. 

• For improved diversion deterrence, a duplex spikant reprocessing 
scheme might be desirable. In the duplex concept, about 50% of the 
ruthenium would be coprccessed with the fuel, and 60Co would be 
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added to the the fuel before the conversion step. Depending on the 
conversion process, the ruthenium might volatilize away; but the 
cobalt should remain. 

B.3.3.2.2 Purpose of Spiking Against Subnational Diversion: 
Some indication of the effectiveness of various approaches to spiking may be 
obtained by examining three perceived purposes fcr spiking where subnational 
diversion is of concern: (1) detection, (2) delay, and (3) deterrence. 
Detection would be promoted by relatively small additional amounts of pene
trating radiation, while deterrence might require sufficiently high radi
ation levels to provide a lethal dose within a matter of minutes. Delay 
level spiking would provide an intermediate radiation level that would cause 
the recovery of fissile material and subsequent processing to require more 
time, resources, and a higher level of skill. 

Spiking for detection of theft would involve the 
addition of sufficient radioactivity to enhance the detectability of the 
fissile material by normal portal monitoring devices or portable search units. 
Although the enhanced radiation level could be defeated by the use of shielding, 
the added shielding itself would enhance detection through observation or the 
use of metal detectors. For plutonium fuels the emission of neutrons from the 
spontaneous fission of 2tf°?u might provide an adequate radiation level for 
detection if neutron monitors were used. Detectability is enhanced by neutron 
emission because of the normally low background level for neutrons in most 
areas. The relative cost effectiveness of enhancing detection capability 
through added radioactivity as compared to improved monitoring and. administrative 
controls is not clear. 

Spiking for delay of subnational diverters might 
involve sufficiently high radiation levels to complicate the effort required 
to process diverted material and thus to increase the probability of timely 
detection of the material. 

Spiking to very high levels might effectively preclude 
subnational diversion of fuel and sebsequent extraction of plutonium. Clearly, 
it is not possible to specify a radiation level below which subnational 
diversion is feasible and above which it is not. The range of proposed 
radiation levels reflects different assumptions about the exposure times and 
the immediacy of the effects. 

B.3.3.2.3 Difficulties of Spiking: The major negative aspects 
of spiking include extra radiation hazards, degradation of NDA safeguards 
systems, impaired sampling procedures during production operations, problems 
In fuel fabrication and uncertainties in fuel performance. 

The radiation hazard to employees and to the general 
public would be inevitably increased by the increased radioactivity of the 
spiked materials in all portions of the nuclear fuel cycle. The expectation 
Is that these Impacts could be held to an acceptably low level through addi
tional shielding and containment measures. The cost of such measures is 
expected to be significant for all but the lowest levels of spiking (see 
Sections B.2.3,7 and 3.3.4). At activity levels above that corresponding to 
about 1 Ci of s0Co/kg HM, remote equipment maintenance during fabrication 
would become necessary and the fuel refabrlcation costs could increase by a 
factor of about 2. 
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The impact of spiking on the current measurements 
and Identification for special nuclear materials Is expected to be significant. 
Even small amounts of extraneous activity have been shown to degrade the 
sensitivity and precision of NDA systems for detecting plutonium and measuring 
isotopic composition. Spiking to the levels assumed for deterrence could 
completely invalidate current NDA systems, including present IAEA inspection 
methods. In addition, process quality control and analytical assay techniques 
would be so seriously impacted that new development efforts to accommodate any 
significant increase in sample activity would be required. 

At the higher activity levels (> 5 Ci of 60Co per 
gram of Fu), the self-heating rate would become a major engineering concern. 
Circulating cooling systems might be required for all storage and transporta
tion periods. 

B.3.3.3 Preirradiation 

Preirradlation has been suggested as one method to increase 
the proliferation resistance of fresh FBR fuel assemblies. In this concept 
fabricated fuel assemblies would be inserted into a specially designed, 
collocated irradiation facility to produce a significant radiation level in 
the fresh fuel before it is shipped out of the fabrication facility. 
Increased efforts and time would be required to remove elements from the 
massive shipping casks and to extract plutonium from the hot assemblies. 
Studies have been conducted to evaluate the radiation level required to 
achieve the desired diversion resistance, to explore alternative desigi. 
concepts for the irradiation facility, and to assess the economic and per
formance impact of the process on the fuel cycle.12 

Because reactor fuel is designed to be irradiated and handled 
in an irradiated state, there are no obvious technical barriers to the 
implementation of preirradiation; the primary questions are those relating 
to cost and effectiveness. 

The radioactivity of the preirraiiiated assembly diminishes 
over time, and so some consideration must be given to the decay time during 
which the radioactivity is required as a deterrent. Figure 3.3-10 gives 
the gamma dose rate at a distance of about one meter from the midplane of a 
single unshielded subassembly as a function of decay time and exposure. The 
irradiation time to achieve a given exposure level would be inversely related 
to the assembly power levels in the irradiation facility; that is, low power 
levels correspond to long irradiation times. Shorter irradiation times aay 
be achieved at the expense of a higher cost irradiation facility capable of 
handling the higher assembly power levels. 

Various alternatives have been investigated for the irradia
tion facility.12 These include both fast and thermal systems, various 
coolants, and "self-driven" and "externally driven" concepts. In the self-
driven concepts the fresh fuel elements being pre-irradiated would be grouped 
together to form a critical assembly. In the externally driven concept, the 
target subassemblies would be irradiated external to a host core. The selec
tion of a specific design would be governed by such considerations as incre
mental cost on the fuel cycle, flexibility of the facility to accommodate a 
range of different F3R fuel designs, and impact on fuel element performance 
in the power reactor. 
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B.3.4 Fabrication Costs 

The aajor impacts on fuel fabrication costs are those related to the 
type of plant operation required. Smaller and, as far as is known, rela
tively insignificant cost differences arise due to fabrication process 
differences. 

Plant operations involving FBR recycle fuels may be conducted with 
remote process operations but with contact aalntainance of equipment 
(RO/Cf), or with all operations conducted remotely (RO/RM). Fabrication of 
FBR type fuels has been carried out in glove boxes in the past, with low-
radioactivity plutouium. However, glove box operation is not acceptable 
for the higher activity assocated with recycle FBR fuels. The RO/CM plant 
operation is considered the current reference for recycle plutonium fuels, 
and fully remote RO/SH operation is deemed necessary for the high-activity 
spiked or low decontamination fuels. 

An analysis of the costs of refabrlcation under various conditions 
was prepared using the methodology described in Section B.2.1.11. The cost 
of refabricatlng (U,Fu)02 fuel was estimated to be S650±25Z/kg HM in a 
2 TeHM/day plant in a typical industrial economy. The effects of varying 
the plant type and of alternative economic groundrules are significant, as 
shown in Table B.3-2. The impact of going from reference recycle fuel 
(RO/CM) to spiked or low decontamination fuel (RO/RM) is to increase the 
cost by about 502. 
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Table 3.3-2. (U,Pu)02 Fuel Pin
3 Unit Refabrication 

Costs for Alternative Economic Bases 

Unit Cost, $/kg EM 
Activity Level 

. of Reprocessed Typical High-Risk 
Plant Type Fuel Industry Industry Government 

Glove Box Low 500 610 360 

Remote Operation/Contact Normal 650 810 420 
Maintenance 

Remote Operation/Res. .e . 
Maintenance High 1060 1380 600 

includes axial blanket. 

Plant capacity: 2 TeHM/day. 

Uncertainty for all costs: ±252 

^ess than 10Z 21*0Pu. 

Equilibrium F3R recycle fuel. 

Spiked or low-decontamination fuel. 
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B.4 FUEL TRANSPORTATION 

An analysis of the transportation networks associated with the 
reference oxide fuel cycle and proposed modifications is of interest for 
evaluations of diversion sensitivity, RD&D requirements, and cost impacts. 
The analysis presented here is based on the mass flews presented in Sec
tion B.2. The cases analyzed are listed below. 

Case 1 - Reference 
Case 2 - Spiked 
Case 3 - Coprocessed 
Case 4 - Coprocessed with Low Decontamination 

B.4.1 Transport Network 

The network assumed for this analysis is shown in Fig. B.4-1. Its 
purpose is to facilitate comparison of some typical FBR fuel cycle anti-
proliferation options. The major facilities comprising the fuel cycle 
operations are shown in boxes. Auxiliary materials input and storage 
requirements are shown in circles for material balance considerations only. 

The shipment characteristics for the reference core are shown in 
Table B.4-1. The effect of recycle modifications for improved diversion 
resistance are listed in Table B.4-2. Only the shipments for the four cases 
listed above are tabulated. 

It will be noted in Fig. B.4-1 that separate blanket and core fuel 
refabrication plants are shown In generality. In cases where core and 
blanket shielding requirements differ significantly, separate plants will be 
employed. In other cases the same or collocated plants might be employed. 

B.4.2 Cost Analysis 

The results of a detailed cost analysis for the four transportation 
cases studied are summarized in Table B.4-3. The significant increase in cost 
for shipment of spiked and low-decontamination fresh fuel i s to be noted. 

The cost analysis was based on currently available cask designs or 
existing preconceptual cask design studies.1 3 Thus the shipment sizes were 
not optimized, but were constrained by state-of-the-art considerations. For 
example, for spent fuel the existing cask design will accommodate six as
semblies after a 365-day cooling period. If 90-day cooled fuel is to be 
shipped, only one assembly could be handled in this cask. 

B.4.3 Application of Safeguards During Transportation by IAEA 

For the purposes of applying IAEA safeguards, nuclear material trans
portation may be viewed as a moving FBR fuel cycle storage faci l i ty . The 
type of material being transported determines the level of IAEA goals which 
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Table B.4-2. Effect of Modifications to Reference Transport Case 

Shlpaent Characteristics 

Case 2 

Transport Step 

2B, Powder 

Case 3 Case 4 c 

i, Powder 

Case 3 

5, Core Assemblies 

Case 4 Case 2 Case 4 

Material Shipped 

Type 

Dose Rate, R/hr-kg IK 9 1 H 

Total IB!. Te/year 

Z Fissile In HM 

Shipping 

Package Content 

Packages/Vehicle 

Shlpwents/year 

70 

<u,Pu)02 

Ji.001 

6351 

11.B 

(U,l'u)02 

660 

6351 

11.8 

-

2 

1940 

0.11 Te 

10 

660 

0.02 Te 

2 

1940 

753 

122.3 

753 

10.5 

I 

122.3 3793 

600 

1 

3793 

K) 

Case 2 

Case 3 

Case 4 

Spiked 

Coprocessed 

Coprocessed with Low Decontamination 

(-) indicates no change frow reference case shown in Table B.4-1 



Table B.4-3. Summary of U-Pu FUR Fuel Cycle Transportation Costs 

Transporation Case 

No. Description Waste 

Approximate Annual Cost, $ Million 

Assemblies 

Spent Refabrlcated 
Reprocessed 

Fuel Materials Capital Total 

1 

2 

3 

4 

Reference 

Spiked 

Coprocesa 

Coprocess, Low 
Decontamination 

3 

3 

3 

3 

Pu-U Core, U Blanket (Purex) 

22 2 

22 8 

22 2 

22 19 

3 

8 

3 

8 

31 

36 

31 

40 

61 

77 

61 

92 

in 

Assuming general commerce transport and no special safeguards coats. 

The uncertainty on capital costs la 1502 and all others are 110Z. 

Powder and/or pellets. 

Based on a fixed-charge rate of 22.62. 

Uncertainty: i30Z. 
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the safeguards system should approach. Presented below are three concepts 
for safeguarding nuclear material in transit.1** These concepts vary not 
with respect to the distance traveled, but with the time-interval goal for 
verification and the available safeguards measures. 

Periodic Shipping/Receiving Comparison 

This concept is based on the comparison and correlation of material 
transfer records at the origin and destination of shipments, and on the 
accountacy records maintained at a monitoring agency. The key elements are: 

• Notification to the IAEA, by the shipper of the transfer, and ver
ification by the IAEA of the form and quantity being shipped, 

• Use of seals and integrity devices by the IAEA to assure the 
integrity of the shipping container or cask and the material con
tained to provide the IAEA with continuity of knowledge, 

• Notification to the IAEA by the receiver, and 

• Verification by the IAEA of the form and quantity of the nuclear 
materials received. 

The timeliness of detection goal by the IAEA should be no less than 
the transit time. For nuclear material with short timeliness goals, these 
procedures may be adequate. Additional methods may be needed. 

IAEA Escorts 

This concept assumes continuous IAEA escort of the transportation 
vehicle from the point of origin to the destination. The key aspects of 
this system may include: 

• Periodic notification to the IAEA headquarters, by standard tele
phone or radio, of the position of the transportation vehicle 
and the integrity of material containment, 

• On-site observation of loading, unloading, and IAEA verification 
of transported nuclear material, and 

• Use of seals and integrity devices by the IAEA to assure che 
integrity of shipping container or cask and the material contained. 

This concept has a capability for rapid detection of diversion of the 
shipment during transit. 

Remote Surveillance 

This concept is based on a monitoring system which verifies, by a 
remote communication link, the presence and integrity of the material in its 
container during its transit between the origin of shipment and the destina
tion. Placement and removal of the oacerlal from the container is verified 
independently by the IAEA at the shipping and receiving facilities. This 
concept provides the capability for the detection of tampering or removal 
of material during transit. It would employ high-frequency radio and 
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satellite communication links and other presently available equipment. 
The speed of detection is dependent only on the time interval chosen for 
communication between the vehicle and the off-site monitoring facility. 
Thus, with this system nearly instantaneous detection of anomalies could be 
achieved. It should be noted, however, that this type of surveillance Is 
In only the conceptual stage. Therefore, feasibility evaluations and dem
onstration will be required before it can be recommended for implementation 
on an international basis. 

B.4.4 Status of Technology 

Shipping cask development for FBR fuels is basically at the design 
stage. Although the U.S. has commercial experience in shipping spent LWR 
fuel, FBR fuels are sufficiently different that much of the present tech
nology will not be applicable. Higher burnup in FBR fuel plus the economic 
incentives for earlier shipment following discharge from the reactor result in 
much higher heat sources. Internal cooling of the shipping cask is then a 
major development area. Laboratory tests with helium cooling and individual 
elements encased in sodium have been conducted. It is estimated that present 
cask design concepts could handle 3-10 FFTF assemblies 30 days after discharge. 

Shipping casks for high level wastes have yet to be fully developed 
in the U.S. The design goals are to provide adequate shielding to pro
tect the population from radiation while not introducing an unmanageable 
weight penalty. Casks designed for LWR Fu-recycle wastes should be adequate 
for FBR wastes. 

Transportation technology is a key factor in determining out-of-reactor 
time for the fuel. Since this impacts doubling time, required inventories, 
and ultimately fuel cycle costs, development of shipping casks that are 
capable of handling high heat loads is an Important component of overall 
fuel cycle technology. Moreover, reducing the total amount of fissile ma
terial in transit by increased collocation of fuel cycle facilities appears 
to offer enhanced proliferation resistance. 

RD&O effort in support of FBR fuel cycle transport is needed in the 
area of package design and development. Of particular importance are casks 
for (1) (U,?u)02 powders with increased radiation levels, (2) fresh fabri
cated core assemblies with high radiation levels, and (3) large-volume 
shipments of powders and pellets. 
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B.5 FUEL CYCLE WASTES 

Some details concerning waste generation and processing for specific re
processing and fabrication steps are covered in Sections B.2 and B.3*of this 
report. In this section, a somewhat broader perspective is adopted in that 
waste arisings from large-scale facilities15 are characterized by class in 
terms of quantity, fissile content, radioactivity level, and thermal power. 
The impacts of recycle mo'iifications for enhanced diversion resistance are in
dicated and briefly discussed. 

B.5.1 Differences with LWR Fuel Cycle Wastes 

Wastes from FBRs would not differ significantly from those generated 
in present-day LWRs. Basically they would be composed of fission products, 
actinldes, and activation products. For 1000 kg of spent LWR fuel, about 
35 kg of fission products and 14 kg of actinldes are separated from the re
maining 951 kg of uranium.15 The actinides include 9 kg of plutonius that 
is available for recycle, a few grams of which would appear in the waste 
stream. FBR fuel would contain more fission products because of its higher 
burnup. The quantity of plutonium and higher actinides would be determined 
by the initial composition as well as by the burnup. Ultimate waste disposal 
procedures are expected to be the same for FBR and LWR wastes. 

The presence of a mixture of plutonium isotopes in the reactor fuel 
would make Che production of higher actinides greater in an FBR than in an 
LWR using a once-through fuel cycle. However, the production rate in an 
LWR using recycled plutonium would be comparable to that in an FBR, i.e. 
about 25 kg of higher actinides per GWe-year. 

Because the actinide wastes have very long half-lives, they would 
persist long after fission-product wastes have become insignificant. One 
proposal to deal with this problem is to partition the actinides from the 
remainder of the waste stream and then burn them in an FBR. 

3.5.2 Wastes from Fuel Reprocessing 

Ijr purposes of this presentation, only the waste materials emanating 
from the reprocessing plant are identified and characterized. Except for the 
high-level liquid waste stream from the solvent extraction step, streams in
ternal to the plant are not considered. 

In this example,15 the reprocessing plant has a capacity of 5 Te/day 
and reprocesses the core and the axial blanket together. The combined fuel 
has an average total plutonium content of about 10.6 percent and has an 
average burnup of about 37,000 MWD(t)/Te, 

The characteristics of the wastes leaving the plant are shown in 
Table B.5-1. The data as presented have been normalized to a waste volume 
basis (per cubic meter), but are convertible to a tonne of fuel basis by use 
of the first column, and to a GWe-yr basis by the previously stated fuel 
burnup (a conversion efficiency of 40% is assumed). 



Table B.5-1, Characterization of Wastes from a 5 Te/day LMFBR Reprocessing Plant 

Waste Description 
Volume 

(m3/Te Fuel) 
Radiation Level 
(Total Ci/m3) 

Fissile Content 
(g fissile/m3) 

Thermal Power 
(W/m3) 

Alpha 

Low-level, beta-gamma 

Alpha, beta-ganwia 

Cladding hu l l s 

High-level ( so l id i f i ed ) 

Noble gases 

Iodine (as solid KI) 

1.2 

4.5C 

c 
3.0 

0.25f 

0.083 

0.0026 

0.00012 

990 

0.036 

240 

4.1 x 105 

3.8 x 106 

3.1 x 106 

4.9 

68 

0 

6.8 

1508 

900h 

0 

0 

0.79 

0.00015 

0.53 

2,900 

12,000 

5,000 

0.0034 00 

Assumes fissile content of Pu is 77% 

Miscellaneous solids; no shielding required 

Compacted volumes (102 of generated volumes) 

Solid refuse containing less than 10 nCl/g of alpha emitters; minimal shielding required 

solids requiring shielding and remote handling 

Compacted volume 

g Assumes cladding contains 0.05% of Pu in spent fuel 

Assumes high-level waste contains 0.1% of Pu In spent fuel 

i,. Compressed gas at 2200 psi 
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The single most concentrated source of fissile plutonium is the high 
level solidified waste which contains an estimated 900 g/m3 based on re
processing losses of 0.12. This very radioactive solid waste is derived from 
the high level liquid waste stream which originates from the first cycle of 
solvent extraction. The latter has a concentration of about 0.075 grams/liter 
of fissile plutoniua and a volumetric rate of about 5000 liters/dy. This 
stream is further processed to yield the solid waste identified in the table. 

With respect to the codifications for possibly enhanced diversion re
sistance, only the option of coprocessing with low decontamination should have 
any perceptable effect on the character of the wastes. Because of the reduced 
number of stripped solvent streams in this option, the plutonium losses could 
be somewhat lover. In addition, some of the "alpha waste" would shift to the 
"alpha, beta-gamma waste" category because of the higher activity levels in 
the conversion step. 

B.5.3 Wastes from Fuel Fabrication 

The reference fabr ica t ion capaci ty was a lso assumed to be 5 Te/day 
for core and r a d i a l blanket assemblies . Waste cha rac te r i za t ion for t h i s p lan t 
i s given in Table B.5-2. I t i s to be noted that only alpha and low-level 
beta-gamma wastes a re Involved and that the f i s s i l e content of the compacted 
alpha waste i s about 70g/cubic meter. 

For the spiking and low-deccntamination a l t e r n a t i v e s , e s s e n t i a l l y a l l 
of the "alpha" wastes would sh i f t to the "alpha, beta-gamma" category. 



Table II.5-2. Characterization of Wastes from Keference LMFI1R Fuel Fabrication Plant 

Waste Description 
Volume 

(m3/Te Fuel) 
Radiation Level 
(Total Ci/m3) 

Fissile Content 
(g fisslle/m3) 

Thermal Power 
<W/m3) 

Alpha 

Low-level, beta-gamma 

Liquid effluent 

7.5 

32C 

0.76 

990 

0.036 

6.9 x 10 -5 

68 

0 

8.5 x 10 -• 

Assumes fissile content of Pu is 77X 

niacelluneous solids; no shielding required 

Compacted volumes (lOJt of generated volumes) 

Combined solids containing leas than 10 nd/g of alpha emitters; no shielding required 

0.79 

1.5 x 10 
-h 

a 
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B.6 FBR FUEL CTCLES BASED ON ADVANCED FUELS 

The use of carbide or metal fuels in FB&s could result In significantly 
higher reactor perforaance characteristics and extended utilization of re
sources. The case for advanced fuel concepts is developed from a systems 
analysis point of view in the U.S. contribution to the XXFCE Subgroup 5A 
report. 

The purpose of this section is to cite and discuss the impacts of 
advanced FBR fuel concepts on fuel recycle operations. The descriptive and 
analytical material presented are based on the reactor system mass flow data 
given in Table B.6-1 for carbide fuels and In Table B.6-2 for metal fuels. 
Some important performance parameters for the advanced fuel designs are 
listed In Table B.6-3; data for the oxide case are Included for comparison. 

B.6.1 Reprocessing of Advanced Fuels 

The reference aqueous Purex process described in Section B.2.1 is 
directly applicable to advanced fuels except for some of the head—end steps. 
These include fuel storage and conversion to oxide. (In this analysis it is 
assumed that conversion of the Purex oxide product to carbide would be 
carried out in the fabrication plant.) 

For carbide and metal fuels, the reaction of sodium in defected pins 
with storage-pool water may require modifications in storage and handling 
techniques. In addition, an extra step will be required for conversion of 
Irradiated carbide to oxide and the gaseous products of the carbide oxidation 
step must be dealt with in the various off-gas treatment procedures. Carbon 
dioxide sorbs into freon more readily than does xenon or krypton. Hence, 
if the selective sorption process is used for krypton recovery, an additional 
product purification step will be required to separate carbon dioxide fron 
krypton. 

For the reference U-Pu-102 Zr metal fuel, HF must be added to nitric 
acid to aid in dissolution. This creates not only corrosion problems (trans-
granular stress-corrosion attack In stainless steel equipment) but also 
may Introduce problems in solvent extraction. The fluoride could complex 
plutonlum, which would result in additional plutonium losses to the waste 
stream. Metallic fuels also require more off-gas treatment than oxide fuels 
because of the extra oxides of nitrogen and heat generated during dissolution. 

For both advanced fuel concepts, special precautions may be required 
to prevent oxidation of the sodium bond during head-end operations. 

B.6.2 Fabrication of Advanced Fuels 

Refabrlcation of advanced FBR fuels requires some modifications to 
the reference oxide fabrication processes, especially for metal fuels. In 
this section, pellet and particulate fabrication processes are described for 
carbide fuels, and injection casting and metal working are presented for 
metal fuels. 



Table B.6-1. Mass Flow Data for Reference Pu-U Carbide LMFBR 

2350 

Core 22.0 

Axial Blanket 21.6 

Radial Blanket 19.4 

Total 63.0 

Core 12.8 

Axial Blanket 17.9 

Radial Blanket IS.9 

Total 46.6 

2 36u aaay 2 3 a l»u 

0 11 ,100 16 .7 

0 10 ,793 0 

0 9 ,668 0 

0 31,562 16 .7 

1 .9 10 ,336 1 2 . 0 

0 . 9 10 ,575 0 

0 . 9 9 ,438 0 

3 . 7 30 ,349 1 2 . 0 

Masa Flow, kg /yr 

2 3 9 P u 2«.0Pu 2 M P u 

Equilibrium Loading 

1129.8 323.7 171.0 

0 0 0 

0 0 0 

1129.8 323.7 171.0 

Equilibrium Discharge 

1198.2 377.0 112.4 

186.3 6.3 0.2 

182.2 8.7 0.4 

1566.8 392.0 113.1 

Total Total 
2,|2Pu Fissile Heavy. 

Metal 

40.8 1322.7 12,804 

0 21.6 10,815 

0 19.4 9,688 

40.8 1363.7 33,306 

47.8 1323.5 12,098 

0 204.4 10,786 

0 198.5 9,646 

47,8 1726.5 32,531 



Table H.6-2. Mass Flow Data for Reference 1'u-li Metal LMFBR 

Core 

Axial Blanket 

Radial blanket 

23Su 

21.0 

28.0 

28.0 

2360 

0 

0 

0 

238u 

10,626 

13,978 

13,975 

238Pu 

15.9 

0 

0 

Mass 

239Pu 

Flow, kg/yr 

2"»0Pu 2;\Vu 

Equilibrium Loading 

1075.: 

0 

0 

1 308.0 162.7 

0 0 

0 0 

2*2PU 

38.8 

0 

0 

Total 
Fissile 

J259.0 

28.0 

28.0 

Total 
Heavy 
Metal 

12,248 

14,006 

14,003 

Total 77.0 38,579 15.9 

Core 

Axial Blanket 

Radial Blanket 

12.4 

23.6 

23.9 

1.7 

1.0 

0.9 

9,931 

13,707 

13,701 

11.5 

0 

0 

1115.0 

231.8 

222.3 

1075.3 308.0 162.7 

Equilibrium Discharge 

1115.0 340.1 103.7 

5.1 0.3 

38.8 

5.6 0.2 

Total 59.9 3.6 37,338 11.5 1569.1 350.8 104.2 44.3 

1315.0 

1733.2 

40,256 

44.3 

0 

0 

1231.1 

255.7 

246.4 

11,559 

13,969 

13,954 

39,482 
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Table B.6-3. Reactor Performance Parameters for Reference FBR 
Advanced Fuel Concepts 

Performance 
Parameter 

Reactor Power, 
Mtfe/MWth 

Capacity Factor, % 

Compound System 
Doubling Time 

Breeding Ratio 

Average Burnup, MWD/kg 
Core 
Axial Blanket 
Radial Blanket 

Fuel Residence Tine, fpd 

Radial Blanket Residence 
Time, fpd 

Carbide4 

1000/2740 

75 

10.2 

1.48 

53.1 
2.7 
4.3 

548 

1370 

Fuel Concept 

Metalb 

1000/2740 

75 

8.6 

1.58 

54.2 
2.7 
3.5 

548 

1370 

OxideC 

1000/2740 

75 

17.3 

1.33 

52.3 
2.5 
3.1 

548 

1370 

Sodium-bonded (U,Pu)C; 9.3 mm 0D pin 
faSodium-bonded U-?VL-10Z Zr al loy; 7.8 mm 0D pin 

^ - b o n d e d (U,Pu)02; 7.3 mo OD pin (included for comparison) 
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B.6.2 .1 Carbide Fuels 

B.6.^.1.1 Pe l l e t Concepts; The major process variation for 
the production of carbide p e l l e t fuels i s with respect to the conversion of 
the oxide aaterial received from the reprocessing plant to carbide - Steps 2 .3 , 
2 .4 , and 2.5 of the feed material preparation flow sheet shown in Fig. B.6-1. 
All subsequent operations are similar to oxide fabrication steps except that 
dry inert atomspheres must be employed to prevent reaction with moisture and 
oxygen. 

In p e l l e t fabrication, binders, s intering a ids , 
and lubricants are added in the form of dry powders. Essentially a l l of: the 
residue from the processing steps i s in one of three forms: (U,Pu)C powder, 
as-pressed pe l le t material containing binder and/or lubricant, and (U,Pu)C 
pe l l e t shards. 

Molten sodium i s added as a bonding agent between 
fuel and cladding in the pin fabrication step. Residue from this operation in
cludes elemental sodium, mixed carbide contaminated with sodium, and defective 
fuel elements which contain both fuel and sodium. 

In regard to waste and scrap recycle , material flow 
characteristics di f fer from chat of the reference oxide case in that provi
sions are made to handle sodium and mixed carbide fuel scrap. The quantity 
and characteristics of material produced for a particular fuel production 
rate are expected to be comparable to that for reference oxide material. 

As for the s ta te of Che technology, (U,Pu)C has 
been studied as a candidate LMFBR fuel for more than two decades. The issues 
involved la carbide fuel fabrication are essent ia l ly the same as for oxide 
fue l s . Process steps that are peculiar to fabrication of mixed carbide fuels 
or to shrouded, sodium'bonded pins are based on operating procedures that 
have been developed and demonstrated. Mo technological "breakthroughs" 
appear to be required. At the present time the process chemistry of (U,Pu)C 
i s well understood and procedures are in place which lead to the reproducible 
synthesis of high purity fuel . A wide variety of commercial equipment i s 
available for batch-type fabrication operations. Due to the limited s i ze of 
the (U,Pu)C programs, very l i t t l e effort has been directed to development of 
continuous processing procedures or equipment. I t has been generally observed 
that equipment used In the reference oxide fabrication processes can be used 
directly or can be readily converted to carbide fabrication processes. 

B.6 .2 .1 .2 Particulate Concepts; The desired smear densi t ies 
for carbide fuels can be readily achieved both with Gel-Sphere-Pac and Vi-Pac 
fue ls . Gel-Sphere-Pac fuels may be prepared in a manner similar to that for 
preparing the oxide Gel-Sphere-Pac fue l s . The procedures used to prepare the 
nitrate solutions for gelation are the same as those for preparing oxide fuels . 
Prior to gelation, carbon black i s added in the amount necessary for carbo-
Chermic reduction of the oxide to the carbide. The 'broth' of nitrate solutions 
to which the carbon black i s added i s gel led into microspheres in the manner 
described in section 3 . 2 . 3 . 2 . 2 . After gelation, washing, and drying, the 
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microspheres are converted to carbide by heating to bring about carbothermic 
reduction. Loading of the carbide microspheres i s carried out in the same 
manner as loading of the oxide microspheres. The method of preparing powder 
for carbide Vi-Pac i s the sane as that for carbide pe l l e t s described in 
section B.6 .1 .1 , and the loading processes are the same as for oxide Vi-Pac. 

Although experience in the preparation of carbide 
particulates i s l imited, there has been an act ive program of Gel-Sphere-Pac 
carbide microsphere preparation and irradiation test ing carried on in 
Switzerland over the past ten years or more, and the overall f e a s i b i l i t y of 
microsphere preparation and good in-reactor performance has been demonstrated. 

B.6 .2 .2 Metal Fuels: Several U.S. fast reactors have been 
fueled with so l id metal l ic uranium and plutonium a l loys . These include 
CLEMENTINE, EBR-I, EBR-II, and Enrico Fermi Fast Breeder Reactor. A number of 
fabrication techniques were u t i l i z e d to produce fuel for these reactors. 
These included machined plutonium; uranium coextruded with zircaloy cladding; 
NaK-faonded, gravity-cast , ro l led , and machined uranium; XaK-bonded, centri-
fugally cast and machined uranium; and sodium-bonded inject ion-cast uranium. 
Of these, the principal experience for fabrication and the only experience 
in hot fuel fabrication was associated with EBR-II and i t s integral pyro-
metallurgical reprocessing f a c i l i t y for low-buraup, uranium al loy fuel . 
The Injection casting process used for pin fabrication was successful, and 
remains the reference for fabrication of EBR-II driver fue l . 

Driver fuel material for EBR-II consists of 
enriched metall ic uranium alloy fuel s lugs . Although the uranium alloy i s 
different than the U-Pu-Zr al loy fuel assumed in the DTFCE Subgroup 5A report, 
i t i s believed that the same injection-casting processes can be applied Co 
U-Pu-Zr fuel . 1 7 

Figure B.6-2 i s an abbreviated flowsheet for 
injection-casting of metal l ic fue l . Several separate streams of components 
are used to produce a finished subassembly. Crucibles, molds, and al loy 
feed are used in the fuel pin fabrication. The pin, sodium, and jacket 
components are then used to fabricate finished elements. The finished 
elements are bundled to form reactor-ready subassemblies. The major loss 
of fuel material from the fabrication stream i s the material accumulated in 
used crucibles; along with a l l other scrap, i t i s recycled into the process 
stream. 

Using unirradiated feed metal, EBR-II fuel al loy 
b i l l e t s are prepared by the direct melting of uranium with selected noble-metal 
f i ss ion products in a s tabi l ized zlrconla crucible and casting in a graphite 
mold coated with zirconia, ytcrla , or thoria. The b i l l e t is remelted in a 
coated graphite crucible within an inject ion-cast ing furnace. The furnace 
consists of a vacuum-pressure chamber in which a number of precision-bore 
Vycor tubes are suspended above the crucible. The furnace and the molds are 
evacuated during the melting cycle, the crucible i s raised Co immerse the 
open ends of the molds, and Che furnace i s rapidly pressurized with inert 
gas, causing che evacuated molds to f i l l . As soon as the metal s o l i d i f i e s , 
the molds are removed from the furnace. 
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After the molds are broken from the pins, the 
pins are cut to length, inspected, and loaded along with the bond sodium into 
the fuel jackets. The sodium is melted and allowed to settle after which 
an end plug is welded in place. Sodium bonding is accomplished by heating 
the elements to 510°C followed by repeated raising and lowering to work gas 
bubbles out of the annulus between fuel and cladding. 

Performance of E3R-II fuel fabricated by these 
techniques has been excellent, with only one failure being traced to a 
manufacturing defect. 

Unirradiated U-Pu-Zr fuels could be fabricated 
by a variant of the injection-casting technique described above. The major 
problem at this time is the difficulty of achieving chemical homogeneity in 
feed billets and pins. Although melt-stirring and bottom-pour techniques 
have been used to reduce billet inhomogeneity,ia segregation of Zr occurs 
during billet cooling. 

Injection casting of U-Pu-Zr appears to be 
feasible, although difficulties have been encountered using Vycor acids,19 

owing mainly to the high temperature required (1540*C). Compositional and 
casting-parameter adjustments could Improve this situation. 

Mechanical forming processes have been investi
gated for U-Pu-Zr alloys including extrusion and swaging.23 Extrasion 
appears to be the more promising technique. The major uncertainties con
cerning mechanical forming processes are the remote operation and maintenance 
of the forming equipment in a hot fabrication operation and the unknown 
effects of crystallographic and mechanical texturing on irradiation per
formance of the elements. Small amounts of crystallographic texturing have 
been shown to result in rather substantial anisotropic irradiation growth In 
metallic fuels. 21 

There is incentive to reduce the amount of re
cyclable scrap in metal fuel fabrication, since recycling results in in
creased process costs. All scrap material except that adhering to or absorbed 
by the molds and crucibles is recycled into the fabrication process. B.-ued 
on the EBR-II and Sodiua Reactor Experiment (SR£) results, between 40 and 50% 
of the feed material might require recycle to the billet preparation step. 
The nonrecyclable material amounts to 7-10% and oust be chemically recovered. 

B.6.3 Cost Impacts of Advanced Fuels Processes 

Unit costs for the fabrication of advanced fuels have been evaluated. 
The calculated values are not significantly different from the $650±25Z/kg HM 
calculated for oxide fuels (see Section B.3.4). 
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B.7 NONAQUEOUS REPROCESSING 

Reprocessing technologies other than the aqueous Purex extraction types 
are characterized by operations at high temperatures and provisions for 
only partial decontamination from fission products. 

B.7.1 Nonaqueous Reprocessing Options 

Three general technologies have been studied in this class, only one 
of which - pyrochemical reprocessing - is considered applicable to U-Pu oxide 
FBR fuels. A brief description of each of these approaches is presented in 
this section, and this is followed by a more comprehensive treatment of the 
pyrochemical method. 

B.7.1.1 Dry Processes 

This technique involves repeated oxidation and reduction 
which breaks up the pellets and releases the gaseous and volatile fission 
products. First, the cladding is punctured and the fuel element is exposed 
to air at 400 to 600°C. The oxidation of UOj to U3O3 produces a volume 
increase that completes rupture of the cladding and releases some of the 
gaseous and volatile fission products. Subsequent reduction with a E2-N2 
mixture converts the material back to UO2, with further fission-product 
release. The cycle is repeated perhaps twice, by which time the oxide is 
sufficently pulverized to fall free of the cladding and release most of the 
remaining gaseous and volatile fission products. There is some evidence that 
the process is not as satisfactory for the high plutonium content required 
for FBR cores. This is because there is no feasible oxidation-reduction 
cycle for PuOj. 

The primary problem with dry processing for F3R fuels is the 
limit set on number of cycles by retention and buildup of the non-volatile 
fission products, particularly the noble metal and rare earth components. 

B.7.1.2 Halide Volatility Processes 

In this approach, the actinides are separated from the cladding 
and the fission products by reaction with a halide (e.g., by chlorination) and 
volatilization. The most promising halide and fuel cycle are chloride and 
Th-U. 

Briefly, chopped fuel would be chlorinated with a mixture of 
cnioriac ?n<2 carbon tetrachloride vapor (the carbon helps to detach O2 from 
the fuel) to torn, volatile ThCli* and UClj-UClg. Some fission products 
(Zr, Ru, Tc, Nb, Sb) ai&c form volatile chlorides that follow the ThCL, and 
UCI5-UCI5 through subsequent sfsps that are designed to allow adjustment of 
the product to a desired uranium content, with rejection of excess thorium. 
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A fluoride volatility process normally would be preferred for 
plutonium fuels, but because it involves the handling of unstable PuFg, perfor
mance is generally unsatisfactory. However, the process may be satisfactory 
as a purification step for the uranium stream. 

B.7.1.3 Pyrochemical Processes 

The third technique has conventionally been labeled pyro
chemical processing, and involves producing chemical changes in fuel consti
tuents in order to maneuver them selectively between a molten salt phase 
and a molten metal phase. Physical operations, such as distillation, or 
precipitation and filtration, are adjuncts needed to provide a useful tech
nology. Possible application of pyrochemistry to FBR U-Pu fuel is discussed 

below. 

B.7.2 Pyrochemical Reprocessing 

For practical reasons, the solvents used in pyrochemistry are the 
relatively abundant metals with reasonable melting temperatures. Seme, such 
as Mg, Zn, and Cd, have sufficiently high vapor pressure that they can be 
distilled from much less volatile constituents of a mixture at the end of 
an operation. Others, such as Cu, Sn, Bi, and Al, have low vapor pressures 
at practical temperatures, but provide some useful solvent or chemical 
property. These metals are frequently present as alloys, to allow adjustaent 
of thalr chemical activity or solvent properties. 

The salts are generally halides, most often chlorides, and are also 
of abundant-metal origin. They include CaCl2, Mg&2, xc^» NaCI, and 
Zn&2- The salt floats on the molten metal and greatly lowers vaporization 
of metal constituents (e.g., Mg and Zn). Components of the salt mixture can 
also react with components of the metal alloy, and then dissolve them. The 
result is a movement of an element from the metal phase to the salt phase. 

Movement between phases is accomplished by oxidation or reduction 
actions, the choice of which is guided by the relative free energies of 
the chloride of the element to be moved and the chloride salts available as 
reagents. For example, after irradiated U-Pu metal is dissolved in zinc, and 
CaCl2 is added, those elements whose chlorides have free energies greater 
than CaCl2 (U, ?u, and the rare-earth and noble-metal fission products) 
remain in the metal phase. 

Other separations include precipitation of a chosen (usually major) 
constituent by lowering the melt temperature, changing the solvent metal 
composition, or converting the constituent to an insoluble component such 
as a hydride. A filtration, or at least a decanting, must follow. A very 
useful consideration in choosing the proper solvent metal composition is to 
assure that it is sufficiently volatile to be distillable (retorted) from 
the product. Zinlc, magnesium, and cadmium have this property. Pyrochemical 
techniques are discussed in Refs. 22 and 23. 

The fission products fall into four groups, defined by their behavior 
in pyrochemical reactions such as those described above, as shown in 
Table 3.7-1. 
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Table B.7-1. Fission Product Groups in Pyrochemical Processes 

Group 
Designation Fission Products Remarks 

Gases that do not react 

Elements that react with CaCl2 or 
KC1 and enter the salt phase 

Mostly the rare earths (except Sm 
and Eu) 

FP-4 Zr, Kb, Mo, Tc, Ru, Rh, The "noble metals" (too inert to 
Pd, Ag, Cd, In, Sn, Sb be chlorinated by MgClz or even 

ZnCl2) 

FP-1 

FP-2 

FP-3 

H, Xe, Kr 

I , 3r, Cs, Rb, 3a, Sr, 
Sm, Eu, Se, Te 

Y, La, Ce, Pr, Nd, Pa, 
Gd, Tb 
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B.7.2.1 U-Pu Metal fuel 

The capacity of the process for U-Pu metal fuel is assumed to 
be sufficient to support 8 LMFBRs, with total discharge of core and blanket 
of 0.5 Te/day for 300 days/year. The daily 500 kg load (̂ 300 pins) will 
consist of 400 kg of uranium 50 kg of zirconium (provides a high melting 
point for Che metal fuel), 45 kg of plutonium (*v<60Z fissile), and 14 kg of 
fission products (1.9 kg of FP-1, 2.8 kg of FP-2, 3.0 kg of FP-3, 6.3 kg of 
FP-4). 

Figure B.7-1 illustrates the batch nature of the process and 
Che various material flews. All equipment is housed in an argon cell, and 
operations are performed remotely. 

B.7.2.1.1 Dissolution; The declad, chopped metal fuel is 
charged into the dlssolver and falls through the cover salt into a Cu-5Z Mg 
alloy (Vessel 2). The vessel is tungsten backed with graphite, is nearly a 
meter in diameter and a aeter high, and has a cover sealed in place by a 
fusible metal seal (an EBR-II technique). During dissolution of Che fuel at 
about 950"C, FP-1 gases leave Che dissolver through an outlet in Che cover 
and are carried by argon to a treaCment crain for removal of Xe, T2, and Kr, 
and recycle of Che argon. The F?-2 elements and about half of FP-3 are 
chlorinated by, and crapped in, Che cover sale; Che latter is CaCl2-KCl, with 
only enough MgCl2 £° T t n e partial chlorination of FP-3. At Che end of 
dissolution the cover salt can be pressure-transferred to a hold tank (not 
shown) for recycle to the next batch of fuel; eventually the salt must be 
transferred to waste. Also at Che end of dissolution, che metal phase in the 
dlssolver contains all the uranium, plutonium, and FP-4 (noble metals), and 
about half of FP-3 (rare earths). 

Fuel dissolution is accelerated by agitation of 
che molten setal, provided by a conventional paddle on a shaft or by argon-
driven fluid pulsers. Fluid transfers are accomplished by pressurizing the 
source vessel; this requires the presence of "freeze valves" on all liquid 
lines to direct the flow properly. 

B.7.2.1.2 Salt Transport Removal of U, Pu, and the Rare 
Earths: A melt of MgCl2-MgF2 is pressure-

transferred froo storage in Vessel 2 through a 1.5 cm line of Mo-32 W to the 
bottom of the aetal phase in che dissolver. As the salt rises through che 
metal and is agitated, it chlorinates a portion of the 0, Pu, and FP-3 to 
•alts i»nd dissolves them; che FP-4's are unaffected and remain in che metal. 
At completion of Che batch transfer of sale, che operation is reversed, and 
the salt is pressured back to the bottom of the Zn-17" Mg In the Vessel 2. 
As Che sale rises through che metal and is agitated, the U, Pu and FP-3 are 
reduced back to the metallic scate, driven largely by che setal-complexlng 
action of zinc. (For every gram equivalent of U-Pu moved into the Zn-Mg 
alloy, a gram-equivalent of Mg is transferred back to the copper alloy during 
che next half-cycle.) This operation is called salt transport. 
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DISSOLUTION 

(START OF STEP) WASTE SALT 
(FP-Z, 1/2 FP-3) 

—•-OFF-GAS (FP-I) 

CHARGE CaCIj-KCt (LOW MqClg) 

CHARGE 2300 *q Cu-5% Mq 

CHARGE 500 kq CHOPPED FUEL: 
(400 U, 50 Zf, 43 Pu. 14 FP) 

SALT (U-Pu-1/2 FP-31 

U-Pu 
SALT TRANSPORT 

(ENO CF STEP) 

HYQRIQING 

(START OF STEP) 

700 °C 

SALT (M9++) 

TRANSPORT SALT 
" M9CIZ-M9F2 

1700 kqZn-17 %Mq 
(Pw, 1/2 U, 1/2 FP-3) 

VESSEL 2 

HYORIOE 
FILTER 

Zn-Mq 

(Pu, 1/2 U, 1/2 FP-3) 

HYORIOER 

H2, N. 

RETORTING 

(END OF STEP) 

950 °C 
•Cu-5% Mq 
(FP-4, Zr, 1/2 U) 

VESSELt 1 

H2 

U REMAINING IN VESSEL 1 IS 
RECOVERED WITH ANOTHER 
SALT TRANSPORT TO VESSEL 3 
(NOT SHOWN ). THE Zn -Mq 
ALLOT WITH U IS THEN STORED. 
ABOUT ONE-FOURTH OF THE 
Cu-Mq ALLOY IS DISCARDED 
AND RCPLACED AFTER 'J 
RECOVERY. 

Zn-Mq 

200 *q\), 45 kg Pu, 1/2 FP-3 

RETORT 

Fig. 3.7-1. Sch«oacic Representation of ?7rocheaicaI 
Reprocessing of Mecal Fu«l3 
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The loading of Pu, 0, and FP-3 in the transport salt 
is low, so the operation must be repeated a number of times. The Pu and FP-3 
transfer faster than the uranium (greater distribution coefficient), so 
that by the time 99+Z of the Pu and FP-3 present have transferred, only about 
50* of the uranium has moved. The operation is stopped at this point and the 
Zn-Mg alloy containing U, Pu, and FP-3 is transferred to a hydrider vessel 
for further treatment. 

The uranium left in the copper solvent can be 
recovered by a similar salt transport step using a third vessel; most cf the 
copper is then available for dissolving the nest batch of fuel. A portion 
of the copper must be sent to waste (drag-out) and replaced with fresh copper 
to avoid excessive eventual accumulation of the large quantity of zirconium 
from the fuel and the lesser quantity of FP-4. 

In both of these salt transport operations, the 
temperature of copper alloy initially containing the U and Pu (called the 
donor alloy) is about 950°C, while the temperature of the Zn-Mg alloy (called 
the acceptor alloy) is about ?00*C. Inasmuch as the salt is simply a "go-
between" for the two alloys, its quantity is not rigidly specified. There 
should be enough present to hold the number of cycles to a reasonable value, 
but not so much as to require excessive vessel size. 

B.7.2.1.3 Concentration of U, Pu, and the Rare Earths: The 
Zn-Mg containing the U-Pu and FP»3 in Vessel 2 could conceivably be retorted 
In yet another vessel to drive off the Zn-Mg. However, the time required is 
large, and the method of removing the product has not been developed. The 
rate of evaporation of Zn-Mg is limited to about 80 to 100 kg/m2-hr because 
of the tendency of metals to "bump" when rates are forced to higher values. 

In view of these considerations, there is incor
porated a preliminary concentrating operation consisting of hydriding the U, 
Pu, and FP-3 in the Zn-Mg, and filtering the hydrides. Plutonium and the 
rare earths form reasonably stable hydrides, uranium less so. The operation 
would be carried out in a hydrider vessel that is narrower and taller than 
the preceding vessels. In order to assure precipitation of uranium hydride, 
the temperature would be about 450 *C and the hydrogen pressure about 1.5 
atmosphere absolute. Contacting of H2 with alloy could occur in a gas lift 
that would carry the mixture upward to a filter in the top from which the 
alloy would drain back to the mala body. The filter is conceived to be a 
beryllia crucible having bottom holes, over which a particle layer does the 
filtering. The particles are to be of a compound such as magnesium nitride 
that will decompose and disappear during the subsequent retorting step. 
Equipment of this nature has not been demonstrated. 

At the completion of hydriding, the filter and its 
collection of hydrides and interstitial Zn-Mg is removed from the hydrider, 
placed inside a matching crucible without holes, and transferred to a retorting 
operation. Such retorts, with condensers and Zn-Mg collectors, have been used 
in a pyrochemical development program. The temperature is raised, the 
hydrides and nitrides decomposed, and the relatively small amount of inter
stitial Zn-Mg is distilled away from the U, Pu, and FP-3. 
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Ultimately the retort temperature is raised 
sufficiently to melt the product and pour it as an ingot. Tie composition 
should be 18% Fu and 0.3Z FP-3 in uranium. 

During later refabrication steps, the ingot would 
be adjusted to the proper composition by addition of whatever uranium is 
required along with 102 Zr. 

B.7.2.2 U-Pu Oxide Fuel 

The oxide fuels would first be reduced to metals, then sub
jected to the pyrochemical procedure described above. The metal product 
would then be converted to oxide for refabrication. 

The batch size will again be taken as 500 kg/day of fuel. 
Although no zirconium will be present in this material, the 02 content 
represents essentially the same mass so that the daily load will again be 
400 kg U, 45 kg ?u, and 14 kg of fission products. 

B.7.2.2.1 Decladding: The stainless steel cladding on the 
chopped fuel segments must be removed before reduction of the fuel to metal can 
proceed. The cladding and other steel patts may weigh half as much as the 
oxide fuel, depending upon the degree of separation possible in the preceding 
mechanical headend. Since stainless steel disintegrates and dissolves in 
molten zinc at about 850°C, a 1000 kg charge of zinc is piped into the dis-
solver (essentially the same vessel described for metal fuel dissolution). 
A cover salt (about 130 kg) of KCl-CaCl2 and a little ZnCl2 is floated on 
top to suppress zinc loss and to retain any iodine that may be released 
during decladding. The chopped fuel is added, and decladding proceeds until 
complete. 

Since the cover salt accumulates very little 
material in this operation, it is pressure-transferred to a storage vessel 
for reuse with the next batch of fuel. The temperature of the zinc has 
meanwhile been lowered to <700°C to decrease vaporization of the uncovered 
melt. The zinc is pressure-transferred to a subsidiary operation in which 
most of it is recovered by retorting from the mild steel pipes in which the 
remnant stainless steel is stored as waste. 

B.7.2.2.2 Reduction to Metal: The declad fuel pellets 
remaining Is the vessel (with a residue of zinc) are reduced from oxide to 
metal with calcium in a solvent metal of Cu-52 Mg at about 950*C. A 2300 kg 
charge of the metal is piped Into the decladding-reduction vessel; the charge 
Includes 7 to &Z by weight of calcium. Because the oxygen in the oxide fuel 
reacts with the calcium to form CaO, enough CaCl2-CaP2 (about 1000 kg) must 
be added to dissolve the CaO. Agitation must be provided during reduction 
that Is sufficiently vigorous to assure alternating contact of the salt with 
both metal and pellets: the salt dissolves some of the Ca, carries it to the 
oxide fvel, and dissolves the resulting CaO; the uranium metal that is formed 
must be subsequently dissolved and removed by the solvent metal. Argon-pulsed 
agitation methods are a possiblity, in addition to paddie-and-shaft agitation. 
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At the completion of reduction, the metal phase 
contains the uranium and plutonium, and about 1/2 FP-3 and all of FP-4. The 
gaseous and volatile fission products (FP-1) pass to the off-gas train during 
this step. The CaO, FP-2 and about 1/2 FP-3 are in the salt (partial removal 
by means of a small quantity of MgCl2 in the salt), which is pressure-
transferred to a subsidiary operation for recovery of 1/2 to 2/3 of the salt 
for reuse. (This salt recovery operation, which is based on precipitation 
of a CaO-rich phase by temperature manipulation, has not been thoroughly 
established.) 

B.7.2.2.3 Recovery of Product: The metal contents of the 
decladding-reducing vessel are now the same as the contents of the dissol
ving vessel for metal fuels at the start of salt transport operations. The 
remainder of the processes is identical. 

Tne ingot produced from retorting can be oxidized 
to a feed for the refabrication of oxide fuels, though this step apparently 
has not been demonstrated. 

B.7.2.3 U-Pu Carbide Fuel 

Although pyrochemical procedures are being investigated that 
allow direct dissolution of carbide fuels, they are not sufficiently developed 
for consideration. Instead, the route chosen will be oxidation of the 
carbide, followed by application of the oxide fuel process described above. 

The ingot from the pyrochenical reprocessing might be first 
oxidized, then the oxide converted to carbide by the standard carbotheraic 
reduction. 

B.7.2.4 Waste Processing and Off-Gas Treatment 

The wastes occur in discharged salt and metal streams. The 
total rate of discharge of fission products is fixed by the fission products 
in the incoming fuel and the outgoing ingot, but the volume of the carrier 
salt or metal depends on the exact processing conditions and future develop
ment. If dragout of the copper alloy is 1/4 each cycle, then the discharge 
to waste is 500 kg/day of copper alloy. Discharge rate of cover salt in the 
metal fuel process may be only 50 kg/day, but discharge of reduction salt 
in the oxide process could be 300-500 kg/day because of buildup of CaO. The 
Zn-Mg alloy in salt transport may occasionally have to be sent to waste 
because of gradual accumulation of Impurities. 

The metal wastes can be conveniently cast into pipes to yield 
an assembly that is tough and relatively leach-resistant. Acceptable forms -
for salt waste are not as obvious, although mixing with a cement prior to 
casting into a pipe has been mentioned. It is also possible to process 
some of the fission products into a metal for casting, but high removals from 
the salt are unlikely. 
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Off--gas treatment is fairly conventional for Xe, Kr and I20 
(from oxide and carbide processes). The iodine released during the initial 
step of the pyrochemical processes is essentially quantitatively captured by 
the salt, according to experience but any traces released to the shear 
atmosphere in the mechanical head end will have to be removed by activated 
charcoal and cryogenic techniques. Any tritium from the metal fuel (most 
diffuses out in the reactor) will remain as the element, presumably, and 
could be trapped by zirconium sponge. 

B.7.2.5 Status of Technology 

None of the pyrochemical steps has been developed beyond the 
bench scale, and many have reached only laboratory scale. Consequently, 
an extensive research, development, and demonstration effort will be required 
to assure commercial reality at the 1/2 Te/day scale. The time and money 
to carry out such a progras has not been determined. The problems for large-
scale use include materials of construction, methods of fabrication, and 
techniques to accomplish the various unit operations, such as filtration and 
agitation of two liquids and a solid. 

The RD&D effort to develop the processes and equipment to 
convert the various solid waste streams into a material whose physical and 
chemical form is suitable for shipping and emplacement in a waste repository 
cannot be estimated until the required waste form is specified. 

Methods for removing particulates, cold-trapping volatile 
material, and separating rare gases have been extensively tested In large 
facilities. However, some additional effort would be required to design, 
construct, and demonstrate an off-gas treatment system for the salt-transport 
reprocessing schemes. The cost and time for such an effort is not large, 
relative to other aspects of the process. 

B.7.2.6 Implications for Diversion Resistance 

No submission at this time. 
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