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ABSTRACT

We have evaluated the gel-sphere—pac fuel fabrication option and
its possible application to commercial scale fuel fabrication for 19
fuel element designs that use oxide fuel in metal clad rods.

The gel-sphere-pac process uses high-density spheres of the required
fuel composition. The dry gel spheres are prepared at the reprocessing
plant as an alternative product conversion step. In the fabrication
plants described in this report these dry gel spheres are calcined,
sintered, inspected, and are then loaded into fuel rods and packed by
low—energy vibration. The resulting fuel bed, made of two or three sizes
of spheres, will achieve a fuel smear density of 83 to 88% of theoretical.

We have defined and evaluated all fuel fabrication process steps
from fuel receiving to finished fuel element shipping. Our evaluation
also covers the feasibility of the process, the current status of tech-
nology, estimates of the required time and cost to develop the technology
to commercial status, and the safety and licensability of commercial
scale plants.

The primary evaluation was for a Light-Water Reactor fuel element
containing (U,Pu)Oy fuel. The other 18 fuel element types — 3 for Light-
Water Reactors, 1 for a Heavy-Water Reactor, 1 for a Gas—Cooled Fast
Reactor, 7 for Liquid-Metal-Cooled Fast Breeder Reactors, and 3 pairs for
Light-Water Prebreeder and Breeder Reactors — were evaluated by comparing
them with the Light-Water Reactor.

The gel—-sphere-pac option was found applicable to 17 of the 19 element
types; the characteristics of a commercial scale plant were defined for
these. These characteristics were then used as a basis for making cost
estimates for such plants. These cost estimates include both capital
costs and operating costs. When subjected to a financial analysis, these
cost estimates provide estimated prices for the commercial fabrication
of such fuel elements. These estimated prices are then suitable for
comparison with similar estimates made previously for fabrication using

the conventional pellet process.

xiidi
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Qur evaluation clearly shows the gel-sphere-pac process to be a
viable fuel fabrication option. For the contact operated and contact
maintained facilities and the remotely operated and contact maintained
facilities, the estimates suggest only minor cost advantages for the gel-
sphere-pac process (in one instance a minor cost advantage is indicated
for the pellet process). Based on our confidence in the estimates, we
feel that no significant differences in costs exist for these cases.
However, the estimates indicate a significant potential fabrication
cost advantage for the gel-sphere-pac process if a remotely operated and

remotely maintained fuel fabrication plant is required.



1. INTRODUCTION

This report addresses the fuel fabrication option of using the gel-
sphere-pac process for fabricating metal clad oxide fuels for a variety of
reactor—-fuel cycles. To provide a complete plant characterization in the
generic description, it was necessary to select a specific cycle that
would be representative and would allow the definition of mass flows
throughout the plant. For the representative cycle we chose refabrication¥*
of pressurized-water reactor (PWR) fuel elements with simultaneous produc-
tion of fuel using three different enrichments, all with a spike to
maximize proliferation resistance. This requires a plant that is remotely
operated and maintained. Modifications to the plant to adapt it to other
reactor type fuel elements and other fuels are addressed separately in
Sect. 9.

The gel-sphere—pac process uses high-density spheres of the required
fuel, which are loaded into the fuel cladding and packed by low—energy
vibration to give a high smear density {[about 83 to 88% T.D. (theoretical
density)] fuel rod. Dry gel spheres are prepared at the reprocessing
plant during the product conversion step for the fissile material. This
process — sphere conversion — is described briefly in the Appendix. Dry
gel fissile spheres are received at.the fuel fabrication plant where they
are calcined, sintered to high density (greater than 98% T.D.), and loaded
into fuel rods along with fertile fine spheres. The sintered fertile fine
spheres are purchased from cold fabrication plants ready for use; this
fabrication process is very similar to that described in the Appendix
for larger spheres.

The sphere-pac process requires three size fractions to produce high-
density fuel rods. The fissile spheres are prepared in coarse (nominal
1200-pym—diam) and medium (nominal 200-um-diam) sizes. The fertile fine
spheres are prepared with a nominal diameter of 40 um and provide about

20% of the total heavy metal (HM).

*#In this report, refabrication refers to the fabrication of bred fuel
materials.



This report also addresses the ant.  :pated research, development,
and demonstration (RD&D) required to bring the sphere-pac process to a
level suitable for commercial application. Since the basic process is
essentially independent of the type of fuel being loaded, the RD&D
requirements are defined first for the generic process, and modifications

only are provided in the specific cases.



2. DEFINITION OF THE GEL~SPHERE-PAC LWR PLUTONIUM
RECYCLE FUEL FABRICATION PLANT

2.1 MAJOR ACTIVITIES

The plant design concept in the generic portion of this report
addresses only those processes directed toward the refabrication of fuel
assemblies that contain (U,Pu)O; and that are designed for use in a
light-water reactor. The processes are limited to the production of
sintered (U,Pu)0y spheres, loading of fuel rods, assembly of these rods
into a finished assembly, and the supporting activities necessary to
perform these steps in a safe licensable commercial facility.

Since this refabrication plant is an integral part of the overall
fuel cycle, it must interface with other activities within the cycle and
is supported by external sources of supplies and materials. Figure 2,1
shows both the primary external process interfaces and some of the
supporting activities within the plant.

The sphere-pac process depends on the reprocessing plant conversion
product for its primary fuel component input (as does the pellet process).
However, this feed material differs in form from the pellet process. The
pellet process uses dry powders of U0 and PuOj, which are subsequently
blended and conditioned for process feed within the fabrication plant.
The sphere-pac process feed is free-flowing, spherical, homogeneous
(U,Pu)0y particles, which are formed in the product conversion process
step of the reprocessing plant and which need only sintering to high
density to be suitable for fuel rod loading. The (U,Pu)0Op spheres are
obtained in two sizes, coarse (nominal 1200 ym in diameter) and medium
(nominal 200 pym in diameter). In addition, natural (or depleted) UOj
in the form of very small (nominal 40-jm-diam) dense spheres are used in
the process. These "fertile fines"” can be produced with an auxiliary
process support activity in the refabrication plant or purchased from a
supplier, as shown in Fig. 2.l. Hardware components, such as fuel rod
cladding and maﬁerial for the assembly skeletons, are also purchased

from outside suppliers.
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In the primary processing operation material is rejected by the
quality control inspection functions. For the sphere-pac process rejected
material is from two main sources: sphere inspection and fuel rod loading.
The material rejected during fuel rod loading is internally recyclable with
a minimum amount of rework (i.e., only size classification). The material
re jected during sphere inspection is collected, weighed, assayed, and
returned to the reprocessing plant for recycle. In addition to this clean
scrap there are contaminated materials, both solid and liquid, which must
be treated for ultimate disposal. Such treatment includes processing to
recover plutonium (where possible), volume reduction, and conversion of

the remaining waste to a form suitable for ultimate disposal.

2.2 PLANT DESIGN CHARACTERISTICS

To quantitatively evaluate the refabrication plant described in
this report we must define certain design characteristics as follows:
1. The fuel element design is comparable to a current Combustion
Engineering (CE) System 80 pressurized-water reactor element.
2. The plant production capacity is 480 t HM/year with the capa-
bility of simultaneously producing three enrichments.
3. The plant factor is 240 effective full-production days per year.
4, Plant design capacity:
Overall 730 t HM/year
about 5 fuel assemblies/d
Each line of three 243 t HM/year
0.67 t HM/d
369 fuel rods/d
1.6 fuel assemblies/d
5. Process design capacities are based on the line design capacities,
equipment availability, and the scrap and sample losses.
6. The facilities are designed to discharge no liquid waste other
than treated sanitary sewage.
7. All process buildings and critical auxiliary support are

designed and constructed in accordance with the current U.S. Nuclear



Regulatory Commission licensing requirements. Shielding is provided to
limit dose rates to operating and maintenance personnnel to 0,25 millirem/h.
In addition to these basic assumptions we assumed that production
from each fuel rod line is campaigned to provide a full reload segment for
a single 1270-MWe (net) PWR before changing enrichments. Thus, the total
HM output for a given campaign is 34.3 t, and each campaign requires about
51 effective full-production days (78 calendar days). The total facility

can support about 14 reactors by using only (U,Pu)0; fuel.

2.3 OPERATING PHILOSOPHY

For the remotely operated and remotely maintained facility (RO/RM)
we assumed that the spike was introduced into the (U,Pu)0Oy feed material
at the reprocessing plant. We also assumed that the spike material and
quantity would not affect subsequent process variables.

The plant is operated as a commercial facility with three shifts
‘per day, seven days per week. Both operating and maintenance personnel
are available on all four shifts, although there are some increases in the
day-shift complement five days per week. Administrative and engineering
personnel are involved only for day-shift operation five days per week.

All process operations in the facilities are to be mechanized for
remote control by the operators. Internally recycled scrap materials are
reworked within a designated process area for each fuel rod line to
prevent possible mixing of enrichments. All fuel materials recovered in
the waste treatment process are recovered as a mixed uranium—-plutonium
product and converted to a solid oxide before return to the reprocessing
piant.

Personnel access to the feed materials storage area and the finished
fuel element storage area is physically difficult, and material access
ports are protected by multiple permission controls for safeguards considera-
tions. Only qualified plant personnnel may perform operations within the
entire controlled area, including the operation of transportation equipment

for shipping and receiving.



2.4 IN-PROCESS INVENTORY REQUIREMENTS

We performed a total in-process inventory assessment of the
refabrication plant on the assumption that all three fuel rod loading

lines were in full production. This is presented in Table 2.1.



Table 2.1.

Surge Storage Requirements and Normal Inventory

Based on CE System 80 Fuel Element Design

Storage

Interval,

Normal Inventory,

Hi
Process Step Material d kg HM
a .
Normal Max (U,Pu)0y U0y Fines
A. Feed Storage Dried spheres 30 60 5G,000
Sintered spheres 30 60 13,000
B. Interim Storage Dried spheres 1 2 1,660
Sintered spheres 1 2 440
C. Furnace Dried to sintered 1.2 2.4 2,000
spheres
Post Furnace Sintered spheres 0.5 1 30
Interim Storage Sintered spheres 0.36 0.72 600
F. Main Storage Sintered spheres 1.2 2.4 2,100
Sintered spheres 1.5 2.9 660
G. Loading, Inspection, Sintered spheres 0.12 0.24 210 50
Welding
H. Loaded, not inspected 5 5 8,300 2,070
rods
I. Rework — scrap Sintered spheres 0.12 0.24 410 75
J. Completed fuel rods Sintered spheres 5 5 8,000 2,000
in rods
K. Assembly Rods in completed 15 30 24,000 6,000

assemblies

%5.6% nominal fissile plutonium content. "’



3. FABRICATION PROCESSES
This section will describe each main fuel fabrication step. Process
flowsheets are included in the discussion, with a description of product
control and scrap and waste processing and disposal.

3.1 PRODUCT MANUFACTURE

3.1.1 Flowsheet and Process Descriptions

A gel-sphere-pac generic functional flow diagram is shown in Fig. 3.1.
The main functions unique to the gel-sphere-pac process are fuel production
(2.0) and fuel rod fabrication (3.0). Brief process descriptions of the

various functional steps are given below.
3.1.1.1 Receiving and Storage

As shown in Fig. 3.2 the containers of dried gel spheres (two sizes of
each of three assay levels) of (U,Pu)Ox are received from the reprocessing
plant, weighed, and stored. These container weights and their respective
accompanying samples are the bases of inventory control of material entering
the plant. Similarly, the sintered spheres of natural (or depleted) UOjp
fertile fines are received, weighed, and stored. As required by the process
a container is sampled and held in interim storage (pneumatic transfer
hopper) until it is verified to be acceptable. It is then pneumatically

transferred to fuel rod fabrication.
3.1.1.2 Fuel Production

The purpose of the fuel production step is to convert the dry gel
spheres to the highldensity sintered spheres required for sphere-pac
loading. This is accomplished by calcination and sintering, as shown in
Fig. 3.3.

As material is required for fuel production individual containers

are removed from storage and passed successively through a sampler and a
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splitter. The splitter subdivides the batch and loads it into the
furnace boats.  After the material is verified to be acceptable, the
boats are loaded into one of the calcination-sintering furnaces. There
are three main production lines (one for each assay level), each con-—
taining three furnaces.

The calcination portion of the cycle heats the particles to about
500°C in a reducing atmosphere to remove the volatiles and to reduce the
uranium to UOg. Following calcination the particles are reduced and
sintered to high density by continuing to heat them in a reducing
atmosphere to a maximum temperature in the range of 1450 to 1650°C. The
as—sintered particles [now (U,Pu)0Oy with the oxygen-to-metal ratio
adjusted] are cooled, unloaded, and transferred to sphere inspection.

In this step the particles are size and shape classified, sampled, and
held in interim storage (pneumatic transfer hoppers) until quality

control analyses are complete. Upon verification of the acceptability

of the material the particles are pneumatically transferred to fuel

rod fabrication. Reject material from size and shape classification

and material that does not meet specifications are sent to scrap handling.

Waste from laboratory analysis is routed to waste processing.
3.1.1.3 Fuel Rod Fabrication

The main purpose of the fuel rod fabrication step is to load the
high-density spheres into high-density rods by using low-energy vibration.
The various steps of fuel rod fabrication are shown in Fig. 3.4. The
‘main storage hoppers receive and store acceptable sintered spheres until
needed for rod loading., There are three fuel rod loading lines, one for
each of the assay levels. Each fuel rod loading line has three storage
hoppers for the coarse spheres, medium spheres, and fines, respectively.
Each hopper provides storage for two days of operation.

The amount of each type of sphere needed for a fuel rod is volu-
metrically dispensed from each of the three hoppers, weighed, and trans-
ferred to the corresponding three hoppers of the loading line. The
material from all three loading hoppers is simultaneously dispensed,

blended, and loaded into the cladding tube. Each loading line has a
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single blender-feeder, which alternately feeds each of three loading
stations of the line by use of a rotary diverter valve. After being
filled the fuel rods are vibrated to achieve the proper fuel column
length and density.

The loaded rods are moved to one of the two densitometer stations
where both the fuel column length and the fuel density along the length
are determined. Rods that do not meet specifications are transferred
to the density reject station before being éent to the rework area.

Fuel rods that meet specifications are advanced to the subsedquent
stations where the weld area is cleaned; the remaining top components
(disk, spring, etc.) are added; and the rod is evacuated, pressurized,
and welded.

The rods are rotated to a horizontal position and loaded on racks
for closure weld x-ray examination. After passing the subsequent helium
leak check, all rods are decontaminated and passed from the fuel rod
fabrication area to the final rod inspection and fuel assembly area of
the plant. Surge stofage is provided at this point to permit campaigning
of common assay rods through the nondestructive assay and fuel rod
dimensional inspection stages. Rods that meet specifications are sent
to fuel assembly fabrication, while rods that do not meet specifications
are transferred to the rework area. From the rework area rods are either
returned for reinspection'or unloaded and the particles returned to the
dispensing and loading area (following size classification). The hardware

is recycled or sent to scrap handling, depending on its condition.
3.1.1.4 Fuel Assembly Fabrication

Acceptable fuel rods are stored in vaults within the fuel.assembly
area. A single fuel assembly line meets the production requirements and
handles the output from all three fuel fabrication lines, as shown in
Fig. 3.5. Identified rods of a given assay are withdrawn from storage
and loaded into a magazine. The magazine is then mated with a prefabri-
cated fuel assembly skeleton and the rods drawn into the assembly. Each

assembly is then upended and subjected to a series of inspection and
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cleaning operations before being placed in a protective package. Packaged
assemblies are stored in a vault and then shipped to various reactors as

required.

3.1.2 Product Control Processes

To ensure the production of a high—quality product, sampling and
testing are performed throughout the various process steps. This
includes analyzing the as-received dried spheres (coarse and medium)
for accountability (heavy metal content) and quality control (impurities).
After sintering particles of all three sizes receive more complete analysis
since the process is complete and the particles are ready for loading.
Analyses of sintered particles include total fissile content, uranium-to-
plutonium ratio, oxygen—-to-metal ratio, impurities, gas content; moisture
content, particle size distribution, and nitrogen content. After the
fuel rod is loaded the total heavy metal and fissile element content and
distribution along the fuel column length are determined. The various
samples and tests are divided into three types of controls:

1. "In-line" controls are nondestructive controls on 100% of the
product. Essentially all of the testing is of this type once the
sintered particles are loaded into the fuel cladding. The contents of
out-~of~-specification rods are recycled to the system just ahead of the
rod loading step.

2. "On-line" controls are statistical examinations, such as
extracting part of the particles for particle size distribution. In
addition on-line controls include processing equipment atmosphere analyses
and maintenance.

3. "0Off-line" controls are statistical nondestructive and destruc-
tive controls on part of the product. The bulk of such controls are tests
on control and analytical samples that have been transported (normally by
pneumatic means) to the laboratory. Examples include analyses of impuri-
ties and heavy metal content (of particle samples and reject material),
moisture content, particle density, plutonium-to-uranium ratio, and

oxygen—to—metal ratio, and isotopic assay.
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3.2 SCRAP AND WASTE PROCESSING AND DISPOSAL

3.2.1 Scrap Handling

As shown in Fig. 2.1 three types of scrap material are generated
in a sphere-pac mixed oxide fuel fabrication plant. These are: clean
(internally recycled), rejected (externally recycled), and recoverable
plutonium from solid and liquid wastes. Clean scrap occurs when a fuel
rod is rejected for failure to meet mechanical (e.g., poor weld), density,
or homogeneity specifications. When this occurs the spheres are poured
out, sized, and returned to the appropriate storage container. Any
degraded spheres are transferred to the second category of scrap material
(rejected).

Re jected material consists of sintered spheres that fail to meet
the sphere specifications. Rejected material is collected, assayed, and
shipped back to the reprocessing plant for dissolution and conversion to
gel spheres (see Fig. 3.6 for a flowsheet description).

The third type of scrap, recoverable plutonium from solid and liquid
wastes, is separated from the solid and liquid wastes, converted to a
solid oxide, and transferred to the rejected (U,Pu)0; material.

Table 3.1 provides a quantitative evaluation of expected mass flow,
yield, and scrap generation for the sphere—pac refabrication plants. As
indicated the quantity of clean (internally recycled) scrap anticipated
is about 8%. The amount of rejected (externally recycled to the reproces-—

sing plant) scrap is about 4%. The overall product yield is about 99%.

3.2.2 Waste Processing and Disposal

Waste handling and disposal are shown in Fig. 3.7. As described in
Sect. 3.2.1 recoverable uranium-plutonium is separated from waste as part
of scrap recovery. However, some mixed oxide is not recoverable and is lost
as waste to permanent disposal. This quantity is expected to be less than

0.25%Z of the total amount of plutonium treated.
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Table 3.1. Estimated Daily Scrap Production for a 480-t HM/year LWR

Plutonium Recycle Fuel Plant

Processing Step

Mass Flow, kg HM/d

Daily Throughput

Clean Scrapa

Reject Scrapb

(U,Pu)0,° U0, Fines  (U,Pu)0,” U0, Fines  (U,Pu)0," U0y Fines

Receiving and Storage 1662.3 437.8d
Sampling and Batch Loading 1660.6 1.7
Weighing and Sampling 437.4 0.4
Calcining and Sintering 1659.8 0.8
Sphere Upgrading 1753.1° 49.8
Sphere Sampling 1749.6 3.5
Sphere Storage 1749.6 437.4
Fuel Rod Loading 1749.6 437.4
Fuel Rod Scanning 1662.1 415.5 84.0 21.0 3.5 0.9
Top Component Insertion 1658.4 414.6 3.3 0.8 0.3 0.1
Rod Welding and X Ray 1658.4 414.6 f f f
Leak Detection 1658.4 414.6 f r f s
Rod Assay 1625.3 406.3 31.5 7.9 1.7 0.4
Final Rod Inspection 1608.4 402.1 16.3 4.1 0.7 0.2
Assembly Inspection 1600 400 8.0 2.0 0.3 0.1

Total . 2000 143.1 35.8 62.3 2.1

aInternally recycled.

o & o o

3.17% nominal fissile plutonium.

Includes 35.8 kg of recycled clean scrap.

Includes 143.1 kg of recycled clean scrap.

H)

Collected, assayed, and externally recycled to reprocessing plant.

Rework in these steps is only of the weld and does not affect scrap.

0¢
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Following the plutonium recovery step aqueous wastes are concentrated
and solidified while solid wastes are compacted; both are assayed and

shipped for permanent disposal.



4. PLANT GENERAL LAYOUT AND DESCRIPTION

4,1 GENERAL LAYOUT

A typical site plan for a refabrication plant producing 480 t HM/year
as PWR fuel elements is given in Fig. 4.1. This plan was developed to
show the principal components and is not an actual concept. To provide
for physical safeguards there are appropriate boundary areas with increasing
control of access. The entire site is surrounded by a fence with monitoring
and access control. Within this perimeter is a controlled area with
appropriate fencing and intrusion monitoring. A third level of access
control is then applied to process buildings, which are further subdivided
for limitation of personnel access.

Only appropriately cleared personnel are allowed in the various areas;
this includes operators of heavy trucks and trains within the site perimeter

on the road and rail accesses shown in the site plan.

4,1.1 Site Perimeter

Site access through the perimeter fence is controlled through the main
entrance and guard shacks at the vehicular entrances. The administration
and engineering building though within the perimeter area is outside the
controlled area to permit interchanges with customers and vendors and to

reduce the number of personnel within the controlled area.

4,1.2 Controlled Area

All personnel access to the controlled area is through the portal
entrance controlled by guards. Within the controlled area are located the
manufacturing process building and critical auxiliary functions as well as
an appropriately protected guard center and communications center that
remotely monitors all physical protection activities. The auxiliary

function areas accessible from the controlled area portal are:

23
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l. the facility support building, which includes appropriate process
material warehousing and general shops;

. the exhuast ventilation control building and its associated stack;

. the emergency electrical power generation building;

the cooling towers;

. various yard facilities, including waste storage areas; and

o U WwN
.

limited portions of the receiving and shipping areas associated with

the process areas.

4.,1.3 Process Areas

Access to the actual processing buildings is through a separate
building, which includes facilities for locker rooms and some operational
management offices. All personnel entering or leaving the three inter-
connected process buildings must pass through appropriate guards and
monitoring devices. The three process buildings provide space for:

1. the actual fuel element production,
2. the fuel element hardware manufacture and inspection together with
other process support activities, aund

3. the treatment of all process waste.
4,2 GENERAL DESCRIPTION

The fuel element manufacturing processes were described in Sect. 3.
In this section attention is focused on a description of the main process

buildings.

4.2,1 Operational Support Building

Most of the structural materials components in a finished fuel assembly,
with the exception of the cladding, are manufactured within the plant.
Consequently, the operational support building houses such activities as
fuel cladding storage, inspection, cleaning, bottom end-plug insertion

and welding, and loading of appropriate magazines to deliver these to the
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fuel fabrication area. Element components are manufactured and assembled
into finished and inspected element skeletons in a separate area. Addi-
tional equipment and space is provided to test and modify, as necessary,
all new fixtures and replacement equipment to ensure their functional
performance and interface compatibility with manufacturing process area

supports, utility connections, and adjacent equipment.

4.2.2 Process Building

The process building houses all the actual fuel element manufacturing
processes and the appropriate quality control and maintenance activities.
Although actually subdivided into several smaller areas, these can be
grouped by activities. The processing areas are physically separated by
appropriate shielding walls but are remotely interconnected to provide
for material movement. A preliminary layout for the processing areas is
given in Fig. 4.2. Only the principal processing areas are shown. Remote
maintenance cells are located above the processing cells together with the
quality control laboratories. Additional building space houses auxiliary

services and instrumentation.

4,2.2.1 Mixed Oxide Receiving and Supply Storage

The (U,Pu)Oy gel spheres are received and stored in one area. Each
shipment may contain several sealed containers. The identification and
weight of each container are checked. The containers are individually
transferred through a lock to the vault storage area and are placed in
predetermined and monitored storage wells by remotely operated equipment.
Separate locks are provided for the transfer of containers to the fuel
processing and rod fabrication areas and for the removal of empty con-
tainers to the reprocessing plant for reuse. All activities in the vault
area require multiple approval and are monitored by accountability and

safeguards personnel.
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4,2,2.2 Sphere Processing Area

The second general area includes all equipmment to sample batches
of dried spheres from the storage area, to sinter the spheres to high
density, and to subsequently upgrade and sample the sintered product.
Qualified product is accumulated in storage as feed to the fuel rod
fabrication process. From the time the sintering boats enter the
sintering furnace, all processing and transfers are conducted within
confinement. Sintered spheres are transferred pneumatically between

processing stations.
4,2.2.3 Fuel Rod Fabrication

The third area includes all equipment necessary to dispense spheres,
load the fuel rods, and perform inspections to assure fuel rod integrity.

-The interface between sphere processing and fuel rod fabrication is
the storage area. Three sizes of spheres are transferred from storage to
the volumetric dispensing station. Material suitable for one fuel rod is
transferred to the sphere-pac loading line, as shown in Fig. 4.3. Two
such lines are proposed for each of the three assay areas to provide
redundant capacity. Current estimates indicate that each sphere-pac line
will fabricate fuel rods at the required rate.

Fuel rods are fabricated vertically but are laid down at the x-ray
rack loading station. Subsequent handling is horizontal with support
along the length of the rod to prevent mechanical deformation. Following
closure weld x-ray inspection and helium leak testing provisions have
been made to decontaminate any rods with external surface contamination

before transferring them to the final inspection and element assembly area.
4,2.2.4 Rework areas

An area for rework and internal recycle of fuel and fuel rods is
provided for each fuel rod fabrication line to prevent mixing of different
assay materials. This area is isolated from the fuel rod fabrication area

by a thin removable barrier. Functions include removal of end plugs from
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defective welds, total disassembly nf fuel rods, recovery of fuel with
subsequent screening and sorting ror recycle, and accumulation of reject

materials to be returned to the reprocessing plant for total recycle.

4,2,2.5 Final Fuel Rod Inspection and Element Assembly

Since only five fuel elements per day are produced at full capacity,
a single manufacturing line can accommodate the output from all three fuel
rod fabrication lines. Again, this area is physically separated from the
fuel rod fabrication areas but remotely interconnected. This separation
provides additional protection against accidental contamination of the
exterior surfaces of the finished assembly. The area includes surge
storage for the fuel rods as received and after final inspection as well
as equipment for the final inspection and nondestructive assay. Equip-
ment that loads the fuel rods into the assembly skeleton, inspects the
assembly, and places it in a shipment support package completes the

contents of this area.

.4,2,2,6 Assembly Storage and Shipping

The final area in the direct manufacturing process line is the
storage vault and shipping location for completed assemblies. This vault
is similar to but smaller than the fuel receiving storage vault. Space
and equipment for loading the shipping containers and placing these on

the appropriate off-site carrier is provided near the vault.

4,2.3 Fabrication Process Support Areas

Although not shown on the preliminary layout drawing (Fig. 4.2), the
fabrication process building includes several other functiénal areas.

Around, above, beibw, and adjacent to the direct manufacturing
process areas are sites for process control. These include such off-line
activities as process control operating areas and analytical laboratories

for sample analyses for process control, product quality assurance, and
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confirmation of plant effluent control monitoring. Significant space is
required for process equipment maintenance, and these areas provide
shielding, decontamination, and confinement of contamination. Space is
also provided for process services including utilities, for material
movements with limited local storage, and for special ventilation equip-
ment and controls. Also located within this main process building is an
area for safeguards and accountability monitoring and control with the
appropriate computer capabilities and limited office space for process

management personnel.

4,2,4 Waste Treatment Building

The waste treatment building contains both shielded and unshielded
areas as required to protect operating personnel. The primary waste
treatment processes in a fuel manufacturing plant involve treatment of
solid wastes, both combustible and noncombustible, to reduce the volume
and packaging the remaining materials into containers for off-site ship-
ment and disposal. However, all liquid waste from activities within
the controlled area are collected and monitored for plutonium and uranium
content. Only the liquid from treated sewage is discharged from the
plant. Other low contamination level liquids are treated for recovery
and recycle. Excess water is discharged as a vapor in the ventilation
exhaust. Liquids with significant quantities of heavy metal are
chemically processed to recover the uranium and plutonium and to con-
centrate other contained solids and salts. These liquids include the
analytical laboratory wastes, decontamination solutions, and solutions
from leaching of highly contaminated wastes, such as the filters as well
as the concentrated low-level wastes. The resulting alpha-contaminated
concentrates are immobilized in concrete or glass. All solid waste is
placed in appropriate shipping and disposal containers, assayed, and sent
to treated waste storage before off-site shipment. All process equipment
in the waste treatment area is contained within controlled areas to con-
fine and test all gaseous effluents before release to the plant exhaust

system and the stack.






5. PLUTONIUM CONFINEMENT AND VENTILATION SYSTEMS
5.1 CONFINEMENT SYSTEMS

Various plant enclosures and their heating, ventilating, and air-
conditioning (HVAC) systems serve to minimize and restrict the release
of plutonium—-bearing materials to as low a level as practicable. Such
enclosures include fuel fabrication areas; hot repair cells; decontami-
nation areas; sphere transferring equipment; storage areas; shipping
containers; and the walls, floors, and ceilings of buildings and rooms.
The combination of all the various enclosures and interconnected HVAC
systems of a building or of one or more rooms in a building constitutes
the “"confinement system” for that building, room, or set of rooms.

The three physical zones in the fuel fabrication building are:

l. restricted access — houses equipment containing special nuclear
materials (SNM),

2. limited access — provides sampling and maintenance access to the
restricted access zone, and

3. normal access — houses operational controls and controls normal
personnel flow.,

The barriers of an enclosed zone are designated by classification;
that is, restricted access zones are defined by restricted access
barriers, limited access zones by limited access barriers, and normal
access zones by normal access barriers. The HVAC system creates and
maintains different pressures in the various zones. The lowest pressure
is in the restricted access zone so that leakage, if any, is always

toward an area of higher contamination potential.
5.2 VENTILATION SYSTEMS

The principal risks of plutonium fuel fabrication plants are release
and dispersai of plutonium materials. The plant ventilation systems
ensure the confinement of plutonium materials during normal and abnormal

conditions. These systems consist of fresh air supply, process ventilation

33
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and exhaust air, associated air heating units, filters, fans, dampers,
ducts, fire~fighting devicec, control instrumentation, and regulation
devices. The air supply system draws in and conditiomns fresh air and
distributes it throughout the plant. A portion of supply air enters
the process ventilation system through process enclosures and other
components and is removed together with other plant air through the
exhaust ventilation system. The exhausted air is filtered through
fire-resistant High Efficiency Particulate Absolute (HEPA) filters and
discharged through a stack, which allows prompt, adequate dispersion
in the event of an accident.

The ventilation systems serve as principal confinement barriers in
the multiple confinement barrier system. These systems maintain pressure
differentials between building confinement zones and also between the
building confinement zones and the outside atmosphere; hence, airflow
is from zones of lesser potential for contamination to zones of greater

potential for contamination (see Fig. 5.1).
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6. SAFETY AND PROTECTION MEASURES

6.1 PROTECTION AGAINST CRITICALITY

Safety relating to criticality depends on prevention, detection,

and personnel evacuation. Each is discussed below.

6.1.1 Prevention

The prevention of criticality accidents is based on critically safe
equipment and/or critically safe storage. Critically safe equipment is
designed with dimensions or materials to completely eliminate critical-
ity accidents. Critically safe storage is an area in which the quan-
tities of fissile materials are limited to well defined safe amounts.

The dimensions of c¢critically safe equipment as well as the
authorized amounts of fissile materials in critically safe storage
result from safety coefficients and from criticality calculations based
on criteria and operating conditions that have been accepted by the

nuclear industry.

6.1.2 Detection and Alarm

Detection and alarm systems are provided wherever there is a risk
of accidental criticality. The criticality detectors are designed to
uncover a criticality accident within a very short time. Gamma-ray
detection can be used uniformly throughout the system. To avoid false
alarms the detection and alarm system provides reliable single detector

channels and/or concurrent response of two detectors.
6.1.3 Evacuation
If a criticality accident occurs all employees inside the plant

have to be evacuated. Alarm units are installed in any area where an

individual may be present whose immediate evacuation is essential. The
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plutonium process buildings are designed so that any individual can
leave the site of an accident within a well defined time. The thick
walls separating the process areas reduce radiation doses received by

the operating personnel.

6.2 DOSIMETRY

The gel-sphere—-pac PWR plutonium fuel refabrication plant is
designed. constructed, tested, and operated under rigid quality
assuranc: »rograms to ensure that operating people are not exposed to
internal :d external radiation levels that exceed current U.S. regula-
tions. The radiation levels in all accessible areas are controlled to
meet such criteria. Plant design and plant monitoring methods are used
to ensure that these criteria are met. These methods are discussed

below.

6.2.1 Plant Design

To avoid any spread of activity (either alpha for plutonium or
gamma for spiked fuel) the plutonium handling operations are performed
inside equipment that is located within process enclosures and maintained
at a negative pressure relative to the adjacent areas of the process
building. Furthermore, any suspect or slightly contaminated materials
are treated or controlled in ventilated hoods. Outside the process
enclosures the plutonium-bearing materials are stored and/or trans:zsrred
according to well-defined procedures in leaktight devices. The individual
protection of the operating personnel in the process areas mainly consists
of special clothes, overshoes, and masks, where required.

The exposure of the operating personnel to gamma and neutron irra-
diation is limited by the use of biological shieldings and remote

operating design for the fuel fabrication plant.
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6.2.2 Plant Monitoring

Alpha contamination. The surface contamination monitoring consists

of routine or special checks in the event of an incident. These checks
are made by using appropriate detectors and by measuring either the sur-
faces or smears with appropriate equipment.

In zones either occupied or to be occupied by workers the
atmospheric contamination is continuously monitored and compared with
the applicable control level to ensure that workers are not exposed to

concentrations exceeding those considered safe.
6.3 SAFETY AND LICENSABILITY

Facilities for the refabrication of plutonium LWR recycle fuel must
meet regulatory requirements for the protection of operating personnel
and the general public. Current U.S. regulations governing fuel pro-
cessing and fabrication facilities require that the radiation dose at
the site boundary from releases from the facility be effectively less
than the dose from background radiation.

All structures, systems, and components whose failure might result
in doses that exceed the specified limits at the plant boundary must be
designated "important to safety" and analyzed for possible failure modes
and effects. All structures, systems, and important—-to-safety struc-
tures, systems, and components constitute the primary containment of
radioactive materials. Secondary containment includes limited or no-
access areas and controlled-ventilation areas. Access is restricted by
a combination of physical barriers and security measures. All struc-
tures, systems, and components important to safety are designed to
withstand the effects of natural phenomena likely to occur at the speci-
fic facility site. Redundant and/or diverse emergency backup systems
maintain uninterrupted operation of all systems related to containment
of radioactive materials. Geometry, concentration, or administrative

controls are used to prevent criticality. Combustible or explosive
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materials are handled to prevent incidents that might result in radioac-
tive release. Volatile or leachable waste materials receive special
treatment and fixation.

The principal difference between a plant fabricating spiked versus
nonspiked (U,Pu)0Oj fuel is that the shielding in the former facility
must be increased for fuel process and storage to protect operating per-
sonnel. Also, the plant is designed for remote rather than contact

ﬁaintenance.
6.4 ENVIRONMENTAL ASSESSMENT

To be licensed fabrication facilities for plutonium recycle fuel
must meet regulatory requirements to ensure that the environment will be
protected.

The design of the fuel fabrication facility must adhere to the con-
cept of no releases of radioactive liquids to the environment. Aqueous
solutions containing plutonium are treated for plutonium recovery, con-
centrated, and solidified. Noncondensables are filtered and released as
gases.

Plutonium—containing solids are treated for plutonium recovery,
converted to a nonleachable form, transferrred to steel containers, and
stored in a stable geological formation. Solids that contain small
amounts of beta and gamma activity are buried at licensed sites. Gases
containing radioactive and noxious materials are thoroughly cleaned before
release.

In summary, a gel-sphere—pac LWR recycle plutonium fuel fabrication
plant contains much less activity and generates much less liquid waste
than a Purex LWR fuel reprocessing plant. It should produce less solid
and liquid waste than a pellet-process LWR recycle plutonium fuel
fabrication plant. It poses no new or unknown activity or soiid or
liquid waste problems. Therefore, it should not pose any new environ-

mental problems.
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6.5 BUILDING SAFETY

In plutonium fuel fabrication plants the main risk to health and
safety is the release and dispersal of plutonium materials caused by
fires or explosions. In the reference plant the fire protection system
is designed to prevent, detect, extinguish, limit, and control fires and

explosions and their concomitant hazards and damaging effects.

6.5.1 Prevention

Plant area. The plant area is sufficiently isolated from the
surroundings to limit any damage resulting from a fire originating out-
side the area. On the plant site sufficiently large physical barriers
surrounding the buildings are built to avoid any transmission of a fire
occurring in the enviroms.

Building construction. In general, heat-resistant and noncom—

bustible materials are used practically throughout the reference plant.
They are particularly used in the plutonium process areas and in places
essential for the functioning of confinement barriers and systems, for
controlling radioactive materials, and for maintaining safety control
functions.

» The structural shells, their supporting members, and the penetra-
tions in these shells surrounding any area where plutonium is handled
and where it could be accidentally dispersed are designed so that they
will remain standing and continue to act as confinement structures
during a well-defined time delay in case of failure of the fire
suppression system.

Buildings are separated from each other by open areas. When
separate buildings have to be interconnected, long corridors equipped
with fire-resistant doors on each end are built.

Isolation of process enclosures. The plutonium materials are pro-

cessed through interconnected enclosures, which are located in several
plutonium areas, as described earlier in Sect. 4. To avoid fire
transmission to adjacent process areas, the process enclosures are

equipped with fireproof locks, which are opened to allow material



transfers. Special process enclosures that present high contamination
and/or fire risks are operated under inert atmospheric conditions.

Gas—-handling equipment and flammable materials. Flammable materials

are not introduced in buildings where plutonium is processed, except
when specifically required for process reasons. The hydrogen required
in the process is stored in tanks located outside the buildings. The
hydrogen is diluted to a nonexplosive percentage with inert gas before
being introduced in the process building.

Except for the small quantities in use solvents and other flammable
liquids are stored in a separate building or in an unexposed storage
area. Special control is exercised over the handling of flammable,
toxic, and explosive gases, chemicals, and materials admitted to the
plutonium—-handling areas and process enclosures.

Exhaust filter protection. The medium—efficiency room exhaust

filters are protected by a spark—arrestor flame trap and a fire-resisting
prefilter. The medium—-efficiency filters and the HEPA filters installed
in tﬁe plutonium process building and process enclosure ventilation
systems withstand high temperatures during well-defined time delays

without any loss of efficiency.

6.5.2 Fire Detection and Alarm Systems

Provisions for fire detection and alarm systems consist of fire
detectors, signaling devices, and audible and visual indicators in a
constantly attended location as well as in other appropriate plant
locations.

The types of fire detectors are chosen according to the possible
types of fires. The fire detectors are connected to plant-wide fire
detection, signal, and alarm systems that can detect and clearly locate
the fire within one minute.

Manual fire alarm stations connected to the plant-wide detection
systems are installed throughout the plant at immediately accessible

places.
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6.5.3 Fire Suppression Agents and Techniques

Different fire—-fighting techniques, products, and equipment are
used in plutonium fuel fabrication plants, depending on the type, size,
and the hazard of the potential fire.

Fire hydrants or connection points for hydrants are strategically
located around a water distribution loop encircling the buildings site;
hence, it is possible to spray all points of the plant area. Wet~-pipe
conventional automatic sprinklers are used in nonprocess areas of the
facility.

For process areas if automatic water sprinkler coverage is used the
sprinkler system selected minimizes the quantity of water used, the
spread of contamination by water, and the possibility of criticality.
Process areas not protected by automatic water sprinklers are protected
by other fire suppression agents such as carbon dioxide, high—-expansion
foam, etc.

An automatic fire—extinguishing system is located in the process
enclosures where work entailing serious risk of fire is performed.
Depending on the plutonium—bearing materials or liquids being treated
inside the process enclosures, fire  suppression agents such as high-
expansion foam or halogenated organic components are used.

As a supplementary caution portable fire extinguishers filled with
various fire suppression agents are distributed throughout the plutonium

plant.

6.6 SAFEGUARDS

Safeguards is a rapidly changing area in the U.S. Therefore the
safeguards descriptions for these plants are based on future proposed
systems. In this way the most up-to-date ideas are used in the design

of the plants described in this report.
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Sa:eguards nrograms have the following goals:

1. to assure that special nuclear materials (SNM) are being adequately
protected,

2, to deter diversion

3. to detect diversion, and

4, to quantify diversion.

Traditionally the first goal has been the function of security
organizations that use physical protection systems (PPS) of security
guards, barriers, and access controls. The second has usually been the
responsibility of SNM management and its materials measurement and
accounting systems (MMAS), particularly for covert diversion. The third
and fourth have been the responsibility of both organizations.

Detection and quantification of diversion form the basis for the
MMAS. The enhanced detection capability of the MMAS, relative to
historic physical protection systems, would allow safeguards systems to
be activated more quickly at lower levels of diversion. This would be

most evident in the case of covert multiple diversion of small quan-
‘ tities of special nuclear materials, which might not be detected at all

by less specific PPS monitoring.

6.6.1 Physical Protection System

The PPS controls personnel entry and exit for the facility and for
restricted interior areas. The system includesl,2

1. automated personnel identification to assure that only authorized
people are in restricted areas,

2, entrance and exit SNM monitors and metals and explosive monitors to
assure that sensitive materials do not move across barriers that
are expected to restrict their passage,

3. preseﬁce monitors and closed—circuit television to remotely monitor
sensitive areas,

4, passive and active delay systems to slow down an overt external

attempt to enter a restricted area,
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5. doorway monitors and alarms to detect movement of people into sen-—
sitive areas, and

6. sufficient personnel to respond to an externally generated overt
act of a specified size.

The key to the effectiveness of the system is the ability of the
SNM monitors to detect small quantities of material. All commercial SNM
monitors do this by measuring gamma rays emitted in the monitored
space. Regardless of the true source of the gamma rays, it is assumed
they come from SNM. Although this assumption might create certain
operational problems, it results in highly sensitive monitors.

For unspiked fuel the natural gamma rays monitored are primarily
low~energy radiations. Consequently, it would not be difficult to move
larger quantities of special nuclear material through the monitored
space if the materials were sufficiently shielded. Because of this
unguarded monitors require incorporation of metal detectors. Available
monitors, that 1s types used in major airports, have adequate sen-
sitivities.,

The automation of these detection capabilities allows the PPS to
expand the conventional security functions, such as personnel control,
to include control of selected batch-type SNM handling operations.l’2
This arrangement provides more effective protection through remote moni-
toring and accounting of discrete material items in handling and
storage. The concept is applied to those portions of the plants, such
as the shipping and receiving areas, where only item accountability is
needed. They are outside the continuous flow processing lines where
material flow is critical to smooth process operations. Monitored data
would be automatically transferred to a computerized safeguards coor-
dination area, bringing the PPS function under the automatic control of

the safeguards system.

6.6.2 Materials Measurement and Accountability System (MMAS)

To achieve near-real-time (nearly continuous) materials control and
accountability the plants are subdivided into physical areas, which have

individual SNM accounting. These physical areas are chosen so that all
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nuclear material crossing the unit-process boundary can undergo non-
destructive assay and a computation of material balance. The physical
areas are chosen to localize the material within a given unit process,
both in space and in time. On-line computers are used to cope with the
large quantities of data collected over a short time. Materials account-
ing statistics are calculated and monitored for each unit process. 1If the
value of such a statistic (or set of statistics) exceeds a specified alarm
level, the materials control system alerts the appropriate authorities,
and investigative action is taken.

The key to the effective development of the MMAS is the recent
availability of advanced nondestructive assay (NDA) instrumentation.
These measurements use the natural radiation, neutron-induced fission,
or radiation absorption properties of materials in the process stream to
determine the identity of the materials and measure their abundance.

Of nearly equal importance are direct automated transfer of data
from these NDA instruments to a central computer and sophisticated com-
puter programming that does real-time accounting and makes quick diver-
sion assessments from vast quantities of NDA and other process data.

Such systems are used in these plants.

6.6.3 System Structure

The flow of information, authorization, and control data through
and between the safeguards structure and the plant process system is
given in Fig. 6.1. It is based on the DYMAC3 safeguards system imple-
mented at the Los Alamos Scientific Laboratory.

Safeguards coordination, materials measurements and accounting, and
process control coordination are mainly computer—controlled automated
functions. The primary technical sophistication of the safeguards
system is in the automated coupling of these functiomns.

The basic data flow is from unit process NDA and associated moni-
toring sensors in the process line to the MMAS. Results of real-time

statistical assessments of the data to determine potential diversion
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are transmitted to the safeguards crordination area and at times to the
process control coordination area, depending on the presence of and
amount of useful process information in.the assessment.

Some head—end and tail-end operations are handled by the physical
protection system because items in these operations can be individually
identified. Nondestructive assay (NDA) is not done, but items are
accounted for by automated data transmission to the safeguards coor-
dination area.

The components of the safeguards system described above are essen-
tially developed. Systems integration, processing, and logic are now

being laboratory tested.
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7. OPERATIONAL PERSONNEL AND ORGANIZATION OF THE PLANT

Operation of the sphere-—pac fuel fabrication plant is performed by
personnel fully qualified for their respective jobs. All professional
personnel have education, training, and experience commensurate with
their responsibilities. Training programs are used to a greater or
lesser extent for all personnel in the facility, with special emphasis
on those involved in special process activities and control of the
special nuclear material.

We analyzed the personnel requirements for a sphere—-pac PWR fuel
plant having a production capacity of 480 tHM/vear. We estimated that
about 1,100 people are required for the operation of the (U,Pu)0; plant
in which a spike has been added to the fuel.

The distribution of personnel in the various departments within the
plant was based on an assessment of the level of activity and requisite
skills of the personnel. We estimated personnel costs, which are pre-
sented in Table 7.1. The functions of the various departments indicated
in Table 7.1 are generally self-evident, except for plant operations.
The plant operations department includes the following functional areas:
l. manufacturing engineering,

2. health physics,

3. security and safeguards,
4, data processing, |

5. chemical operations,

" 6. mechanical operations,
7. maintenance operations,
8. waste management, and

9. shipping and handling.
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Table 7.1. Annual Personnel Costs for Sphere-Pac Plant?

RO/Rub
Department
Fixed Variable

General Management $ 80
Design Engineering 180 S 640
Projects 60 130
Finance 60 280
Purchasing and Personnel 60 510
Medical 60 180
Plant Operations 1500 16,190
Quality Assurance JU 2,700

TOTALS $2300 $20,630

%Includes employer cost such as FICA, taxes, and
insurance in thousands of dollars.

bRemote operation and remote maintenance for a
spiked-fuel plant.



8. GENERAL STATUS OF TECHNOLOGY

The development of sphere forming and sphere-—-pac technology is behind
pellet technology. The sphere forming and sphere-pac concepts originated
in the U.S. almost 20 years ago (as "sol-gel”), and active development was
pursued in this country until 1972. Gel-sphere-pac technology at that
time was thoroughly documented., =4 However, several foreign countries,
including the Netherlands, the United Kingdom, Germany, and Switzerland,
have continued their sphere fuel development and have made significant
contributions.> 8 The U.S. gel-sphere-pac work was reinitiated in
June 1977,

The status of development for the two major gel-sphere-—pac areas
(gel-sphere preparation and sphere-pac loading) is roughly the same.
Gel—-sphere preparation has received more attention for a longer period
than sphere-pac loading, but it is significantly more complex.

Therefore, their remaining overall development needs are estimated to be
about equal,

A discussion of development status and needs is conveniently orga-
nized along two standards: the scale of operation and the various func-
tional systems involved. For processes aimed eventually at the design,
construction, and successful operation of a commercial facility the
following sequence is both realistic and representative of the actual
number of development stages needed:

1. cold lab — to demonstrate process feasibility with low—activity
substitutes;

2, hot lab — to verify process feasibility with highly gamma-active
materials;

3. cold engineering — to demonstrate equipment concepts under nonra-
dioactive conditions;

4, hot engineering — to verify equipment concepts under remote, highly
gamma—active conditions; and

5. cold prototype — to demonstrate full-scale components, including

integrated and/or remote operation for the more complex steps.
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In general, cold-lab work provides the basis for both hot-lab and
cold-engineering work. The last two together provide the basis for both
hot-engineering and cold-prototype work, which in turn provide a solid
basis for a commercial-scale facility. Fuel samples for irradiation
testing would normally be produced during all stages of development. 1In
the U.S. and Europe some irradiation testing has been done with test
rods of various lengths and with generally favorable results; additional
tests are under way in Europe and are in preparation in the U.S.

Nepending on the fuel cycle these basic research and development
stages might well be augmented by operaticw of a pilot plant facility in
which actual fuel elements are produced. Such a facility would have a
production capacity of approximately 10%Z of the commercial facility
discussed in this report. The costs of construction and operation of
the pilot plant would be considered part of the research and development
required.

A demonstration plant (assumed to have approximately 30% of the
commercial scale plant described here) is typically the next step before
the design and construction of a full-scale commercial plant. While the
design studies through conceptual design are logically part of the
research and development activities, the cost of detailed design,
construction, and operation are considered demonstration costs; most of
these will be recovered by the sale of products. Thus, we have chosen
to identify these activities separately.

For this generic plant we estimated the schedule for the indepen-
dent development of the sphere—pac process, as shown in Fig. 8.1. The
initial program plan in this schedule is assumed to start any time after
FY 1979.

While the above breakdown of activities provides a reasomable sche-
dule, the technology status, development requirements, and costs can
best be addressed by the primary process functional areas, as defined in
Fig. 3.1. Sections 8.1 and 8.2 discuss these for the generic plant.
Modifications required for specific reactor fuel cycles are covered in
Sect. 9. Table 8.1 qualitatively summarizes the current status of

technology.
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Table 8.1. Status of Technology Summary for Sphere-Pac Fabrication of LWR (U,Pu)0; Spiked Fuel?
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8.1 TECHNOLOGY STATUS AND DEVELOPMENT REQUIREMENTS BY PROCESS FUNCTIONS

Only the technology status of the sphere—pac process and its deve-
lopment requirements are specifically addressed in this report.

However, because of the close relationship to the conversion process at
a reprocessing plant, which provides the basic spherical starting
material, a discussion of this process and its status has been included
in the Appendix. The intimate interaction of the conversion process and
the fuel production functions is recognized in the following analysis.
Two recent reports have assessed the gel-sphere-pac fuel for Fast Breeder
Reactors,g’lO and much of the following information has been extracted
from those reports.

In the following sections we discuss the functional areas, as shown
in Fig. 3.1, A further subdivision could be by an area of sphere-pac
process functions through the completion of fuel rod fabrication and by
a generic area involving the rod inspection and fuel element assembly
functions, which are applicable to all metal clad oxide fuel regardless

of the fuel material form.

8.1.1 Receiving and Storage

8.1.1.1. Functional Definition

Critically safe vessels with two sizes of dried fissile containing
gel spheres are received as feed for the refabrication facility. To pro-
-vide proper quality assurance and material accountability these con-
tainers must be weighed and their accompanying sample must be retrieved.
These shipping vessels, which also serve as in—plant feed storage
vessels, must be designed to facilitate convenient movement and storage.
Fittings must be provided that allow rapid connection and discharge of

particles in the facility transfer system.
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8.1.1.2 Technology Status

Criticality data are available for guidance in the design of safe
storage vessels., Concepts for handling and emptying storage hoppers
have been developed in unreported HTGR fuel particle handling develop-
ment work at ORNL. Computer techniques are available to handle the

real—-time inventory of storage containers.
8.1.1.3 Required Development

The major development task is the identification of a remote
weighing system for full and empty shipping vessels. Development of a

computer—-assisted canister retrieval system is also required.

8.1.2 Fuel Production

8.1.2.1 Functional Definition

This task converts dried fissile-containing spheres into near
theoretically dense spherical feed for the rod loading process. The
main concerns of the task are the heat treatment of the particles and
the post treatment characterization. Heat treatment involves:

(1) calcination, to eliminate excess volatiles; (2) sintering, to den—
sify the material; and (3) reduction, to produce the desired oxygen-to-
metal ratio. Since sintering and reduction ordinarily occur
simultaneously, these two steps will be considered one operation.

It is assumed that the fertile fines will be received as sintered

spheres, which will not require further processing in this work task.
8.1.2.2 Technology Status
Spheres of ThOj are easily sintered to densities in excess of 997%

of theoretical at temperatures below 1450°C. Urania and urania-plutonia

spheres of various compositions have been routinely sintered to densities
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greater than 95% at 1550°C or below. Recently broth-derived urania
spheres have been routinely sintered to over 997% T.D. However, sphere
sintering has not been demonstrated for all fuel compositions being con-
sidered. Most experience is with batch operations. Plutonia experience
is limited to batch sizes of several hundred grams, except for recent
unreported British work that has used somewhat larger batches.

In general, most of the proposed "recipes"” for producing a dense
sphere of given composition vary widely among the different preparation
schemes. Indeed, even within a given process (e.g., the KEMA* internal
gelation process) the times, temperatures, rates, and atmospheres repor-
tedly used for sintering vary from one report to another. This largely
results from the lack of basic knowledge of the complex sintering pro-
cesses occurring within the spheres; that is, whenever another sphere
forming, washing, or drying process variation occurs, unanticipated
changes may be required in the calcination and sintering steps.

Hence, in attempting to devise densification routines one must con-
sider the phenomenology of the process and try to control it to one's
advantage. To this end it is necessary to analyze the observable inter-
nal processes occurring in the spheres duriﬁg heat treatment. These are:

elimination of volatiles (HyO, NH3, NO, , organic compounds),

crystallite rearrangement, >
crystal growth,

phase changes (e.g., U03 — U30g — U0y),
initial stage sintering, and

final stage sintering.

Unfortunately, these phenomena are not separable during the pro-
cessing, as several may be occurring simultaneously. However, elimina-
tion of volatiles and phase changes are easily followed through use of
differential thermal analysis, thermogravimetric analysis, off-gas ana-
lysis, and x-ray diffraction. Normally, careful heating in a controlled

atmosphere will eliminate most of the volatile constituents at tem-

peratures below 600°C.

*Keuring van Electrotechnische Materialen at Arnhem, Netherlands.
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The initial stage of sintering of ThO; has been studied by
Bannisterll and of U0y by Suzuki et al.,lz’13 Landspersky et
al.,14’15 and Breschi et al.l® Bannister found that for ThOy gel pro-
duced by the ORNL water—extraction technique, the first 4% of linear
shrinkage was solely from elimination of volatiles. After this the
remainder of the shrinkage was controlled by grain boundary diffusion of
thorium. Particle shape did not change on sintering to 900°C (in air),
but extensive crystal growth occurred; for example, 6.0 nm as received
grew to 30 nm at 900°C. On the other hand, Suzuki et al.12,13 found
that the initial stage of sintering UO)j sol-gel material proceeded in
two steps: wup to 675°C (in Hp) the shrinkage was proportional to time,
implying a grain rearrangement through boundary sliding (plastic flow),
and from about 750 to 800°C volume diffusion controlled the rate. Above
800°C grain growth occurred normally to about 1080°C where grain size
increased abruptly. The shape of the grains changed from spherical to
polyhedral at this temperature. Above 1080°C normal grain growth con-
tinued and sintering proceeded.

Landspersky's15 preliminary investigations covered U0y produced by
‘the KEMA process and KFATJiilich's H-Process. Calcining in air led to
removal of the majority of volatiles in the range 200 to 250°C, which
was considered to be the critical range for crack formation. If cracks
were not formed in this range, there was no cracking on sintering.
Spheres produced by these two processes consisted of UO3 after heating
to 360 to 450°C in air. However, if the heating rate was too rapid and
the material pore structure prohibited rapid release of the volatiles,
some reduction occurred. In air UO3 was stable to 510 to 570°C.

Landspersky's sintering study17 on the same materials in Ar—47Z Ho
elucidated an important point: With particeles that had been air dried
to 220°C, then sintered in Ar—4% Hg, U(VI) was reduced to U(IV) at tem-
peratures as low as 280°C. 1If calcination in air or inert atmosphere to
U40g was allowed before reduction a different microstructure was formed,

resulting in different sintering rates for the materials. Apparently

*Kernforschungsanlage
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above about 600°C sintering begins in either the UO2 or U308’ whichever

is present. In UO2 this occurs with pore elimination and shrinkage.

The originally formed pore shape remains unchanged, and ouly the pore
volume decreases. On the other hand, in U30g the porosity is redistri-
buted, with pore size shifting to larger diameter as fine porosity is
eliminated. Once formed the larger pores are retained. Several
groupslg—20 have used this technique to prepare sintered spheres of
controlled porosity, mainly by varying the maximum calcination tem—
perature to vary the amount or structure of U30g formed.

Final-stage sintering involves the elimination of closed porosity
coincident with normal grain growth. All the materials being considered
will sinter by the same type of process, which is controlled by mass
transfer — usually diffusion of the cation along grain boundaries. The
principal determinant of final density will then be the microstructure
produced by the preceding steps. That is, given the appropriate tem-—
perature and time materials containing fine porosity and small grain
size will sinter to high density. However, if large pores and/or large
grains have been left in the structure, the densification will be
impeded, as noted in the work on material with controlled porosity.

Considerable experience is available concerning the sintering and
stoichiometry control of (U,Pu)0j_,. sol-gel-derived spheres.3
Generally (U,Pu)0Oy sintered to densities greater than 95% T.D., with the
remaining pores being rather large and presumably introduced during
sphere forming rather than resulting from pore agglomeration during sin-
tering. With improved sol or broth and better sphere forming higher
densities are possible.

Substoichiometry was controlled in (U,Pu)02 batches of several
hundred grams. The rate of reduction of the mixed oxides by hydrogen in
argon was found2l to be controlled by the removal of water vapor from
the furnace by the gas stream; the moisture content of the furnace
atmosphere is often controlled by the previous history of the furnace
and not by the incoming gas.

Most of the work described in the literature was performed on small

amounts of material in batch operations. However, scaling of the



60

sintering processes to larger batches and c« wuous operation has been
done with only minor problems occurring. Tw: problems are: (1) dif-
ficulty in controlling heat released in exothermic reactions on calcina-
tion and (2) difficulty in obtaining uniform temperatures and gas
atmosphere circulation through the mass of spheres. These problems have
been attacked through use of fluidized-bed techniques or use of thin beds.

A large batch dryer and calciner allowing semicontinuous operation
was developed and applied at ORNL for remote use.22 For larger through-
put operation a continuous vertical-tube moving-bed calciner was deve-
loped by ORNL.23 1In this device the temperature profile along the tube
was controlled so that the moving charge underwent the correct
temperature~time program. The countercurrent flow of gas up the tube
provided excellent use of the atmosphere. A further advantage was that
interparticle sticking, a potential problem particularly with fines,
could be avoided. A similar device was used in a SNAM* process pilot
plant.24s25

The KEMA process has been scaled up to pilot-plant operation.26
Calcination was performed in shallow beds in a large forced-—convection
furnace. The particles were then tramsported in boats though a furnace,
which provided atmosphere control and the required time-temperature pro-
file. The same sort of apparatus was employed for (U,Th)0, by Hobeg and
KFA27 in their production plant, turning out 4 kg HM/h.

The SNAM24,25 8-kg/d pilot plant used a moving-bed calciner (as
noted above) followed by a continuous-throughput horizontal furnace
(pusher—-type). Apparently particle sticking was not a problem during
sintering. Thus, large batches of U0, ThOp, or (Th,U)O, can apparently
be readily produced on a semicontinuous or continuous basis with no real
probléms by use of available technology. Preparation of
substoichiometric (U,Pu)Os-x requires extremely good sphere-sintering
atmosphere contact to maintain a suitably high reduction potential to
promote reduction, and thus scale-up for (U,Pu)0g—, might require

fluidized beds or other means for providing good gas—-sclid contact.

*SNAM Progetti S.p.A., Italy
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Analysis of the sintered particles is necessary to confirm that
they will yield acceptable fuel rod density. Contact or glove-box
laboratory-scale techniques have been used in the past to thoroughly
characterize spheres of numerous compositions, including (U,Pu)0y..
With only a few exceptions this equipment was not remotely operable and
not suitable for on-line inspection. Except for the fines sphere size
distribution can currently be measured automatically by an analyzer
developed for remote operation.

The following attributes of sintered particles must be determined.

Density

Since any porosity in the sintered spheres lowers the fuel rod
smear density, the spheres need to be as dense as practical. The per-
tinent density value is the geometric density. This is readily deter-
mined on spheres larger than about 50 um in diameter by immersion in
mercury at about 500 kPa (75 psi). For finer spheres the void spaces
between particles are very small so that higher pressures are required
to penetrate them with the mercury. The key is to completely surround
the particle with mercury but not penetrate any sphere porosity. The
procedure is presently done in only a manual mode.

Other techniques include immersion in water or other liquids.
However, care must be exercised in the use of the data since pores of
nanometer size will be penetrated and falsely high density values
obtained.

Another technique is size measurement (either by optical or
electronic means) of a given batch along with weighing. This process is
ideally suited for automation to the production line since particles can
be continuously removed, measured, and returned to the line, yielding

density and size data simultaneously.28

Size and Shape

Particle size may be measured in numerous ways: sedimentation,

light blockage, microscopy, radiography, etc. However, shape is only



62

measured optically by comparing diameters in different orientations from
a photograph. Should there be any nonspherical particles, they may be
separated out by use of a tilted vibrating plate. This technique is not
useful for fines smaller than about 100 ym, and no shape separation

technique is available for these.

Chemistrz

Standard techniques for chemical analysis of nuclear fuel materials
have been developed, especially for pellet fuel. These can be applied
to sol-gel sphere fuel since it is also a sintered solid material.
However, additional specifications will be required for (U,Pu)O2 fuels

for breeder applications.

Strength

Loading sphere-pac fuel into full-length rods will impose con-
siderable stress upon the spheres so that a high strength will be
required. Strength is commonly determined by loading a sphere in
compression between two flat steel plates. An ORNL modification2?
involves use of a steel holder plate drilled with 64 flat—bottom holes
into which the particles are placed. A pin with flat ends is then put
into the hole and the load applied. Crushing strength (actually load)
is read from a strip-chart recorder. An automated remotely operable
device for measuring crushing strength of spheres is currently being

developed for HTGR fuels.

Microstructure

Particle microstructure is determined microscopically by standard
mounting and polishing techniques coupled with optical or microprobe
examination or by fracturing and electron microscopic examination.
Several paperslz’16’30:3l have been published illustrating the use of
these techniques with sol-gel spheres.

Parameters of interest in microstructural evaluation include grain
shape, size, and distribution; porosity shape, size, location, and

distribution; and the presence of defects such as voids and cracks.
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8.1.2.3 Regquired Development

The sintering of spheres of the required composition(s) must be
developed for the specific gel process(es) selected. Variables that
must be considered are heating rate, sintering temperature and time, and
calcining and sintering atmosphere. Development of a sintering process
requiring temperatures no greater than about 1450°C would be of con-
siderable benefit in that simpler more reliable heating elements could
be used. While sintering furnace development can draw from previous
pellet work, there may be special requirements for providing improved
gas—sphere contact; for example, a fluidized bed might be advantageous.
A suitable continuous or batch remote furnace with high material
throughput remains to be developed.

It has been shown3 with (U,Pu)024 sol-gel spheres that
stoichiometry, moisture, and gas content can be controlled to currently
- specified limits for pellet fuels. However, in this earlier work the
product was always handled in inert-atmosphere glove boxes following
sintering. Numerous equipment items can be simpler and more reliable if
they can tolerate some exposure to air and moisture. Therefore, it is
important to determine the exact degree of precaution necessary in the
subsequent handling of sintered spheres.

Suitable remotely operable furnaces for calcination and sintering
do not exist. Similar furnaces, such as the one planned for coating of
HTGR fuel particles, are at an advanced stage of development. In addi-
tion to using minimum floor space the required furnace must have
atmosphere control, either oxidizing or reducing for the calcining fur-
nace and reducing for the sintering furnace. Automated particle
handling must be an integral part of such furnace systems. Particle
handling schemes must be developed to efficiently charge the furnaces
and to unload the particles after sintering. Samples must be automati-
cally extracted during these operations to perform analyses on each
batch. A faster technique is needed for size and shape analyses of

fines. Faster techniques are needed for residual gas and moisture
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determinations. Improved techniques are needed for determination of
densit: .ind oxygen—-to-metal ratio. Improved specifications for sphere

shape and microstructure are required.

8.1.3 Fuel Rod Fabrication

8.,1.3.1 Functional Definition

This functional area‘receives high-quality sintered spheres of
three sizes as well as the hardware required for fuel rod manufacture.
Spheres and internals are loaded into the cladding tubes, and the tubes
are welded closed. Provisions are included for the rework of fuel rods
that fail to pass the stringent density, assay, and physical inspec-

tions, which are also included in the fabrication task.
8.1.3.2 Technology Status

This task must develop the equipment technology needed to remotely
operate complex equipment including particle dispensers, particle blen-
ders, fuel rod vibrators, density scanners, end-plug welders, assay de-
vices, and physcial inspection stations.

We are now evaluating sditable dispensers, blenders, and vibration
techniques. Specialized equipment must be designed and tested for the
dispensing and blending operations because of the special charac-
teristics of the spheres. Commercially available devices do not yield
optimal results. Several blending techniques have been reported in
sphere-pac and vi-pac literature. Hauth32 apparently used conventional
powder blending techniques to prepare vi-pac material. He then trans-
ferred a weighed amount of fuel to a small conveyor belt, which was dri-
ven by a variable-speed motor. This permitted the rod loading rate to
be closely controlied. Hauth indicated that with a suitably modified
feeder more than 20 rods could be compacted simultaneously. In another
report Hauth33 stated that both vibratory feeders and small conveyors
had been used for rod filling, but that the latter device offered a
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possible advantage by allowing better control of particle-size distribu-
tion of material just before it entered the rod.

Evans and Millman3% also used a conveyor belt to prevent segrega-
tion in their vi-pac study. They loaded each of the size fractions of
powder into separate long rectangular boxes of uniform length and width.
The boxes were then emptied onto a stationary conveyor belt so that the
various sizes were uniformly distributed along the conveyor. Movement
of the conveyor caused simultaneous loading of the different size frac-
tions.

Currently, Oak Ridge National Laboratory is carrying out the
largest U.S. development effort on the fabrication of fuel rods by the
sphere-pac process.35 This program is directed toward both LWR and FBR
fuel geometries. Loading has been studied by using closely sized spheres
over a working range of from 20 to 1400 pm. Simultaneous loading of three
particle sizes is accomplished with newly{developed blending techniques.
Published experimental results show that 857 smear déhsit& is attainable
for 5.1-mm~ID (0.200-in.) cladding (FFTF design) by using particle sizes
of 1200, 300, and 30 Ym in a blend of 58, 20, and 22%, respectively.
Higher smear densities suitable for LWR designs have been achieved with
proper cladding size and particle selection.

Before being loaded into the rod, spheres will have to be conveyed
from the sintering area to the fuel rod loading station. For such
transfers a pneumatic conveying system appears to be ideal. This type
of conveying provides the greatest flexibility in the routing of
transfer lines and the resulting easing of restrictions on the placement
of process equipment. The system itself is amenable to scale-up;
kilograms per minute can be pneumatically transferred. Flow indicators,
pressure monitors, and hopper level indicators provide adequate feedback
for reliable and efficient operation. Operating parameters can be
readily determined. Conveying in the dilute phase — where all the
material is entrained in the gas stream, with no settling out — can be
accomplished with low pressure [less than 0.1 MPa (15 psi)] and moderate
flow [less than 5 liters/s (10 scfm)]. Also, the transfer hoppers and
lines constitute a closed system. Thus, use of argon as the motive gas

virtually eliminates oxidation and moisture pickup.
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Extensive development and operating experience have been acquired
under the HTGR Fuel Recycle Development Program at ORNL on pneumatic
conveying of nuclear fuel Spheres.36 This program has also involved the
development of auxiliary sphere handling equipment, such as samplers,37
weighers, and level sensors. The equipment has been developed with
the ultimate goal of totally remote operation.

After the fuel is loaded into the cladding tube and compacted, the
remainder of the fabrication process should be very similar to pellet
fuel fabrication processes. The remaining steps include: (1) fuel rod
outgassing, (2) placement of plenum spring, and (3) end-plug welding.

Fuel rod outgassing removes moisture and other sorbed gas con-
taminants from the fuel. Hauth3> chose to outgas fuel particles imme-
diately before loading by holding them in a vacuum at 250°C for 2 h.
Olsen et al.38 outgassed the fuel rod after the fuel had been compacted.
This was done by evacuating the rod while heating at 110°C for 30 min.
Most sphere—pac irradiation test rods are currently loaded while inside
a helium-filled glove box. Pechin39 has described analytical methods
for measuring moisture and sorbed gas content of sphere-pac fuel.
Moisture content in the fuel of less than 10 ppm was successfully
measured with this technique.

Both pellets and particulate fuels can be held in place through the
use of plenum springs. To restrain a sphere-pac bed a spacer disk made
of alumina or thoria is placed on top of the fuel column to transmit the
spring pressure. For the fabrication of irradiation test rods ORNL
researchers used thoria spacers and small pieces of outgassed ceramic
fiber (Fiberfrax) to prevent fuel movement during handling and shipping.40

The procedure used for welding the top end plug should be identical
for both pellet and sphere-pac fuel. Welding technology is well
advanced. Of course, atmosphere control is important during welding to
prevent contamination and possible corrosion during irradiationm.

With the completion of the end-plug welding step, the fabrication
process is complete, and the assembled fuel rod is moved to an inspection
station. Some inspections, such as gamma scan and heavy metal assay,

are amenable to remote oepration;41 most are not and would require



67

significant development to enable the inspection to be performed econo-
mically with acceptable precision, accuracy, and speed.

Contact methods are available for inspecting rod length, diameter,
wall thickness, ovality, and camber both before and after loading.
Loading methods (particles versus pellets) will have little influence
over these inspections. While most of these inspections are performed
on the empty tubing, postloading dimensional inspections such as end-cap
concentricity and final visual inspection require development of remote
techniques.

Gamma ray attenuation has been used4? to determine the density pro-
file along sphere-pac—loaded fuel rods at ORNL. In those runs a 60¢co
radioisotope source and Nal(Tl) detector were used. Fuel rods loaded
with a number of different thorium and uranium oxide fuels were scanned.
Fuel rods loaded with 233U oxide fuel were inspected in a hot-cell
environment for the (Th,233U)02 Kilorod project at ORNL. 43

A gamma scanning device is under development at ORNL. The device
will function as an accurate level-sensing device and can be used to
determine the overall length of the packed bed. A weighing fixture will
be required to obtain an accurate weight of the packed fuel bed.
Alternative methods involving weighing the fuel before dispensing need
to be evaluated to determine the smear density measuring method most
compatible with the loading technique and with acountability require-
ments. If fuel weight determination after loading is acceptable, the
procédures may be simplified. In any case, the development needed re-
lates more to remote operational requirements than to peculiarities of
particle fuels.

Contact equipment exists for measuring fissile distribution.44—46
However, these methods would be influenced by high radiation levels,

For example, if one is concerned with refabricated fuel of high gamma
activity or with spiked fuels, then a delayed fission gamma ray method
for detecting the distribution of the fissile material along a fuel rod
may not be applicable. In such cases, the detection of prompt fission

neutrons from the irradiated sample may be used. 47
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8.1.3.3 Required Development

Equipment items that are now being developed on an engineering
scale must be tested at prototypic size and evaluated for service in
radioactive and remote environments. To this extent equipment used or
associated with loaded rods, such as end-plug welders, density scanners,
and assay devices, is more advanced because of parallel development in
© pellet-based fuel refabrication programs. Extensive development will be
required for the dispensers, weighers, blenders, and vibrators, which
are unique to the sphere-pac concept.

In additicn to equipment development, process development is
required to determine the optimum particle sizes, blend compositions,
and input vibration to achieve high loading density and short loading

times.

8.1.4 Fuel Element Assembly

8.1.4.1 Functional Definition

The fuel element assembly task begins with the acceptance of
inspected fuel rods. These rods are stored in a retrievable surge
storage location until they are required for element assembly. Good
record keeping and identification methods are required during storage as
rods of several enrichments may be stored in the same area. These rods
are then fit into an assembly, which is held together by the upper and
lower end fittings, spacer grids, and guide tubes. Final assembly welds
are automatically made with microprocessor control. Inspection of the
finished assembly requires dimensional checks and a pressure drop test
through the flow channel. Rework of defective assemblies is also

provided.
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8.1.4.2 Technology Status

The work performed in this task is identical to the processing
steps required for conventional pellet-based fuel element assembly.
Commercial facilities exist where these operations are executed in a
contact operation. Various efforts have been and continue to be spon-
sored to develop remote rod handling and rod and element assembly

capability.l’s—69
8.1.4.3 Required Development

Cooperation between fuel element designers and fabricators is
needed to develop fully remote assembly procedures. The size and weight
of finished assemblies necessitate that handling be done with in-cell
cranes. Fabrication specifications require unusually close tolerances
for this large finished element. Remotely operable inspection devices

must also be developed.

8.1.5 Scrap Handling

8,1.5,1 Functional Definition

Three types of scrap are handled by this system. The first is
generated by spheres that fail to sinter properly, are of the wrong
size, are broken during processing, or are unacceptable for any reason.
These particles are collected, assayed, and shipped to the reprocessing
plant. All equipment needed for in-plant particle transfer, assay, and
off-site shipping are supplied by this task. '

The second source of scrap generation is fuel rods that fail to
pass product tolerances on column height, fuel density, or axial density
uniformity. Such off-specification fuel rods are received by the scrap
handling system and opened to remove fuel particles. Equipment to open
the rods and to size classify fuel particles and return them to feed

storage hoppers of the proper enrichment is required.
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The last classification of scrap is comprised of recoverable pluto-
nium contained in both liquid and solid wastes. In the scrap handling
system the plutonium is separated from the remaining waste and returned
to the reprocessing facility. This remaining material is transferred to

waste processing.
8.1.5.2 Technology Status

While no work has been done to address the first two categories of
& 7 material, no major technological breakthroughs are required.

Aa. juate systems can be developed with technology borrowed from other
areas of the refabrication process.

The third class of scrap handling is not unique to sphere pac.
Equipment and process development for plutonium recovery is in its
infancy for all fuel forms except HTGR-related engineering analyses. A
large quantity of thorium-uranium scrap has been processed at ORNL to
recover the 233y, The recovery used a batch dissolver designed specifi-
cally for scrap, fluoride in nitric acid dissolution, and cleanup by
solvent extraction and/or ion exchange. This operation was performed

remotely but directly maintained after facility cleanout.
8.1.5.3 Required Development

Operating systems must be demonstrated for each category of scrap
handling.

8.1.6 Waste Processing and Disposal

8.1.6.1 Functional Definition

In this system waste from the scrap recovery process still con-
taining a small amount of unrecoverable mixed oxide will be processed for
permanent disposal. Aqueous wastes will be concentrated and solidified,

solids will be compacted, énd both types will be assayed before shipping.
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8.1.6.2 Technology Status

Waste from fuel fabrication operations is currently being handled in
commercial plants by compaction and packaging of solids and evaporation
of liquids. The introduction of the spike will impose added restric-
tions on these types of activities. Combustible reprocessing waste
material in plutonium handling facilities is currently being burned.

The ash is assayed and treated for fissionable material recovery or
disposed of with other‘noncombustible solids. Liquids are treated 'for
acid recovery and concentration. The disposition of the sludge from
liquid waste will depend on government requirements and regulations now

being developed.
8.1.6.3 Required Development

Largely, current ongoing waste treatment development must be adapted
to the processing of tﬁe relatively small quantities of waste generated
in this plant. 1Initial development will center on the monitoring of
ongoing development activities for waste tredtment and the iden-
tification of waste forms generated together with predicted quantities
generated in each category. Subsequent development will involve adap-

"tation of processes developed for these categories to the sphere-pac

plant requirements.

8.2 RESEARCH, DEVELOPMENT, AND DEMONSTRATION RESOURCE
REQUIREMENTS ESTIMATES

Having established the current technology status and development
requirements, we preliminarily estimated the resource requirements
needed to bring the processes and equipment designs to a level suitable
for commercial plant design and construction.

The estimation process involved the development of a summary work
schedule in which the individual functional areas were addressed. An

estimate was made on a year by year basis of the manpower, equipment,
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and facility requirements for each function; area. The resulting
requirements were then reviewed, minor adjustments made to smooth out
year—to-year fluctuations, and the resulting requirements summarized.

Table 8.2 presents the resource requirements based upon a functional
area distribution. All operational costs including process equipment,
maintenance requirements, development of controls, accountability
features, etc., have been distributed to the functional areas. Since
the facility requirements for the hot engineering tests and the cold
prototype tests will cover all functional areas, they are listed separa-
tely. With reference to these facility costs, the following con-
siderations apply. The hot engineering estimate is based on
modification of the existing Thorium-Uranium Recycle Facility (TURF) at
ORNL. The cold prototype is based on the assumed construction of a new
facility and includes in its estimate equipment, such as cranes and
electromechanical manipulators, that would be required to operate and
maintain the process equipment. Process ec¢uipment costs for the hot
engineering test are included under the special equipment estimates,
while similar equipment for the cold prototype test is shown in the
major project funds column.

The activities included under program management and design studies
include reference process flowsheet development, feasibility studies for
the overall process, conceptual design costs, overall program manage-
ment, and fuel qualification monitoring.

The resource estimates for fuel qualification include test design,
monitoring, postirradiation examination costs, and hardware materials
costs. They exclude actual test fuel rod fabrication (which is incor-
porated in the specific functic::al areas), fissionable materials
supplies (which are included in the conversion process R&D costs shown
in the Appendix), and any costs that might be charged for irradiation
space.

Table 8.3 shows the estimated funding requirements and manpower
needs as a function of project year, excluding the fuel qualification
costs. The actual research and development activities are essentially

complete with the start of the Title II design for the plant in year



Table 8.2. Research and Development Resource Requirements Estimates” by Functional Areas

Total Total Operating Funds

. Program Manpower Major Total
Functional Area 1§§2;3ed Required . ) Special P;OJECt . C?st
(FTE)D orma Equipment unds stimates
1.0 Receiving and Storage 1-5 30 3.0 0.5 3.5
2.0 Fuel Production 1-8 190 20.0 3.0 7.0 30.0
3.0 Fuel Rod Fabrication 1-8 350 35.0 4.5 15.0 54.5
4.0 Element Assembly 1-10 240 24.0 1.0 10.0 35.0
5.0 Scrap Recovery 1-5 30 3.0 0.4 2.5 5.9
6.0 Waste Treatment 1-10 40 4.0 0.5 3.0 7.5
7.0 Program Management and Design Studies 1-10 350 35.0 35.0
9.0 Fuel Qualification 1-16 20.0 20.0
Special Facilities
A. Hot Tests 1-5 10.0 10.0
B. Cold Prototype 59 25.0 25.0
TOTALS 1230 144.0 9.9 72.5 226.4

aAll cost estimates in millions of dollars (constant 1978).

FTE = full-time equivalent in person years.

€L



Table 8.3. Research and Development Resource Requirements
Estimates? by Program Year

Program Mzﬁgzier Operating funds Major Project Funds T
Years Required Special . otal
(FTE)b Normal Equipment Equipment Facilities
1 58 5.8 0.1 1.2 7.1
2 70 7.0 1.2 1.8 10.0
3 81 8.4 0.2 2.4 11.0
4 82 8.5 1.7 3.0 13.2
5 83 8.4 0.7 4.6 4,5 18.2
6 89 9.2 0.9 6.8 4.6 21.5
7 110 11.2 1.2 9.1 6.1 27.6
8 105 10.6 1.0 11.4 7.5 30.5
9 91 9.3 0.7 5.6 3.9 19.5
10 85 8.3 0.5 8.8
11 80 7.9 . 0.8 8.7
12 70 7.0 0.3 7.3
13 59 5.5 0.3 5.8
14 56 5.4 0.1 5.5
15 55 5.8 0.1 5.9
16¢ 55 5.7 0.1 5.8
TOTALS 1,230 124.0 9.9 37.5 35.0 206.4

YL

9A11 cost estimates in millions of dollars (constant 1978).
bFTE = full-time equivalent in person years.
®Year in which demonstration plant begins hot operation.

dThis estimate does not include costs for fuel qualification tests (approximately
$20 million) or the capital costs of a pilot plant estimated at $190 million.
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ten. However, the completion of irradiation qualification testing,
report writing, and support of early demonstration plant operation has
been included through program year 16 to ensure a smooth tramsition.
Table 8.4 shows anticipated costs associated with the design,
construction and first four years of operation of the demonstration
plant. The estimates have been made to address two cases., The primary
case is a colocated reprocessing and fabrication demonstration plant
that uses shared ventilation and waste treatment facilities. The second
case is a separate refabrication plant. Such a plant would probably
require inclusion of the sphere forming processes to provide its own feed

materials. These process additions have been added to this estimate.

Table 8.4. Estimated Costs” for a Demonstration Plant with Sphere-Pac
Fabrication of LWR (U,Pu)0, Spiked Fuel

Combined Reprocessing Separate
Program and Refabrication Plant Fabrication Plant
Event
Year .
Design and Operatin Design and Operati
Construction P g Construction P e
9 Start of 12.5 1 5.5 . 1
Detailed Design
10 32.5 2 14.3 1
11 91.0 5 40.1 2
12 221.0 11 97.2 3
13 135.5 17 59.6 4
14 7.5 22 3.3 5
15 22 6
16 Start of 55 14
Hot Operation

17 55 14
18 55 14
19 55 14
TOTALS 500.0 300 220.0 78

aAll cost estimates in millions of dollars (constant 1978).
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9. COMMERCIAL AND TECHNICAL FEASIBILITY
OF VARIOUS REACTOR FUEL CYCLES

The previous sections examined the generic technical feasibility of
the gel-sphere—pac process for fabricating metal-clad fuel elements and
its specific application to one type of reactor fuel. During the past
two years a number of reactor—-fuel combinations have been evaluated in
the United States. The specific reactor-fuel combinations and their
associated cycles we chose to assess have been an outgrowth of the ongoing
NASAP work to identify cycles with a high degree of proliferation
resistance. Adequate information was available on fuel element designs
and fuel cycle descriptions for five Light-Water Reactor (LWR) cases, one
Heavy-Water Reactor (HWR) case, one Gas—Cooled Fast Reactor (GCFR) case
and seven Liquid-Metal Fast Breeder (LMFBR) reactor cases. Although some
information was available for a number of Light-Water Breeder Reactor
(LWBR) cases, the fuel element design data were not adequate for an
equivalent commercial fuel fabrication applications analysis but we
retained them to show potential application of the gel-sphere-pac
fabrication option.

In the following subsections we have assessed the potential commercial
applicability of the gel-sphere-—pac fabrication process to specific cases.
Each case assessment contains the following:

1. description of the fuel cycle;

2., an assessment of the applicability of the gel-sphere-pac process to
the fabrication of the fuel;

3. definition of commercial-scale plant production requirements and
design capacity;

4, an analysis of functional technology status, research and development
requirements, cost and schedule; and

5. a cost estimate for construction and operation of such a commercial-

scale facility.
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In providing the commercial-scale cost estimates for each case we
have followed to the extent possible the estimation procedures that were
developed for fabrication plants for the AFCEP and NASAP px.‘ograms.l—3
These procedures and the resulting cost estimates have been subjected to
peer review. The procedures provide a consistent set of estimates wherein
the relative costs from cycle to cycle are probably more accurate than
the absolute values of the costs for each cycle. 1In general the cost
estimates are, however, considered to be within +25% of the actual costs
for design, construction, and operation. Anticipated fabrication costs to
the reactor operator are given for three different sets of economic factor
assumptions.

Since the gel-spt: “a2-pac processing equipment is at a somewhat
earlier stage of deveiupment than comparable pellet processing equipment,
we have included an additional contingency in these estimates. The
average contingency for the gel-sphere-pac estimates is approximately 457,
with a range from 40 to 607%, while comparable pellet estimates have a 30%
contingency.

The research and development cost breakdown has been modified in
these abbreviated assessments from that presented in Sect. 8.

In the following subsections the reader will note a high degree of
repetition in the narrative. This is intentional for two reasons. First,
we intend to make each case assessment an independent section, which does
not require constant reference to other cases in the report. Second, the
repetition permits a ready comparison of cases and identification of the
differences. Fuel fabrication cost estimates are of necessity specific
for a particular fuel element design and cycle definition. What appear to
be minor modifications in such things as fuel column length, cladding
dimensions, or element assembly details can have a significant and not
always obvious influence on the cost estimates. The information presented
here should be extrapolated to other cases only with a detailed analysis

of all features.
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In assessing the applicability of the sphere-pac process to the
specific cases in the following sections, the following general considera-—
tions were used.

The sphere—pac process is generally applicable to any fuel construc—
tion for which conventional pellet forms are suitable. Requirements to be
considered in the selection of spheres for a specific application include
fuel smear density and cladding dimensions. Fuel smear density can be
adjusted and controlled by proper selection of sphere diameters and blend
composition. The diameter of the largest spheres, the coarse pa;ticles,
is governed by production limitations for sphere forming and also by the
inside diameter (ID) of the cladding. The ratio of cladding ID to coarse
sphere diameter should be greater than 10 for higher densities but must be
at least 4 for practical loading densities. As indicated previously; the
current gel-sphere forming processes have a practical coarse size diameter
limit of between 1200 and 1400 yum. In addition, the smallest particles,
the fines, should be no less than 20 um for forming process practicality
and to prevent agglomeration and dusting in handling and loading.

Previous experimental work% using the bed infiltration technique
showed that maximum bed packing fraction can be achieved when the ratios
between cladding ID and the successive sizes are large, a factor of 20 or
more. Bed packing fraction is the portion of available volume within the
cladding occupied by the spheres. Theoretically, this could provide smear
densities, with 100%-dense particles, approaching 95% of theoretical
density. However, because sphere forming limits diameters to the range
20 to 1400 ym, the maximum particle—-to—particle diameter ratios for a
three-particle system is restricted to approximately 8. If the cladding
ID is unrestricted, the peak bed packing fraction for a ratio of 8 would
be approximately 0.91.

Introduction of the cladding ID restriction associated with typical
fuel elements places further restrictions on the bed packing fraction by

further restraint of the particle-to-particle diameter ratios. Thus for
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the range of cladding inner diameters considered here, 12,270 um (HWR) to
6760 um (LMFBR), the maximum bed packing fraction is restricted to
approximately 0.89. This bed packing combined with the practical sphere
densities of 997 of theoretical yields a practical smear density approxi-
mately 88% of theoretical.

The current work on simultaneous loading of all three size fractions
is determining the practical limits for various sizes of cladding. To

date densities of 83 to 887 have been achieved, depending on cladding ID.



87

9.1 NASAP CASE 1.2 — PWR-(235y,U)0, EXTENDED BURNUP
[PWR LEU(5) — MOD OT]

9.1.1 Fuel Cycle Description

This reactor fuel cycle combination is a PWR using 4.37%-enriched
uranium oxide pellet fuel, modified to achieve 50 MWd/kg average burnup
and other means to decrease uranium requirements, operating on a once-
through cycle. Spent fuel will be stored at the reactor site or at
another storage facility. Ultimately, the spent fuel will be sent to a
geologic spent fuel repository.

In this fuel cycle only fresh fuel is fabricated in a contact-
operated and contact-maintained (CO/CM) plant. Existing industrial plants
could logically fabricate these fuel elements by the pelletizing process.
The applicability of the gel-sphere-pac process was assessed because the
fuel it produces shows a potential performance advantage in the reactor.

A small body of experimental data indicates that fuel-cladding mechanical
and chemical interactions are less for sphere-pac fuel than for pelletized

fuel with the same smear density within the rod.%,5

9.1.2 Applicability to Current Fuel Element Design

There are a number of existing pressurized-water reactor fuel element
designs, and all of them are similar in their requirements for fuel rod
loading. For this analysis, the representative design chosen for case 1.2
is presented in Table 9.1.

The key considerations for sphere-pac applicability are the cladding
inside diameter measurements and the required fuel smear density. The
cladding ID of 8433 pym in the reference design is suitable for the sphere-
pac process. In addition, since the design smear density of 88% is
essentially that achieved with experimental blended (three particle size)

sphere-pac beds, the process is applicable.
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Table 9.1. Summary of C~E System 80 PWR 16 X 16 Fuel Assembly Parameters
[NASAP Case 1.2 — PWR-(23%U,U)0, Extended Burnup]

Reactor Characteristics

Reactor power 1300 MWe (net)
Fuel assemblies/core 241
Reload cycle Annual (~v1/3 per reload)
Number per Mass per Fuel
Component Characteristics Materials Fuel Assembly Assembly, kg
Cladding Zircaloy-4 236 113.47
End plugs
Top Zircaloy-4 236 0.80
Bottom Zircaloy-4 236 1.04
Plenum springs 302 sS 236 7.33
Guide tubes
Instrument Zircaloy-4 1 2.10
Control element Zircaloy-4 4 8.85
Spacer grids
Top Zircaloy-4 1 0.82
Middle Zircaloy-4 10 8.62
Bottom Alloy 625 1 1.00
End fittings
Top 304 SS with alloy 1 18.60
X-750 hold-down
springs
Bottom CF-8 SS 1 5.63
Insulator pellets Al,03 ) 472 1.18

Fuel Rod Characteristics

Cladding outside diameter 9.70 mm (0.382 in.)
Cladding inside diameter 8.43 mm (0.332 in.)

Fuel rod length 4.11 m (162 in.)
Fuel column height 3.81 m (150 in.)
Fuel smear density 88% T.D.

Pellet diameter 8.26 mm (0.325 in.)
Pellet length 9.91 mm (0.390 in.)

Fuel Assembly Characteristics

Array 16 x 16 square
Dimensions
Width 203 mm (7.98 in.)
Length 4.49 m (177 in.)
Mass of structural 169.73 kg
components

Heavy metal content 427 kg
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9.1.3 Definition of Plant Production Requirements and
Design Capacity

For the PWR (235U,U)02 fuel cycle, the plant design assumptions are
as follows.

l. The fuel design is the Combustion Engineering System 80 16 x 16
rod array fuel assembly.

2, The plant production capacity is 520 t HM/year with the capa-
bility for simultaneous production of three enrichments.

3, The plant factor is 260 effective full-production days per year.

4, Plant design capacity:

Overall 730 t HM/year

about 5 fuel assemblies/d
Each line of three 243 t HM/year

0.67 t MM/d

369 fuel rods/d
1.6 fuel assemblies/d
5. Process design capacities are based on the line design capacities
and the scrap and sample losses defined in Sect. 9.1.4.
6. The facilities are designed to discharge no liquid waste other
than treated sanitary sewage.
7. All process buildings and critical auxiliary support are designed
and constructed in accordance with current United States Nuclear Regulatory
Commission licensing requirements. Shielding is provided to limit dose

rates to operating and maintenance personnel to 0.25 millirem/h.

9.1.4 Estimates of Surge Storage Requirements, Scrap Production
Rates, and Processing Rates for Functional Steps

Given the plant design assumptions defined in Sect. 9.1.3, further
commercial plant characteristics were derived.

To achieve the annual production rates, an analysis of the plant
surge storage requirements and normal inventory was made, and the results
of this analysis are given in Table 9.2.

Based on current technology and assuming reasonable extrapolations

for commercial-scale developments, a preliminary estimate was made of the



Table 9.2.

Sphere-Pac Fabrication Plant Surge Storage Requirements and Normal Inventory
[NASAP Case 1.2 PWR LEU(5) — MOD OT]

Process Step

Material

Storage
Interval, d

Normal Inventory, kg HM

235 a 235 : a
Normal Maximum (“7°U,000; (£7°U,0)07 Fines
Feed storage Dried spheres 30 60 50,000
Sintered spheres 30 60 13,000
Interim storage Dried spheres 1 2 1,660
Sintered spheres 1 2 440
Furnace Dried to sintered 1.2 2.4 2,000
spheres
Post furnace Sintered spheres 0.5 1 830
Interim storage Sintered spheres 0.36 0.72 600
Main storage Sintered spheres 1.2 2.4 2,100
Sintered spheres 1.5 2.9 660
Loading, inspection Sintered spheres 0.12 0.24 210 50
welding
Loaded, not inspected Sintered spheres 5 5 8,300 2,070
rods in rods
Rework and scrap Sintered spheres 2 5 410 75
Completed fuel rods Sintered -spheres 5 5 8,000 2,000
. in rods‘
Assembly Rods in completed 15 30 24,000 6,000

assemblies

a4.3Z nominal enrichment (23°U).

06
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daily mass flows of heavy metal through the fabrication plant and the
average production rate of heavy metal scrap materials from the various
functional activities. These are presented in Table 9.3.

Given the above information, a preliminary evaluation of the pro-
cessing rates for each functional step within the main fuel fabrication
processes was made. The results of this analysis are summarized in

Table 9.4.

9.1.5 Analysis of Functional Technology Status, Research and
Development Requirements, Cost, and Schedule

The current functional technology status for this fuel system is
essentially identical to the reference case discussed in Sect. 8 of this
report. However, the research and development requirements for a CO/CM
plant, while similar in kind, would be considerably reduced, as shown in
Table 9.5, which summarizes the technology status and the current cost
"estimates.

The major difference in the needed development is the fact that this
fuel can be manufactured in a contact plant. Consequently, no hot engi-
neering tests or demonstration plant would be needed. Automation of the
process would be required for good commercial application so that the cold
prototype tests would be required up through fuel rod inspection. No
development is needed for fuel element assembly since current commercial
practice should be applicable. It will be necessary to develop appro-
priate scrap recovery processes, but waste treatment would be similar to
current commercial practice.

The overall schedule for this development would be controlled by two
factors: first, the rate at which the processes for sphere production
could be develuped, and second, the time needed to build test elements and
provide the necessary qualification for licensing such fuel for commercial
reactors. A preliminary estimate indicates that these features could be

achieved in 8 to 12 years.



Table 9.3.

Heavy Metal Mass Flows and Average Scrap Production for a Sphere-Pac Fuel Fabrication Plant
[NASAP Case 1.2 PWR LEU(5) — MOD OT]

Mass Flow, kg HM/d

Processing Step Daily Throughput Clean Scrapb Reject Scrap®
(?350,1)0,%  (235U,U)0, Fines®  (235U,0)0,8  (235U,U)0, Fines?  (?35U,0)0,%  (2%5U,U)0, Fines?
Receiving and storage 1662.3 437.8d
Sampling and batch loading 1660.6 1.7
Weighing and sampling 437.4 0.4
Calcining and sintering 1659.8 0.8
Sphere upgrading 1753.1¢ ) 49.8
Sphere sampling 1749.6 3.5
Sphere storage 1749.6 437.4
Fuel rod loading 1749.6 437 .4
Fuel rod scanning 1662.1 415.5 84.0 21.0 3.5 0.9
Top component insertion 1658.4 414.6 3.3 0.8 0.3 0.1
Rod welding and x ray 1658.4 414.6 I f f r
Leak detection 1658.4 414.6 f f f S
Rod assay 1625.3 406.3 31.5 7.9 1.7 0.4
Final rod inspection 1608.4 402.1 16.3 4.1 0.7 0.2
Assembly inspection 1600 400 . _ 8.0 2.0 0.3 0.1
- - _

Total 2000 143.1 35.8 62.3 2.1

a4.3Z nominal enrichment (235U).

bInternally recycled.

cCollected, assayed, and externally recycled to reprocessing plant.

dIncludes 35.8 kg of recycled clean scrap.

e

Includes 143.1 kg of recycled clean scrap.

)

Rework in these steps is only of the weld and does not affect scrap.

z6



Table 9.4. Equipment Requirements for Functional Areas
[NASAP Case 1.2 PWR LEU(5) — MOD OT}

{ a
Plant Design R;E:;Z:d Rec;zignded
Functional Area Unit Production Requirement of Ofer
(Nominal) Units Unitsh
1.0 Receiving
(235y,U)0, (10 containers/carrier) 1600 kg/d 1660 kg/d 2 2
(235y,0)0, fines Unlimited 440 kg/d 1 1
1.1 Sampling NA®; done at reprocessing
plant
1.2 Weighing 48 containers/d 21 containers/d 1 2
1.3 Storage (80 kg HM/container) NA 60 d supply 1247 1300
1.4 Weighing 48 containers/d 3 containers/d 1 1
1.5 U0, fines sampling 4800 kg/d 440 kg/d 1 1
1.6 Storage (200 kg HM/container) NA 60 d supply 131 140
2.0 Fuel production (sphere processing)d
2.1 Sampling 3840 kg/d 1660 kg/d 1 1, 3
2.2 Calcining and sintering 240 kg/d 1660 kg/d 8 3, 9
2.3 Microsphere inspection 20 kg/h 75 kg/h 6 2, 6
2.4 Interim storage 250 kg 1750 kg 8 3, 9
3.0 Fuel rod fabrication
3.1 Sintered sphere storage NA 2 d supply 18 8, 24
3.2 Sintered fertile storage NA 2 d supply 4 2, 6
3.3 Sphere dispensing 35 kg/h 92 kg/h 3 1, 3
3.4 Sphere-pac loading 4 rods/h 51 rods/h 14 6, 18
3.5 Density inspection 6 rods/h 51 rods/h 10 4, 12
3.6 Axial blanket (pellet) loading NA NA NA NA
3.7 Cleaning 24 rods/h 48 rods/h 2 2, 6
3.8 Plenum hardware and top end 12 rods/h 48 rods/h 4 2, 6
plugging
3.9 Closure welds 12 rods/h 48 rods/h 5 2, 6
3.10 Rod assay 70 rods/h 48 rods/h 1 1
3,11 Rod inspection 40 rods/h 47 rods/h 2 2
3.12 Rod rework 36 rods/d 58 rods/d 3 1, 3
4.0 Fuel assembly fabrication
4,1 Fuel rod storage NA 5 d production 5556 rods 6000 rods
4.2 Fuel assembly fabrication 3 assemblies/d 5 assemblies/d 2 2
4.3 Inspection 6 assemblies/d 5 assemblies/d 1 1
4.4 Rework 1 assembly/d 0.02 assembly/d  NR€ NR
Packaged fuel assembly storage NA 30 d production 141 150

NA: not applicable.

A6 o o

Does not include sphere-forming equipment (see Appendix).

IS

NR: not required. Use assembly equipment as available.

Recommended units include consideration of spare capacity for operational reliability.

Number of units is for the facility if a single number; otherwise, units per line, total units in facility.

€6
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Table 9.5. Research and Development Cost Estimates for Sphere-Pac Fabrication
[NASAP Case 1.2 PWR LEU(5) — MOD OT]

R&D Cost Estimates

R&D Categories Current Status® (Millions of zzigiezz
1978 $)

1.0 Prosyram management Not applicable 5 5
2.0 De: studies P — cold prototype

3.0 Reccaving and storage P — cold engineering a

4.0 Fuel production P — cold engineering 19

5.0 Fuel rod fabrication P — cold engineering 28 6
6.0 Fuel element assembly C — commercial 0

7.0 Scrap recovery C — commercial 0

8.0 Waste treatment b b b
9.0 Plant control systems N — cold prototype 5 5
10.0 Maintenance N — cold prototype 1 2
11.0 Safeguards and account- P — cold engineering 4 2

ability adaptation®
Subtotal 67

Special Facilities
Hot tests Not required

Cold prototype 10

Total 77d
Range 70-90

aStatus stage with qualitative modifiers; C = complete, P = in progress, and
N = needed.
bTo be supplied by others.

CAssumes basic technology as developed under 0SS estimate presented is for
applications testing, systems integraton, and testing.

The estimate does not include costs for fuel qualification tests (about $5
million).
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9.1.6 Preliminary Cost Estimate for Construction and Operation
of a Commercial-Scale Plant

The cost components that were estimated include capital costs for the
facility and equipment, fuel assembly hardware costs, material and supply
costs, and operating costs.1™3 These cost estimates include the U0y
sphere—-forming operations. These operations require an addition to the
plant beyond that shown in the reference case to receive UFg and process
it to dried spheres. This has been included in the cost estimate.

Facility capital cost estimates were based on an analysis of the
functional flow diagram for the process to indicate space requirements for
each functional area and for each support area. Equipment requirements
were identified, and costs associated with the equipment were estimated.
Fuel assembly hardware requirements were based on the reference fuel
assembly design parameters identified in Table 9.1. Estimates of the
costs of the hardware items were obtained. Material and supply require-
ments were identified from the sphere-pac process description, and esti-
mates of the costs of materials and supplies were obtained. Operating
cost estimates included consideration of personnel, overhead, general and
administrative expenses, and costs of utilities.

The facility was assumed to operate as a toll processing facility.
That is, the operator fabricates customer-supplied fuel feed materials
into finished fuel assemblies, and thus costs of uranium were not included
in the cost estimates.

Unit costs for fabrication of fuel assemblies are determined by an
economic analysis of the basic capital, hardware and material, and
operating cost estimates. Basically, the economic analysis provides for
the owner of the fuel fabrication facility to recover all capital, oper-
ating, and finance charges plus a return on investment, if appropriate,
over the life of the plant.

In order to provide a range of prices (i.e., costs to a customer),
economic analyses were based on government financing, financing appro-
priate for a conventional-risk (typical) industry, and financing
appropriate for a high-risk industry.2 The estimated costs, costs

derived from the economic analysis, and the unit costs based on the three
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different financing methods are summarized in Table 9.6. As may be
observed from the table, the price for fabricationm of (235U,U)02 fuel is

expected to be in the range from $100 to $150/kg depending on the

financing technique that is employed. The recommended cost for comparison

with other fuel cycles and methods of fabrication is the typical industry

cost of $130/kg.



Table 9.6. Summary of Costs for Fabrication of Sphere-~Pac PWR Fuel in a 2-t HM/d Facility

[NASAP Case 1.2 PWR-(23°U,U)0, Extended Burnup]

.

Estimated Costs, $ million Derived Costs, $ million
Annual Owner's Charge on Annual Annual Unit
Economic 01 s . Hardware Annual Cost Direct Capital Equipment Payment to

a Facility  Equipment . N . X P Cost
Set Plus Operating During During Replacement Decommissioning (5/kg)
Materials Construction Construction Cost Fund &

A 31 35 25 14 21 21 1.7 0.7 100

B 31 35 25 15 21 30 1.7 0.7 130

[o 31 35 25 15 22 31 1.7 0.7 150

a

A = Government financing; B = Typical industrial financing; C = High-risk industrial financing.

L6
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9.2 NASAP CASE 1.3 — PWR SPIKED (U,Pu)0Op REFABRICATION
[PWR LEU(5)-Pu SPIKED RECYCLE]

9.2.1 Fuel Cycle Description

This reactor-fuel cycle combination is a PWR using 3%-enriched
uranium oxide pellet fuel and self-generated recycle fuel of partially
partitioned uranium and plutonium, which is spiked with 60co. Fresh
makeup fuel is LEU(5). Excess uranium from reprocessing is recycled to
enrichment.

In this assessment only the refabrication processes are addressed.
The reprocessing plant provides the coarse and medium particles as a mixed
uranium-plutonium product containing the cobalt spike. Consequently this
requires the refabrication plant to be remotely operated and remotely
maintained (RO/RM). This case is essentially that used in developing the

generic assessment.

9.2.2 Applicability to Current Fuel Element Design

There are a number of existing pressurized-water reactor fuel element
designs, and all of them are similar in their requirements for fuel rod
loading. For this analysis, the representative design chosen for this
case is presented in Table 2.7.

The key considerations for sphere—pac applicability are the cladding
inside diameter measurements and the required fuel smear density. The
cladding ID of 8433 um in the reference design is suitable for the sphere-
pac process. In addition, since the design smear density of 887 is
essentially that achieved with experimental blended (three particle size)

sphere-pac beds, the process is applicable.

9.2.3 Definition of Plant Production Requirements and
Design Capacity

For the PWR (U,Pu)0; fuel ‘cycle, the plant design assumptions are

as follows.
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Table 9.7. Summary of C-E System 80 PWR 16 X 16 Fuel Assembly Parameters
[NASAP Case 1.3 — PWR LEU(5)-Pu Spiked Recycle]

Reactor Characteristics

Reactor power 1300 MWe (net)
Fuel assemblies/core 241
Reload cycle Annual (v1/3 per reload)
Number per Mass per Fuel
Component Characteristics Materials Fuel Assembly  Assembly, kg

Cladding Zircaloy-4 236 113.47
End plugs '

Top Zircaloy-4 236 0.80

Bottom Zircaloy-4 236 1.04
Plenum springs 302 sS 236 7.33
Guide tubes

Instrument Zircaloy-4 1 2.10

Control element Zircaloy-4 4 8.85
Spacer grids

Top Zircaloy-4 1 0.82

Middle Zircaloy-4 - 10 8.62

Bottom Alloy 625 1 1.00
End fittings

Top 304 SS with alloy 1 18.60

X-750 hold-down
springs

Bottom CF-8 SS ' 1 5.63

Insulator pellets Al,03 472 1.18

Fuel Rod Characteristics

Cladding outside diameter 9.70 mm (0.382 in.)
Cladding inside diameter 8.43 mm (0.332 in.)

Fuel rod length 4.11 m (162 in.)
Fuel column height 3.81 m (150 in.)
Fuel smear density 88% T.D.

Pellet diameter 8.26 mm (0.325 in.)
Pellet length 9.91 mm (0.390 in.)

Fuel Assembly Characteristics

Array 16 X 16 square
Dimensions
Width 203 mm (7.98 in.)
Length 4.49 m (177 in.)
Mass of structural 169.73 kg
components

Heavy metal content 427 kg
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1. The fuel design is the Combustion Engine« 1g System 80 16 x 16
rod array fuel assembly.

2. The plant production capacity is 480 t HM, year with the capa-
bility for simultaneous production of three enrichments.

3. The plant factor is 240 effective full-production days per year.

4, Plant design capacity:

Overall 730 t HM/year

about 5 fuel assemblies/d
Each line of three 243 t WM/year

0.67 t HM/d

369 fuel rods/d
1.6 fuel assemblies/d
5. Process design capacities are based on the line design capacities
and the scrap and sample losses defined in Sect. 9.2.4.
6. The facilities are designed to discharge no liquid waste other
than treated sanitary sewage.
7. All process buildings and critical auxiliary support are designed
and constructed in accordance with current United States Nuclear Regulatory
Commission licensing requirements. Shielding is provided to 1limit dose

rates to operating and maintenance personnel to 0.25 millirem/h.

9.2.4 Estimates of Surge Storage Requirements, Scrap Production
Rates, and Processing Rates for Functional Steps

Given the plant design assumptions defined in Sect. 9.2.3, further
commercial plant characteristics were derived.

To achieve the annual production rates, an analySis of the plant
surge storage requirements and normal inventory was made, and the results
of this analysis are given in Table 9.8.

Based on current technology and assuming reasonable extrapolations
for commercial-scale developments, a preliminary estimate was made of the
daily mass flows of heavy metal through the fabrication plant and the
average production rate of heavy metal scrap materials from the various

functional activities. These are presented in Table 9.9.



Table 9.8. Sphere-Pac Fabrication Plant Surge Storage Requirements and Normal Inventory
[NASAP Case 1.3 PWR LEU(5) — Pu Spiked Recycle]

Storage

Interval, d Normal Inventory, kg HM

Process Step ' Material
a .
Normal Maximum (Pu,0)0; V02 Fines
Feed storage Dried spheres 30 60 50,000
Sintered spheres 30 60 13,000
Interim storage Dried spheres 1 2 1,660
Sintered spheres 1 2 440
Furnace Dried to sintered 1.2 2.4 2,000
spheres
Post furnace Sintered spheres 0.5 1 830
Interim storage Sintered spheres 0.36 0.72 600
Main storage Sintered spheres 1.2 2.4 2,100
Sintered spheres 1.5 2.9 660
Loading, inspection Sintered spheres 0.12 0.24 210 50
welding
Loaded, not inspected Sintered spheres 5 5 8,300 2,070
rods in rods
Rework and scrap Sintered spheres 2 5 410 75
Completed fuel rods Sintered spheres 5 5 8,000 2,000
in rods
Assembly Rods in completed 15 30 24,000 6,000
assemblies

a 9 . . e : R
3.1% nominal fissile plutonium content.

10T



Table 9.9. Heavy Metal Mass Flows and Average Scrap Production for a Sphere-Pac Fuel Fabrication Plant
{NASAP Case 1.3 PWR LEU(5) — Pu Spiked Recycle]

Mass Flow, kg HM/d
b

Processing Step Daily Throughput Clean Scrap Reject Scrap®

4(Pu,U)02a U0, Fines (Pu,U)0,4 U0, Fines (Pu,U)0,4 U0, Fines

¢O0T

Receiving and storage 1662.3 437.89
Sampling and batch loading 1660.6 1.7
Weighing and sampling 437.4 0.4
Calcining and sintering 1659.8 0.8
Sphere upgrading 1753.1¢ 49.8
Sphere sampling 1749.6 3.5
Sphere storage 1749.6 437.4
Fuel rod loading 1749.6 437.4
Fuel rod scanning 1662.1 415.5 84.0 21.0 3.5 0.9
Top component insertion 1658.4 414.6 3.3 0.8 0.3 0.1
Rod welding and x ray 1658.4 414.6 f f f f
Leak detection 1658.4 414.6 f f f I
Rod assay 1625.3 406.3 31.5 7.9 1.7 0.4
Final rod inspection 1608.4 402.1 16.3 4.1 0.7 0.2
Assembly inspection 1600 400 __8.0 2.0 0.3 0.1
\___,__Y._____J
Total 2000 143.1 35.8 62.3 2.1
23.1% nominal fissile plutonium content.
bInternally recycled.
ZCollected, assayed, and externally recycled to reprocessing plant.

Includes 35.8 kg of recycled clean scrap.

®Includes 143.1 kg of recycled clean scrap.
1
R

ework in these steps is only of the weld and does not affect scrap.
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Given the above information, a preliminary evaluation of the pro-
cessing rates for each functional step within the main fuel fabrication
processes was made. The results of this analysis are summarized in

Table 9.10.

9.2.5 Analysis of Functional Technology Status, Research and
Development Requirements, Cost, and Schedule

Reference case — see Sect. 8 of this report. The current status is

summarized in Table 9.11 with the cost estimate.

9.2.6 Preliminary Cost Estimate for Construction and Operation
of a Commercial-Scale Plant

The cost components that were estimated include capital costs for the
facility and equipment, fuel assembly hardware costs, material and supply
costs, and operating costs.1™3 These cost estimates include the U0y
sphere-forming operations. These operations require an addition to the
plant beyond that shown in the reference case to receive UFg and process
it to dried spheres. This has been included in the cost estimate.

Facility capital cost estimates were based on an analysis of the
functional flow diagram for the process to indicate space requirements for
each functional area and for each support area. Equipment requirements
were identified, and costs associated with the equipment were estimated.
Fuel assembly hardware requirements were based on the reference fuel
assembly design parameters identified in Table 9.7. Estimates of the
costs of the hardware items were obtained. Material and supply require-
ments were identified from the sphere-pac process description, and esti-
mates of the costs of materials and supplies were obtained. Operating
cost estimates included consideration of personnel, overhead, general and
administrative expenses, and costs of utilities.

The facility was assumed to operate as a toll processing facility.
That is, the operator fabricates customer-supplied fuel feed materials

into finished fuel assemblies, and thus costs of plutonium and uranium



Table 9.10.
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Equipment Requirements for Functional Areas

{NASAP Case 1.3 PWR LEU(5) — Pu Spiked Recycle]

. Required Recommended?
Plant Design Number Number
Functional Area Unit Production Requirement of of
(Nominal) Units Unitsb

1.0 Receiving

(Pu,U)0, (10 containers/carrier) 1600 kg/d 1660 kg/d 2 2

(235U,0)0, fines Unlimited 440 kg/d 1 1

1.1 Sampling NA®; done at reprocessing

plant

1.2 Weighing 48 containers/d 21 containers/d 1 2

1.3 Storage (80 kg HM/container) NA 60 d supply 1247 1300

1.4 Weighing 48 containers/d 3 containers/d 1 1

1.5 UO; fines sampling 4800 kg/d 440 kg/d 1 1

1.6 Storage (200 kg HM/container) NA 60 d supply 131 140
2.0 Fuel production (sphere processing)

2.1 Sampling 3840 kg/d 1660 kg/d 1 1, 3

2.2 Calcining and sintering 240 kg/d 1660 kg/d 8 3, 9

2.3 Microsphere inspection 20 kg/h 75 kg/h 6 2, 6

2.4 Interim storage 250 kg 1750 kg 8 3, 9
3.0 Fuel rod fabrication

3.1 Sintered sphere storage NA 2 d supply 18 8, 24

3.2 Sintered fertile storage NA 2 d supply 4 2, 6

3.3 Sphere dispensing 35 kg/h 92 kg/h 3 1, 3

3.4 Sphere-pac loading 4 rods/h 51 rods/h 14 6, 18

3.5 Density inspection 6 rods/h 51 rods/h 10 4, 12

3.6 Axial blanket (pellet) loading NA NA NA NA

3.7 Cleaning 24 rods/h 48 rods/h 2 2, 6

3.8 Plenum hardware and top end 12 rods/h 48 rods/h 4 2, 6

plugging

3.9 Closure welds 12 rods/h 48 rods/h 5 2, 6

3.10 Rod assay 70 rods/h 48 rods/h 1 1

3.11 Rod inspection 40 rods/h 47 rods/h 2 2

3.12 Rod rework 36 rods/d 58 rods/d 3 1, 3
4.0 Fuel assembly fabrication .

4.1 Fuel rod storage NA 5 d production 5556 rods 6000 rods

4.2 Fuel assembly fabrication 3 assemblies/d 5 assemblies/d 2 2

4.3 Inspection 6 assemblies/d 5 assemblies/d 1, 1

4.4 Rework 1 assembly/d 0.02 assembly/d NR NR

Packaged fuel assembly storage NA 30 d production 141 150

NA:

a
b
e
dNR:

not applicable.

not required.

Use assembly equipment as available.

Recommended units include consideration of spare capacity for operational reliability.

Number of units is for the facility if a single number; otherwise, units per line, total units in facility.
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Table 9.11. Research and Development Cost Estimates for Sphere-Pac Fabrication
[NASAP Case 1.3 PWR LEU(5) — MOD 0T]

R&D Cost Estimates

R&D Categories Current Statusa (Millions of Ei::ietz
1978 $)
1.0 Program management Not applicable 10 10
2.0 Design studies P — cold engineering 25 10
3.0 Receiving and storage P — cold engineering 3 5
4.0 Fuel production P — cold engineering 30 8
5.0 Fuel rod fabrication P — cold engineering 50 8
6.0 Fuel element assembly N — cold engineering 30 10
7.0 Scrap recovery N — cold engineering 6 5
8.0 Waste treatment b b
9.0 Plant control systems N — cold prototype
10.0 Maintenance N — cold engineering 10 10
11.0 Safeguards and account- P — cold engineering 6 6
ability adaptation®
Subtotal 175
Special Facilities
Hot tests 10
Cold prototype . 25
Total 210d
Range 200-250

aStatus stage with qualitative modifiers; C = complete, P = in progress, and
N = needed.

bTo be supplied by others.

“Assumes basic technology as developed under 0SS estimate presented is for
applications testing, systems integraton, and testing.

This estimate does not include costs for fuel qualification tests (about $20
million) or the capital costs of a pilot plant estimated at $190 million.
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™.

were not included in the cost estimates. hardware and material costs
do include the costs associated wih the pr 2tion of the depleted or
natural UO; spheres.

Unit costs for fabrication of fuel assemblies are determined by an
economic analysis of the basic capital, hardware and material, and
operating cost estimates. Basically, the economic analysis provides for
the owner of the fuel fabrication facility to recover all capital, oper-
ating, and finance charges plus a return on investment, if appropriate,
over the life of the plant.

In order to provide a range of prices (i.e., costs to a customer),
economic analyses were based on government financing, financing appro-
priate for a conventional-risk (typical) industry, and financing
appropriate for a high-risk industry.2 The estimated costs, costs
derived from the economic analysis, and the unit costs based on the three
different financing methods are summarized in Table 9.12. As may be
observed from the table, the price for fabrication of spiked (Pu,U)02 fuel
is expected to be in the range from $330 to $740/kg depending on the
financing technique that is employed. The recommended cost for comparison
with other fuel cycles and methods of fabrication is the typical industry
price of $570/kg.



Table 9.12. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility
[NASAP Case 1.3 PWR Spiked (Pu,U)0; Refabrication]

Estimated Costs, $§ million Derived Costs, $ million

Annual Owner's Charge on Annual Annual Unit

Economic Facilit Equipment Hardware Annual Cost Direct Capital Equipment Payment to Cnlt
Setd ¥ quip Plus Operating During During Replacement Decommissioning (s?i)
Materials Construction Construction Cost Fund 8

A 360 260 30 26 38 160 13 1.2 330

B 360 260 30 27 39 240 13 1.2 570

C 360 260 30 27 39 240 13 1.2 740

a

A = Government financing; B = Typical industrial financing; C = High-risk industrial financing.

L0T
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9.3 NASAP CASE 1.4 — PWR (233U,U,Th)0, FABRICATION AND
REFABRICATION [PWR DU(3)-Th RECYCLE DU(3)]

9.3.1 Fuel Cycle Description

This reactor-fuel cycle combination is a PWR using 233y denatured
with 238U and mixed with thorium oxide to fabricate pellet recycle fuel.
The spent fuel is reprocessed to recover the 233U~-238U, which is blended
with additional 233U from a secure storage center. Recovered plutonium is
spiked and sold to a secure storage center.

Since both initial fuel and recycle fuel contain 233y with some
unidentified quantity of 232U,Awe can assume that the fuel will be highly
radioactive., Consequently the fabrication and refabrication plants are
the same. Both require a remotely operated and remotely maintained
(RO/RM) process.

In the cycle as defined only fresh thorium is used in the fabrication
processes, This will have to be added to the denatured 233y solutions
before the sphere—forming process to provide the appropriate uranium—to-
thorium ratio for the coarse and medium particles for the gel-sphere-pac
process. This will be done at the reprocessing plant during sphere

forming and conversion.

9.3.2 Applicability to Current Fuel Element Design

There are a number of existing pressurized-water reactor fuel element
designs, and all of them are similar in their requirements for fuel rod
loading. For this analysis, the representative design chosen for this
case 1s presented in Table 9.13.

The key considerations for sphere-pac applicability are the cladding
inside diameter measurements and the required fuel smear density. The
cladding ID of 8433 ym in the reference design is suitable for the sphere-
pac process. In addition, since the design smear density of 88% is
essentially that achieved with experimental blended (three particle size)

sphere—-pac beds, the process is applicable.
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Table 9.13. Summary of C-E System 80 PWR 16 X 16 Fuel Assembly Parameters
[NASAP Case 1.4 PWR DU(3)-Th Recycle DU(3)]

Reactor Characteristics

Reactor power 1300 MWe (net)
Fuel assemblies/core 241
Reload cycle Annual (v1/3 per reload)
Number per Mass per Fuel
Component Characteristics Materials Fuel Assembly Assembly, kg
Cladding Zircaloy-4 236 113.47
End plugs
Top Zircaloy-4 236 0.80
Bottom Zircaloy-4 236 1.04
Plenum springs 302 ss 236 7.33
Guide tubes
Instrument Zircaloy-4 1 2.10
Control element Zircaloy-4 4 8.85
Spacer grids
Top Zircaloy-4 1 0.82
Middle Zircaloy-4 10 8.62
Bottom Alloy 625 1 1.00
End fittings
Top 304 SS with alloy 1 18.60
X~750 hold-down
springs
Bottom CF-8 SS 1 5.63
Insulator pellets Al,03 ) 472 1.18

Fuel Rod Characteristics

70 mm (0.382 in.)
43 mm (0.332 in.)
.11 m (162 in.)
.81 m (150 in.)

8% T.D.

.26 mm (0.325 din.)
.91 mm (0.390 in.)

Cladding outside diameter 9
Cladding inside diameter 8
Fuel rod length 4
Fuel column height 3
Fuel smear density 8
Pellet diameter 8
Pellet length 9

Fuel Assembly Characteristics

Array 16 X 16 square
Dimensions
Width 203 mm (7.98 in.)
Length 4.49 m (177 in.)
Mass of structural 169.73 kg
components

Heavy metal content (mean) 388 kg
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9.3.3 Definition of Plant Production Requiren:nts and
Design Capacity

For the PWR (233U,Th)02 fuel cycle, the plant design assumptions are
as follows.

1. The fuel design is the Combustion Engineering System 80 16 x 16
rod array fuel assembly.

2. The plant production capacity is 480 t HM/year with the capa-
bility for simultaneous production of three enrichments.

3. The plant factor is 240 effective full-production days per year.

4, Plant design capacity:

Overall 730 t HM/year

about 5 fuel assemblies/d
Each line of three 243 t HM/year

0.67 t HM/d

406 fuel rods/d
1.7 fuel assemblies/d
5. Process design capacities are based on the line design capacities
and the scrap and sample losses defined in Sect. 9.3.4.
6. The facilities are designed to discharge no liquid waste other
than treated sanitary sewage.
7. All process buildings and critical auxiliary support are designed
and constructed in accordance with current United States Nuclear Regulatory
Commission licensing requirements. Shielding is provided to limit dose

rates to operating and maintenance personnel to 0.25 millirem/h.

9.3.4 Estimates of Surge Storage Requirements, Scrap Production
Rates, and Processing Rates for Functional Steps

Given the plant design assumptions defined in Sect. 9.3.3, further
commercial plant characteristics were derived.

To achieve the annual production rates, an analysis of the plant
surge storage requirements and normal inventory was made, and the results

of this analysis are given in Table 9.1l4.



Table 9.14. Sphere-Pac Fabrication Plant Surge Storage Requirements and Normal Inventory
[NASAP Case 1.4 PWR DU(3) — Th Recycle DU(3)]

Storage

Interval, d Normal Inventory, kg HM

Process Step Material 233
Normal Maximum ( U,0)0; ThO; Fines
Feed storage Dried spheres 30 60 50,000
Sintered spheres 30 60 13,000
Interim storage Dried spheres 1 2 1,660
Sintered spheres 1 2 440
Furnace Dried to sintered 1.2 2.4 2,000
spheres
Post furnace Sintered spheres 0.5 1 830
Interim storage Sintered spheres 0.36 0.72 600
Main storage Sintered spheres 1.2 2.4 2,100
Sintered spheres 1.5 2.9 660
Loading, inspection Sintered spheres 0.12 0.24 210 50
welding
Loaded, not inspected Sintered spheres 5 5 8,300 2,070
rods in rods
Rework and scrap Sintered spheres 2 5 410 75
Completed fuel rods Sintered spheres 5 5 8,000 2,000
in rods
Assembly Rods in completed 15 30 24,000 6,000
assemblies

a12% nominal enrichment (233y).

11T
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Based on current technology and assuming reasonable extrapolations
for commercial-scale developments, a preliminary estimate was made of the
daily mass flows of heavy metal through the fabrication plant and the
average production rate of heavy metal scrap materials from the various
functional activities. These are presented in Table 9.15.

Given the above information, a preliminary evaluation of the pro-
cessing rates for each functional step within the main fuel fabrication

processes was made. The results of this analysis are summarized in

Table 9.16.

9.3.5 Analysis of Functional Technology Status, Research and
Development Requirements, Cost, and Schedule

The technology status of this system is quite similar to that of the
reference case discussed in Sect. 8. The current status and research and
development needs are summarized in Table 9.17. The primary difference
between this denatured 233U-Th fuel and the U-Pu fuel is the level of
current development effort on sphere forming, calcination, and sintering.
Currently (U,Pu)0O, is under investigation in the United States, and the
U-Th system would need to be initiated at the U/Th ratio required for this
fuel. However, the process development studies could be accomplished with
greater ease if natural or depleted uranium were used. Thus, the overall
schedule would be essentially unchanged. Only a slight decrease in total
research and development costs would be possible, in the range from 3 to

5%, because the hot engineering-scale tests would still be required.

9.3.6 Preliminary Cost Estimate for Construction and Operation
of a Commercial-Scale Plant

The cost components that were estimated include capital costs for the
facility and equipment, fuel assembly hardware costs, material and supply
costs, and operating costs. ™3

Facility capital cost estimates were based on an analysis of the
functional flow diagram for the’' process to indicate space requirements for
each functional area and for each support area. Equipment requirements

were identified, and costs associated with the equipment were estimated.



Table 9.15.

Heavy Metal Mass Flows and Average Scrap Production for a Sphere-Pac Fuel Fabrication Plant
[NASAP Case 1.4 PWR DU(3) — Th Recycle DU(3)]

Processing Step

Mass Flow, kg HM/d

Daily Throughput

Clean Scrapb

Reject Scrap®

(233u,u,Th)0,2 U0, Fines (233y,U,Th)0,% U0, Fines (233y,U,Th)0,2 U0, Fines
Receiving and storage 1662.3 437.8d
Sampling and batch loading 1660.6 1.7
Weighing and sampling 437.4 0.4
Calcining and sintering 1659.8 0.8
Sphere upgrading 1753.1¢ 49.8
Sphere sampling 1749.6 3.5
Sphere storage 1749.6 437.4
Fuel rod loading 1749.6 437.4
Fuel rod scanning 1662.1 415.5 84.0 21.0 0.9
Top component inseftion 1658.4 414.6 3.3 0.8 0.3 0.1
Rod welding and x ray 1658.4 414.6 ! f i f
Leak detection 1658.4 414.6 I b f !
Rod assay 1625.3 406.3 31.5 7.9 1.7 0.4
Final rod inspection 1608.4 402.1 16.3 4.1 0.7 0.2
Assembly inspection 1600 400 _ 8.0 2.0 0.3 0.1
: V"

Total 2000 143.1 35.8 62.3 2.1

2% nominal enrichment (233y).

blnternally recycled.

ZCollected, assayed, and externally recycled to reprocessing plant.

Includes 35.8 kg of recycled clean scrap.

®Includes 143.1 kg of recycled clean scrap.

fkework in these steps is only of the weld and does not affect scrap.

eIt
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Equipment Requirements for Functional Areas

[NASAP Case 1.4 PWR DU(3) — Th Recycle DU(3)]

plant Design Required Recommended?
: . . . Number Number
Functional Area Unit Production Requirement of of
(Nominal) Units UnitsP
1.0 Receiving
(233U,U,Th)0; {10 containers/carrier) 1600 kg/d 1660 kg/d 2 2
ThO, fines Unlimited 440 kg/d 1 1
1.1 Sampling NAC,; done at reprocessing
plant
1.2 Weighing 48 containers/d 21 containers/d 1 2
1.3 Storage (80 kg HM/container) Na 60 d supply 1247 1300
1.4 Weighing 48 containers/d 3 containers/d 1 1
1.5 UO) fines sampling 4800 kg/d 440 kg/d 1 1
1.6 Storage (200 kg HM/container) NA 60 d supply 131 140
2.0 Fuel production (sphere processing)’1
2.1 Sampling 3840 kg/d 1660 kg/d 1 1, 3
2.2 Calcining and sintering 240 kg/d 1660 kg/d 8 3, 9
2.3 Microsphere inspection 20 kg/h 75 kg/h 6 2, 6
2.4 Intcer:n storage 250 kg 1750 kg 8 3, 9
3.0 Fuel rod tabrication
3.1 Sintered sphere storage NA 2 d supply 18 6, 18
3.2 Sintered fertile storage NA 2 d supply 4 2, 6
3.3 Sphere dispensing 35 kg/h 92 kg/h 3 1, 3
3.4 Sphere-pac loading 4 rods/h 56 rods/h 14 6, 18
3.5 Density inspection 6 rods/h 56 rods/h 10 4, 12
3.6 Axial blanket (pellet) loading NA NA NA NA
3.7 Cleaning 24 rods/h 53 rods/h 3 1, 3
3.8 Plenum hardware and top end 12 rods/h 53 rods/h 5 2, 6
plugging
3.9 Closure welds 12 rods/h 53 rods/h S 2, 6
3.10 Rod assay 70 rods/h 53 rods/h 1 1
3.11 Rod inspection 40 rods/h 52 rods/h 2 2
3.12 Rod rework 36 rods/d 63 rods/d 2 1, 3
4.0 Fuel assembly fabrication
4.1 Fuel rod storage NA 5 d production 6115 rods 7000 rods
4,2 Fuel assembly fabrication 3 assemblies/d 5 assemblies/d 2 2
4.3 Inspection 6 assemblies/d 5 assemblies/d 1 1
4.4 Rework 1 assembly/d 0.03 assembly/d NR® NR
Packaged fuel assembly storage NA 30 d production 155 160

a
b

Recommended units include consideration of spare capacity for operational reliability.

Number of units is for the facility if a single number; otherwise, units per line, total units in facility.

cNA: not applicable.

d

Does not include sphere-forming equipment for ThO, fines.

e

NR: not required. Use assembly equipment as available.
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Table 9.17. Research and Development Cost Estimates for Sphere-Pac Fabrication
[NASAP Case 1.4 PWR DU(3)-Th Recycle]

R&D Cost Estimates

R&D Categories Current Statusa (Millions of ziigiezz
1978 $)
1.0 Program management Not applicable ‘ 10 10
2.0 Design studies P — cold engineering 25 10
3.0 Receiving and storage P — cold engineering 3 5
4.0 Fuel production P — hot laboratory 30 8
5.0 Fuel rod fabrication P — cold engineering 50 8
6.0 Fuel element assembly N — cold engineering 30 10
7.0 Scrap recovery N - hot laboratory
8.0 Waste treatment b b b
9.0 Plant control systems N — cold prototype 5
10.0 Maintenance N — cold engineering 10 10
11.0 Safeguards and account- P — cold engineering 6 . 6
ability adaptation®
Subtotal 176
Special Facilities
Hot tests 10
Cold prototype 25
Total led
Range 200-250

%status stage with qualitative modifiers; C = complete, P = in progress, and
N = needed.

bTo be supplied by others.

“Assumes basic technology as developed under 0SS estimate presented is for
applications testing, systems integraton, and testing.

The estimate does not include costs for fuel qualification tests (about $20
million) or the capital costs of a pilot plant estimated at $190 million.
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Fuel assembly hardware requirements were based on the reference fuel
assemb.y design parameters identified in Table 9.13., Estimates of the
costs of the hardware items were obtained. Material and supply require-
ments were identified from the sphere—pac process description, and esti-
mates of the costs of materials and supplies were obtained. Operating
cost estimates included consideration of personnel, overhead, general and
administrative expenses, and costs of utilities.

The facility was assumed to operate as a toll processing facility.
That is, the operator fabricates customer—-supplied fuel feed materials
into finished fuel assemblies, and thus costs of uranium were not included
in the cost estimates. The hardware and material costs do include the
costs associated with the production of the fresh ThO; fine size spheres.

Unit costs for fabrication of fuel assemblies are determined by an
economic analysis of the basic capital, hardware and material, and
operating cost estimates. Basically, the economic analysis provides for
the owner of the fuel fabrication facility to recover all capital, oper-
ating, and finance charges plus a return on investment, if appropriate,
over the life of the plant.

In order to provide a range of prices (i.e., costs to a customer),
economic analyses were based on government financing, financing appro-
priate for a conventional-risk (typical) industry, and financing
appropriate for a high-risk industry.2 The estimated costs, costs
derived from the economic analysis, and the unit costs based on the three
different financing methods are summarized in Table 9.18. As may be
cbserved from the table, the price for fabrication of (233U,U,—Th)02 fuel
is expected to be in the range from $340 to $750/kg depending on the
financing technique that is employed. The recommended cost for comparison
with other fuel cycles and methods of fabrication is the typical industry
cost of $580/kg.



Table 9.18. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility

[NASAP Case 1.4 PWR DU(3)-Th Recycle DU(3)]

Estimated Costs, $ million

Derived Costs, $ million

Annual

Owner's

Charge on

Annual

Annual

Economic iq s . Hardware Annual Cost Direct Capital Equipment Payment to Unit
Facility Equipment . X . e e Cost
Setd Plus Operating During During Replacement Decommissioning ($/ks)
Materials Construction Construction Cost Fund ©
A 360 260 33 27 39 160 13 1.2 340
B 360 260 33 27 40 240 13 1.3 580
C 360 260 33 28 40 240 13 1.3 750
aA Government financing; B = Typical industrial financing; C = High-risk industrial financing.

LTT
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9.4 NASAP CASE 1.5 — PWR (Pu,U)0p REFABRICATION [PWR~U-Pu]

9.4.1 Fuel Cycle Description

This example is a PWR using 3%-enriched uranium oxide fuel and self-
generated recycle fuel of partitioned uranium and plutonium oxide; GESMO
fuel cycle.

Only the refabrication processes for (Pu,U)0Oy fuels have been assessed
for this cycle. The cycle specifies the complete separation of uranium
and plutonium in the reprocessing plant. For the gel-sphere—pac option we
have assumed that depleted or natural uranium solution is blended with the
plutonium solution at the reprocessing plant before the conversion step.
This will provide the appropriate plutonium—to-uranium ratio for the
coarse and medium sphere sizes.

No spike is added to the fuel in this cycle, but the plutonium has
significant rz ioactivity, so a remotely operated and contact-maintained

- (RO/CM) facility is required.

9.4.2 Applicability to Current Fuel Element Design

There are a number of existing pressurized-water reactor fuel element
designs, and all of them are similar in their requirements for fuel rod
loading. For this analysis, the representative design chosen for this
case is presented in Table 9.19.

The key considerations for sphere-pac applicability are the cladding
inside diameter measurements and the required fuel smear density. The
ciadding ID of 8433 uym in the reference design is suitable for the sphere-
pac process. In addition, since the design smear densitybof 88% is
essentially that achieved with experimental blended (three particle size)

sphere—pac beds, the process is applicable.

9.4,3 Definition of Plant Production Requirements and
Design Capacity

For the PWR (U,Pu)0y fuel cycle, the plant design assumptions are

as follows.
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Table 9.19. Summary of C-E System 80 PWR 16 X 16 Fuel Assembly Parameters
[NASAP Case 1.5 — PWR-U-Pu]

Reactor Characteristics

Reactor power 1300 MWe (net)
Fuel assemblies/core 241
Reload cycle Annual (v1/3 per reload)
Number per Mass per Fuel
Component Characteristics Materials Fuel Assembly Assembly, kg

Cladding Zircaloy-4 236 113.47
End plugs

Top Zircaloy-4 236 0.80

Bottom Zircaloy=~4 236 1.04
Plenum springs 302 SS 236 7.33
Guide tubes

Instrument Zircaloy-4 1 2.10

Control element Zircaloy-4 4 8.85
Spacer grids

Top Zircaloy-4 1 0.82

Middle Zircaloy-4 10 8.62

Bottom Alloy 625 i 1.00
End fittings

Top 304 SS with alloy 1 18.60

X-750 hold-down
springs

Bottom CF-8 SS 1 5.63

Insulator pellets Al,03 472 1.18

Fuel Rod Characteristics

Cladding outside diameter 9.70 mm (0.382 in.)
Cladding inside diameter 8.43 mm (0.332 in.)

Fuel rod length 4.11 m (162 in.)
Fuel column height 3.81 m (150 in.)
Fuel smear density 88% T.D.

Pellet diameter 8.26 mm (0.325 in.)
Pellet length 9.91 mm (0.390 in.)

Fuel Assembly Characteristics

Array 16 X 16 square
Dimensions
Width 203 mm (7.98 in.)
Length 4,49 m (177 in.)
Mass of structural 169.73 kg
components

Heavy metal content 427 kg
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l.. The fuel design is the Combustion Engineering System 80 16 x 16
rod array fuel assembly.

2. The plant production capacity is 480 t HM/year with the capa-
bility for simultaneous production of three enrichments.

3. The plant factor is 240 effective full-production days per year.

4, Plant design capacity:

Overall 730 t HM/year

about 5 fuel assemblies/d
Each line of three 243 t HM/year

0.67 t HM/d

369 fuel rods/d
1.6 fuel assemblies/d
5. Process design capacities are based on the line design capacities
and th. scrap and sample losses defined in Sect. 9.4.4.
6. The facilities are designed to discharge no liquid waste other
than treated sanitary sewage.
7. All process buil&ings and critical auxiliary support are designed
and comnstructed in accordance with current United States Nuclear Regulatory
Commission licensing requirements. Shielding is provided to limit dose

rates to operating and maintenance personnel to 0,25 millirem/h.

9.4.4 Estimates of Surge Storage Requirements, Scrap Production
Rates, and Processing Rates for Functional Steps

Given the plant design assumptions defined in Sect. 9.4.3, further
commercial plant characteristics were derived.

To achieve the annual production rates, an analysis of the plant
surge storage requirements and normal inventory was made, and the results
of this analysis are given in Table 9.20.

Based on current technology and assuming reasonable extrapolations
for commercial—-scale developments, a preliminary estimate was made of the
daily mass flows of heavy metal through the fabrication plant and the
average production rate of heavy metal scrap materials from the various

functional activities. These are presented in Table 9.21.



Table 9.20. Sphere-Pac Fabrication Plant Surge Storage Requirements and Normal Inventory
[NASAP Case 1.5, PWR-U-Pu]

Storage Normal Inventory, kg HM
. Interval, d
Process Step Material
a .
Normal Maximum (Pu,0)0; U0y Fines
Feed storage Dried spheres 30 60 50,000
Sintered spheres 30 60 13,000
Interim storage Dried spheres 1 2 1,660
Sintered spheres 1 2 440
Furnace Dried to sintered 1.2 2.4 2,000
spheres
Post furnace Sintered spheres 0.5 1 830
Interim storage Sintered spheres 0.36 0.72 600
Main storage Sintered spheres 1.2 2.4 2,100
Sintered spheres 1. 2.9 660
Loading, inspection Sintered spheres 0.12 0.24 210 50
welding
Loaded, not inspected Sintered spheres 5 5 8,300 2,070
rods in rods
Rework and scrap Sintered spheres 2 5 410 75
Completed fuel rods Sintered spheres 5 5 8,000 2,000
in rods
Assembly Rods in completed 15 30 24,000 6,000

assemblies

a P . . s ;
3.1% nominal fissile plutonium content.

121



Table 9.21. Heavy Metal Mags Flows and Average Scrap Production for a Sphere-Pac Fuel Fabrication Plant
[NASAP Case 1.5 PWR U — Pu]

Mass Flow, kg HM/d

Processing Step Daily Throughput Clean Scrapb Reject Scrap®
(Pu, U)0,4 U0, Fines (Pu,U)0,4 U0, Fines (Pu,U)0,4 U0, Fines
Receiving and storage 1662.3 437.84
Sampling and batch loading 1660.6 1.7
Weighing and sampling 437 .4 0.4
Calcining and sintering 1659.8 0.8
Sphere upgrading 1753.1¢ 49.8
Sphere sampling 1749.6 3.5
Sphere storage 1749.6 437.4
Fuel rod loading 1749.6 437.4
Fuel rod scanning 1662.1 415.5 84.0 21.0 3.5 0.9
Top component insertion 1658.4 414.6 3.3 0.8 0.3 0.1
Rod welding and x ray 1658.4 414.6 f f I f
Leak detection 1658.4 414.6 f il f f
Rod assay 1625.3 406.3 31.5 7.9 1.7 0.4
Final rod inspection 1608.4 402.1 16.3 4.1 0.7 0.2
Assembly inspection 1600 400 __ 8.0 2.0 _0.3 0.1
\_____Y_____J

Total 2000 143.1 35.8 62.3 2.1

23,1% nominal fissile plutonium content.

bInternally recycled.

ZCollected, assayed, and externally recycled to reprocessing plant.

Includes 35.8 kg of recycled clean scrap.

®Includes 143.1 kg of recycled clean scrap.

Ir

ework in these steps is only cf the weld and does not affect scrap.

aAal
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Given the above information, a preliminary evaluation of the pro-
cessing rates for each functional step within the main fuel fabrication
processes was made. The results of this analysis are summarized in

Table 9.22.

9.4.5 Analysis of Functional Technology Status, Research and
Development Requirements, Cost, and Schedule

The status and requirements are the same as those for the reference
case given in Sect. 8 of this report and summarized in Table 9.23. A cost
savings of approximately 5% may be possible because of the lack of spike
radioactivity and its effects on maintenance details for the equipment,

but no reduction in schedule is anticipated.

9.4.6 Preliminary Cost Estimate for Construction and Operation
of a Commercial-Scale Plant

The cost components that were estimated include capital costs for the
facility and equipment, fuel assembly hardware costs, material and supply
costs, and operating costs, 13

Facility capital cost estimates were based on an analysis of the
functional flow diagram for the process to indicate space requirements for
each functional area and for each support area. Equipment requirements
were identified, and costs associated with the equipment were estimated.
Fuel assembly hardware requirements were based on the reference fuel
assembly design parameters identified in Table 9.l1. Estimates of the
costs of the hardware items were obtained. Material and supply require-
ments were identified from the sphere—pac process description, and esti-
mates of the costs of materials and supplies were obtained. Operating
cost estimates included consideration of personnel, overhead, general and
administrative expenses, and costs of utilities.

The facility was assumed to operate as a toll processing facility.
That is, the operator fabricates customer-supplied fuel feed materials

into finished fuel assemblies, and thus costs of plutonium and uranium
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Equipment Requirements for Functional Areas
[NASAP Case 1.5 PWR U-Pu]

Plant Design Re‘quired Recommended?
. . . ; Number Number
Functional Area Unit Production Requirement of of
(Nominal) Units Unitsb
1.0 Receiving
(Pu,U)0; (10 containers/carrier) 1600 kg/d 1660 kg/d 2 2
U0, fines Unlimited 440 kg/d 1 1
1.1 Sampling NAC; done at reprocessing
plant
1.2 Weighing 48 containers/d !1 containers/d 1 2
1.3 Storage (80 kg HM/container) NA '+ d supply 1247 1300
1.4 Weighing 48 containers/d containers/d 1 1
1.5 UO; fines sampling 4800 kg/d 440 kg/d 1 1
1.6 Storage (200 kg HM/container) NA 60 d supply 131 140
2.0 Fuel production (sphere processing)
2.1 Sampling 3840 kg/d 1660 kg/d 1 1, 3
2.2 Calcining and sintering 240 kg/d 1660 kg/d 8 3, 9
2.3 Microsphere inspection 20 kg/h 75 kg/h 6 2, 6
2.4 Interim storage 250 kg 1750 kg 8 3, 9
3.0 Fuel rod fabrication
3.1 Sintered sphere storage NA 2 d supply 18 8, 24
3.2 Sintered fertile storage NA 2 d supply 4 2, 6
3.3 Sphere dispensing 35 kg/h 92 kg/h 3 1, 3
3.4 Sphere-pac loading 4 rods/h 51 rods/h 14 6, 18
3.5 Density inspection 6 rods/h 51 rods/h 10 4, 12
3.6 Axial blanket (pellet) loading NA NAE NA NA
3.7 Cleaning 24 rods/h 48 rods/h 2 2, 6
3.8 Plenum hardware and top end 12 rods/h 48 rods/h 4 2, 6
plugging
3.9 Closure welds 12 rods/h 48 rods/h 5 2, 6
3.10 Rod assay 70 rods/h 48 rods/h 1 1
3.11 Rod inspection 40 rods/h 47 rods/h 2 2
3.12 Rod rework 36 rods/d 58 rods/d 3 1, 3
4.0 Fuel assembly fabrication
4.1 Fuel rod storage NA 5 d production 5556 rods 6000 rods
4.2 Fuel assembly fabrication 3 assemblies/d 5 assemblies/d 2 2
4.3 1Inspection 6 assemblies/d 5 assemblies/d 1 . 1
4.4 Rework 1 assembly/d 0.02 assembly/d NR¥ NR
Packaged fuel assembly storage NA 30 d production 141 150

NA:

a
b
e
dNR:

not applicable.

not required.

Use assembly equipment as available.

Recommended units include consideration of spare capacity for operational reliability.

Number of units is for the facility if a single number; otherwise, units per line, total units in facility.
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Table 9.23. Research and Development Cost Estimates for Sphere-Pac Fabrication
(NASAP Case PWR U-Pu)

R&D Cost Estimates

R&D Categories Current Status” (Millions of Zg:;iezz
1978 $)
1.0 Program management Not applicable 8 8
2.0 Design studies P — cold engineering 25 8
3.0 Receiving and storage P — cold engineering 3 5
4.0 Fuel production P — cold engineering 25 8
5.0 Fuel rod fabrication N — cold engineering 46 7
6.0 Fuel element assembly N — cold engineering 15 7
7.0 Scrap recovery N — cold engineering 2 5
8.0 Waste treatment b b b
9.0 Plant control systems N — cold prototype 5 8
10.0 Maintenance N — cold engineering 5 8
11.0 Safeguards and account- P — cold engineering 6 6
ability adaptation®
Subtotal 140
Special Facilities
Hot tests 10
Cold prototype - 25
Total : 1754
Range 165-210

Zstatus stage with qualitative modifiers; C = complete, P = in progress, and
N = needed.

bTo be supplied by others.

“Assumes basic technology as developed under 0SS estimate presented is for
applications testing, systems integraton, and testing.

dThe estimate does not include costs for fuel qualification tests (about $20
million) or the capital costs of a pilot plant estimated at $140 million.
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were not included in the cost estimates. The hardware and material costs
do include the costs associated with t: oroduction of the depleted or
natural U0, spheres.

Unit costs for fabrication of fuel assemblies are determined by an
economic analysis of the basic capital, hardware and material, and
operating cost estimates. Basically, the economic analysis provides for
the owner of the fuel fabrication facility to recover all capital, oper-
éting, and finance charges plus a return on investment, if appropriate,
over the life of the plant.

In order to provide a range of prices (i.e., costs to a customer),
economic analyses were based on government financing, financing appro-
priate for a conventional-risk (typical) industry, and financing
appropriate for a high-risk industry.2 The estimated costs, costs
derived from the economic analysis, and the unit costs based on the three
different financing methods are summarized in Table 9.24. As may be
observed from the table, the price for fabrication of unspiked
(Pu,U)02 fuel is expected to be in the range from $280 to $680/kg
depending on the financing technique that is employed. The recommended
cost for comparison with other fuel cycles and methods of fabrication is

the typical industry cost of $460/kg.



Table 9.24. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility
(NASAP Case 1.5 PWR U-Pu)

Estimated Costs, $ million Derived Costs, $ million
Annual Owner's Charge on Annual Annual Unit
Economic . . Hardware Annual Cost Direct Capital Equipment Payment to

Facility Equipment s K . e e s Cost
Setd Plus Operating During During Replacement Decommissioning ($/kg)
Materials Construction Construction Cost Fund &

A 250 . 200 30 25 36 120 10 1.2 280

B 250 200 30 26 37 180 10 1.2 460

C 250 200 30 26 38 180 10 1.2 680

a

A = Government financing; B = Typical industrial financing; C = High-risk industrial financing.

L1
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9.5 NASAP CASE 2.1 — HWR (235U,U)0, FABRICATION [HWR LEU(5)-0T]

9.5.1 Fuel Cycle Description

This reactor—-fuel cyc ombination is a CANDU-type HWR using
1.2%-enriched uranium oxide pellet fuel optimized for a once-through
cycle. Spent fuel will be stored at the reactor site or elsewhere.
Ultimately, the spent fuel will be sent to a geologic spent fuel
repository.

Since this cycle is defined as a once—through cycle, only fuel fabri-
cation processes were assessed. It is apparent that current pellet pro-
cessing could be adapted to this cycle with plant and fuel pellet design
modifications. The process requires a contact—operated and contact-
maintained (CO/CM) plant.

The sphere-pac process was assessed for this case for two reasons.
First, it addresses the applicability of the process to heavy water reac-—
tor fuel element types. Secoand, the cycle requires much higher burnup
than that experienced in current CANDU reactors that use natural uranium
as fuel. As indicated for the extended-burnup fuels in a light-water
reactor {(Case 1.2, Sect. 9.1) the sphere—pac process may be preferred to

reduce fuel-cladding mechanical interaction.

9.5.2 Applicability to Current Fuel Element Design

There are a number of existing heavy water reactor fuel element
designs. For this analysis, the representative design chosen for this
case is presented in Table 9.25.

The key considerations for sphere-pac applicability are the cladding
inside diameter measurements and the required fuel smear density. The
cladding ID of 12,270 um in the reference design is suitable for the
sphere—-pac process. HSince the design smear density of 917% exceeds that
achieved with experimental blended (three particle size) sphere-pac beds,
the process is marginally applicable. However a lower smear density may

be required to achieve the higher burnup specified for this case.
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Table 9.25. Summary of CANDU 37-Pin Fuel Bundle Parameters
[NASAP Case 2.1 — HWR LEU(5)-0T]

Reactor Characteristics

Reactor power
Fuel assemblies/core
Reload cycle

Component Characteristics

1000 MWe (net)
7204
Continuous on-power refueling (about 40%/year)

Number per

Mass (kg) per
Fuel Assembly

Fuel cladding
End plugs

Top

Bottom
Bearing pads
Interelement spacers
End support plates

Fuel Rod Characteristics

Material Fuel Assembly
Zircaloy-4 37
Zircaloy-4 37
Zircaloy-4 37
Zircaloy-4 54
Zircaloy-4 156
Zircaloy-4 2

Fuel cladding outside diameter 13.1 mm (0.515 in.)
Fuel cladding inside diameter 12.3 mm (0.483 in.)

Fuel rod length
Fuel column height
Fuel smear density
Pellet diameter
Pellet length

483 mm (19.0 in.)
480 mm (18.9 in.)
~91% T.D.

12.1 mm (0.478 in.)
16.0 mm (0.630 in.)

Fuel Assembly Characteristics

Dimensions
Length
Diameter

495 mm (1.62 ft)
100 mm (3.94 in.)

Mass of structural components 2.27 kg
Heavy metal content (mean) — 18.7 kg

1.954

0.104
0.104

0.108
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9.5.3 Definition of Plant Production Requirements and
Design Capacity

For this fuel cycle, the plant assumptions are as follows.

1. The fuel design is the current heavy water reactor bundle
(37 pin) of the CANDU design.

2. The plant production capacity is 520 t HM/year with the capa-
bility for simultaneous production of three enrichments.

3. The plant factor is 260 effective full-production days per year.

4, Plant design capacity:

Overall 730 t HM/year

about 107 fuel assemblies/d
Each line of three 243 t HM/year

0.67 t HM/d

1319 fuel rods/d
35,7 fuel assemblies/d
5. - Process design capacities are based on the line design capacities
and the scrap and sample losses defined in Sect. 9.5.4.
6. The facilities are designed to discharge no liquid waste other
than treated sanitary sewage.
7. All process buildings and critical auxiliary support are designed
and constructed in accordance with current United States Nuclear Regulatory
Commission licensing requirements. Shielding is provided to limit dose

rates to operating and maintenance personnel to 0,25 millirem/h.

9.5.4 Estimates of Surge Storage Requirements, Scrap Production
Rates, and Processing Rates for Functional Steps

Given the plant design assumptions defined in Sect. 9.5.2, further
commercial plant characteristics were derived.

To achieve the annual production rates, an analysis of the plant
surge storage requirements and normal inventory was made, and the results
of this analysis are given -a Table 9.26.

Based on current techmnology and assuming reasonable extrapolations

for commercial~scale developments, a preliminary estimate was made of the



Table 9.26.

Sphere-Pac Fabrication Plant Surge Storage Requirements and Normal Inventory

[NASAP Case 2.1 HWR LEU(5) — OT]

Process Step

Material

Storage
Interval, d

Normal Inventory, kg HM

235 a 235 ol
Normal Maximum (£770,1)07 (£7°0,0)09 Fines
Feed storage Dried spheres 30 60 50,000
Sintered spheres 30 60 13,000
Interim storage Dried spheres 1 2 1,660
Sintered spheres 1 2 440
Furnace Dried to sintered 1.2 2.4 2,000
spheres
Post furnace Sintered spheres 1 830
Interim storage Sintered spheres 0.36 0.72 600
Main storage Sintered spheres 1. 2.4 2,100
Sintered spheres 1. 2.9 660
Loading, inspection Sintered spheres 0.12 0.24 210 50
welding
Loaded, not inspected Sintered spheres 5 5 8,300 2,070
rods in rods
Rework and scrap Sintered spheres 2 5 410 75
Completed fuel rods Sintered spheres 5 5 8,000 2,000
in rods
Assembly Rods in completed 15 30 24,000 6,000

assemblies

al.ZZ nominal e

nrichment (235U).

TIeT
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daily mass flows of heavy metal through the fabrication plant and the
average production rate of heavy metal scrap materials from the various
functional activities. These are presented in Table 9.27.

Given the above information, a preliminary evaluation of the pro-
cessing rates for each functional step within the main fuel fabrication
processes was made. The results of this analysis are summarized‘in

Table 9.28.

9.5.5 Analysis of Functional Technology Status, Research and
Development Requirements, Cost, and Schedule

The technology status of this system is quite similar to that of the
reference case discussed in Sect. 8. The current status and research and
development needs are summarized in Table 9.29. Some significant differ-
ences in the process are worthy of note. Fuel rod fabrication is quite
similar except for the relatively short length and therefore the signifi-
cant increase in the number of rods that must be made to achieve an annual
ihroughput of 520 t HM.

Fuel element assembly is significantly different. The fuel rod
spacing is defined by spacers placed on the outside of the cladding. The
two end plates need to be welded to each fuel rod in an assembly. We have
assumed an exchange of information with current Canadian manufacturers to
reduce the development needs and costs in this area. ,

The CO/CM type plant will minimize the research and’development
requirements for special featureg associated with maintenance. However
the value of the enriched uranium and United States licensing requirements
will probably require modifications to current commercial practice, and an

allowance has been made for this in the cost estimate.

9.5.6 Preliminary Cost Estimate for Construction and Operation
of a Commercial-Scale Plant

The cost components that were estimated include capital costs for the

facility and equipment, fuel assembly hardware costs, material and supply



Table 9.27.

Heavy Metal Mass Flows and Average Scrap Production for a Sphere-Pac Fuel Fabrication Plant
[NASAP Case 2.1 HWR LEU(5) — OT]

Mass Flow, kg HM/d

Processing Step

Daily Throughput

Clean Scrapb

Reject Scrap®

(2350,1)0,@  (2350,U)0, Fines®  (235U,10)0,4  (235U,U)0, Fines?  (235U,1)0,7  (?35U,U)0; Fines?
Receiving and storage- 1662.3 437.8d
Sampling and batch loading 1660.6 1.7
Weighing and sampling 437.4 0.4
Calcining and sintering 1659.8 0.8
Spherg upgrading 1753.1¢ 49.8
Sphere sampling 1749.6 3.5
Sphere storage 1749.6 437.4
Fuel rod loading 1749.6 437.4
Fuel rod scanning 1662.1 415.5 84.0 21.0 3.5 0
Top component insertion 1658.4 414.6 3.3 0.8 0.3 0.1
Rod welding and x ray 1658.4 414.6 f f 7 i
Leak detection 1658.4 414.6 f f f f
Rod assay 1625.3 406.3 31.5 7.9 1.7 0.4
Final rod inspection 1608.4 402.1 16.3 4.1 0.7 0.2
Assembly inspection 1600 400. __ 8.0 2.0 0.3 0.1
~ Y
Total 2000 143.1 35.8 62.3 2.1
a

Internally recycled.

Q o

1.2% nominal enrichment (235U).

Collected, assayed, and externally recycled to reprocessing plant.

(AR S

Includes 143.1 kg of recycled clean scrap.

—ty

Includes 35.8 kg of recycled clean scrap.

Rework in these steps is only of the weld and does not affect scrap.

el



Table 9.28.
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Equipment Requirements for Functional Areas
[NASAP Case 2.1 HWR LEU(S) — OT]

Fuel assembly fabrication
Inspection

24 assemblies/d
24 assemblies/d

108 assemblies/d
108 assemblies/d

5
5

5
5

Plant Design Required Recommended?
. . . . Number Number
Functional Area Unit Production Requirement of of
(Nominal) Units Units

1.0 Receiving

(?35y,U)0, (10 containers/carrier) 1600 kg/d 1660 kg/d 2 2

(2350,1)0, fines Unlimited 440 kg/d 1 1

1.1 Sampling NA®; done at reprocessing

plant

1.2 Weighing 48 containers/d 21 containers/d 1 2

1.3 Storage (80 kg HM/container) NA 60 d supply 1247 1300

1.4 Weighing 48 containers/d 3 containers/d 1 1

1.5 U0 fines sampling 4800 kg/d 440 kg/d 1 1

1.6 Storage (200 kg HM/container) NA 60 d supply 131 140
2.0 Fuel production (sphere processing)d

2.1 Sampling 340 kg/d 1660 kg/d 1 1, 3

2.2 Calcining and sintering ) kg/d 1660 kg/d 8 3, 9

2.3 Microsphere inspection - kg/h 75 kg/h 6 2, 6

2.4 Interim storage 250 kg 1750 kg 8 3, 9
3.0 Fuel rod fabrication

3.1 Sintered sphere storage NA 2 d supply 18 8, 24

3.2 Sintered fertile storage NA 2 d supply 4 2, 6

3.3 Sohere dispensing 35 kg/h 92 kg/h 3 1, 3

3.4 Sphere-pac loading 6 rods/h 181 rods/h 30 10, 30

3.5 Density inspection 20 rods/h 181 rods/h 9 3, 9

3.6 Axial blanket (pellet) loading NA NA NA NA

3.7 Cleaning 24 rods/h 171 rods/h 8 3 9

3.8 Plenum hardware and top end 12 rods/h 171 rods/h 15 5, 15

plugging

3.9 Closure welds 12 rods/h 171 rods/h 15 5, 15

3.10 Rod assay 520 rods/h 171 rods/h 1 1

3.11 Rod inspection 100 rods/h 168 rods/h 2 2

3.12 Rod rework 36 rods/d 206 rods/d 6 2, 6
4.0 Fuel assembly fabrication

4.1 Fuel rod storage NA 5 d production 19,786 rods 20,000 rods

4.2

4.3

4.4

Rework

Packaged fuel assembly storage

1 assembly/d
NA

0.56 assembly/d
30 d production

NRE
3209

NR
3300

aRecommended units include consideration of spare capacity for operational reliability.

bNumber of units is for the facility if a single number; otherwise, units per line, total units in facility.

°NA: not applicable.

dDoes not include sphere-forming equipment (see Appendix).

°NR: not required.

Use assembly equipment as available.
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Table 9.29. Research and Development Cost Estimates for Sphere-Pac Fabrication
[NASAP Case 2.1 HWR LEU(5)]

R&D Cost Estimates

R&D Categories Current Status (Millions of gi;;ieiz
1978 $)
1.0 Program management Not applicable 5 5
2.0 Design studies N — cold prototype 5 5
3.0 Receiving and storage P — cold engineering 0
4.0 Fuel production P — cold engineering 19 5
5.0 Fuel rod fabrication P — cold engineering 20 5
6.0 Fuel element assembly C — commercial (Canada) 0
7.0 Scrap recovery C — commercial 0
8.0 Waste treatment . b b b
9.0 Plant control systems N — cold prototype 5 5
100 Maintenance N — cold prototype 1 2
11.0 Safeguards and account- P — cold engineering 4 2
ability adaptation®
Subtotal 59
Special Facilities
Hot tests Not required
Cold prototype 10
Total 69d
Range 65-85

%status stage with qualitative modifiers; C = complete, P = in progress, and
N = needed.

bTo be supplied by others.

®Assumes basic technology as developed under 0SS estimate presented is for
applications testing, systems integraton, and testing.

The estimate does not include the research and development costs for gel
sphere forming (see Appendix) or fuel qualification tests (about $5 million).
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costs, and operating costs.l™3 1In making these estimates we utilized
information from the generic case presented earlier for process steps
through fuel rod loading and inspection. The fuel element assembly
operations and balance of plant requirements were derived from a previous
study based on the pellet process.2 These cost estimates include the

U0y sphere-forming operations. These operations require an addition to
the plant beyond that shown in the reference case to receive UFg and
process it to dried spheres. These operations were included in the cost
estimate.

Facility capital cost estimates were based on an analysis of the
functional flow diagram for the process to indicate space requirements for
each functional area and for each support area. Equipment requirements
were identified, and costs associated with the equipment were estimated.
Fuel assembly hardware requirements were based on the reference fuel
assembly design parameters identified in Table 9.25. Estimates of the
costs of the hardware items were obtained. Material and supply require-
ments were identified from the sphere-—pac process description, and esti-
mates of the costs of materials and supplies were obtained. Operating
cost estimates included consideration of personnel, overhead, general and
administrative expenses, and costs of utilities.,

The facility was assumed to operate as a toll processing facility.
That is, the operator fabricates customer—supplied fuel feed materials
into finished fuel assemblies, and thus costs of uranium were not included
in the cost estimates.

Unit costs for fabrication of fuel assemblies are determined by an
economic analysis of the basic capital, hardware and material, and
operating cost estimates. Basically, the economic analysis provides for
the owner of the fuel fabrication facility to recover all capital, oper-
ating, and finance charges plus a return on investment, if appropriate,
over the life of the plant.

In order to provide a range of prices (i.e., costs to a customer),
economic analyses were based on government financing, financing appro-
priate for a conventional-risk (typical) industry, and financing
appropriate for a high-risk industry.2 The estimated costs, costs

derived from the economic analysis, and the unit costs based on the three
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different financing methods are summarized in Table 9.30. As may be
observed from the table, the price for fabrication of (235U,U)02 fuel is
expected to be in the range from $65 to $110/kg depending on the

financing technique that is employed. The recommended cost for comparison

with other fuel cycles and methods of fabrication is the typical industry

cost of $90/kg.



Table 9.30. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility
[NASAP Case 2.1 HWR (235U,U)0, Fabrication]

Estimated Costs, $ million Derived Costs, 5 million
Annual Owner's Charge on Annual Annual Unit
Economic Facilit Equipment Hardware Annual Cost Direct Capital Equipment Payment to Cn c
Setd y quip Plus Operating During During Replacement Decommissioning ($(/)lsc )
Materials Construction Construction A Fund &
A 20 34 12 11 16 17 1.7 0.5 65
B 20 34 12 12 17 25 1.7 0.5 90
C 20 34 12 12 17 25 1.7 0.5 110
9) = Government financing; B = Typical industrial financing; C = High-risk industrial financing.

8¢T
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9.6 NASAP CASE 3.1.1 — LWBR MEU(5)-Th RECYCLE,
PWR BACKFIT PREBREEDER

9.6.1 Fuel Cycle Description

The prebreeder would use duplex fuel of 15.6Z-enriched 233y [u(5)]
and thoria. The spent duplex fuel would first be reprocessed to recover
the bred 233U from the thoria. The recovered 232U would be recycled to
enrichment, the plutonium and bred 233y would be sent to a secure storage
center, and the thorium would be sent to 10-year interim storage.

In this fuel cycle only fresh fuel is fabricated in a contact-

operated and contact-maintained (CO/CM) facility.

9.6.2 Applicability to Current Fuel Element Design

Available information on the design for the fuel elements for this
reactor are given in Table 9.31. The sphere-—pac process is not applicable
to this design because of the requirement for duplex loading of ThOy and
UO2. The annular arrangement of the two fuel components, ThOj on the

inside surrounded by UOj, would not be practical for sphere-pac loading.
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Table 9.31. Summary of DOE Division of Naval Reactors
LWBR Fuel Module Parameters
[NASAP Case 3.1.1 — LWBR MEU(5)-Th, U(5) Recycle, PWR Backfit Prebreeder]

Reactor Characteristics

Reactor power 1295 MWe (net)
Fuel assemblies/core 205
Average enrichment

Reload cycle 1/3 of fuel assemblies/year
Number per Mass (kg) per
Component Characteristics Material Fuel Assembly Fuel Assembly
Cladding Zircaloy-2 264
End plugs
Top Zircaloy-2 264
Bottom Zircaloy-2 264
Plenum springs
Top 302 stainless 264
steel
Bottom Grade 660 (A-286 264
alloy)
Grids Alloy 718 8
Guide tubes Zircaloy-2 25
End fittings
Top CF3M stainless 1
steel
Bottom CF3M stainless 1
steel
Insulator pellets Zircaloy tubing,
grade RA-2

Fuel Rod Characteristics

Cladding outside diameter 9.63 mm (0.379 in.)
Cladding thickness 0.60 mm (0.0235 in.)
Cladding length
Stack height
Core 3.63 m (143 in.)
Axial blanket Not applicable
Pellet density
Smear density
Pellet diameter
Annular OD
Annular ID
ThO, core
ThO,
Pellet length
Duplex
Standard

Fuel Assembly Characteristics

Array 17 x 17 square
Length 4.49 m (177 in.)
width 217 mm (8.54 ir.)

Weight ¢f structural components
Heavy metal content

Duplex

Standard
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9.7 NASAP CASE 3,1.2 — LWBR HEU(3)-Th, RECYCLED U(3),
ADVANCED BREEDER

9,7.1 Fuel Cycle Description

The advanced breeder would use a large extrapolated PWR-type vessel
modified for a tight lattice, hexagonal fuel bundle, and thoria control
rods., The fuel would consist of a binary solid solution of highly
enriched urania and thoria in the form of pellets. The spent fuel would
be reprocessed to recover the 233y and thorium, which would be recycled to
remote fuel fabrication.

In this fuel cycle all fuel would contain 232y and the high level of
radioactivity associated with its decay products. Consequently a remotely

operated and remotely maintained (RO/RM) facility would be required.

9.7.2 Applicability to Current Fuel Element Design

Available information on the proposed fuel element design for this
reactor cycle is given in Table 9.32, Additional information suggests
that the individual rods within the seed and blanket segments of the
assembly would have varying lengths of (U,Th)0; and ThO3. Although there
is insufficient design detail to permit a complete applicability analysis,
it appears as though the gel-sphere-pac process would be applicable. The
key considerations for sphere-pac applicability are the cladding inside
diameter measurements and the required fuel smear density. The cladding
ID of 13,080 um in the reference design is suitable for the sphere-pac
process. If the required smear density for the fuel does not exceed the
87% of theoretical density that is practical with the three-particle

sphere-pac process, then the process is applicable.

9,7.3 Definition of Plant Production Requirements and
Design Capacity

Plant production requirements cannot be defined until additional fuel

element design data are available.
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Table 9.32. Summary of DOE Division of Naval Reactors
LWBR Fuel Module Parameters, Seed Assembly Portion
[NASAP Case 3.1.2 — LWBR HEU(3)-Th, Recycled U(3), Advanced Breeder]

Reactor Characteristics

Reactor power 1035 MWe (net)
Fuel assemblies 151 seed/blanket modules
12 seed/blanket half modules
Average enrichment
Reload cycle

Number per Mass (kg) per
Component Characteristics Material Fuel Assembly Fuel Assembly
Cladding Zircaloy-4 288
End plugs
Top Zircaloy-4 288
Bottom Zircaloy-4 288
Plenum springs 288
Grids Zircaloy-4
Guide tubes Zircaloy-4 100
End fittings
Top 1
Bottom 1

Fuel Rod Characteristics

Cladding outside diameter 1450 mm (0.571 in.)
Cladding thickness 0.71 mm (0.028 in.)
Cladding length
Stack height
Core 3.66 m (144 in.)
Axial blanket
Pellet density
Smear density
Pellet diameter
Annular OD
Annular ID
ThO, core
ThO,
Pellet length
Duplex
Standard

Fuel Assembly Characteristics

Array Hexagonal
Length 4.97 m (196 in.)
Weight of structural components
Heavy metal content

Duplex

Standard
Assembly cross section

(flat to flat) 324 mm (12.8 in.)
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9.7.4 Estimates of Surge Storage Requirements, Scrap Production
Rates, and Processing Rates for Functional Steps

Estimates cannot be determined until the plant has been defined.

9.7.5 Analysis of Functional Technology Status, Research and
Development Requirements, Cost, and Schedule

The current technology status in terms of the fuel rod loading
process should be essentially that for the reference case discussed in
Sect. 8 of this report. Fuel element assembly processes would be similar
to those for the reference case but would be complicated by the two-
segment (seed and blanket) arrangement and the indicated variations in
fuel rod contents with position in the assembly.

A detailed analysis of the technology status and research and devel-
opment requirements cannot be made until fuel element design details are
- available. However, preliminary estimates of the status, research and
development costs, and time requirements were made from the available

information. These are given in Table 9.33.

9.7.6 Preliminary Cost Estimate for Construction and Operation
of a Commercial-Scale Plant

Estimate cannot be made pending plant definition (Sect. 9.7.3).
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Table 9.33. Research and Development Cost Estimates for Sphere-Pac Fabrication
[NASAP Case 3.1.2 LWBR HEU(3)-Th, Recycled U(3), Advanced Breeder)

R&D Cost Estimates

R&D Categories Current Status” (Millions of éi;;iezz
1978 $)
1.0 Program management Not applicable 10 10
2.0 Design studies P — cold engineering 30 10
3.0 Receiving and storage P — cold engineering 4
4.0 Fuel production P — hot laboratory 30 8
5.0 Fuel rod fabrication P — cold laboratory 55 10
6.0 Fuel element assembly N — new concept 35 10
7.0 Scrap recovery P — hot engineering 10 8
8.0 Waste treatment b b b
9.0 Plant control systems N — cold prototype
10.0 Maintenance " P — cold engineering 10 10
11.0 Safeguards and account- P — cold engineering 8 6
ability adaptation®
Subtotal ' 198
Special Facilities
Hot tests 15
Cold prototype 25
Total 238d
Range 225-310

a : . : ccs .
Status stage with qualitative modifiers; C = complete, P = in progress, and
N = needed.

bTo be supplied by others.

e . . .
Assumes basic technology as developed under 0SS estimate presented is for
applications testing, systems integration, and testing.

The estimate does not include costs for fuel qualification tests (about $30
million) or the cost of a pilot plant for which no estimate is yet available.
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9.8 NASAP CASE 3.2,1, LWBR MEU(5)-Th, PREBREEDER CONCEPT
BASED ON TYPE I MODULES

9.8.1 Fuel Cycle Description

The prebreeder would use less—than-20%-enriched 2355 fyel in the form
of U09-Zr09-Ca0 (ternary) duplex pellets alternating with ThO; pellets in
the fuel rods. The duplex pellet would consist of a ternary annulus
around a cylindrical thoria center. The spent fuel would be reprocessed
in two stages to recover U, Pu, and Th. The first stage would recover the
Pu and 235U remaining in the UOp-Zr02-Ca0 annulus. The second stage would
recover the bred 233U from the thoria. The 235U would be recycled to
enrichment. The Pu and the bred 233U would be sent to secure storage and
the Th would be sent to ten-year interim storage.

In this fuel cycle, only fresh fuel is fabricated in a contact-

operated and contact-maintained (CO/CM) facility.

9.8.2 Applicability to Current Fuel Element Design

Available information on the fuel element design for this reactor
cycle is given in Table 9.34. The design is similar to that for case 3.1.1
(Sect. 9.6) in that a duplex loading of ThOp and UOy-Zr0,-Ca0 is required.
The annular arrangement of the two fuel components, ThO9 on the inside and

(U,Zr,Ca)0y on the outside, would not be practical for sphere—pac loading.
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Table 9.34. Summary of DOE Division of Naval Reactors
LWBR Fuel Module Parameters, Seed Assembly Portion
[NASAP Case 3.2.1 — LWBR MEU(5)~Th, Prebreeder Concept
Based on Type I Modules]

Reactor Characteristics

Reactor power 1295 MWe (net)
Fuel assemblies 109 seed/blanket modules

12 seed/blanket half modules
Average enrichment 5% net (fresh U is 20% enriched)

Reload cycle 1/3 of assemblies replaced/year
Number per Mass (kg) per
Component Characteristics Material Fuel Assembly Fuel Assembly
Cladding Zircaloy-4 510
End plugs
Top Zircaloy-4 510
Bottom Zircaloy-4 510
Plenum springs 510
Grids Zircaloy-4
Guide tubes Zircaloy-4 109
End fittings
Top
Bottom

Fuel Rod Characteristics

Cladding outside diameter  10.46 mm (0.412 in.)
Cladding thickness 0.520 mm (0.0205 in.)
Cladding length
Stack height
Core 3.43 m (135 in.)
Axial blanket Not applic:-le
Pellet density
Smear density
Pellet diameter
Annular 0D
Annular ID
ThO, core
ThO»,
Pellet length
Duplex
Standard

Fuel Assembly Characteristics

Array Hexagonal
Length 4.49 m (177 in.)
Weight of structural components
Heavy metal content 1048.43 kg/assembly
Duplex
Standard
Assembly cross section 329 mm (12.96 in.)

(flat to flat)
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9.9 NASAP CASE 3,2.2, LWBR HEU(3)-Th BREEDER CONCEPT BASED
ON LWBR TYPE I MODULES

9.9.1 Fuel Cycle Description

The breeder would be fueled with a binary solid solution of highly
enriched urania and thoria in the form of pellets. The spent fuel would
be reprocessed to recover the 233U, which would be recycled to remote fuel
fabrication. The thorium would be separated and also recycled to remote
fabrication.

The prebreeder (case 3.2.1) and breeder concepts would be based on an
array of hexagonal fuel modules, each of which would be geometrically
identical with the Type I modules of the Shippingport LWBR core, except
that the seed lattice of the breeder module would be altered to reduce the
Zircaloy content. The core modules would be surrounded by reflecting
blanket modules. Reactivity would be controlled by lifting or lowering
movable fuel assemblies., The prebreeder and breeder phases would have the
same physical arrangement except for the movable fuel assembly.

In this fuel cycle all fuel would be highly enriched 233y with the
attendant 232y isotope. The high level of radioactivity associated with
the 232y decay products would require a.remotely operated and remotely

maintained (RO/RM) fabrication plant for both initial and recycle fuel.

9.9.2 Applicability to Current Fuel Element Design

Available information on the proposed fuel element design for this
reactor cycle are given in Tables 9.35 and 9.36 for both the seed and
blanket portions. Reference to the Shippingport design data® indicates
that the seed portion would have fuel rods with differing uranium and
thorium contents in the fueled regions and with varying lengths of fuel
and blanket material assembly locations.

Although the design detail available is insufficient to permit a com-—
plete applicability analysis, the gel-sphere-pac process appears to

be applicable.
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Table 9.35. Summary of DOE Division of Naval Reactors
LWBR Fuel Module Parameters, Seed Assembly Portion
[NASAP Case 3.2.2 — LWBR HEU(3)-Th, Breeder Concept

Based on Type I Modules]

Reactor Characteristics

Reactor power 1295 MWe (net)
Fuel assemblies 109 seed/blanket modules
12 seed/blanket half modules

Average enrichment

Reload cycle 1/3 of assemblies replaced/year
Number per Mass (kg) per
Component Characteristics Material Fuel Assembly Fuel Assembly
Cladding Zircaloy-4 510
End plugs
Top Zircaloy-4 510
Bottom Zircaloy-4 510
Plenum springs 510
Grids Zircaloy-4
Guide tubes Zircaloy-4 109
End fittings
Top
Bottom

Fuel Rod Characteristics

Cladding outside diameter  10.46 mm (0.412 in.)
Cladding thickness 0.520 mm (0.0205 in.)
Cladding length
Stack height
Core 3.43 m (135 in.)
Axial blanket
Pellet density
Smear density
Pellet diameter
Annular OD
Annular ID
ThO, core
ThO,
Pellet length
Duplex
Standard

Fuel Assembly Characteristics

Array Hexagonal
Length 4.49 m (177 in.)
Weight of structural components
Heavy metal content
Duplex
Standard
Assembly cross section 329 mm (12 » in.)
(flat to flat)
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Table 9.36. Summary of DOE Division of Naval Reacto

LWBR Fuel Module Parameters, Blanket Assembly Porti

[NASAP Case 3.2.2 — LWBR HEU(3)-Th Breeder Concept
Based on Type I Modules]

rs
on

Reactor Characteristics

Reactor power 1295 MWe (net)
Fuel assemblies 109 seed/blanket modules
12 seed/blanket half modules
Average enrichment  None — ThOp
Reload cycle

Number per

Mass (kg) per
Fuel Assembly

Component Characteristics Material Fuel Assembly
Cladding Zircaloy-4 108
End plugs
Top Zircaloy-4 108
Bottom Zircaloy-4 108
Planum springs 108
Grids Not applicable Not applicable
Guide tubes Not applicable Not applicable
End fittings
Top 1
Bottom Not applicable

Fuel Rod Characteristics

Cladding outside diameter 10.92 mm (0.430 in.)
Cladding thickness 0.550 mm (0.0215 in.)
Cladding length
Stack height
Core
Axial blanket
Pellet density
Smear density
Pellet diameter
Annular OD
Annular ID
ThO, core
ThO,
Pellet length
Duplex
Standard

Fuel Assembly Characteristics

Array

Length

Weight of structural components

Heavy metal content
Duplex
Standard

Assembly cross section Not applicable
(flat to flat)

Not applicable
Not applicable
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The key considerations for spher -pac applicability are the cladding
inside diameter measurements and the :equired fuel smear density. The
cladding IDs of 9420 um for the seed and 9820 ym for the blanket in the
reference designs are suitable for the sphere-pac process.

If required smear densities for the heavy metal in the seed and
blanket portions do not exceed the 877% of theoretical density that is
practical with the sphere-pac process, then the process is applicable to

~ both portions.

9.9.3 Definition of Plant Production Requirements and
Design Capacity

Plant production requirements cannot be defined until additional
design details are available for both the seed and blanket portions. In
addition, cycle details will be needed to show the numbers of seed and

blanket portions required at equilibrium for each reload.

9.9.4 Estimates of Surge Storage Requirements, Scrap Production
Rates, and Processing Rates for Functional Steps

Estimates cannot be determined until plant has been defined.

9.9.5 Analysis of Functional Technology Status, Research and
Development Requirements, Cost, and Schedule

The current technology status in terms of the fuel rod loading and
inspection processes should be essentially that for the reference case
discussed in Sect. 8 of this report as modified for case 1.4 (Sect. 9.1).
Fuel element assembly and inspection processes would be similar to those
defined for the reference case. However, the multiple enrichments and
varying rod loadings per element assembly location combined with possibly
tighter assembly tolerances could significantly influence the remotely
operated equipment requirements for both assembly and inspection.

A detailed analysis of the technology status and research and

development requirements, costs, and schedules cannot be made without



151

Table 9.37. Research and Development Cost Estimates for Sphere-Pac Fabrication
[NASAP Case 3.2.2 LWBR HEU(3)-Th High Gain Converter, Spiked Recycle U(3)]

R&D Cost Estimates

R&D Categories Current Status” (Millions of ziigietz
1978 $)
1.0 Program management Not applicable 10 10
2.0 Design studies P — cold engineering 30 10
3.0 Receiving and storage P — cold engineering 4 5
4.0 Fuel production P — hot laboratory 30 8
5.0 Fuel rod fabrication P — cold laboratory 55 10
6.0 Fuel element assembly N — new concept 35 10
7.0 Scrap recovery P — hot engineering 10 8
8.0 Waste treatment b b b
9.0 Plant control systems N — cold prototype 6 8
10.0 Maintenance — cold engineering 10 10
11.0 Safeguards and accoﬁnt- P — cold engineering 8 6
ability adaptation®
Subtotal 198
Special Facilities
Hot tests 15
Cold prototype 25
Total 238d
Range 225-310
aStatus stage with qualitative modifiers; C = complete, P = in progress, and

N = needed.

bTo be supplied by others.

®Assumes basic technology as developed under 0SS estimate presented is for

applications testing, systems integration, and testing.

dThe estimate does not include costs for fuel qualification tests (about $30
million) or the cost of a pilot plant for which no estimate is yet available.
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additional fuel element design details. However, a preliminary estimate
is given in Table 9.37. This estimate should cover both the seed and

blanket assembly portions.

9.9.6 Preliminary Cost Estimate for Construction and Operation
of a Commercial-Scale Plant

Estimate cannot be made until plant requirements and definition are

available.
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9.10 NASAP CASE 3.3.1, LWBR HEU(5), Th BACKFIT PREBREEDER

9.10.1 Fuel Cycle Description

The backfit prebreeder would use 93%-enriched 235y fyel in the form
of binary solid solution U05-ThO; pellets. The spent fuel would be repro-
cessed to recover all uranium isotopes and would be stored for fabrication
into fuel for the initial fuel requirements for the seed blanket breeder.
The recovered thorium is sent to ten—year interim storage.

The prebreeder would consist of a PWR type core backfit into a PWR
CE~80 vessel. The fuel would consist of a binary solid solution of urania
and thoria. Reactivity control would be achieved by poison control rods
and dissolved boric acid in the coolant. Spent fuel would be reprocessed
to recover the uranium, which would be refabricated for the initial fuel
loadings in the seed-blanket breeder.

In this fuel cycle, only fresh fuel is fabricated, so a contact-

operated and contact-maintained (CO/CM) facility is required.

9.10.2 Applicability to Current Fuel Element Design

Available information on the proposed fuel element design for this
reactor cycle is given in Table 9.38. The element is essentially that
used for the reference case and case 1.4 (Sect. 9.3). There is some
uncertainty in the fuel content, which could be associated with a smear
density change or other factors.

We have assumed the element loadings are the same as Case 1.4 for
this applicability analysis.

The key considerations for sphere—pac applicability are the cladding
inside diameter measurements and the required fuel smear density. The
cladding ID of 8433 um in the reference design is suitable for the sphere-
pac process. In addition, since the design smear density of 88% is
essentially that achieved with experimental blended (three particle size)

sphere-pac beds, the process is applicable.
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Table 9.38. Summary of DOE Division of Naval Reactors
LWBR Prebreeder Fuel Assembly Parameters
[NASAP Case 3.3.1 — LWBR HEU(5), Th Backfit Prebreeder]

Reactor Characteristics

Reference reactor C-E System 80
Reactor power 1300 MWe (net)
Fuel assemblies/core 241
Fuel enrichment 93% 235U in U0,-ThO, (net fissile — 4.3%)
Reload cycle v1/3 of assemblies/year
Number per Mass per Fuel
Component Characteristics Materials Fuel Assembly Assembly, kg

Cladding Zircaloy-4 236 113.47
End plugs

Top Zircaloy-4 236 0.80

Bottom Zircaloy-4 236 1.04
Plenum springs 302 88 236 7.33
Guide tubes

Instrument Zircaloy-4 1 2.10

Control element Zircaloy-4 4 8.85
Spacer grids

Top Zircaloy-4 1 0.82

Middle Zircaloy-4 10 8.62

Bottom Alloy 625 1 1.00
End fittings

Top 304 SS with alloy 1 18.60

X~750 hold-down
springs

Bottom CF-8 SS 1 5.63

Insulator pellets Al,03 472 1.18

Fuel Rod Characteristics

Cladding outside diameter 9.70 mm (0.382 in.)
Cladding inside diameter 8.43 mm (0.332 din.)

Fuel rod length 4,11 m (162 in.)
Fuel column height 3.81 m (150 in.)
Fuel smear density

Pellet diameter 8.26 mm (0.325 in.)
Pellet length 9.91 mm (0.390 in.)

Fuel Assembly Characteristics

Array 16 X 16 square
Dimensions
Width 203 mm (7.98 in.)
Length 4.49 m (177 in.)
Mass of structural 169.73
components

Heavy metal content  ~388 kg
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9.10.3 Definition of Plant Production Requirements and
Design Capacity

For the PWR (235U,Th)02 fuel cycle, the plant design assumptiouns are
as follows.

1. The fuel design is the Combustion Engineering System 80 16 x 16
rod array fuel assembly.

2. The plant production capacity is 520 t HM/year with the capa-
bility for simultaneous production of three enrichments.

3. The plant factor is 260 effective full-production days per year.

4, Plant design capacity:

Overall 730 t HM/year

about 5 fuel assemblies/d
'Each line of three 243 t HM/year

0.67 t HM/d

406 fuel rods/d
1.7 fuel assemblies/d
5. Process design capacities are based on the line design capacities
and the scrap and sample losses defined in Sect. 9,.10,4.
6. The facilities are designed to discharge no liquid waste other
than treated sanitary sewage.
7. All process buildings and critical auxiliary support are designed
and constructed in accordance with current United States Nuclear Regulatory
Commission licensing requirements. Shielding is provided to limit dose

rates to operating and maintenance personnel to 0.25 millirem/h.

9.10.4 Estimates of Surge Storage Requirements, Scrap Production
Rates, and Processing Rates for Functional Steps

Given the plant design assumptions defined in Sect. 9.10.3, further
commercial plant characteristics were derived.

To achieve the annual production rates, an analysis of the plant
surge storage requirements and normal inventory was made, and the results
of this analysis are given in Table 9.39.

Based on current technology and assuming reasonable extrapolations

for commercial—-scale developments, a preliminary estimate was made of the



Table 9.39. Sphere-Pac Fabrication Plant Surge Storage Requirements and Normal Inventory
[NASAP Case 3.1 LWBR HEU(5) — Th Backfit Prebreeder]

Storage
Interval, d

Normal Inventory, kg HM

Assembly

assemblies

Process Step Material
a .
Normal Maximum (U,Th)0; ThO, Fines
teod storage Dried spheres 30 60 50,000
Sintered spheres 30 60 13,000
Interim storage Dried spheres 1 2 1,660
Sintered spheres 1 2 440
Furnace Dried to sintered 1.2 2.4 2,000
spheres
Post furnace Sintered spheres 0.5 1 830
Interim storage Sintered spheres 0.36 0.72 600
Main storage Sintered spheres 1.2 2.4 2,100
Sintered spheres 1.5 2.9 660
Loading, inspection Sintered spheres 0.12 0.24 210 50
welding
Loaded, not inspected Sintered spheres 5 5 8,300 2,070
rods in rods
Rework and scrap Sintered spheres 2 5 410 75
Completed fuel rods Sintered spheres 5 5 8,000 2,000
in rods
Rods in completed 15 30 24,000 6,000

a93% nominal enrichment (43°U).

9¢T
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daily mass flows of heavy metal through the fabrication plant and the
average production rate of heavy metal scrap materials from the various
functional activities. These are presented in Table 9.40.

Given the above information, a preliminary evaluation of the pro-
cessing rates for each functional step within the main fuel fabrication
processes was made. The results of this analysis are summarized in

Table 9.41.

9.10.5 Analysis of Functional Technology Status, Research and
Development Requirements, Cost, and Schedule

The technology status of this system is quite similar to that of the
reference case discussed in Sect. 8. The current status and research and
development needs are summarized in Table 9.42. The primary difference
between this denatured 235U-Th fuel and the U-Pu fuel is the level of
current development effort on sphere forming, calcination, and sintering.
.Currently (U,Pu)09 is under investigation in the United States, and the U-
U-Th system would need to be initiated at the U/Th ratio required for this
fuel. However, since the Th/U ratio is so high (19), this composition
will behave essentially like thorium, which has been extensively investi-
gated in the past.

In the fabrication process development, the fact that this fuel can
be processed in a CO/CM facility has a major impact on the research and
development requirements. There would be no need for any hot engineering
tests or a demonstration plant. Automation of the process would be
required for good commercial application, so that cold prototype tests
would be required for equipment through fuel rod inspection. No develop-
ment is needed for fuel element assembly since current commercial practice
should be applicable. It will be necessary to develop appropriate scrap
recovery processes and to modify current commercial waste treatment
practices to accommodate the increased nitrate wastes and reduced quanti-

ties of fluoride wastes in this cycle.



Table 9.40. Heavy Metal Mass Flows and Average Scrap Production for a Sphere-Pac Fuel Fabrication Plant
[NASAP Case 3.1.1 LWBR HEU(5) — Th Backfit Prebreeder]

Mass Flow, kg HM/d

Processing Step Daily Throughput Clean Scrapb Reject Scrap®
(235U, Th)0,4 ThO, Fines (235u,Th)0,4 ThO, Fines (2359, Th)0,2 ThO, Fines
Receiving and storage 1662.3 437.84
Sampling and batch loading 1660.6 1.7
Weighing and sampling 437.4 0.4
Calcining and sintering 1659.8 0.8
Sphere upgrading 1753.1¢ 49.8
Sphere sampling 1749.6 . 3.5
Sphere storage 1749.6 437.4
Fuel rod ' :ading 1749.6 437.4
Fuel rod scanning 1662.1 415.5 84.0 21.0 0.9
Top component insertion 1658.4 414.6 3.3 0.8 0.3 0
Rod welding and x ray 1658.4 414.6 f f !
Leak detection ’ 1658.4 414.6 f f 7 f
Rod assay 1625.3 406.3 31.5 7.9 1.7 0.4
Fi ‘nspection 1608.4 402.1 16.3 4.1 0.7 0.2
Assemviy, inspection 1600 400 _ 8.0 2.0 0.3 0.1
- — _/
Te::1 2000 143.1 35.8 62.3 2.1

86T

993y nominal enrichment (235U).

OInternally recycled.

cCollected, assayed, and externally recycled to reprocessing plant.

Q.

Includes 35.8 kg of recycled clean scrap.

®Includes 143.1 kg of recycled clean scrap.
f

Rework in these steps is only of the weld and does not affect scrap.
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Equipment Requirements for Functional Areas
[NASAP Case 3.3.1 LWBR HEU(5), Th Backfit Prebreeder]

. Required Recommended?
Plant Design
N . . . Number Number
Functional Area Unit Production Requirement of of
(Nominal) Units Unitsb
1.0 Receiving
UFg Receiving and Conversion 1300 kg/d 100 kg/d 1 1
Th(NO3)y Receiving and Conversion Unlimited 2000 kg/d 1 1
1.1 Sampling 3880 kg/d 1660 kg/d 1 1
1.2 Weighing 48 containers/d 21 containers/d 1 2
1.3 Storage (80 kg HM/container) NA 60 d supply 1247 1300
1.4 Weighing 48 containers/d 3 containers/d 1 1
1.5 ThO; fines sampling 4800 kg/d 440 kg/d 1 1
1.6 Storage (200 kg HM/container) NA 60 d supply 131 140
2.0 Fuel production (sphere processing)
2.1 Sampling 3840 kg/d 1660 kg/d 1 1, 3
2.2 Calcining and sintering 240 kg/d 1660 kg/d 8 3, 9
2.3 Microsphere inspection 20 kg/h 75 kg/h 6 2, 6
2.4 Interim storage 250 kg 1750 kg 8 3, 9
3.0 Fuel rod fabrication
3.1 Sintered sphere storage NA 2 d supply 18 8, 24
3.2 Sintered fertile storage NA 2 d supply 5 2, 6
3.3 Sphere dispensing 35 kg/h 92 kg/h 3 1, 3
3.4 Sphere-pac loading 4 rods/h 56 rods/h 14 6, 18
3.5 Density inspection 6 rods/h 56 rods/h 10 4, 12
3.6 Axial blanket (pellet) loading NA NA NA NA
3.7 Cleaning 24 rods/h 53 rods/h 3 1, 3
3.8 Plenum hardware and top end 12 rods/h 53 rods/h 5 2, 6
plugging
3.9 Closure welds 12 rods/h 53 rods/h 5 2, 6
3.10 Rod assay 70 rods/h 53 rods/h 1 1
3.11 Rod inspection 40 rods/h 52 rods/h 2 2
3.12 Rod rework 36 rods/d 63 rods/d 2 1, 3
4.0 Fuel assembly fabrication
4.1 Fuel rod storage NA 5 d production 6115 rods 7000 rods
4.2 Fuel assembly fabrication 3 assemblies/d 5 assemblies/d 2 2
4.3 Inspection 6 assemblies/d 5 assemblies/d 1 1
4.4 Rework 1 assembly/d 0.03 assembly/d NR® NR
Packaged fuel assembly storage NA 30 d production 155 160

%Recommended units include consideration of spare capacity for operational reliability.

Number of units is for the facility if a single number; otherwise, units per line, total units in facility.

ClNR: not required.

Use assembly equipment as available.
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Table 9.42. Research and Development Cost Estimates for Sphere-Pac Fabrication
[NASAP Case 3.3.1 LWBR HEU(5), Th Backfit Prebreeder]

R&D Cost Estimates

R&D Categories Current Statusa (Millions of zsigieiz
1978 §)
1.0 Program management Not applicable 5 5
2.0 Design studies N.— cold engineering 5 5
3.0 Receiving and storage P — cold engineering 0 0
4.0 Fuel production P — cold engineering 19 5
5.0 Fuel rod fabrication P — cold engineering 28 5
6.0 Fuel element assembly C — commercial 0 3
7.0 Scrap recovery N — cold engineering 3 2
8.0 Waste treatment b b b
9.0 Plant control systems — cold prototype 5 5
10.0 Maintenance — cold prototype 1 Z
11.0 Safeguards and account- P — cold engineering 4 2
ability adaptation®
Subtotal 70
Special Facilities
Hot tests NR
Cold prototype 10
Total 80d
Range 75-95

a . . . fp .
Status stage with qualitative modifiers; C = complete, P = in progress, and

N = needed.

bTo be supplied by others.

“Assumes basic technology as developed under 0SS estimate presented is for

applications testing, systems integration, and testing.

The estimate does not include costs for fuel qualification tests (about $5

million).
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9.10.6 Preliminary Cost Estimate for Construction and Operation
of a Commercial-Scale Plant

The cost components that were estimated include capital costs for the
facility and equipment, fuel assembly hardware costs, material and supply
costs, and operating costs.!™3 This estimate does include the production
of (U,Th)0Oy and ThOj spheres as well as their subsequent processing.

Facility capital cost estimates were based on an analysis of the
functional flow diagram for the process to indicate space requirements for
each functional area and for each support area. Equipment requirements
were identified, and costs associated with the equipment were estimated.
Fuel assembly hardware requirements were based on the reference fuel
assembly design parameters identified in Table 9.38. Estimates of the
costs of the hardware items were obtained. Material and supply require-
ments were identified from the sphere-pac process description, and esti-
mates of the costs of materials and supplies were obtained. Operating
cost estimates included consideration of personnel, overhead, general and
administrative expenses, and costs of utilities.

The facility was assumed to operate as a toll processing facility.
That is, the operator fabricates customgr—supplied fuel feed materials *
into finished fuel assemblies, and thus costs of thorium and uranium were
not included in the cost estimates.

Unit costs for fabrication of fuel assemblies are determined by an
economic analysis of the basic capital, hardware and material, and
operating cost estimates, Basically, the economic analysis provides for
the owner of the fuel fabtication facility to recover all capital, oper-—
ating, and finance charges plus a return on investment, if appropriate,
over the life of the plant.

In order to provide a range of prices (i.e., costs to a customer),
economic analyses were based on government financing, financing appro-
priate for a conventional-risk (typical) industry, and financing
appropriate for a high-risk industry.2 The estimated costs, costs
derived from the economic analysis, and the unit costs based on the three
different financing methods are summarized in Table 9.43. As may be

observed from the table, the price for fabrication of (235U,Th)02 fuel is



Table 9.43. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility
[NASAP Case 3.3.1 LWBR HEU(5), Th Backfit Prebreeder]

Estimated Costs, $ million Derived Costs, $ million

Annual Owner's Charge on Annual Annual Unit

Economic Facilit Equipment Hardware Annual Cost Direct Capital Equipment Payment to Cost
Set? ac ¥y quipme Plus Operating During During Replacement Decommissioning (5/kg)
Materials Construction Construction Cost Fund &

A 34 39 28 15 22 23 1.9 0.7 110

B 34 39 28 15 22 33 1.9 0.7 140

c 34 39 28 16 23 33 1.9 0.7 170

a

A = Government financing; B = Typical industrial financing; C = High-risk industrial financing.

91
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expected to be in the range from $110 to $170/kg depending on the
financing technique that is employed. The recommended cost for comparison
with other fuel cycles and methods of fabrication is the typical industry

price of $140/kg.
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9.11 NASAP CASE 3.3.2, LWBR HEU( .)-Th/Th SEED BLANKET BREEDER

9.11.1 Fuel Cycle Description

The seed—blanket breeder would use a PWR type vessel somewhat larger
than present commercial PWRs. The fuel module would consist of seed and
blanket regions. Reactivity control would be achieved by movable thoria
rods in the seed region. The seed rods would consist of solid solutions
of U0O; and ThO in pellet form. The blanket would consist of thoria
pellets. The core and blanket would be reprocessed to recover the 233y
and thorium, which would be recycled and mixed with makeup highly enriched
233y from storage.

Initially, the breeder would be loaded with fuel recycled from the
prebreeder (mixed uranium-fissile fuel: bred 233y and nonfissioned 235U).
At equilibrium, the breeder would be fueled from recycled uranium (all
isotopes) discharged from the breeder plus the mixed uranium isotope fuel
discharged and stored from the prebreeder. The prebreeder fuel would be
used to fuel the initial cycle of the breeder plus supply all makeup fuel
needed.

For this cycle, only fuel containing 233y would be fabricated. The
decay products of the 232y isotope associated with the 233y provide a high
level of radioactivity. Consequently, a remotely operated and remotely
maintained (RO/RM) facility would be required. This would be required

whether or not the thorium is recycled with the uranium.

9.11.2 Applicability to Current Fuel Element Design

Available design information on the fuel element portions is given in
Tables 9.44 and 9.45 for the seed and blanket portions, respectively.

Although there is insufficient information to permit a complete appli-
cability analysis, the available information suggests the gel~sphere-pac
process will be applicable.

The key considerations for sphere-pac applicability are the cladding
inside diameter measurements and the required fuel smear density. The

cladding ID of 9780 ym in the seced assembly reference design is suitable
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Table 9.44. Summary of DOE Division of Naval Reactors
LWBR Seed Blanket Module Parameters, Seed Assembly Portion
[NASAP Case 3.3.2 — LWBR HEU(3)-Th/Th Seed Blanket Breeder]

Reactor Characteristics

Reactor power 1000 MWe (net)
Number of assemblies/core 169

Fuel enrichment

Enrichment zones 1

Reload cycle

Number per Mass.(kg) per
Component Characteristics Material Fuel Assembly Fuel Assembly

Cladding Zircaloy-4
End plugs
Top Zircaloy-4
Bottom Zircaloy-4
Plenum springs
Support shells i
Base plates
Top
Bottom 1
Cover plate assemblies
Top
Bottom
Support grids Zircaloy-4

[ ol

Fuel Rod Characteristics

Cladding outside diameter 11.18 mm (0.440. in.)
Cladding inside diameter 9.78 mm (0.385 in.)
Rod length
Cladding length
Fuel smear density
Pellet diameter
Pellet length
Fuel height
Core 3.66 m (144 in.)
Axial blanket

Fuel Assembly Characteristics

Array ~ Hexagonal
Dimensions
Length 5.13 m (202 in.)

Distance across flats
Weight of structural components
Heavy metal content
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Table 9.45. Summary of DOE Division of Naval Reactors
LWBR Seed Blanket Module Parameters, Blanket Assembly Portion
[NASAP Case 3.3.2 — LWBR HEU(3)-Th/Th Seed Blanket Breeder]

Reactor Characteristics

Reactor power 1000 MWe (net)
Number of assemblies/core 169
Enrichment None (ThOj)

Reload cycle

Number per Mass (kg) per
Component Characteristics Material Fuel Assembly Fuel Assembly

Cladding Zircaloy-4
End plugs
Top Zircaloy-4
Bottom Zircaloy-4
Plenum springs
Plenum sleeves
Grids Zircaloy-4
Guide tube 1
Base plate assemblies
Top 1
Bottom 1

Blanket Rod Characteristics

Cladding outside diameter
Cladding inside diameter
Cladding length

Rod length

Fuel smear density
Pellet diameter

Pellet length

Fuel column height

Blanket Assembly Characteristics

Array Hexagonal
Dimensions
Distance across outside flats
Distance across inside flats
Length
Weight of structural components
Heavy metal content
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for the sphere-pac process. We have no information on the required
cladding dimensions for the blanket portion of the assembly but have
assumed it will be similar to the seed portion.

The other unknown is the proposed smear density for the fuel
materials in either portion. However, if an acceptable smear density for
both portions will not exceed 877% of theoretical density, the density
achievable with the three-particle-size gel-sphere-pac process, the
sphere—~pac process would appear to be applicable to both portions of this

assembly.,

9.11.3 Definition of Plant Production Requirements and
Design Capacity

Definition of the plant production requirements cannot be done until
additional fuel element design information and the fuel cycle flows for

both portions of the element are known.

9.11.4 Estimates of Surge Storage Requirements, Scrap Production
Rates, and Processing Rates for Functional Steps

Estimates cannot be determined until the plant requirements (Sect.

9.11.3) have been defined.

9.11.5 Analysis of Functional Technology Status, Research and
Development Requirements, Cost, and Schedule

The current technology status through the areas of fuel rod fabrica-
tion should be essentially that for the reference case discussed in
Sect. 8 of this report. Fuel element assembly processes would be similar
to those for.the reference case but, assuming this seed blanket array is
like the Shippingport design,6 would be complicated by the two—portion
(seed and blanket) requirement and indicated variations in fuel rod
contents with position in the assembly.

A detailed analysis of the technology status and research and devel-

opment requirements cannot be made until fuel element design details are
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available. However a preliminary estimate of the status, research and
development costs, and time requirements was made on the available infor-

mation. This is given in Table 9.46.

9.11.6 Preliminary Cost Estimate for Construction and Operation
of a Commercial-Scale Plant

An estimate cannot be made until the plant requirements (Sect,
9.11.3) are defined.
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Table 9.46. Research and Development Cost Estimates for Sphere-Pac Fabrication
[NASAP Case 3.3.2 LWBR HEU(3), Th/Th Seed Blanket Breeder]

R&D Cost Estimates

R&D Categories Current Status® (Millions of Eiz;ietz
1978 $)
1.0 Program management Not applicable 10 10
2.0 Design studies P — cold engineering 30 10
3.0 Receiving and storage P — cold engineering 4
4.0 Fuel production P — hot laboratory 30 8
5.0 TFuel rod fabrication P — cold laboratory 55 10
6.0 Fuel element assembly N — new concept 37 10
7.0 Scrap recovery P — hot engineering 10
8.0 Waste treatment b b
9.0 Plant control systems N — cold prototype
10.0 Maintenance P — cold engineering 10 10
11.0 Safeguards and account- P — cold engineering 8 6
ability adaptation®
Subtotal 200
Special Facilities
Hot tests 15
Cold prototype 25
Total 240d
Range 230-310

aStatus stage with qualitative modifiers; C = complete, P = in progress, and
N = needed.

bTo be supplied by others,

®Assumes basic technology as developed under 0SS estimate presented is for
applications testing, systems integration, and testing.

The estimate does not include costs for fuel qualification tests (about $30
million) or the cost of a pilot plant for which no estimate is yet available.
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9.12 NAS CASE 5. GCFR U(5)—Pu/Th RECYCLE

9.12.1 Fuel Cyclc  .cription

This reactor—fuel combination is a gas—cooled fast reactor using a
uranium-plutonium mixed-oxide homogeneous core and thorium oxide blankets.
The core is coprocessed to recover plutonium mixed with uranium, which is
blended with makeup Pu-U, 20% fissile, from a safe secure storage facility
and with depleted uranium to attain the desired 14.0% fissile assay and
quantity for feed to the fuel fabrication operations. The core assemblies
are preirradiated for spiking before shipment to the reactor. Depleted
uranium is mixed with the recovered 233U from blanket reprocessing to
produce 127-fissile-assay denatured 233y for stofage or sale. The thorium
recovered from blanket reprocessing is sent to storage for a decay period
of at least ten years. New or decayed thorium is fabricated into blanket
elements.

In this cycle only recycled core fuel element fabrication is con-
sidered. The reprocessing plant provides the ~.arse and medium sizes of
spherical particles containing an appropriate amount of plutonium and
uranium, as well as the UO; fine particles. The UOj fines are assumed to
be sintered and ready for use in the fuel rod loading step. Alternatively,
these U0y fines could be produced in a process support area of this refab-
rication plant from depleted or natural uranium feed without significantly
affecting facility and equipment requirements since they represent only
about 10% of the total heavy metal in an element and could be manufactured
in contact-operated and contact-maintained (CO/CM) equipment. The
ThO7 pellets in the axial blanket regions of each fuel rod are assumed to
be available from an adjacent CO/CM plant producing the radial blanket
fuel assemblies for this reactor. The extended burnup on recycle of the
core plutonium and the presence of the thorium will cause this material to
have significant radiocactivity, so a remotely operated and contact-

maintained (RO/CM) facility is required.

9.12.2 Applicability to Current Fuel Element Design

The fuel element design chosen for this case is given in Table 9.47.
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Table 9.47. . Summary of General Atomic Company GCFR Fuel Assembly Parameters
[NASAP Case 5.1, GCFR U(5)-Pu/Th Recycle]

Reactor Parameters

Reactor power 1200 MWe (net)
Fuel assemblies 222
Control assemblies 31
Radial blanket assemblies 198
Reload cycle "1/3 of assemblies/year
Average enrichment v13.2%
Number per Mass (kg) per
Component Characteristics Material Fuel Assembly Fuel Assembly

Fuel rod components :

Cladding 316 SS 324 100.440

End plugs

Top 316 SS 324
Bottom 316 SS 324

Hold-down spring 324

Trap bed retaining spring 324
Fission product rod trap Charcoal 324 1.200

(1 Mg/m?)

Inlet nozzle 316 SS 1 42.530
Grid manifold 316 SS 1 1.620
Exit nozzle 316 SS 1 31.130
Flow duct 316 SS 1 55.964
Annular trap 316 SS 1 4.723
Annular shield assembly 316 SS 1 22.690
Shielding material BuC(1.6 Mg/m3) 12.744
Hanger rods 316 SS 6 5.718
Spacer grids 14 3.640
Retainer grid 1 0.753
Orifice plate 1 2.012
Thermocouple tube/assembly 1 0.600

Rod Characteristics

Cladding outside diameter 8.00 mm (0.315 in.)
Cladding inside diameter 7.14 mm (0.281 in.)

Cladding length 2.70 m (106 in.)
Plenum length 175 mm (6.89 in.)
Core fuel height 1.27 m (50.0 in.)
Axial blanket height
Upper 600 mm (23.6 in.)
Lower 600 mm (23.6 in.)
Pellet density
Smear density 85.847 TD (core) 90.0% TD (AB)
Pellet diameter 7.00 mm (0.276 in.)

Pellet length

Fuel Assembly Characteristics

Array Hexagonal

Assembly length 4.36 m (171 in.)
Duct outside flat-to-flat 214 mm (8.45 in.)
Duct wall thickness 3.49 mm (0.138 in.)
Weight of structural components 285.8 kg

Heavy metal content as metal
(not including oxygen as oxide)
Core 137.7 kg
Axial blanket ' 123.0 kg
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The key considerations for sphere—pac applicability are the cladding
inside diameter measur=ments and the required fuel smear density. The
cladding ID of 7140 um in the reference design is suitable for the sphere-
pac process. The three-particle sphere-pac maximum loading density of
approximately 877% is well above the design smear density of 85.4%. Thus,

the gel-sphere-pac option is judged to be applicable to this case.

9.12.3 Definition of Plant Producticn Requirements and
Design Capacity

For this GCFR fuel cycle of (U,¥u)09 core material with ThOp axial
blankets, the plant design assumptions are as follows.

1. The fuel design is the General Atomic ' mpany 1200-MWe GCFR
design.

2. The plant production capacity is 480 t HM/year with the capa-
bility for simultaneous production of three enrichments.

3. The plant factor is 240 effective full-production days per year.

4, Plant design capacity:

Overall 730 t HM/year

about 8 fuel assemblies/d
Each line of three 243 t HM/year

0.67 t HM/d

829 fuel rods/d
- - fuel assemblies/d

5. Process design capacities are based on the line design capacities
and the scrap and sample losses defined in Sect. 9.12.4.

6. The facilities are designed to discharge no liquid waste other
than treated sanitary sewage.

7. All process buildings and critical auxiliary support are designed
and constructed in accordance with current United States Nuclear Regulatory
Commission licensing requirements. Shielding is provided to limit dose
rates to operating and maintenance personnel to 0.25 millirem/h.

In addition to these basic assumptions, we assumed that production
from each fuel rod line is campaigned to provide a full reload segment for

a single 1200-MWe (net) GCFR. Thus, the total heavy metal output for a
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given campaign is 19.3 t, and each campaign requires approximately 29
effective full-production days (44 calendar days). The total facility can

support approximately 25 such reactors.

9.12.4 Estimates of Surge Storage Requirements, Scrap Production
Rates, and Processing Rates for Functional Steps

Given the plant design assumptions defined in Sect. 9.12.3, further
commercial plant characteristics were derived.

To achieve the annual production rates, an analysis of the plant
surge storage requirements and normal inventory was made, and the results
of this analysis are given in Table 9.48.

Based on current technology and assuming reasonable extrapolations
for commercial-scale developments, a preliminary estimate was made of the
daily mass flows of heavy metal through the fabrication plant and the
average production rate of heavy metal scrap materials from the various
functional activities. These are presented in Table 9.49.

Given the above information, a preliminary evaluation of the pro-
cessing rates for each functional step within the main fuel fabrication
processes was made. The results of this analysis are summarized in

Table 9.50.

9.12,5 Analysis of Functional Technology Status, Research and
Development Requirements, Cost, and Schedule

The technology status of this system is quite similar to that of the
reference case. The current status and research and development needs are
summarized in Table 9.5l.

While the general fabrication process descriptions are the same as
those given for the reference gel-sphere-pac fuel fabrication, the design
of the GCFR fuel assembly is considerably different. These differences in
design result in modifications to the details for accomplishing the
various functional activities and to the facility design details. These

differences are discussed here as they apply specifically to case 5.1,



Table 9.48. Sphere-Pac Fabrication Plant Surge Storage Requirements and Normal Inventory
[NASAP Case 5.1, GCFR U(5)-Pu/Th Recycle]

Storage

N 1 kg HM
Interval, d ormal Inventory, kg

Process step Material

Normal Maximum (Pu,U)0, U0, Fines ThO, Pellets

Feed storage Dried spheres 30 "~ 60 26,000
Sintered spheres 30 60 6900
Sintered pellets 30 60 12,900
Interim storage Dried spheres 1 2 880
Sintered spheres 1 2 230
Sintered pellets 1 2 430
Furnace Dried to sintered 1.2 2.4 1,050
spheres
Post furnace Sintered spheres 0.5 1 440
Interim storage Sintered spheres 0.36 0.72 320
Main storage Sintered spheres 2.4 1,110
Sintered spheres 1.5 2.9 350
Sintered pellets 1.5 2.9 740
Loading, inspection, Sintered spheres 0.12 0.24 110 30 60
welding and pellets
Loaded, not inspected Sintered spheres 4,620 1160 2,580
rods in rods
Rework and scrap Sintered spheres 220 40 130
and pellets
Completed fuel rods Sintered spheres 4,250 1060 4,740
and pellets
in rods
Assembly Rods in completed 15 30 12,700 3170 14,200

assemblies

LT




Table 9.49. Heavy Metal Mass Flows and Average Scrap Production for a Sphere~Pac Fuel Fabrication Plant
[NASAP Case 5.1, U(5) — Pu/Th Recycle]

Mass Flow, kg HM/d

Processing Step Daily Throughpuﬁ Clean Scrap? Reject Scrap®
Govof 2, MSLMSRS upoe M AL, 00 it
Receiving and storage 877.7 231.2d 947.6
Sampling and batch loading 876.8 0.9
Weighing and sampling 231.0 946.7¢ 0.2 0.9
Calcining and sintering 876.4 0.4
Sphere upgrading 925.7f 26.3
Sphere sampling 923.8 ’ 1.9
Interim storage 923.8 231.0 516.1
Fuel rod loading 923.8 231.0 516.1
Fuel rod scanning 877.7 219.4 980.59 44.3 11.1 24.8 1.8 0.5 1.0
Top component insertion 875.8 218.9 978.4 1.8 0.4 2.0 0.2 0.04 0.2
Rod welding and x ray 875.8 218.9 978.4 h h h h h P
Leak detection 875.8 218.9 978.4 h h h h h i
Rod assay 858.2 214.6 958.8 16.6 4.2 18.6 0.9 0.2 1.0
Final rod inspection 849.3 212.3 948.0 8.6 2.1 9.6 0.3 0.1 0.4
Assembly inspection 844.9 211.2 943.9 4.2 1.1 4.7 0.2 0.1 0.2
Total 2000 75.6 18.9 59.7 32.9 1.1 3.7
all.38, 12.37, 15.01, and 17.17% fissile plutonium content for Zones 1, 2, 3, and 4, respectively.
bInternally recycled.
ZCollected, assayed, and externally recycled to reprocessing plant.

Includes 18.9 kg of recycled clean scrap.
€430.6 kg reserved for upper axial blanket loading (after fuel rod scanning).
Includes 75.6 kg of recycled clean scrap.
91ncludes 59.7 kg of recycled clean scrap plus 430.6 kg of fresh material for upper axial blanket loading.

hRework in these steps is only of the weld and does not affect scrap.

GLT



Table 9.50.
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Equipment Requirements for Functional Areas

[NASAP Case 5.1, GCFR U(5)-Pu/Th Recycle]

Plant Design Required Recommendeda
. . . . Number Number
Functional Area Unit Production Requirement of of ,
(Nominal) Units Units”
1.0 Receiving
(Pu,U)0, (10 containers/carrier) 1600 kg/d 930 kg/d 1 1
U0, fines Unlimited 230 kg/d 1 1
ThO, Axial blanket pellets Unlimited 950 kg/d 1 1
1.1 Sampling NA®; done at reprocessing
. plant
1.2 Weighing 48 containers/d 11 containers/d 1 2
1.3 Storage (B0 kg HM/container) NA 60 d supply 693 700
1.4 Weighing 48 containers/d 2 containers/d 1 1
1.5 UO, fines sampling 4800 kg/d 230 kg/d 1 1
1.6 Storage (200 kg HM/container) NA 60 d supply 69 70
1.7 ThO; Axial blanket pellet 4800 kg/d 520 kg/d 1 1
sampling
1.8 Storage (20 kg HM/container) NA 60 d supply 387 390
2.0 Fuel production (sphere processing)
2.1 Sampling 3840 kg/d 880 kg/d 1 1, 3
2.2 Calcining and sintering 240 kg/d 880 kg/d 4 2, 6
2.3 Microsphere inspection 20 kg/h 39 kg/h 3 1, 3
2.4 Interim storage 250 kg 925 kg 4 2, 6
3.0 Fuel rod fabrication .
3.1 Sintered sphere storage NA 2 d supply 23 8, 24
3.2 Sintered fertile storage NA 2 d supply 3 1, 3
3.3 Sintered pellet storage NA 2 d supply 39 13, 29
3.4 Sphere dispensing 35 kg/h 48 kg/h 2 1, 3
3.5 Sphere-pac loading 4 rods/h 113 rods/h 29 10, 30
3.6 Density inspection 10 rods/h 113 rods/h 12 4, 12
3.7 Axial blanket (pellet) loading 12 rods/h 107 rods/h 9 3, 9
3.8 Cleaning 24 rods/h 107 rods/h 5 2, 6
3.9 Plenum hardware and top end 12 rods/h 107 rods/h 9 3, 9
plugging
3.10 Closure welds 12 rods/h 107 rods/h 9 3, 9
3.11 Rod assay 100 rods/h 107 rods/h 2 2
3.12 Rod inspection 40 rods/h 104 rods/h 3 3
3.13 Rod rework 36 rods/d 130 rods/d 4 2, 6
4,0 Fuel assembly fabrication
4.1 Fuel rod storage NA 5 d production 12,490 rods 13,000 rods
4.2 Fuel assembly fabrication 1.5 assemblies/d 8 assemblies/d 6 6
4.3 Inspection 3 assemblies/d 8 assemblies/d 3 3
4.4 Rework 1 assembly/d 0.02 assembly/d NRY NR
Packaged fuel assembly storage NA 30 d production 230 230

a
Recommended units include consideration of spare capacity for operational reliability.

b

Number of units is for the facility if a single number; otherwise, units per line, total units in faciliey.

°NA: mot applicable.

dNR: not required. Use assembly equipment as available.
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Table 9.51. Research and Development Cost Estimates for Sphere-Pac Fabrication
[NASAP Case 5.1, GCFR U(5)-Pu/Th Recycle]

R&D Cost Estimates

R&D Categories Current Status” (Millions of gii:iezz
1978 $)
1.0 Program management Not applicable 10 10
2.0 Design studies N — cold engineering 25 10
3.0 Receiving and storage P — cold engineering 4
4.0 Fuel production P — hot engineering 30 8
5.0 Fuel rod fabrication P — cold laboratory 50
6.0 Fuel element assembly N — cold engineering 50 10
7.0 Scrap recovery N — hot laboratory 7
8.0 Waste treatment b b b
9.0 Plant control systems N — cold prototype 5 8
10.0 Maintenance P — cold engineering 10 10
11.0 Safeguards and account- N — hot laboratory 6 6
ability adaptation®
Subtotal 197
Special Facilities
Hot tests 10
Cold prototype 25
Total 232d
Range 220-300

aStatus stage with qualitative modifiers; C = complete, P = in progress, and
N = needed.

bTo be supplied by others.

®Assumes basic technology as developed under 0SS estimate presented is for
applications testing, systems integration, and testing. ’

The estimate does not include costs for fuel qualification tests (about $20
million) or the capital costs of a pillot plant estimated at $160 million.
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A gel-sphere—pac generic functional flow diagram is shown in Fig. 3.1
,E Sect. 3.1.1 of this report. The main functions unique :to the gel-
sphere-~pac process are fuel production (2.0) and fuel rod fabrication
(3.0). Brief process descriptions of the various functional steps are
given below.

Receiving and Storage. This functional area is similar to the

reference case with the following exception. Thoria axial blanket pellets
must be received from an adjacent blanket assembly fabrication facility
and inspected before acceptance. The material may be handled in a comntact
area but must be stored in a shielded vault because of the radioactivity
associated with the thorium.

Fuel Production. The fuel production processes are essentially the

same as those described for the reference case including calcination, sin-
tering, and inspection. However, since the axial blanket material (ThO;
pellets) makes up approximately 47% of the total heavy metal content in a
core fuel assembly, the quantity of material processed is significantly
less. The ThOj blanket pellets are manufactured in an adjacent contact-
operated and contact-maintained (CO/CM) facility.

Fuel Rod Fabrication. While most of the fuel rod fabrication pro-

cesses are similar to the reference case additional steps are required to
incorporate the axial blanket material and the internal.gas traps. The
lower axial blanket section 1s loaded into the fuel cladding before it is
introduced into the cell, After the (Pu,U)0) sphere-pac core region is
loaded into each rod and inspected for density the upper axial blanket
section is loaded. Although not significantly different in process func-
tions, the need to install the internal fission product rod trap, con-
taining charcoal, somewhat complicates the plenum component insertion step
in the fuel rod loading. After the top end plug is welded in place, the
inspection processes are reduced because the vented rod design precludes
the need for a helium leak check of the rods. Decontamination of the
external surfaces of the rods, if required, will necessitate a modified
process to prevent decontaminating solutions from entering the fuel rods
through the vent hole in the top end cap.

Fuel Assembly Operations. The fuel element assembly operations for

this GCFR are unique. In many ways the assembly simulates a pressurized
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water reactor design in that the rods are supported and spaced by spacer
grids. However, assembly is complicated by the increased number of these
grids and the need to secure the threaded top end cap of each fuel rod
into the grid manifold. After assembly and inspection of the rod-grid
array, a flow duct must be installed around the package. These assembly
operations will require development of special procedures and mechanical
equipment to permit the remote mechanized assembly of these elements. The
rod grid array inspection procedures should be similar to those required
for pressurized water reactors.

Product Control Processes. These are the same as the referenée case

(see Sect. 4.1.2).

Scrap and Waste Processing and Disposal. The scrap handling processes

are similar to the reference case (Sect. 4.1.2) with the added feature that
all axial blanket pellets that are unloaded from an unsatisfactory rod are
inspected, and acceptable pellets are recycled within the remotely operated

facilities to form upper axial blankets.

9.12,6 Preliminary Cost Estimate for Construction and Operation
of a Commercial-Scale Plant

The cost components that were estimated include capital costs for the
facility and equipment, fuel assembly hardware costs, material and supply
costs, and operating costs.

Facility capital cost estimates were based on an analysis of the
functional flow diagram for the process to indicate space requirements for
each functional area and for each support area. Equipment requirements
were identified, and costs associated with the equipment were estimated.
Fuel assembly hardware requirements were based on the reference fuel
assembly design parameters identified in Table 9.47. The costs of the
hardware items were estimated. Material and supply requirements were
identified from the sphere-pac process description, and estimates of the
costs of materials and supplies were obtained. Operating cost estimates
included consideration of personnel, overhead, general and administrative

expenses, and costs of utilities.
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The facility was assumed to operate as a toll processing facility.
That is, the operator fabricates customer—-supplied fuel feed materials
into finished fuel assemblies, and thus costs of plutonium, uranium, and
thorium were not included in the cost estimates. The hardware and
material costs include the costs associated wih the production of the
ThOy pellets for the axial blanket.

Unit costs for fabrication of fuel assemblies are determined by an
economic analysis of the basic capital, hardware and material, and
operating cost estimates. Basically, the economic analysis provides for
the owner of the fuel fabrication facility to recover all capital, oper-
ating, and finance charges plus a return on investment, if appropriate,
over the life of the plant.

In order to provide a range of prices (i.e., costs to a customer),
economic analyses were based on government financing, financing appro-
priate for a conventional-risk (typical) industry, and financing
appropriate for a high-risk industry.2 The estimated costs, costs
derived from the economic analysis, and the unit costs based on the three
different financing methods are summarized in Table 9.52., As may be
observed from the table, the price for fabrication is expected to be in
" the range from $370 to $720/kg depending - the financing techpique that
is employed. The recommended cost for comparison with other fuel cycles
and methods of fabrication is the typical industry cost of $580/kg of
heavy metal. As with all the cost estimates in this report, the prices
are based on the mass of all heavy metal in the finished assembly. For

this case, this includes the thorium in the axial blankets.



Table 9.52. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility
[NASAP Case 5.1, GCFR U(5)-Pu/Th Recycle]

Estimated Costs, $ million Derived Costs, $ million

Annual Owner's Charge on Annual Annual

-
Economic cq s . Hardware Annual Cost Direct Capital Equipment Payment to Pnlt
Facility  Equipment . X - .. Cost
Seta Plus Operating During During Replacement Decommissioning (5/kg)
Materials Construction Construction Cost Fund &
A 250 265 64 27 39 135 13 1.2 370
B 250 265 64 28 40 200 13 1.3 580
C 250 265 64 29 41 200 13 1.3 720

a

A = Government financing; B = Typical industrial financing; C = High-risk industrial financing.

These unit costs apply only to the core fuel elements. The associated radial blanket costs are $85, $110, and $125 for
economic sets A, B, and C, respectively.

181
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9.13 NASAP CASE 6.1, LMFBR U~-Pu/U/U RECYCLE (GENERAL
ELECTRIC REFERENCE )

9.13.1 Fuel Cycle Description

This reactor—-fuel cycle combination is an LMFBR using recycled copro-
cessed U-Pu mixed oxide in a homogeneous core and recycled uranium mixed
with makeup depleted uranium in the axial and radial blanket assemblies.
The core fuel is reprocessed separately from the blanket assemblies. All
the coprocessed, recovered Pu-U from the core is mixed with makeup uranium
and some of the U-Pu recovered from blanket reprocessing is used for feed
material to core fabrication. The excess coprocessed U-Pu from blanket
reprocessing is - : to secure storage for later use in LWRs or LMFBRs.
All other recover .d uranium from blanket reprocessing is recycled to
blanket fabrication after being mixed with makeup depleted uranium.

In this cycle analysis only fabrication of the core assemblies is
considered. The products of the -eprocessing plant are highly decon-
taminated and include the coarse and medium sizes of spherical particles
with the appropriate uranium-to-plutonium ratio and the recycled UOj fines.
The assumption was that excess uranium from the reprocessing plant and/or
makeup depleted uranium will be fabricated by the pellet process into
radial blanket assemblies in an adjacent contact-operated and contact-
maintained (CO/CM) facility. Urania pellets from that adjacent facility
will be used in the core fabrication facility for the axial blankets in
the core assemblies.

The extended burpup of the recycle plutonium will cause this material
to have significant radioactivity; consequently, a remotely operated and
contact-maintained (RO/CM) facility is required for the core assemblies

for this cycle.

9.13.2 Applicability to Current Fuel Element Design

The core fuel eiement design chosen for this cycle is given in
Table 9.53.
The key considerations for sphere-pac applicability are the cladding

inside diameter measurements and the required fuel smear density. The
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Table 9.53. Summary of General Electric Reference
IMFBR Fuel Assembly Parameters
(NASAP Case 6.1, LMFBR U-Pu/U/U Recycle)

Reactor Characteristics

Reactor power

Fuel assemblies

Inner blanket assemblies
Radial blanket assemblies
Control assemblies
Removable shield assemblies
Fissile enrichment, %

Component Characteristics

Fuel cladding
End plugs
Top
Bottom
Reflector rods
Plenum springs
Spacers
Wire wrap
Attachment rails
Locking pins
Shield and inlet assemblies
Duct and upper handling
socket

Fuel Rod Characteristics

Fuel cladding outside diameter

Fuel cladding inside diameter
Fuel rod length
Plenum length
Upper
Lower
Core fuel height
Axial blanket height
Upper
Lower
Pellet density
Fuel smear density
Pellet diameter
Pellet length
Wire wrap diameter
Bonding

Fuel Assembly Characteristics

Array
Fuel assembly length
Duct outside flat-to-flat
Duct wall thickness
Mass of structural components
Heavy metal content

Core

Axial blanket

1000 MwWe (net)

252 (150 Zone 1; 102 Zone 2)
Not applicable

198

19

240

Zone 1 — 10.24, zone 2, — 14.36

Number per

Mass (kg) per

Material Fuel Assembly Fuel Assembly
Improved 316 SS 271
Improved 316 SS 271
Improved 316 SS 271
316 SS 271
Improved 316 SS 1
Improved 316 SS 1

7.37 mm (0.290 in.)
6.76 mm (0.266 in.)
2.85 m (112 in.)

914.4 mm (36.0 in.)
Not applicable
1219 mm (48.0 in.)

356 mm (14.0 in.)
356 mm (14.0 in.)

90% T.D.
6.62 mm (0.2605 in.)

1.44 mm (0.0567 in.)
He

Hexagonal

154.5 mm (6.083 in.)
3.18 mm (0.125 in.)

103.74 kg
63.48 kg
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cladding ID of 6760 ym in the reference desigr is suitable for the sphere-
pac process. Although the specified smear den: .ty of 90% of theoretical
is above that currently achieved with experimental blended (three particle
size) sphere-pac beds, we have assumed that the process is applicable

through a slight lowering of this design requirement.

9.13.3 Definition of Plant Production Requirements and
Design Capacity

For this LMFBR (U,Pu)0,-U0O; fuel cycle, the plant design assumptions
are listed below. The heavy metal throughput for this plant and all
cases involving axial blanket fuel is based on the total heavy metal in
the finished fuel assembly, in both core and axial blanket heavy metal.

1. The fuel design is the General Electric Company Advanced Reactor
Systems Department homogeneous reactor reference fuel design.

2. The plant production capacity is 480 t HM/year with the capa-
bility for simultaneous production of three enrichments.

3. The plant factor is 240 effective full-production days per year.

4. Plant design capacity:

Overall 730 t HM/year

about 12 fuel assemblies/d
Each line of three 243 t HM/year

0.67 t HM/d

1080 fuel rods/d
4.0 fuel assemblies/d

5. Process design capacities are based on the line design capacities
and the scrap and sample losses defined in Sect. 9.13.4.

6. The facilities are designed to discharge no liquid waste other
than treated sanitary sewage.

7. All process buildings and critical auxiliary support are designed
and constructed in accordance with current United States Nuclear Regulatory
Commission licensing requirements. Shielding is provided to limit dose
rates to operating and maintenance personnel to 0.25 millirem/h.

In addition, we assumed that production from each fuel rod line is

campaigned to provide a full reload segment for a single 1000-MWe LMFBR.
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Thus, the total heavy metal output for a given campaign is 21.1 t, and
each campaign requires 31.6 effective full-production days (48 calendar
days). The total facility, with an adjacent radial blanket assembly

plant, can support approximately 28 such reactors.

9.13.4 Estimates of Surge Storage Requirements, Scrap Production
Rates, and Processing Rates for Functional Steps

Given the plant design assumptions defined in Sect. 9.13.3, further
commercial plant characteristics were derived.

To achieve the annual production rates, an analysis of the plant
surge storage requirements and normal inventory was made, and the results
of this analysis are given in Table 9.54.

Based on current technology and assuming reasonable extrapolations
for commercial-scale developments, a preliminary estimate was made of the
daily mass flows of heavy metal through the fabrication plant and the
éverage production rate of heavy metal scrap materials from the various
functional activities. These are presented in Table 9.55.

Given the above information, a preliminary evaluation of the pro-
cessing rate for each functional step within the main fuel fabrication
processes was made. The results of this analysis are summarized in

Table 9.56.

9.13.5 Analysis of Functional Technology Status, Research and
Development Requirements, Cost, and Schedule

The technology status of this system is quite similar to that of the
reference case discussed in Sect. 8. The current status and research and
development needs are summarized in Table 9.57. The primary difference
between this U-Pu fuel and the reference U-Pu fuel is the much higher con-
centration of plutonium., Development is under way in the United States
on sphere forming, calcination, and sintering of (U,Pu)0Os with Pu/U ratios
adequate for both the reference case and the fast reactor fuels.

While the functional fabfication processes are the same as those

given for the reference gel—sphere-pac fabrication case, the design of the



Table 9.54. Sphere-Pac Fabrication Plant Surge Storage Requirements and Normal Inventory
(NASAP Case 6.1, LMFBR U-Pu/U/U Recycle)

Storage

Interval, d Normal Inventory, kg HM

Process step Material

Normal Maximum (Pu,U)0, U0, Fines U0, Pellets

98T

Feed storage Dried spheres 30 60 31,000
Sintered spheres 30 60 8,200
Sintered pellets 30 60 10,400
Interim storage Dried spheres 1 2 1,030
Sintered spheres 1 2 270
Sintered pellets 1 2 350
Furnace Dried to sintered 1.2 2.4 1,240
spheres
Post furnace Sintered spheres 0.5 1 515
Interim storage Sintered spheres 0.36 0.72 370
Main storage Sintered spheres 1.2 2.4 1,300
Sintered spheres 1.5 2.9 410
Sintered pellets 1.5 2.9 590
Loading, inspection, Sintered spheres 0.12 0.24 130 35 50
welding and pellets
Loaded, not inspected Sintered spheres 5,100 1,290 3,940
rods in rods
Rework and scrap Sintered spheres 250 45 100
and pellets
Completed fuel rods Sintered spheres 4,990 1,250 3,820
and pellets
in rods

Assembly Rods in completed 15 30 15,000 3,740 11,400
assemblies )
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Heavy Metal Mass Flows and Average Scrap Production for a Sphere-Pac Fuel Fabrication Plant

(NASAP Case 6.1, LMFBR U — Pu/U/U Recycle)

Processing Step

Mass Flow, kg HM/d

Daily Throughput

Clean Scrapb

Reject Scrapc

oot W, TS Genos S, ML ouoe, B it
Receiving and storage 1031.2 271.6d 762.2
Sampling and batch loading 1030.2 1.0
Weighing and sampling 271.3 761.5° 0.2 0.8
Calcining and sintering 1029.7 0.5
Sphere upgrading 1087.6f 30.9
Sphere sampling 1085.4 2.2
Interim storage 1085.4 271.3 415.1
Fuel rod lcading 1085.4 271.3 415.1
Fuel rod scanning 1031.1 257.8 788.7¢ 52.1 13.0 19.9 2.2 0.5 0.8
Top component insertion 1028.9 257.2 787.0 2.1 6.5 1.6 0.2 0.1
Rod welding and x ray 1028.9 257.2 787.0 h h h
Leak detection 1028.9 257.2 787.0 h h h h
Rod assay 1008.3 252.1 771.2 19.5 4.9 15.0 1.0 0.3
Final rod inspection 997.8 249.4 763.2 10.1 2.5 7.7 0.4 0.1
Assembly inspection 992.6 248.2 759.2 5.0 _1.2 _3.8 _0.2 0.05 0.2
Total 2000 88.8 22.1 48.0 38.6 1.3 3.1
210.24 and 14.36% average fissile plutonium content in Zones 1 and 2, respectively.
bInternally recycled.
e

d.
e

Includes 22.1 kg of recycled clean scrap.
346.4 kg reserved for upper axial blanket loading (after fuel rod scanning).

Includes 88.8 kg of recycled clesn scrap.

Collected, assayed, and externally recycled fo reprocessing plant.

I Includes 48.0 kg of recycled clean scrap and 346.4 kg of fresh material.
hRevark in these stepa is oaly of weld and does not affect scrap.



Table 9.56.
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Equipment Requirements for Functional Areas

(NASAP Case 6.1 LMFBR U-Pu/U/U Recycle)

Plant Design Required Recommendedd
: . . ; Number Number
Functional Area Unit Production Requnfemcnt of of
(Nominal) Units Unitsb
1.0 Receiving
(Pu,U)0; (10 containers/carrier) 1600 kg/d 1030 kg/d 1 1
U0, fines Unlimited 270 kg/d 1 1
U0, Axial blanket pellets Unlimited 760 kg/d 1 1
1.1 Sampii NA'; done at reprocessing
plant
1.2 Weighing 48 containers/d 13 containers/d 1 2
1.3 Storage (80 kg HM/container) NA 60 d supply 814 820
1.4 Weighing 48 containers/d 2 containers/d 1 1
1.5 UO; fines sampiling 4800 kg/d 270 kg/d 1 1
1.6 Storage (200 kg HM/container) NA 60 d supply 82 85
1.7 UO, Axial blanket pellet 4800 kg/d 760 kg/d 1 1
sampling
1.8 Storage (20 kg HM/container) NA 60 d supply 2280 2300
2.0 Fuel production (sphere processing)
2.1 Sampling 3840 kg/d 1030 kg/d 1 1, 3
2.2 Calcining and sintering 240 kg/d 1030 kg/d 5 2, 6
2.3 Microsphere inspection oo kg/h 43 kg/h 3 1, 3
2.4 Interim storage 250 kg 1090 kg 5 2, 6
3.0 Fuel rod fabrication
3.1 Sintered sphere storage NA 2 d supply 28 10, 30
3.2 Sintered fertile storage NA 2 d supply 3 1, 3
3.3 Sintered pellet storage NA 2 d supply 35 12, 36
3.4 Sphere dispensing 35 kg/h 57 kg/h 2 1, 3
3.5 Sphere-pac loading 4 rods/h 148 rods/h 37 13, 39
3.6 Density inspection 10 rods/h 148 rods/h 15 5, 15
3.7 Axial blanket (pellet) loading 12 rods/h 141 rods/h 12 4, 12
3.8 Cleaning 24 rods/h 141 rods/h 6 2, 6
3.9 Plenum hardware and top end 12 rods/h 141 rods/h 12 4, 12
plugging
3.10 Closure welds 12 rods/h 141 rods/h 12 4, 12
3.11 Rod assay 100 rods/h 141 rods/h 2 2
3.12 Rod inspection 40 rods/h 137 rods/h 4 4
3.13 Rod rework 36 rods/d 168 rods/d 5 2, 6
4.0 Fuel assembly fabrication
4.1 Fuel rod storage NA 5 d production 16,291 rods 17,000 rods
4.2 Fuel assembly fabrication 3 assemblies/d 12 assemblies/d 4 4
4.3 Inspection 6 assemblies/d 12 assemblies/d 2 2
4.4 Rework 1 assemblv/d 0.06 assembly/d NRd NR
Packaged fuel assembly storage NA 30 d production 359 360
%pecommended units include consideration of spare capacity for operational reliability.
bNumber of units is for the facility if a single number; otherwise, units per line, total units in facility.
°NA: not applicable.
dNR: not required. Use assembly equipment as available.
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[NASAP Case 6.1, LMFBR U-Pu/U Recycle (GE Reference) ]

Research and Development Cost Estimates for Sphere-Pac Fabrication

R&D Cost Estimates

R&D Categories Current Status (Millions of zizgietz
1978 $)
1.0 Program management Not applicable 10 10
2.0 Design studies N — cold engineering 25 10
3.0 Receiving and storage P — cold engineering 4 5
4.0 Fuel production P — hot engineering 25 6
5.0 Fuel rod fabrication P — cold laboratory 50 8
6.0 Fuel element assembly N — cold engineering 27 8
7.0 Scrap recovery N ~— cold engineering 3 5
8.0 Waste treatment b b b
9.0 Plant control systems N — cold prototype 5 8
10,0 Maintenance — cold prototype 5 10
11.0 Safeguards and account- P — cold engineering 6 6
ability adaptation®
Subtotal 160
Special Facilities
Hot tests 10
Cold prototype 25
Total 195d
Range 185-235

N =

applications testing, systems integration, and testing.

%Status stage with qualitative modifiers; C = complete, P = in progress, and

needed.

bTo be supplied by others.

®Assumes basic technology as developed under 0SS estimate presented is for

million) or the capital costs of a pilot plant estimated at $160 million.

dThe estimate does not include costs for fuel qualification tests (about $20
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LMFBR fuel elements is considerably different. These differences in
design result in modifications to the details for accomplishing the
various functional activities and modifications to the facility design
details. In the subsequent paragraphs, each of the functional activities
is discussed as it applies to this case.

A generic gel-sphere-pac functional flow diagram is given in Fig. 3.1
of Sect. 3.1.1 of this report. The major functional areas apply to this
case, and the two main functions unique to the gel-sphere-—pac process are
fuel production (2.0) and fuel rod fabrication (3.0). All the functional
steps are briefly discussed here.

Receiving and Storage. This functional area is quite similar to the

reference case. However, in addition to the spheres, the UO; pellets from
the adjacent radial blanket assembly plant must be received, inspected,
and stored.

Fuel Production. The fuel production processes for the spheres are

essentially the same as those described for the reference case including
calcination, sintering, and inspection of the coarse and medium sizes,
which contain plutonium. No processing is planned for the UO; fines
because they are to be sintered at the reprocessing conversion step.
However, because the UO; axial blanket pellets make up approximately 387
of the total heavy metal content in a core fuel assembly, the quantity »f
coarse and medium spheres processed is significantly less than in the
refere . case.

Fuei Rod Fabrication. While most of the fuel rod fabrication pro-

cesses are similar to the reference case, additional steps are required to
incorporate the axial blanket material. The lower axial blanket section
is loaded into the fuel rod cladding before the cladding is introduced
into the cell. After the (U,Pu)0O) core region is loaded by the sphere-pac
process into each rod and inspected for density the upper axial blanket
section will be loaded by equipment similar to that used for inserting
plenum hardware. The actual plenum hardware insertion and end cap welding
operations are essentially the same as those described for the reference
case.

Fuel Assembly Operations. The fuel assembly design for this LMFBR

case 6.1 is identical to that for the pellet fabrication option.
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Following fuel rod inspection each rod will be remotely wrapped with a
wire., This special wire wrap will space the fuel rods in the assembly.
Groups of these rods are assembled onto T—bars of varying length. The
T-bar strip layers are assembled and fastened to the lower end box of the
fuel assembly. The duct tube is installed and the finished assembly is
inspected.

Product Control Processes. These are the same as the reference case

(see Sect. 4.1.2).

Scrap and Waste Processing and Disposal. The scrap handling pro-

cesses are similar to the reference case (see Sect. 4.1.2) with the added
feature that all axial blanket pellets that are unloaded from an unsatis-
factory rod are inspected, and acceptable pellets are recycled within the

remotely operated part of the facilities to form upper axial blankets.

9.13.6 Preliminary Cost Estimate for Construction and Operation
of a Commercial-Scale Plant

The cost components that were estimated include capital costs for the
facility and equipment, fuel assembly hardware costs, material and supply
costs, and operating costs.

Facility capital cost estimates were based on an analysis of the
functional flow diagram for the process to indicate space requirements for
each functional area and for each support area. Equipment requirements
were identified, and costs associated with the equipment were estimated.
Fuel assembly hardware requirements were based on the reference fuel
assembly design parameters identified in Table 9.53. Estimates of the
costs of the hardware items were obtained. Material and supply require-
ments were identified from the sphere-pac process description, and esti-
mates of the costs of materials and supplies were obtained. Operating
cost estimates included consideration of personnel, overhead, general and
administrative expenses, and costs of utilities.

The facility was assumed to operate as a toll processing facility.
That is, the operator fabricates customer—-supplied fuel feed materials

into finished fuel assemblies, and thus costs of plutonium and uranium
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were not included in the cost estimates. The hardware and material costs
do include the costs associated with the production of the UOj pellets for
the axial blanket.

Unit costs for fabrication of fuel assemblies are determined by an
economic analysis of the basic capital, hardware and material, and
operating cost estimates. Basically, the economic analysis provides for
the owner of the fuel fabrication facility to recover all capital, oper=~
ating, and finance charges plus a return on investment, if appropriate,
over the life of the plant.

In order to provide a range of prices (i.e., costs to a customer),
economic analyses were based on government financing, financing appro-
priate for a conventional-risk (typical) industry, and financing
appropriate for a high-risk industry.2 The estimated costs, costs
derived from the economic analysis, and the unit costs based on the three
different financing methods are summarized in Table 9.58. As may be
observed from the table, the price for fabrication of (U,Pu)Oz—UOZ fuel
is expected to be in the range from $380 to $730/kg depending on the
financing technique that is employed. The recommended cost for comparison
with other fuel cycles and methods of fabrication is the typical industry
cost of $580/kg of heavy metal. As with all the cost estimates in this
report, the prices are based on the mass of all heavy metal in the
finished assembly. For this case, this includes the uranium in the axial

blankets.



Table 9.58. Summary of Costs for Fabrication of Sphere~Pac PWR Fuel in a 2-t HM/d Facility
(NASAP Case 6.1 LMFBR U-Pu/U/U Recycle)

Estimated Costs, $ million Derived Costs, $ million
Annual Owner's Charge on Annual Annual Unit
Economic fq s . Hardware Annual Cost Direct Capital Equipment Payment to n
Facility Equipment . X . AP Cost
Setd Plus Operating During During Replacement Decommissioning ($/kg)
Materials Construction Construction Cost Fund &
A 260 255 66 27 39 140 13 1.2 380
B 260 255 66 28 41 200 13 1.3 580
C 260 255 66 29 42 200 13 1.3 730
aA = Government financing; B = Typical industrial financing; C = High-risk industrial financing.
bThese unit costs apply only to the core fuel elements. The associated radial blanket costs are $110, $140, and $150 for

economic sets A, B, and C, respectively.

€61
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9,14 NASAP CASE 6.2.1, IMFBR U-"/U SPIKED RECYCLE (WESTINGHOUSE
REFERENCE) — HETEROGENEOUS RE DESIGN

9.14,1 Fuel Cycle Description

This reactor-fuel cycle combination is an LMFBR using 14.3% fissile
assay mixed U-Pu recycle fuel in the core and depleted uranium in the
blanket assemblies. The core and blanket assemblies are reprocessed
separately. The core is coprocessed, and all the recovered U-Pu is mixed
with a portion of the U-Pu recovered during blanket reprocessing to pro-
vide feed material to core fabrication. The excess U-Pu recovered during
blanket reprocessing is sent to secure storage; it will be preirradiated
before shipment or sale. The balance of the uranium recovered during
reprocessing is mixed with makeup uranium to provide feed material for
blanket fabrication.

In this cycle analysis only fabrication of the core assemblies is
considered. The products of the reprocessing plant are highly decon-
taminated and include the coarse and medium sizes of spherical particles
with the appropriate uranium—-plutonium ratio and the recycled U0y fines.
Spiking is provided after fabrication by irradiation. The assumption was
that excess uranium from the reprocessing plant and/or makeup depleted
uranium will be fabricated by the pellet process into radial blanket
assemblies in an adjacent contact—operated and contact-maintained (CO/CM)
facility. Urania pellets from that adjacent facility will be used in the
core fabrication facility for the axial blankets in the core assemblies.

The extended burnup of the recycle plutonium will cause this material
to have significant radioactivity; consequently, a remotely operated and
contact-maintained (RO/CM) facility is required for the core assemblies

for this cycle.

9.14.2 Applicability to Current Fuel Element Design

The core fuel element design chosen for this cycle is given in
Table 9.59.
The key considerations for sphere-pac applicability are the cladding

inside diameter measurements and the required fuel smear density. The
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Table 9.59. Summary of Westinghouse Large Pin Reference
LMFBR Fuel Assembly Parameters
(NASAP Case 6.2.1, LMFBR U-Pu/U Spiked Recycle)

Reactor Characteristics

Reactor power 1000 MWe (net)
Fuel assemblies 270
Inner blanket assemblies 121
Radial blanket assemblies 138
Control assemblies 30
Removable shield assemblies
Fissile enrichment, % 18.97%
Number per Mass (kg) per
Component Characteristics Material Fuel Assembly Fuel Assembly
Fuel cladding Improved 316 SS 271
End plugs
Top Improved 316 SS 271
Bottom Improved 316 SS 271
Reflector rods
Plenum springs
Spacers
Wire wrap 316 Ss 271
Attachment rails
Locking pins
Shield and inlet assemblies Improved 316 SS 1
Duct and upper handling Improved 316 SS 1
socket

Fuel Rod Characteristics

Fuel cladding outside diameter 7.87 mm (0.310 in.)
Fuel cladding inside diameter 7.21 mm (0.284 in.)
Fuel rod length

Plenum length

Upper
Lower
Core fuel height 1219 mm (48.0 in.)
Axial blanket height
Upper 356 mm (14.0 in.)
Lower 356 mm (14.0 in.)
Pellet demnsity 10.45 Mg/m3
Fuel smear density 91% T.D.
Pellet diameter 7.06 mm (0.278 in.)
Pellet length
Wire wrap diameter 1.18 mm (0.0465 in.)
Bonding He

Fuel Assembly Characteristics

Array Hexagonal

Fuel assembly length 4.65 m (183 in.)
Duct outside flat-to-flat 0.1598 m (6.295 in.)
Duct wall thickness 3.81 mm (0.150 in.)

Mass of structural components

Heavy metal content
Core 118.9 kg
Axial blanket 69.1 kg
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cladding ID of 7210 um in the reference desi: 1is suitable for the sphere-
pac process. : though the specified smear d¢ .ity of 917% of theoretical
is above that currently achieved with experimental blended (three particle
size) sphere-pac beds, we have assumed that the process is applicable

through a slight lowering of this design requirement.

9.14.3 Definition of Plant Production Requirements and
Design Capacity

For this LMFBR (U,Pu)09-U0y fuel cycle, the plant design assumptions
are listed below. The heavy metal through-p: “or this plant and all
cases involving axial blanket fuel is based o0i. the total heavy metal in
the finished fuel assembly, in both core and axial blanket heavy metal.

1. The fuel design is the Westinghouse Electric Corporation Advanced
Reactors Division heterogeneous core reactor reference large rod fuel
design.

2. The plant producti' * capacity is 480 t HM/year with the capa-
bility for simultaneous proauction of three enrichments.

3. The plant factor is 240 effective full-production days per year.

4, Plant design capacity:

Overall 730 t ﬁM/year

about 11 fuel assemblies/d
Each line of three 243 t HM/year

0.67 t HM/d

961 fuel rods/d
3.5 fv- assemblies/d

5. Process design capacities are base. on the line design capacities
and the scrap and sample losses defined in Sect. 9.14.4.

6. The facilities are designed to discharge no liquid waste other
than treated sanitary sewage.

7. All process buildings and critical auxiliary support are designed
and constructed in accordance with current United States Nuclear Regulatory
Commission licensing requirements. Shielding is provided to limit dose
rates to operating and maintenance personnel to 0.25 millirem/h.

In addition, we assumed that production from each fuel rod line is

campaigned to provide a full reload segment for a single 1000-MWe LMFBR.
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Thus, the total heavy metal output for a given campaign is 17 t, and
each campaign requires 25.4 effective full-production days (39 calendar
days). The total facility, with an adjacent radial blanket assembly

plant, can support approximately 28 such reactors.

9.14.4 Estimates of Surge Storage Requirements, Scrap Production
Rates, and Processing Rates for Functional Steps

Given the plant design assumptions defined in Sect. 9.14.3, further
commercial plant characteristics were derived.

To achieve the annual production rates, an analysis of the plant
surge storage requirements and normal inventory was made, and the results
of this analysis are given in Table 9.60.

Based on current technology and assuming reasonable extrapolations
for commercial-scale developments, preliminary estimates were made of the
daily mass flows of heavy metal through the fabrication plant and the
average production rate of heavy metal scrap materials from the various
functional activities. These are presented in Table 9.61.

Given the above information, a preliminary evaluation of the pro-
cessing rate for each functional step within the main fuel fabrication
processes was made. The results of this analysis are summarized in

Table 9.62.

9.14.5 Analysis of Functional Technology Status, Research and
Development Requirements, Cost, and Schedule

The technology status of this system is quite similar to that of the
reference case discussed in Sect. 8. The current status and research and
development needs are summarized in Table 9.63. The primary difference
between this U-Pu fuel and the reference U-Pu fuel is the much higher con-
centration of plutonium. Development is under way in the United States
on sphere forming, calcination, and sintering of (U,Pu)0) with Pu/U ratios
adequate for both the reference case and the fast reactor fuels.

While the functional fabrication processes are the same as those

given for the reference gel-sphere-pac fabrication case, the design of the



Table 9.60. Sphere-Pac Fabrication Plant Surge'Storage Requirements and Normal Inventory
(NASAP Case 6.2.1, LMFBR U-Pu/U Spiked Recycle, Westinghouse Reference)

Storage

Interval, d Normal Inventory, kg HM

Process step Material

Normal Maximum (Pu,U)0, UO, Fines U0, Pellets

Feed storage Dried spheres 30 60 32,000
Sintere? spheres 30 60 8,300
Sintered pellets 30 60 10,100
Interim storage Dried spheres 1 2 1,100
Sintered spheres 1 2 280
Sintered pellets 1 2 340
Furnace Dried to sintered 1.2 2.4 1,260
spheres
Post furnace Sintered spheres 0.5 1 1,530
Interim storage Sintered spheres 0.36 0.72 380
Main storage Sintered spheres 1.2 2.4 1,300
Sintered spheres 1.5 2.9 410
Sintered pellets 1.5 2.9 570
Loading, inspection, Sintered spheres 0.12 0.24 130 35 45
welding and pellets
Loaded, not inspected Sintered spheres 5,200 1,310 3,810
rods in rods
Rework and scrap Sintered.spheres 260 50 100
and pellets
Completed fuel rods Sintered spheres 5,100 1,270 3,690
and pellets
in rods
Assembly Rods in completed 15 30 15,000 3,810 11,100

assemblies

86T
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Table 9.0l. Heavy Metal Mass Flows and Average Scrap Production for a Sphere-Pac Fuel Fabrication Plant
{NASAP Case 6.2.1, LMFBR U — Pu/U Spiked Recycle (Westinghouse Reference) — Heterogeneous Core Design]

Mass Flow, kg HM/d

e P . ¢
Processing Step Daily Throughput Clean Scrap Reject Scrap

uo, Axial -Blanket uo, Axial Blanket

(Pu, 10,7 F?gis Aﬁéilpzi?2t§‘ o007 pines 0. Pellers V92 pinee  uo. Pellets

Receiving and storage 1051.3 276.9% 737.9
Sampling and batch loading 1050.2 1.1
Weighing and sampling 276.6 737.2° 0.3 0.7
Calcining and sintering 1049.7 0.5
Sphere upgrading 1108.7° 31.5
Sphere sampling 1106.5 2.2
Interim storage 1106.5 276.6 401.9
Fuel rod loading 1106.5 276.6 401-9
Fuel rod scanning 1051.2 262.8 763.67 53.1 13.3 19.3 2.2 0.8
Top component insertion 1048.9 262.2 762.0 2.1 0.5 1.5 0.2
Rod welding and x ray 1048.9 262.2 762.0 I ” I3 3 h 14
Leak detection 1048.9 262.2 762.0 I K 4 i I n
Rod assay 1027.9 257.0 746.7 . 19.9 5.0 14.5 1.0 0.3 0.8
Final rod inspection 1017.2 254.3 738.9 10.3 2.6 7.5 0.4 0.1 0.3
Assembly inspection 1011.9 253.0 735.1 5.1 _1.3 3.7 _0.2 0.1 0.1

Total 2000 90.5 22.7 46.5 39.3 1.3 2.9

%18.9% average fissile plutonium content.

bInternally recycled.

cCollected. assayed, and externally recycled to reprocessing plant.

dlncludes 22.7 kg of recycled clean scrap.

2333.3 kg reserved for upper axial blanket loading (after fuel rod scanning).

flncludes 22,7 kg of recycled clean scrap.

9 Ilncludes 48.0 kg of recycled clean scrap and 346.4 kg of fresh material for upper axial blanket loading.

hRework in these steps is only of weld and does not affect scrap.
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Equipment Requirements for Functional Areas

{NASAP Case 6.2.1, LMFBR U-Pu/U Spiked Recycle
(Westinghouse Reference) — Heterogeneous Core Design]

. Required Recommended?
Plant Design
; . . Number Number
Functional Area Unit Production RequiFement of of
(Nominal) Units Units?

1.0 Receiving

(Pu,U)0; (10 containers/carrier) 1600 kg/d 1050 kg/d 1 1

U0, fines Unlimited 280 kg/d 1 1

U0, Axial blanket pellets Unlimited 740 kg/d 1 1

1.1 Sampling NA®; done at reprocessii

plant

1.2 Weighing 48 containers/d 14 containers/d 1 2

1.3 Storage (80 kg HM/container) NA 60 d supply 789 800

1.4 Weighing 48 containers/d 2 containers/d 1 1

1.5 U0, fines sampling 4800 kg/d 280 kg/d 1 1

1.6 Storage (200 kg HM/container) NA 60 d supply 84 85

1.7 UO; Axial blanket pellet 4800 kg/d

sampling

1.8 Storage (20 kg HM/container) NA 60 d supply 2220 2250
2.0 Fuel production (sphere processing)

2 1 Sampling 3840 kg/d 1050 kg/d 1 1, 3

2.2 Calcining and sintering 240 kg/d 1050 kg/d 5 2, 6

2.3 Microsphere inspection 20 kg/h 46 kg/h 3 1, 3

2.4 Interim storage 250 kg 1110 kg 5 2, 6
3.0 Fuel rod fabrication :

3.1 Sintered sphere storage NA 2 d supply 28 10, 30

3.2 Sintered fertile storage NA 2 d supply 3 , 3

3.3 Sintered pellet storage NA 2 d supply 39 13, 39

3.4 Sphere dispensing 35 kg/h 58 kg/h 2 1, 3

3.5 Sphere-pac loading 4 rods/h 132 rods/h 33 11, 33

3.6 Density inspection 10 rods/h 132 rods/h 14 5, 15

3.7 Axial blanket (pellet) loading 12 rods/h 125 rods/h 11 4, 12

3.8 Cleaning 24 rods/h 125 rods/h 6 2, 6

3.9 Plenum hardware and top end 12 reds/h 125 rods/h 11 4, 12

plugging

3.10 Closure welds 12 rods/h 125 rods/h 11 4, 12

3.11 Rod assay 100 rods/h 125 rods/h 2 2

3.12 Rod inspection 40 rods/h 122 rods/h 4 4

3.13 Rod rework 36 rods/d 150 rods/d 5 2, 6
4.0 Fuel assembly fabrication

4.1 Fuel rod storage NA 5 d production

4.2 Fuel assembly fabrication
4.3 Inspection
4.4 Rework

Packaged fuel assembly storage

3 assemblies/d
6 assemblies/d
1 assembly/d

NA

11 assemblies/d
11 assemblies/d
0.05 assembly/d

30 d production

14,490 rods
4

2

Nrd

320

15,000 rods
4

2
NR

320

o o0

NA: not applicable.

2N

NR: not required. Use assembly equipment as available.

Recommended units include consideration of spare capacity for operational reliability.

Number of units is for the facility if a single number; otherwise, units per line, total units in facility.
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Table 9.63. Research and Development Cost Estimates for Sphere-Pac Fabrication
[NASAP Case 6.2.1, LMFBR U-Pu/U Spiked Recycle (Westinghouse Reference) —
Heterogeneous Core Design]

R&D Cost Estimates

R&D Categories Current Statusa (Millions of zz;;ietz
1978 $)
1.0 Program management Not applicable 10 10
2.0 Design studies N — cold engineering 25 10
3.0 Receiving and storage P — cold engineering 4 5
4.0 Fuel production P — hot engineering 25 6
5.0 Fuel rod fabrication P — cold laboratory 50 8
6.0 Fuel element assembly N — cold engineering 27 8
7.0 Scrap recovery N — cold engineering 3 5
8.0 Waste treatment b b b
9.0 Plant control systems N — cold prototype 5 8
10.0 Maintenance N — cold prototype 5 10
11.0 Safeguards and account- P — cold engineering 6 6
ability adaptation®
Subtotal 160
Special Facilities
Hot tests 10
Cold prototype ' 25
Total 195d
Range 185-235

aStatus stage with qualitative modifiers; C = complete, P = in progress, and
N = needed.
bTo be supplied by others.

®Assumes basic technology as developed under 0SS estimate presented is for
applications testing, systems integration, and testing.

The estimate does not include costs for fuel qualification tests (about $20
million) or the capital costs of a pilot plant estimated at $160 million.
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LMFBR fuel elements is considerably different. These differences in
design result in modifications to the details for accomplishing the
various functional activities and modifications to the facility design
details. In the subsequent paragraphs, each of the functional activities
is discussed as it applies to this case.

A generic gel-sphere-pac functional flow diagram is given in Fig. 3.1
of Sect. 3.1.1 of this report. The major functional areas apply to this
case, and the two main functions unique to the gel-sphere—pac process are
fuel production (2,0) and fuel rod fabrication (3.0). All the functional
steps are briefly discussed here.

Receiving and Storage. This functional area is quite similar to the

reference case. However, in addition to the spheres, the UOj pellets from
the adjacent radial blanket assembly plant must be received, inspected,
and stored.

Fuel Production. The fuel production processes for the spheres are

essentially the same as those described for the reference case including
calcination, sintering, and inspection of the coarse and medium sizes,
which contain plutonium. No processing is planned for the UO; fines
because they are to be sintered at the reprocessing conversion step.
However, because the UO2 axial blanket pellets make up approximately 37%
of the total heavy metal. content in a core fuel assembly, the quantity of
coarse and medium spheres processed is significantly less than in the
reference case.

Fuel Rod Fabrication. While most of the fuel rod fabrication pro-

cesses are similar to the reference case, additional steps are required t-
incorporate the axial blanket material. The lower axial blanket section
is loaded into the fuel rod cladding before the cladding is introduced
intc the cell. After the (U,Pu)0Oy core region is loaded by the sphere-pac
process into each rod and inspected for density the upper axial blanket
section will be loaded by equipment similar to that used for inserting
plenum hardware. The actual plenum hardware insertion and end cap welding
operations are essentially the same as those described for the reference
case.

Fuel Assembly Operations. The fuel assembly design for this LMFBR

case 6.2.1 is identical to that for the pellet fabrication option.
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Following fuel rod inspection each rod will be remotely wrapped with a
wire. This special wire wrap will space the fuel rods in the assembly.
Groups of these rods are assembled onto T-bars of varying length. The
T-bar strip layers are assembled and fastened to the lower end box of the
fuel assembly. The duct tube is installed and the finished assembly is
inspected.

Product Control Processes. These are the same as the reference case

(see Sect. 4.1.2).

Scrap and Waste Processing and Disposal. The scrap handling pro-

cesses are similar to the reference case (see Sect. 4.1.2) with the added
feature that all axial blanket pellets that are unloaded from an unsatis-—
factory rod are inspected, and acceptable pellets are recycled within the

remotely operated part of the facilities to form upper axial blankets.

9.14.6 Preliminary Cost Estimate for Construction and Operation
of a Commercial-Scale Plant

The cost components that were estimated include capital costs for the
facility and equipment, fuel assembly hardware costs, material and supply
costs, and operating costs.

Facility capital cost estimates were based on an anaiysis of the
functional flow diagram for the process to indicate space requirements for
each functional area and for each support area. Equipment requirements
were identified, and costs associated with the equipment were estimated.
Fuel assembly hardware requirements were based on the reference fuel
assembly design parameters identified in Table 9.59. Estimates of the
costs of the hardware items were obtained. Material and supply require-
ments were identified from the sphere—pac process description, and esti-
mates of the costs of materials and supplies were obtained. Operating
cost estimates included consideration of personnel, overhead, general and
administrative expenses, and costs of utilities.

The facility was assumed to operate as a toll processing facility.
That is, the operator fabricates customer—supplied fuel feed materials

into finished fuel assemblies, and thus costs of plutonium and uranium
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were not included in the cost estimates. The hardware and material costs
do include the costs associated with the production of the UO5 pellets for
the axial blanket.

Unit costs for fabrication of fuel assemblies are determined by an
economic analysis of the basic capital, hardware and material, and
operating cost estimates. Basically, the economic analysis provides for
the owner of the fuel fabrication facility to recover all capital, oper-
éting, and finance charges plus a return on investment, if appropriate,
over the life of the plant.

In order to provide a range of prices (i.e., costs to a customer),
economic analyses were based on government financing, financing appro-
priate for a conventional-risk (typical) industry, and financing
appropriate for a high-risk industry.2 The estimated costs, costs
derived from the economic analysis, and the unit costs based on the three
different financing methods are summarized in Table 9.64., As may be
observed from the table, the price for fabrication of (U,Pu)OZ—UOZ fuel
is expected to be in the range from $370 to $710/kg depending on the
financing technique that is employed. The recommended cost for comparison
with other fuel cycles and methods of fabrication is the typical industry
cost of $570/kg of heavy metal. As with all the cost estimates in this
report, the prices are based on the mass of all heavy metal in the
finished assembly. For this case, this includes the uranium in the axial

blankets.



Table 9.64. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility
[NASAP Case 6.2.1 LMFBR U-Pu/U Spiked Recycle (Westinghouse Reference) -
Heterogeneous Core Design]

Estimated Costs, $ million

Derived Costs, $ million
Annual Owner's Charge on Annual Annual Unit
Economic . Hardware Annual Cost Direct Capital Equipment Payment to

i b
Setd Facility Equipment Plus Operating During During Replacement Decommissioning g?it
Materials Construction Construction Cost Fund ( 8)

A 260 255 60 27 39 140 13 1.2 370

B 260 255 60 28 41 200 13 1.3 570

C 260 255 60 29 42 200 13 1.3 710

a

A = Government financing; B = Typical industrial financing; C = High-risk industrial financing.

These unit costs apply only to the core fuel elements. The associated radial blanket costs are $100, $130, and $140 for
economic sets A, B, and C, respectively.

c0C
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9.15 NASAP CASE 6.2.2, LMFBR U-Pu/U SPIKED RECYCLE (GENERAL
ELECTRIC REFERENCE) HOMOGENEOUS CORE DESIGN

9.15.1 Fuel Cycle Description

This reactor—-fuel cycle combination and mass flows are identical to
that discussed in case 6.1 (Sect. 9.13) except that the core fuel
assemblies are preirradiated before shipment. This reactor—-fuel cycle
combination is an LMFBR using recycled coprocessed U-Pu mixed oxide in a
homogeneous core and recycled uranium mixed with makeup depleted uranium in
the axial and radial blanket assemblies. The core fuel is reprocessed
separately from the blanket assemblies. All the coprocessed, recovered
U-Pu from the core is mixed with makeup uranium and some of the U-Pu
re ~vered from blanket reprocessing is used for feed material to core
favrication. The excess coprocessed U-Pu from blanket reprocessing is
sent to secure storage for later use in LWRs or LMFBRs. All other
recovered uranium from blanket reprocessing is recycled to blanket fabri-
cation after being mixed with makeup depleted uranium.

In this cycle analysis only fabrication of the core assemblies is
considered. The products of the reprocessing plant are highly decon-
taminated and include the coarse and medium sizes of spherical particles
with the appropriate uranium-to-plutonium ratio and the recycled UOj fines.
The assumption was that excess -uranium from the reprocessing plant and/or
makeup depleted uranium will be fabricated by the pellet process into
radial blanket assemblies in an adjacent contact-operated and contact-—
maintained (CO/CM) facility. Urania pellets from that adjacent facility
will be used in the core fabrication facility for the axial blankets in
the core assemblies.

The extended burnup of the recycle plutonium will cause this material
to have significant radioactivity; consequently, a remotely operated and
contact-maintained (RO/CM) facility is required for the core assemblies
for this cycle.
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9.15.2 Applicability to Current Fuel Element Design

The core fuel element design chosen for this cycle is given in
Table 9.65.

The key considerations for sphere-pac applicability are the cladding
inside diameter measurements and the required fuel smear density. The
cladding ID of 6760 pm in the reference design is suitable for the sphere-
pac process. Although the specified smear density of 90%Z of theoretical
is above that currently achieved with experimental blended (three particle
size) sphere—-pac beds, we have assumed that the process is applicable

through a slight lowering of this design requirement.

9.15.3 Definition of Plant Production Requirements and
Design Capacity

For this LMFBR (U,Pu)0,-U0; fuel cycle, the plant design assumptions
are listed below. The heavy metal through-put for this plant and all
cases involving axial blanket fuel is based on the total heavy metal in
the finished fuel assembly, in both core and axial blanket heavy metal.

1. The fuel design is the General Electric Company Advanced Reactor
Systems Department homogeneous reactor reference fuel design.

2. The plant production capacity is 480 t HM/year with the capa-
bility for simultaneous production of three enrichments.

3. The plant factor is 240 effective full-production days per year.

4, Plant design capacity:

Overall 730 t HM/year

about 5 fuel assemblies/d
Each line of three 243 t HM/year

0.67 t HM/4

1080 fuel rods/d
4,0 fuel assemblies/d
5. Process design capacities are based on the line design capacities
and the scrap and sample losses defined in Sect. 9.15.4.
6. The facilities are designed to discharge no liquid waste other

than treated sanitary sewage.
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Table 9.65. Summary of General Electric Reference
IMFBR Fuel Assembly Parameter:
(N/ Case 6.2.2, L. 4R U-Pu/U Spike. Recycle)

Reactor Characteristics

Reactor power 1000 MWe (net)
Fuel assemblies 252 (150 zone 1; 102 zone 2)
Inner blanket assemblies Not applicable
Radial blanket assemblies 198
Control assemblies 19
Removable shield assemblies 240
Fissile enrichment, 7% Zone 1 — 10.24, zone 2, — 14.36
Number per Mass (kg) per
Component Characteristics Material Fuel Assembly Fuel Assembly
Fuel cladding Improved 316 SS 271
End plugs
Top Improved 316 SS 271
Bottom Improved 316 SS 271
Reflector rods
Plenum springs
Spacers
Wire wrap 316 SS 271
Attachment rails
Locking pins
Shield and inlet assemblies Improved 316 SS 1
Duct and upper handling Improved 316 SS 1

socket

Fuel Rod Characteristics

Fuel cladding outside diameter 7.37 mm (0.290 in.)
Fuel cladding inside diameter 6.76 mm (0.266 in.)

Fuel rod length 2.85 m (112 in.)
Plenum length
Upper 914.4 mm (36.0 in.)
Lower Not applicable
Core fuel height 1219 mm (48.0 in.)
Axial blanket height
Upper 356 mm (14.0 in.)
Lower 356 mm (14.0 in.)
Pellet density
Fuel smear density 90% T.D.
Pellet diameter 6.62 mm (0.2605 in.)
Pellet length
Wire wrap diameter 1.44 mm (0.0567 in.)
Bonding He

Fuel Assembly Characteristics

Array Hexagonal

Fuel assembly length

Duct outside flat-to-flat 154.5 mm (6.083 in.)
Duct wall thickness 3.18 mm (0.125 in.)

Mass of structural components

Heavy metal content
Core 103.74 kg
Axial blanket 63.48 kg
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7. All process buildings and critical auxiliary support are designed
and constructed in accordance with current United States Nuclear Regulatory
Commission licensing requirements. Shielding is provided to limit dose
rates to operating and maintenance personnel to 0.25 millirem/h.

In addition, we assumed that production from each fuel rod line is
campaigned to provide a full reload segment for a single 1000-MWe LMFBR.
Thus, the total heavy metal output for a given campaign is 21.1 t, and
each campaign requires 31.6 effective full-production days (48 calendar
days). The total facility, with an adjacent radial blanket assembly

plant, can support approximately 28 such reactors.

9.15.4 Estimates of Surge Storage Requirements, Scrap Production
Rates, and Processing Rates for Functional Steps

Given the plant design assumptions defined in Sect. 9.15.3, further
commercial plant characteristics were derived.

To achieve the annual production rates, an analysis of the plant
surge storage requirements and normal inventory was made, and the results
of this analysis are given in Table 9.66, _

Based on current technology and assuming reasonable extrapolations
for commercial-scale developments, a preliminary estimate was made of the
daily mass flows of heavy metal through the fabrication plant and the
average production rate of heavy metal scrap materials from the various
functional activities. These are presented in Table 9.67.

Given the above information, a preliminary evaluation of the pro-
cessing rate for each functional step within the main fuel fabrication
processes was made. The results of this analysis are summarized in

Table 9.68.

9.15.5 Analysis of Functional Technology Status, Research and
Development Requirements, Cost, and Schedule

The technology status of this system is quite similar to that of the
reference case discussed in Sect. 8. The current status and research and

development needs are summarized in Table 9.69. The primary difference



Table 9.66. Sphere-Pac Fabrication Plant Surge Storage Requirements and Normal Inventory
[NASAP Case 6.2.2, LMFBR U-Pu/U Spiked Recycle (GE Reference) —

Homogeneous Core Design]

Process step

Material

Storage

Interval, d

Normal Inventory, kg HM

Normal Maximum (Pu,U)0, U0, Fines U0, Pellets
Feed storage Dried spheres 30 60 31,000
Sintered spheres 30 60 8,200
Sintered pellets 30 60 10,400
Interim storage Dried spheres 1 2 1,030
Sintered spheres 1 2 270
Sintered pellets 1 2 350
Furnace Dried to sintered 1.2 2.4 1,240
spheres
Post furnace Sintered spheres 0.5 1 515
Interim storage Sintered spheres 0.36 0.72 370
Main storage Sintered spheres 1.2 2.4 1,300
Sintered spheres 1.5 2.9 410
Sintered pellets 1.5 .9 590
Loading, inspection, Sintered spheres 0.12 0.24 130 35 50
welding and pellets
Loaded, not inspected Sintered spheres 5 5 5,100 1,290 3,940
rods in rods
Rework and scrap Sintered spheres 2 5 250 45 100
and pellets
Completed fuel rods Sintered spheres 5 5 4,990 1,250 3,820
' and pellets
in rods
Assemhly Rods in completed 15 30 15,000 31.740 11,400

assemblies

0T1¢



Table 9.67.
[NASAP Case 6.2.2, LMFBR U — Pu/U Spiked Recycle (GE Reference) Homogeneous Core Design]
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Heavy Metal Mass Flows and Average Scrap Production for a Sphere-Pac Fuel Fabrication Plant

Processing Step

Mass Flow, kg HM/d

Daily Throughput

Clean Scrap:

Reject Scrapc

oo RPN wes S SELENSC eawe g0 Sk
Receiving and storage 1031.2 271.6¢ 762.2
Sampling and batch loading 1030.2 1.0
Weighing and sampling 271.3 761.5¢ 0.2 0.8
Calcining and sintering 1029.7 0.5
Sphere upgrading 1087.6f 30.9
Sphere sampling 1085.4 2.2
Interim storage 1085.4 271.3 415.1
Fuel rod loading 1085.4 271.3 415.1
Fuel rod scanning 1031.1 257.8 788.7¢ 52.1 13.0 19.9 2.2 G.
Top component insertion 1028.9 257.2 787.0 2.1 0.5 1.6 G.2
Rod welding and x ray 1028.9 257.2 787.0 4 4 [ I
Leak detection 1028.9 257.2 787.0 4 4 h I; " k
Rod assay 1008.3 252.1 771.2 16.5 4.9 15.0 1.0 0.3 0.8
Final rod imspection 997.8 249.4 763.2 10.1 2.5 7.7 0.4 0.1 0.3
Assembly inspection 992.6 248.2 759.2 _5.0 1.2 3.8 _0.2 0.05 0.2
Total 2000 88.8 22.1 48.0 38.6 1.3 3.1
a

o

e

Internally recycled.

dIncludes 22.1 kg of recycled clean scrap.

Collected, assayed, and externally recycled to reprocessing plant.

10.24 and 14.36% average fissile plutonium content in Zones 1 and 2, respectively.

€346.4 kg reserved for upper axial blanket loading (after fuel rod scanning).

fIncludes 88.8 kg of recycled clean scrap.
91ncludes 48.0 kg of recycled clean scrap and 346.4 kg of fresh material.

hRework in these steps is only of weld and does not affect scrap.



Table 9.68.
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Equipment Requirements for Functional Areas

[NASAP Case 6.2.2 LMFBR U-Pu/U Spiked Recvcle
(GE Reference) Homogeneous Core Design]

. Required Recommended?
Plant Design
. . . . Number Number
Functional Area Unit Production Requirement of of
(Nominal) Units Units?

1.0 Receiving

(Pu,U)0, (10 corrainers/carrier) 1600 kg/d 1030 kg/d 1 1

U0, fines Unlimited 270 kg/d 1 1

U0, Axial blanket pellets Unlimited 760 kg/d 1 1

1.1 Sampling NA®; done at reprocessing

plant

1.2 Weighing 48 containers/d 13 containers/d 1 2

1.3 Storage (80 kg HM/container) NA 60 d supply 814 820

1.4 Weighing 48 containers/d 2 containers/d 1 1

1.5 UO; fines sampling 4800 kg/d 270 kg/d 1 1

1.6 Storage (200 kg HM/comtainer) NA 60 d supply 82 85

1.7 UOQ; Axial blanket pellet 4800 kg/d 760 kg/d 1 1

sampling .

1.8 Storage (20 kg HM/container) NA 60 d supply 2280 2300
2.0 Fuel production (sphere processing)

2.1 Sampling 3840 kg/d 1030 kg/d 1 1, 3

2.2 Calcining and sintering 240 kg/d 1030 kg/d 5 2, 6

2.3 Microsphere inspection 20 kg/h 43 kg/h 3 1, 3

2.4 Interim storage 250 kg 1090 kg 5 2, 6
3.0 Fuel rod fabrication

3.1 Sintered sphere storage NA 2 d supply 28 10, 30

3.2 Sintered fertile storage NA 2 d supply 3 1, 3

3.3 Sintered pellet storage NA 2 d supply 35 12, 36

3.4 Sphere dispensing 35 kg/h 57 kg/h 2 1, 3

3.5 Sphere-pac loading 4 rods/h 148 rods/h 37 13, 39

3.6 Density inspection 10 rods/h 148 rods/h 15 5, 15

3.7 Axial blanket (pellet) loading 12 rods/h 141 rods/h 12 4, 12

3.8 Cleaning 24 rods/h 141 rods/h 6 2, 6

3.9 Plenum hardware and top end 12 rods/h 141 rods/h 12 4, 12

plugging

3.10 - Closure welds 12 rods/h 141 rods/h 12 - 4, 12

3.11 Rod assay 100 rods/h 141 rods/h 2 2

3.12 Rod inspection 40 rods/h. 137 rods/h 4 4

3.13 Rod rework 36 rods/d 168 rods/d 5 2, 6
4.0 Fuel assembly fabrication

4.1 Fuel rod storage NA 5 d production

4.2 Fuel assembly fabrication
4.3 1Inspection
4.4 Rework

Packaged fuel assembly storage

3 assemblies/d
6 assemblies/d
1 assembly/d

NA

12 assemblies/d
12 assemblies/d
0.06 assembly/d

30 d production

16,291 rods
4

2
NRE

359

17,000 rods
4

2
NR

360

aRecommended units include consideration of spare capacity for operational reliability.

bNumber of units is for the facility if a single number; otherwise, units per line, total units in facility.

°NA: not applicable.

R: not required. Use assembly equipment as available.
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Table 9.69. Research and Development Cost Estimates for Sphere-Pac Fabrication
[NASAP Case 6.2.2, LMFBR U-Pu/U Spiked Recycle (GE Reference) —
Homogeneous Core Design]

R&D Cost Estimates

R&D Categories Current Status” (Millions of gg;;iezz
1978 $)
1.0 Program management Not applicable 10 10
2.0 Design studies N — cold engineering 25 10
3.0 Receiving and storage P — cold engineering 4 5
4.0 Fuel production P — hot engineering 25 6
5.0 Fuel rod fabrication P — cold engineering 50 8
6.0 Fuel element assembly N — cold engineering 27 8
7.0 Scrap recovery N — cold engineering 3 5
8.0 Waste treatment b b b
9.0 Plant control systems N — cold prototype 5 8
10.0 Maintenance N — cold prototype 5 10
11.0 Safeguards and account- P — cold engineering 6 6
ability adaptation®
Subtotal 160
Special Facilities
Hot tests 10
Cold prototype 25
Total 195d
Range 185-235

“Status stage with qualitative modifiers; C = complete, P = in progress, and
N = needed.

bTo be supplied by others.

®Assumes basic technology as developed under 0SS estimate presented is for
applications testing, systems integration, and testing.

The estimate does not include costs for fuel qualification tests (about $20
million) or the capital costs of a pilot plant estimated at $160 million.
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between this U~Pu fuel and the reference U-Pu fuel is the much higher con-
centration of plutonium. Development is under way in the United States

on sphere forming, calcination, and sintering of (U,Pu)0Oy with Pu/U ratios
adequate for both the reference case and the fast reactor fuels.

While the functional fabrication processes are the same as those
given for the reference gel-sphere—pac fabrication case, the design of the
LMFBR fuel elements is considerably different. These differences in
design result in modifications to the details for accomplishing the
various functional activities and modifications to the facility design
detajils. In the subsequent paragraphs, each of the functional activities
is discussed as it applies to this case.

A generic gel-sphere-pac functional flow diagram is given in Fig. 3.1
of Sect. 3.1.1 of this report. The major functional areas apply to this
case, and the two main functions unique to the gel—-sphere—pac process are
fuel production (2.0) and fuel rod fabrication (3.0). All the functional
steps are briefly discussed here.

Receiving and Storagé. This functional area is quite similar to the

reference case. However, in addition to the spheres, the UO9 pellets from
the adjacent radial blanket assembly plant must be received, inspected,
and stored,

Fuel Production. The fuel production processes for the spheres are

essentially the same as those described for the reference case including
calcination, sintering, and inspection of the coarse and medium sizes,
which contain plutonium. No pr.cessing is planned for the U0Q) fines
because they are to be sintered at the reprocessing conversion step.
However, because the UO; axial blanket pellets make up approximately 387
of the total heavy metal content in a core fuel assembly, the quantity of
coarse and medium spheres processed is significantly less than in the
reference case.

Fuel Rod Fabrication. While most of the fuel rod fabrication pro-

cesses are similar to the reference case, additional steps are required to
incorporate the axial blanket material. The lower axial blanket section
is loaded into the fuel rod cladding before the cladding is introduced
into the cell. After the (U,Pu)0j core region is loaded by the sphere-pac

process into each rod and inspected for density the upper axial blanket
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section will be loaded by equipment similar to that used for inserting
plenum hardware. The actual plenum hardware insertion and end cap welding
operations are essentially the same as those described for the reference
case.

Fuel Assembly Operations. The fuel assembly design for this LMFBR

case 6.2,2 is identical to that for the pellet fabrication option.
Following fuel rod inspection each rod will be remotely wrapped with a
wire. This special wire wrap will space the fuel rods in the assembly.
Groups of these rods are assembled onto T-bars of varying length. The
T-bar strip layers are assembled and fastened to the lower end box of the
fuel assembly. The duct tube is installed and the finished assembly is
inspected.

Product Control Processes. These are the same as the reference case
(see Sect. 4.1.2).

Scrap and Waste Processing and Disposal. The scrap handling pro-

cesses are similar to the reference case (see Sect. 4.1.2) with the added
‘feature that all axial blanket pellets that are unloaded from an unsatis-
factory rod are inspected, and acceptable pellets are recycled within the

remotely operated part of the facilities to form upper axial blankets.

9.15.6 Preliminary Cost Estimate for Construction and Operation
of a Commercial-Scale Plant

The cost components that were estimated include capital costs for the
facility and equipment, fuel assembly hardware costs, material and supply
costs, and operating costs.

Facility capital cost estimates were based on an analysis of the
functional flow diagram for the process to indicate space requirements for
each functional area and for each support area. Equipment requirements
were identified, and costs associated with the equipment were estimated.
Fuel assembly hardware requirements were based on the reference fuel
assembly design parameters identified in Table 9.65. Estimates of the
costs of the hardware items were obtained. Material and supply require-

ments were identified from the sphere-pac process description, and
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estimates of the costs of materials and supplies were obtained. Operating
cost estimates included consideration of personnel, overhead, general and
administrative expenses, and costs of utilities.

The facility was assumed to operate as a toll processing facility.
That is, the operator fabricates customer—-supplied fuel feed materials
into finished fuel assemblies, and thus costs of plutonium and uranium
were not included in the cost estimates. The hardware and material costs
do include the costs associated with the production of the UO; pellets for
the axial blanket.

Unit costs for fabrication of fuel assemblies are determined by an
economic analysis of the basic capital, hardware and material, and
operating cost estimates. Basically, the economic analysis provides for
the owner of the fuel fabrication facility to recover all capital, oper-
ating, and finance charges plus a return on investment, if appropriate,
over the life of the plant.

In order to provide a range of prices (i.e., costs to a customer),
economic analyses were based on government financing, financing appro-
priate for a conventional-risk (typical) industry, and financing
appropriate for a high-risk industry.2 The estimated costs, costs
derived from the economic analysis, and the unit costs based on the three
different financinc methods are summarized in Table 9.70. As may be
observed from th. .able, the price for fabrication of (U,Pu)07-U0p fuel
is expected to be in the range from $380 to $730/kg depending on the
financing technique that is employed. The recommended cost for comparison
with other fuel cycles and methods of fabrication is the typical industry
cost of $580/kg of heavy metal. As with all the cost estimates in this
report, the prices are based on the mass of all heavy metal in the
finished assembly. For this case, this includes the uranium in the axial

blarrets.



Table 9.70. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility

[NASAP Case 6.2.2, LMFBR U-Pu/U Spiked Recycle (GE Reference) —
Homogeneous Core Design])

Estimated Costs, $ million Derived Costs, $ million
Annual Owner's Charge on Annual Annual Unit
Economic P Hardware Annual Cost Direct Capital Equipment Payment to n

Facility Equipment ; : X A Cost
Setd Plus Operating During During Replacement Decommissioning (5/kg)
Materials Construction Construction Cost Fund g

A 260 255 66 27 39 140 13 1.2 380

B 260 255 66 28 41 200 13 1.3 580

c 260 255 66 29 42 200 13 1.3 730

a

A = Government financing; B = Typical industrial financing; C = High-risk industrial financing.

LTC
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9.16 NASAP CASE 6.3.1, LMFBR U-Pu/Th SPIKED RECYCLE, WESTINGHOUSE
TRANSMUTER ; HETEROGENEOUS CORE DESIGN

9.16.1 Fuel Cycle Description

This reactor—-fuel cyc.ie combination is an LMFBR using 167% fissile
U-Pu core and an axial blanket of depleted uranium. In addition this
reactor has internal and radial blanket assemblies of thorium oxide. Core
fuel assemblies are preirradiated for spiking before shipment. Core and
axial blanket assemblies are coprocessed, and the recovered U-Pu is mixed
with makeup U-Pu as feed to core fabrication. Excess depleted uranium
from core reprocessing is used as diluent to the 233y recovered from the
internal and radial blanket reprocessing and as feed to axial blanket
fabrication. Makeup depleted uranium is required to complete axial
blanket feed material requirements. The denatured (in process) 233y is
stored in an interim storage facility. New thorium is used for internal
and radial blanket fabrication.

In this cycle analysis only fabrication of the core assemblies is
considered. The products of the reprocessing plant are highly decon-
taminated and include the coarse and medium sizes of spherical particles
with the appropriate uranium-plutonium ratio and the recycled U0, fines.
Spiking is provided after fabrication by irradiation. We have assumed
that excess uranium from the reprocessing plant and/or makeup depleted
uranium will be processed in an adjacent contact-operated and contact-
maintained (CO/CM) facility. 1In the same facility the ThOp radial blanket
assemblies are fabricated by the pellet process. Urania pellets from the
special pellet processing line in the adjacent facility will be used in
the core fabrication facility for the axial blankets in the core
assemblies.

The extended burnup of the recycle plutonium will cause this material
to have significant radioactivity; consequently, a remotely operated and
contact-maintained (RO/CM) f  ~ility is required for the core assemblies

for this cycle.
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9.16.2 Applicability to Current Fuel Element Design

The core fuel element design chosen for this cycle is given in
Table 9.71. These core elements are identical with those defined for
Case 6.2.1, Sect. 9.14,

The key considerations for sphere-pac applicability are the cladding
inside diameter measurements and the required fuel smear density. The
cladding ID of 7210 um in the reference design is suitable for the sphere-
pac process. Although the specified smear density of 917 of theoretical
is above that currently achieved with experimental blended (three particle
size) sphere-pac beds, we have assumed that the process is applicable

through a slight lowering of this design requirement.

9.16.3 Definition of Plant Production Requirements and
Design Capacity

For this LMFBR (U,Pu)03-U07 fuel cycle, the plant design assumptions
are listed below. The heavy metal through-put for this plant and all
cases involving axial blanket fuel is based on the total heavy metal in
the finished fuel assembly, in both core and axial blanket.

l. The fuel design is the Westinghouse Electric Corporation Advanced
Reactors Division heterogeneous core reactor reference large rod fuel
design.

2., The plant production capacity is 480 t HM/year with the capa-
bility for simultaneous production of three enrichments.

3. The plant factor is 240 effective full-production days per year.

4, Plant design capacity:

Overall 730 t HM/year

about 11 fuel assemblies/d
Each line of three 243 t HM/year

0.67 t HM/4

961 fuel rods/d
3.5 fuel assemblies/d
5. Process design capacities are based on the line design capacities

and the scrap and sample losses defined in Sect. 9.16.4.
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Table 9.71. Summary of Westinghouse Large Pin Transmuter
LMFBR Fuel Assembly Parameters
(NASAP Case 6.3.1, LMFBR U-Pu/Th Spiked Recycle, Heterogeneous Core Design)

Reactor Characteristics

Reactor power 1000 MWe (net)

Fuel assemblies 270 (222 zone 1; 48 zone 2)

Inner blanket assemblies 121

Radial blanket assemblies 138

Control assemblies 30

Removable shield assemblies

Fissile enrichment, % Zone 1 — 20.5; zone 2 — 19.4

Number per Mass (kg) per
Component Characteristics Material Fuel Assembly Fuel Assembly

Fuel cladding Improved 316 SS 271

End plugs
Top Improved 316 SS 271
Bottom Improved 316 SS 271

Reflector rods

Plenum springs

Spacers

Wire wrap 316 SS 271

Attachment rails

Locking pins

Shield and inlet assemblies Improved 316 SS ]

Duct and upper handling Improved 316 SS ‘
socket

Fuel Rod Characteristics

Fuel cladding outside diameter 7.87 mm (0.310 in.)
Fuel cladding inside diameter 7.21 mm (0.284 1in.)
Fuel rod length

Plenum length

Upper
Lower
Core fuel height ©1219 mm (48.0 in.)
Axial blanket height
Upper 356 mm (14.0 in.)
Lower 356 mm (14.0 in.)
Pellet density 10.45 Mg/m3
Fuel smear density 91% T.D.
Pellet diameter 7.06 mm (0.278 in.)
Pellet length
Wire wrap diameter 1.18 mm (0.0465 in.)
Bonding He

Fuel Assembly Characteristics

Array Hexagonal

Fuel assembly length 4.65 m (183 in.)
Duct outside flat-to-flat 0.1593 m (6.270 in.)
Duct wall thickness 3.68 mm (0.145 in.)

Mass of structural components

Heavy metal content
Core 118.9 kg
Axial blanket . 69.1 kg
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6. The facilities are designed to discharge no liquid waste other
than treated sanitary sewage.

7. All process buildings and critical auxiliary support are designed
and constructed in accordance with current United States Nuclear Regulatory
Commission licensing requirements. Shielding is provided to limit dose
rates to operating and maintenance personnel to 0.25 millirem/h.

In addition, we assumed that production from each fuel rod line is
campaigned to provide a full reload segment for a single 1000-MWe LMFBR.
Thus, the total heavy metal output for a given campaign is 17 t, and
each campaign requires 25.4 effective full-production days (39 calendar
days). The total facility, with an adjacent radial blanket assembly

plant, can support approximately 28 such reactors.

9.16.4 Estimates of Surge Storage Requirements, Scrap Production
Rates, and Processing Rates for Functional Steps

Given the plant design assumptions defined in Sect. 9.16.3, further
commercial plant characteristics were derived.

To achieve the annual production rates, an analysis of the plant
surge storage requirements and normal inventory was made, and the results
of this analysis are given in Table 9.72.

Based on current technology and assuming reasonable extrapolations
for commercial-scale developments, preliminary estimates were made of the
daily mass flows of heavy metal through the fabrication plant and the
average production rate of heavy metal scrap materials from the various

functional activities. These are presented in Table 9.73.

v Given the above information, a preliminary evaluation of the pro-—
cessing rate for each functional step within the wmain fuel fabrication
processes was made. The results of this analysis are summarized in

Table 9.74.

9.16.5 Analysis of Functional Technology Status, Research and
Development Requirements, Cost, and Schedule

The technology status of this system 1s quite similar to that of the

reference case discussed in Sect. 8. The current status and research and



Table 9.72. Sphere-Pac Fabrication Plant Surge Storage Requirements and Normal Inventory

(NASAP Case 6.3.1, LMFBR U-Pu/Th Spiked Recycle, Westinghouse Transmuter —
Heterogeneous Core Design)

I i;gig%e d Normal Inventory, kg HM
Process step Material n ’
Normal  Maximum (Pu,U)0, U0, Fines U0, Pellets
Feed storage Dried spheres 30 60 32,000
Sintered spheres 30 60 8,300
Sintered pellets 30 60 10,100
Interim storage Dried spheres 1 2 1,100
Sintered spheres 1 2 280
Sintered pellets 1 2 340
Furnace Dried to sintered 1.2 2.4 1,260
spheres
Post furnace Sintered spheres 0.5 1 1,530
Interim storage Sintered spheres 0.36 0.72 380
Main storage Sintered spheres 1.2 2.4 1,300
Sintered spheres 1.5 2.9 410
Sintered pellets 1.5 2.9 570
Loading, inspection, Sintered spheres 0.12 0.24 130 35 45
welding and pellets
Loaded, not inspected Sintered spheres 5 5 5,200 1,310 3,810
rods in rods
Rework and scrap Sintered spheres 2 5 260 50 100
and pellets
Completed fuel rods Sintered spheres 5 5 5,100 1,270 3,690
and pellets
in rods
Assembly Rods in completed 15 30 15,000 3,810 11,100

assemblies

zie
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Table 9.73. Heavy Metal Mass Flows and Average Scrap Production for a Sphere-Pac Fuel Fabrication Plant
{NASAP Case 6.3.1, LMFBR U — Pu/U Spiked Recycle (Westinghouse Reference) — Heterogeneous Core Design]

Mass Flow, kg HM/d

Daily Throughput Clean Scrapb Reject Scrapc

Processing Step

vo, Axial Blanket

uo; Axial Blanket uo, Axial Blanket

Fa00:%  piie w0, pelters PO piilo Tio, pellers 9002 pinee U, Pellets
Receiving and storage 1051.3 276.99 737.9
Sampling and batch loading 1050.2 1.1
Weighing and sampling 276.6 737.2¢ 0.3 0.7
Calcining and sintering 1049.7 0.5
Sphere upgrading 1108.7f 31.5
Sphere sampling 1106.5 2.2
Interim storage 1106.5 276.6 401.9
Fuel rod loading 1106.5  276.6 401.9
Fuel rod scanning 1051.2 262.8 763.6° 53.1 13.3 19.3 2.2 0.6
Top component insertion 1048.9 262.2 762.0 2.1 0.5 1.5 0.2 0.1 .
Rod welding and x ray 1048.9 262.2 762.0 h h h h
Leak detection ' 1048.9 262.2 762.0 4 ke h h h
Rod assay 1027.9 257.0 746.7 19.9 5.0 14.5 1.0 0.3 0.8
Final rod inspection 1017.2 254.3 738.9 10.3 2.6 7.5 0.4 0.1 0.3
Assembly inspection 1011.9 253.0 735.1 5.1 _1.3 3.7 _0.2 0.1 0.1
Total 2000 90.5 22.7 46.5 39.3 1.3 2.9
%11.82 and 17.67% average fissile plutonium contents in Zones 1 and 2, respectively.
bInternﬂlly recycled.
cCollected. assayed, and externally recycled to reprocessing plant.
dlncludes 22.7 kg of recycled clean scrap.
e

P
¢ Includes 90.5 kg of recycled clean scrap-

335.3 kg reserved for upper axial blanket loading (after fuel rod scanning).

9Includes 46.5 kg of recycled clean scrap and 335.3 kg of fresh material for upper axial blanket loading.

h

Rework 1n these steps is only of weld and does not affect scrap.
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Equipment Requirements for Functional Areas

(NASAP Case 6.3.1 LMFBR U-Pu/Th Spiked Recycle,
Westinghouse Transmuter; Heterogeneous Core Design)

. Required Recommended?
Plant Desigr
X . ) . Number Number
Functional Area Unit Production Requlrement of of
(Nominal) Units Units?

1.0 Receiving

(Pu,U)0; (10 containers/carrier) 1600 kg/d 1050 kg/d 1 1

U0, fines Unlimited 280 kg/d 1 1

V0, Axial blanket pellets Unlimited 740 kg/d 1 1

1.1 Sampling NA®; done at reprocessing

plant

1.2 Weighing 48 containers/d 14 containers/d 1 2

1.3 Storage (80 kg HM/container) NA 60 d supply 789 800

1.4 Weighing 48 containers/d 2 containers/d 1 1

1.5 U0, fines sampling 4800 kg/d 280 kg/d 1 1

1.6 Storage (200 kg HM/container) NA 60 d supply 84 85

1.7 UO; Axial blanket pellet 4800 kg/d

sampling

1.8 Storage (20 kg HM/container) NA 60 d supply 2220 2250
2.0 Fuel production (sphere processing)

2.1 Sampling 3840 kg/d 1050 kg/d 1 1, 3

2.2 Calcining and sintering 240 kg/d 1050 kg/d 5 2, 6

2.3 Microsphere inspection 20 kg/h 46 kg/h 3 1, 3

2.4 Interim storage 250 kg 1110 kg 5 2, 6
3.0 Fuel rod fabrication

3.1 Sintered sphere storage NA 2 d supply 28 10, 30

3.2 Sintered fertile storage NA 2 d supply 3 1, 3

3.3 Sintered pellet storage NA © 2 d supply 39 13, 39

3.4 Sphere dispensing 35 kg/h 58 kg/h 2 1, 3

3.5 Sphere-pac loading 4 rods/h 132 rods/h 33 11, 33

3.6 Density inspection 10 rods/h 132 rods/h 14 5, 15

3.7 Axial blanket (pellet) loading 12 rods/h 125 rods/h 11 4, 12

3.8 Cleaning 24 rods/h 125 rods/h 6 2, 6

3.9 Plenum hardware and top end 12 rods/h 125 rods/h 11 4, 12

plugging

3.10 Closure welds 12 rods/h 125 rods/h 11 4, 12

3.11 Rod assay 100 rods/h 125 rods/h 2 2

3.12 Rod inspection 40 rods/h 122 rods/h 4 4

3.13 Rod rework 36 rods/d 150 rods/d 5 2, 6
4.0 Fuel assembly fabrication

4.1 Fuel rod storage NA 5 d production 14,490 rods 15,000 rods

4.2 Fuel assembly fabrication 3 assemblies/d 11 assemblies/d 4 4

4.3 Inspection 6 assemblies/d 11 assemblies/d 2 a 2

4.4 Rework 1 assembly/d 0.05 assembly/d NR NR

Packaged fuel assembly storage NA 30 d production 320 320

a
b
°Na:
dNR:

not applicable.

not required. Use assembly equipment as available.

Recommended units include consideratjon of spare capacity for operational reliability.

Number of units is for the facility if a single number; otherwise, units per line, total units in facility,
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development needs are summarized in Table 9.75. The primary difference
between this U-Pu fuel and the reference U-~Pu fuel is the much higher con-
centration of plutonium. Development is under way in the United States

on sphere forming, calcination, and sintering of (U,Pu)0) with Pu/U ratios
adequate for both the reference case and the fast reactor fuels.

While the functional fabrication processes are the same as those
given for the reference gel-sphere-pac fabrication case, the design of the
LMFBR fuel elements is considerably different. These differences in
design result in modifications to the details for accomplishing the
various functional activities and modifications to the facility design
details. 1In the subsequent paragraphs, each of the functional activities
is discussed as it applies to this case.

A gel-sphere-pac functional flow diagram is given in Fig. 3.1 of
Sect. 3.1.1 of this report. The major functional areas apply to this
case, and the two main functions unique to the gel-sphere-pac process are
fuel production (2.0) and fuel rod fabrication (3.0). All the functional
steps are briefly discussed here.

Receiving and Storage. This functional area is quite similar to the

reference case. However, in addition to the spheres, the U0y axial
blanket pellets must be received, inspected, and stored.

Fuel Production. The fuel production processes for the spheres are

essentially the same as those described for the reference case including
calcination, sintering, and inspection of the coarse and medium sizes,
which contain plutonium. No processing is planned for the U0y fines
because they are to be sintered at the reprocessing conversion step.
However, because the U0y axial blanket pellets make up approximately 377%
of the total heavy metal content in a core fuel assembly, the quantity of
coarse and medium spheres processed is significantly less than in the
reference case,

Fuel Rod Fabrication. While most of the fuel rod fabrication pro-

cesses are similar to the reference case, additional steps are required to
incorporate the. axial blanket material. The lower axial blanket section
is loaded into the fuel rod cladding before the cladding is introduced
into the cell. After the (U,Pu)0; core region is loaded by the sphere-pac
process into each rod and inspected for density the upper axial blanket

section will be loaded by equipment similar to that used for inserting



226

Table 9.75. Research and Development Cost Estimates for Sphere-Pac Fabrication
[NASAP Case 6.3.1, LMFBR U-Pu/Th Spiked Recycle, Westinghouse Transmuter;
Heterovgeneous Core Designl]

R&D Cost Estimates

R&D Categories Current Status® (Millions of gs:;ietz
1978 $)
1.0 Program management Not applicable 10 10
2.0 Design studies - N — cold engineering 25 10
3.0 Receiving and storage P — cold engineering 4 5
4.0 Fuel production P — hot engineering 25 6
5.0 TFuel rod fabrication P — cold engineering 50 8
6.0 Fuel element assembly N — cold engineering 27 8
7.0 Scrap recovery N — cold engineering 3 5
8.0 Waste treatment b b b
9.0 Plant control systems N — cold prototype 5 8
10.0 Maintenance N — cold prototype 5 10
11.0 Safeguards and account- P — cold engineering 6 6
ability adaptation®
Subtotal 160
Special Facilities
Hot tests 10
Cold prototype 25
Total ' 1957
Range 185-235

a . . . o .
Status stage with qualitative modifiers; C = complete, P = in progress, and
N = needed.

bTo be supplied by others.

e . . .
Assumes basic technology as developed under 0SS estimate presented is for
applications testing, systems integraton, and testing.

The estimate does not include costs for fuel qualification tests (about $20
million) or the capital costs of a pilot plant estimated at $160 million.
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plenum hardware. The actual plenum hardware insertion and end cap welding
operations are essentially the same as those described for the reference
case.

Fuel Assembly Operations. The fuel assembly design for this LMFBR

case 6.3.1 is identical to that for the pellet fabrication option.
Following fuel rod inspection each rod will be remotely wrapped with a
wire. This special wire wrap will space the fuel rods in the assembly.
Groups of these rods are assembled onto T~bars of varying length. The
T-bar strip layers are assembled and fastened to the lower end box of the
fuel assembly. The duct tube is installed and the finished assembly is
inspected.

Product Control Processes. These are the same as the reference case

(see Sect. 4.1.2).

Scrap and Waste Processing and Disposal. The scrap handling pro-

cesses are similar to the reference case (see Sect. 4.1.2) with the added
feature that all axial blanket pellets that are unloaded from an unsatis-
factory rod are inspected, and acceptable pellets are recycled within the

remotely operated part of the facilities to form upper axial blankets.

9.16.6 Preliminary Cost Estimate for Construction and Operation
of a Commercial-Scale Plant

The cost components that were estimated include capital costs for the
facility and equipment, fuel assembly hardware costs, material and supply
costs, and operating costs.

Facility capital cost estimates were based on an analysis of the
functional flow diagram for the process to indicate space requirements for
each functional area and for each support area. Equipment requirements
were identified, and costs associated with the equipment were estimated.
Fuel assembly hardware requirements were based on the reference fuel
assembly design parameters identified in Table 9.71. Estimates of the
costs of the hardware items were obtained. Material and supply require-
ments were identified from the sphere-pac process description, and esti-
mates of the costs of materials and supplies were obtained. Operating
cost estimates included consideration of personnel, overhead, general and

administrative expenses, and costs of utilities.



228

The facility was assumed to operate as a toll processing facility.
That is, the operator fabricates customer-supplied fuel feed materials
into finished fuel assemblies, and thus costs of plutonium, uranium, and
thorium were not included in the cost estimates. The hardware and
material costs do include the costs associated with the production of the
U0y pellets for the axial blanket.

Un : costs for fabrication of fuel assemblies are determined by an
economic analysis of the basic capital, hardware and material, and
operating cost estimates. Basically, the economic analysis provides for
the owne: of the fuel fabrication facility to recover all capital, opér—
ating, and finance charges plus a return on investment, if appropriate,
over the life of the plant.

In order to provide a range of prices (i.e., costs to a customer),
economic analyses were based on government financing, financing appro-
priate for a conventional-risk (typical) industry, and financing
appropriate for a high-risk industry.2 The estimated costs, costs
derived from the economic analysis, and the unit costs based on the three
different financing methods are summarized in Table 9.76. As may be
observed from the table, the price for fabricatipn of (U,Pu)02-U07 fuel
is expected to be in the range from $370 to $710/kg depending on the
financing technique that is employed. The recommended cost for comparison
with other fuel cycles and methods of fabrication is the typical industry
cost of $570/kg of heavy metal. As with all the cost estimates in this
report, the prices are based on the mass of all heavy metal in the
finished assembly. For this case, this includes the uranium in the axial

blankets.



Table 9.76. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility
[NASAP Case 6.3.1 LMFBR U-Pu/Th Spiked Recycle, (Westinghouse Transmuter) —
Heterogeneous Core Design]

Estimated Costs, $ million

Derived Costs, $§ million

Annual Owner's Charge on Annual Annual Unit
. . . X ni
Econoglc Facility Equipment Hardware Annual Cost Direct Capital Equipment Payment to Cost
Set Plus Operating During During Replacement Decommissioning
Materials Construction Construction Cost Fund ($/kg)
A 260 255 60 27 39 140 13 1.2 370
B 260 255 60 28 40 200 13 1.3 570
C 260 255 60 29 41 200 13 1.3 710
%A = Government financing; B = Typical industrial financing; C = High-risk industrial financing.
b The associated radial blanket costs are $110, $130, and $150 for

These unit costs apply only to the core fuel elements.
economic sets A, B, and C, respectively. :

6¢CC
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9.17 NASAP CASE 6.3.2, IMFBF U-Pu/Th, SPIKED RECYCLE, GENERAL
ELECTRIC TRANSMUTER, HC OGENEOUS CORE DESIGN

9.17.1 Fuel Cycle Description

“nis reactor—fuel cycle combination is an LMFBR using a homogeneous
core of U-Pu and axial and radial blankets of thorium oxide. Core
assemblies are preirradiated for spiking before shipment. Core assemblies
are coprocessed, and all the recovered uranium and plutonium are recycled
to fabrication. Makeup plutonium from secure storage and depleted uranium
are mixed with the recycled U-Pu as feed to core fabrication. Blanket
assemblies are fabricated from new thorium. The 233U recovered during
blanket reprocessing is denatured with the addition of depleted uranium in
process and sent to safe storage. The recovered thorium is stored for ten
years. )

In this cycle analysis only fabrication of the core assemblies is
considered. The required makeup plutonium and depleted uranium are
assumed to be mixed with the highly decontaminated coprocessed (U,Pu)0Oj in
the reprocessing plant before conversion. The reprocessing plant will
thus supply the coarse and medium sizes of spherical particles with the
appropriate U/Pu ratio in the as-dried condition and the U0 fine par-
ticles as fully sintered spheres. The ThO; pellets for the axial blanket
regions in these assemblies will be supplied from an adjacent contact-
operated and contact-maintained (CO/CM) facility here the radial blanket
assemblies are fabricated. ‘

The extended burnup of the recycle plutonium will cause significant
radioactivity in the (U,Pu)0; core materials., Consequently, a remotely
operated and contact-maintained (RO/CM) facility has been addressed in
this analysis. However, it is fully recognized that any crossover of the
233y bred in the axial blankets into the core (U,Pu) stream would signifi-
cantly increase the radioactivity of the (U,Pu)O; materials. Such a
situation would probably require a remotely operated and remotely main-
tained (RO/RM) facility. This would significantly increase the facility
capital and operating costs but would not alter the basic fabrication

process requirements.
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9.,17.2 Applicability to Current Fuel Element Design

The core fuel element design chosen for this cycle is given in
Table 9.77.

The key considerations for sphere-pac applicability are the cladding
inside diameter measurements and the required fuel smear density. The
cladding ID of 6760 um in the reference design is suitable for the sphere-
pac process. Although the specified smear density of 907% of theoretical
is above that currently achieved with experimental blended (three particle
size) sphere-pac beds, we have assumed that the process is applicable

through a slight lowering of this design requirement.

9.17.3 Definition of Plant Production Requirements and
Design Capacity

For this LMFBR (U,Pu)07-ThOs fuel cycle, the plant design assumptions
are listed below. The heavy metal through-put for this plant and all
cases involving axial blanket fuel is based on the total heavy metal in
the finished fuel assembly, in both core and axial blanket.

l. The fuel design is the General Electric Company Advanced Reactor
Systems Department homogeneous reactor fuel design. '

2. The plant production capacity is 480 t HM/year with the capa-
bility for simultaneous production of three enrichments.

3. The plant factor is 240 effective full-production days per year.

4, Plant design capacity:

Overall 730 t HM/year
about 13 fuel assemblies/d
Each line of three 243 t HM/year
0.67 t HM/d
1119 fuel rods/d
) 4.1 fuel assemblies/d

5. Process design capacities are based on the line design capacities
and the scrap and sample losses defined in Sect. 9.17.4.

6. The facilities are designed to discharge no liquid waste other

than treated sanitary sewage.
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Table 9.77. Summary of General Electric Transmuter LMFBR Fuel Assembly Parameters
(NASAP Case 6.3.2, LMFBR U-Pu/Th, Spiked Recycle,
Homogeneous Core Design)

Reacto: Characteristics

Reactor power 1000 MWe (net)
Fuel assemblies 252 (150 zone 1; 102 zone 2)
Inner blanket assemblies Not applicable
Radial blanket assemblies 198
Control assemblies 19
Removable shield assemblies 240
Fissile enrichment, % Zone 1 — 10.24; Zone 2, — 14.36
Number per Mass (kg) per
Component Characteristics Material Fuel Assembly Fuel Assembly
Fuel cladding Improved 316 SS 271
End plugs
Top Improved 316 SS 271
Bottom Improved 316 SS 271
Reflector rods
Plenum springs
Spacers
Wire wrap 316 SS 271
Attachment rails
Locking pins
Shield and inlet assemblies Improved 316 SS 1
Duct and upper handling Improved 316 SS 1

socket

Fuel Rod Characteristics

Fuel cladding outside diameter 7.37 mm (0.290 in.)

Fuel cladding inside diameter 6.76 mm (0.266 in.)
Fuel rod length 2.85 cm (112 in.)
Plenum length
Upper 914.4 mm (36.0 in.)
Lower Not applicable
Core fuel height 1219 mm (48.0 in.)
Axial blanket height
Upper 356 mm (14.0 in.)
Lower 356 mm (14.0 in.)
Pellet density
Fuel smear density 90% T.D.
Pellet diameter 6.62 mm (0.2605 in.)
Pellet length
Wire wrap diameter 1.44 mm (0.0567 in.)
Bonding He

Fuel Assembly Characteristics

Array Hexagonal

Fuel assembly length

Duct outside flat-to-flat 154.5 mm (6.083 in.)
Duct wall thickness 3.18 mm (0.125 in.)

Mass of structural components

Heavy metal content
Core 103.74 kg
Axial blanket 57.75 kg
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7. All process buildings and critical auxiliary support are designed
and constructed in accordance with current United States Nuclear Regulatory
Commission licensing requirements. Shielding is provided to limit dose
rates to operating and maintenance personnel to 0.25 millirem/h.

In addition, we assumed that production from each fuel rod line is
campaigned to provide a full reload segment for a single 1000-MWe LMFBR.
Thus, the total heavy metal output for a given campaign is 20.3 t, and
each campaign requires 30,5 effective full-production days (46 calendar
days). The total facility, with an adjacent radial blanket assembly

plant, can support approximately 29 such reactors.

9.17.4 Estimates of Surge Storage Requirements, Scrap Production
Rates, and Processing Rates for Functional Steps

Given the plant design assumptions defined in Sect. 9.17.3, further
commercial plant characteristics were derived.

To achieve the annual production rates, an analysis of the plant
surge storage requirements and normal inventory was made, and the results
of this analysis are given in Table 9.78.

Based on current technology and assuming reasonable extrapolations
for commercial-scale developments, a preliminary estimate was made of the
daily mass flows of heavy metal through the fabrication plant and the
average production rate of heavy metal scrap materials from the various
functional activities. These are presented in Table 9.79.

Given the above information, a preliminary evaluation of the pro-
cessing rate for each functional step within the main fuel fabrication
processes was made. The results of this analysis are summarized in

Table 9.80.

9.17.5 Analysis of Functional Technology Status, Research and
Development Requirements, Cost, and Schedule

The technology status of this system is quite similar to that of the
reference case discussed in Sect. 8. The current status and research and

development needs are summarized in Table 9.81. The primary difference



Table 9.78. Sphere-Pac Fabrication Plant Surge Storage Requirements and Normal Inventory
[NASAP Case 6.3.2, LMFBR U-Pu/Th Spiked Recycle (GE Transmuter) —
Homogeneous Core Design]

Storage

Interval, d

Normal Inventory, kg HM

assemblies

Process step Material
Normal Maximum (Pu,U)0, U0, Fines ThO, Pellets
Feed storage Dried spheres 30 60 32,000
’ Sintered spheres 30 60 8,440
Sintered pellets 30 60 21,540
Interim storage Dried spheres 1 2 1,130
Sintered spheres 1 2 280
Sintered pellets 1 2 390
Furnace Dried to sintered 1.2 2.4 1,360
spheres
Post furnace Sintered spheres 0.5 1 570
Interim storage Sintered spheres 0.36 0.72 410
Main storage Sintered spheres 1.2 2.4 1,360
Sintered spheres 1.5 2.9 420
Sintered pellets 1.5 2.9 590
Loading, inspection, Sintered spheres 0.12 0.24 230 30 45
welding and pellets
Loaded, not inspected Sintered spheres 5 5 5,330 1,330 3,710
rods in rods ,
Rework and scrap Sintered spheres 2 5 200 50 90
and pellets
Completed fuel rods Sintered spheres 5 5 5,170 1,290 3,600
and pellets
in rods
Assembly Rods in completed 15 30 15,420 3,860 10,730

wee



Table 9.79.

Heavy Metal Mass Flows and Average Scrap Production for a Sphere-Pac Fuel Fabrication Plant
(NASAP Case 6.3.2, LMFBR U-Pu/Th, Spiked Recycle, GE Transmuter, Homogeneous Core Design)

Processing Step

Mass Flow, kg HM/d

Daily Throughput

Clean Scrapb

Reject Scrap¢

(umos”  or RIS Guuot M1 el Baker o0 W0r 1 deial blanke:
Receiving and storage 1068.0 281.34 717.9
Sampling and batch loading 1066.9 1.1
Weighing and sampling 281.0 717.22 0.3 0.7
Calcining and sintering 1066.4 0.5
Sphere upgrading 1126.2f 32.0
Sphere sampling 1123.9 2.3
Interim storage 1123.9 281.0 391.0
Fuel rod loading 1123.9 281.0 391.0
Fuel rod scanning 1067.7 266.9 743.09 53.9 13.5 18.8 2.2 0.6 0.8
Top component insertion 1065.4 266.3 741.3 2.1 0.5 1.5 0.2 0.1 0.1
Rod welding and x ray 1065.4 266.3 741.3 h h h K
Leak detection 1065.4 266.3 741.3 h h h h
Rod assay 1044.1 261.0 726.5 20.2 5.1 14.1 1.1 0.3 0.7
Final rod inspection 1033.2 258.3 719.0 10.4 2.6 7.3 0.4 0.1 0.3
Assembly inspection 1027.8 257.0 715.2 5.2 1.3 3.6 0.2 0.1 0.1
Total 2000 91.8 23.0 45.3 40.0 1.3 2.7
210.24 and 14.367 averaée fissile plutonium contents in Zones 1 and 2, respectively.
bInternally recycled.
ZCollected, assayed, and externally recycled to reprocessing plant.

Includes 23.0 kg of recycled clean scrap.

€326.2 kg reserved for upper axial blanket loading (after fuel rod scanning).

f

Includes 91.8 kg of recycled clean scrap.

Iincludes 45.3 kg of recycled clean scrap and 326.2 kg of fresh material.

Rework in these steps is only of weld and does not affect scrap.

4
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Equipment Requirements for Functional Areas

(NASAP Case 6.3.2 LMFBR U~Pu/Th, Spiked Recycle,
GE Transmuter, Homogeneous Core Design)

4.2 Fuel assembly fabrication
4.3 Inspection
4.4 Rework

Packaged fuel assembly storage

3 assemblies/d
6 assemblies/d
1 assembly/d

NA

13 assemblies/d
13 assemblies/d
0.07 assembly/d

30 d production

16,870 rods
5

3
NRd

372

Required Recommende .
. . Plant ‘Design Number Number
Functional Area Unit Production Requirement of of
(Nominal) Units Unitsb
1.0 Receiving
(Pu,U)0, (10 containers/carrier) 1600 kg/d 1030 kg/d 1 1
U0, fines Unlimited 280 kg/d 1 1
ThO, Axial blanket pellets Unlimited 720 kg/d 1 1
1.1 Sampling NA®; done at reprocessing
plant
1.2 Weighing . 48 containers/d 14 containers/d 1 2
1.3 Storage (80 kg HM/container) NA 60 d supply 801 810
1.4 Weighing 48 containers/d 2 containers/d 1 1
1.5 UQ, fines sampling 4800 kg/d 280 kg/d 1 1
1.6 Storage (200 kg HM/container) NA 60 d supply 85 85
1.7 ThO, Axial blanket pellet 4800 kg/d 720 kg/d 1 1
sampling
1.8 Storage (20 kg HM/containmer) NA 60 d supply 2160 2200
2.0 Fuel production (sphere processing)
2.1 Sampling 3840 kg/d 1070 kg/d 1 i, 3
2.2 Calcining and sintering 240 kg/d 1070 kg/d 5 2, 6
2.3 Microsphere inspection 20 kg/h 47 kg/h 3 1, 3
2.4 Interim storage 250 kg 1120 kg/d 5 2, 6
3.0 Fuel rod fabrication
. 3.1 Sintered sphere storage NA 2 d supply 28 10, 30
3.2 Sintered fertile storage NA 2 d supply 3 1, 3
3.3 Sintered pellet storage NA 2 d supply 38 13, 39
3.4 Sphere dispensing 35 kg/h 59 kg/h 2 1, 3
3.5 Sphere-pac loading 4 rods/h 153 rods/h 39 13, 39
"3.6 Density inspection 10 rods/h 153 rods/h 16 6, 24
3.7 Axial blanket (pellet) loading 12 rods/h 146 rods/h 13 5, 15
3.8 Cleaning 24 rods/h 146 rods/h 7 3, 9
3.9 Plenum hardware and top end 12 rods/h 146 rods/h 13 5, 15
plugging
3.10 Closure welds 12 rods/h 146 rods/h 13 5, 15
3.11 Rod assay 100 rods/h 146 rods/h 2 2
3.12 Rod inspection 40 rods/h 146 rods/h 4 4
3.13 Rod rework 36 rods/d 174 rods/d 5 2, 6
4.0 Fuel assembly fabrication
4.1 Fuel rod storage NA 5 d production

17,000 rods
5

3
NR

380

Apecommended units include consideration of spare capacity for operational reliability.

bNumber of units is for the facility if a single number; otherwise, units per lime, total units in facility.

®NA: ot applicable.

dNR: not required. Use assembly equipment as available.
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Table 9.81. Research and Development Cost Estimates for Sphere-Pac Fabrication
[NASAP Case 6.3.2, LMFBR U-Pu/Th, Spiked Recycle, GE Transmuter;
Homogeneous Core Design]

R&D Cost Estimates

R&D Categories Current Status® (Millions of zs;;iezz
1978 $) .
1.0 Program management Not applicable 10 10
2.0 Design studies N — cold engineering 25 10
3.0 Receiving and storage P — cold engineering 4 5
4.0 Fuel production P — hot engineering 25 6
5.0 Fuel rod fabrication P — cold engineering 50 8
6.0 Fuel element assembly N — cold engineering 27 8
7.0 Scrap recovery N — cold engineering 4 5
8.0 Waste treatment b b b
9.0 Plant control systems N — cold prototype 5 8
10.0 Maintenance N — cold prototype 5 10
11.0 Safeguards and account- P — cold engineering 6 6
ability adaptation® ’
Subtotal 161
Special Facilities
Hot tests 10
Cold prototype 25
Total 196d
Range 185-235

a ]
Status stage with qualitative modifiers; C = complete, P = in progress, and
N = needed.

bTo be supplied by others.

“Assumes basic technology as developed under 0SS estimate presented is for
applications testing, systems integraton, and testing.

The estimate does not include costs for fuel qualification tests (about $20
million) or the capital costs of a pilot plant estimated at $170 million.



238

between this U-Pu fuel and the reference U-Pu fuel is the much higher con-
centration of plutonium. Development is under way in the United States

on sphere forming, calcination, and sintering of (U,Pu)O2 with Pu/U ratios
adequate for both the reference case and the fast reactor fuels.

While the functional fabrication processes are the same as those
given for the reference gel-sphere-pac fabrication case, the design of the
LMFBR fuel elements is considerably different. These differences in
design result in modifications to the details for accomplishing the
various functional activities and modifications to the facility design
details. 1In the subsequent paragraphs, each of the functional activities
is discussed as it applies to this case.

A gel-sphere-pac functional flow diagram is given in Fig. 3.1 of
Sect. 3.1.1 of this report. The major functional areas apply to this
case, and the two main functions unique to the gel-sphere—pac process are
fuel production (2.0) and fuel rod fabrication (3.0). All the functional
steps are briefly discussed here.

Receiving and Storage. This functional area is quite similar to the

reference case. However, in addition to the spheres, the ThO; pellets
from the adjacent radial blanket assembly plant must be received,
inspected, and stored.

Fuel Production. The fuel production processes for the spheres are

essentially the same as those described for the reference case including
calcination, sintering, and inspection of the coarse and medium si:zes,
which contain plqtonium. No processing is planned for the UOjp fines
because they are to be sintered at the reprocessing conversion step.
However, because the ThO9 axial blanket pellets make up approximately 36%
of the total heavy metal content in a core fuel assembly, the quantity of
coarse and medium‘spheres processed is significantly less than in the
reference case.

Fuel Rod Fabrication. While most of the fuel rod fabrication pro-—

cesses are similar to the reference case, additional steps are required to
incorporate the axial blanket material. The lower axial blanket section
is loaded into the fuel rod cladding before the cladding is introduced
into the cell. After the (U,Pu)Oy core region is loaded by the sphere-pac

process into each rod and inspected for demnsity the upper axial blanket
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section will be loaded by equipment similar to that used for inserting
plenum hardware. The actual plenum hardware insertion and end cap welding
operations are essentially the same as those described for the reference
case,

Fuel Assembly Operations. The fuel assembly design for this LMFBR

case 6.3.2 is identical to that for the pellet fabrication option.
Following fuel rod inspection each rod will be remotely wrapped with a
wire. This special wire wrap will space the fuel rods in the assembly.
Groups of these rods are assembled onto T-bars of varying length. The
T-bar strip layers are assembled and fastened to the lower end box of the
fuel assembly. The duct tube is installed and the finished assembly is
inspected.

Product Control Processes. These are the same as the reference case

(see Sect. 4.1.2).

Scrap and Waste Processing and Disposal. The scrap handling pro-

cesses are similar to the reference case (see Sect. 4.1.2) with the added
feature that all axial blanket pellets that are unloaded from an unsatis-
factory rod are inspected, and acceptable pellets are recycled within the
remotely operated part of the facilities to form upper axial blankets.

9.17.6 Preliminary Cost Estimate for Construction and Operation
of a Commercial-Scale Plant

The cost components that were estimated include capital costs for the
facility and equipment, fuel assembly hardware costs, material and supply
costs, and operating costs.

Facility capital cost estimates were based on an analysis of the
functional flow diagram for the process to indicate space requirements for
each functional area and for each support area. Equipment requirements
were identified, and costs associated with the equipment were estimated.
Fuel assembly hardware requirements were based on the reference fuel
assembly design parameters identified in Table 9.77. Estimates of the
costs of the hardware items were obtained. Material and supply require-

ments were identified from the sphere-pac process description, and
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estimates of the costs of materials and supplies were obtained. Operating
cost estimates included consideration of personnel, overhead, general and
administrative expenses, and costs of utilities.

The facility was assumed to operate as a toll processing facility.
That is, the operator fabricates customer-supplied fuel feed materials
into finished fuel assemblies, and thus costs of plutonium and uranium
were not included in the cost estimates. The hardware and material costs
do include the costs associated with the production of the ThOy pellets for
the axial blanket.

Unit costs for fabrication of fuel assemblies are determined by an
economic analysis of the basic capital, hardware and material, and
operating cost estimates. Basically, the economic analysis provides for
the owner of the fuel fabrication facility to recover all capital, oper-
ating, and finance charges plus a return on investment, if appropriate,
over the life of the plant.

In order to provide a range of prices (i.e., costs to a customer),
economic analyses were based on government financing, financing appro-—
priate for a conventional-risk (typical) industry, and financing
appropriate for a high-risk industry.2 The estimated costs, costs
derived from the economic analysis, and the unit costs based on the three
different financing methods are summarized in Table 9.82. As may be
observed from the table, the price for fabrication of (U,Pu)03-ThO) fuel
is expected to be in the range from $390 to $760/kg depending on the
financing technique that is employed. The recommended cost for comparison
with other fuel cycles and methods of fabrication is the typical industry
cost of $610/kg of heavy metal. As with all the cost estimates in this
report, the prices are based on the mass of all heavy metal in the
finished assembly. For this case, this includes the thorium in the axial
blankets.

These cost estimates and prices are based on the assumed RO/CM facil-
ities. If there is significant crossover of the bred 233U to the (U,Pu)0y
core material during irradiation, the cost estimates and prices would
increase and additional research and development would be needed to

develop the remotely maintainable equipment.



Table 9.82. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility

[NASAP Case 6.3.2, LMFBR U-Pu/Th Spiked Recycle, (GE Transmuter) —
Homogeneous Core Design]

Estimated Costs, $ million Derived Costs, $ million
. . Annual Owner's Charge on An?ual Annual Unit
ngzg ¢ Facility Equipment Ha;iz:re Oézzgﬁ?hg Dggisg Diregzriigital R:g;;gggggt Deszggyzzlgxlng Cost b
Materials Construction Construction Cost Fund (8/ke)
A 280 270 68 27 39 140 14 1.3 390
B 280 270 68 28 41 210 14 1.3 610
c 280 270 68 29 42 210 14 1.3 760

95 = Government financing; B = Typical industrial financing; C = High-risk industrial financing.

bThese unit costs apply only to the core fuel elements. The associated radial blanket costs are $110, $140, and $160 for

economic sets A, B, and C, respectively.

e
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9.18 NASAP CASE, 6.4 IMFBR Th-Pu/Th, SPIKED RECYCLE, GENERAL ELECTRIC
TRANSMUTER [LMFBR (Pu,Th)Op WITH ThO; BLANKETS]

9.18.1 Fuel Cycle Description

This reactor—fuel cycle combination is an LMFBR using 14.2% plutonium=-
thorium mixed oxide homogeneous core and thorium oxide blankets. The core
and blanket are reprocessed separately. All the plutonium and part of the
thorium recovered during reprocessing are recycled to core fabrication
after being mixed with Pu-Th makeup material from secure storage. The
remaining thorium recovered during core reprocessing is combined with the
thorium recovered during blanket reprocessing and sent to interim thorium
storage for 10 years decay. The 233y recovered during core reprocessing
is mixed with depleted uranium and the 233y recovered during blanket
reprocessing to produce a 12% fissile denatured product, which is sent to
secure storage. Blanket assemblies are fabricated from new thorium.

In this fuel cycle aﬁalysis only the core fuel element fabrication
has been assessed. The fissile components are a mixture of recycled
plutonium and thorium from the reprocessing plant. This material will be
very radioactive. Most of the gamma radiation will be from the 2,6-MeV
gamma emission of 208731, The 20871 is 4 daughter in the decay chain of
232U, which is one of the isotopes of uranium derived from thorium irra-
diation. Since 229Th is a precursor in this decay chain it is separated
with the balance of the thorium during reprocessing. During subsequent
decay 2281y (its half-life is 1.91 years) provides the source of the
20811, This high-level gamma activity alone will require that all fissile
fuel processing, fuel rod fabrication, and fuel element assembly for this
case be conducted in a remotely operated and remqtely maintained facility.
However, the extended burnup on recycle will also cause the plutonium
component to be very radioactive, as isotopes other than 239py build up in
the material.

The core assemblies also include ThO; pellets as axial blanket
material above and below the fissile portion. Since the radial blanket
assemblies are assumed to be fabricated in an adjacent contact-operated
and contact-maintained facility and are loaded only with pelletized ThO,,

we assume'that axial blanket pellets will be supplied from this facility.
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9.18.2 Applicability to Current Fuel Element Design

The fuel element design chosen for this case is given in Table 9.83.

The key considerations for sphere-pac applicability are the cladding
inside diameter measurements and the required fuel smear density. The
cladding of ID of 7210 um in the reference design is suitable for the
sphere-pac process. Although the specified smear density of 907 of
theoretical is above that currently achieved with experimental blended
(three particle size) sphere—pac beds, we have assumed that the process is

applicable through a slight lowering of this design requirement.

9.18.3 Definition of Plant Production Requirements and
Design Capacity

For the LMFBR (Pu,Th)0 with ThOj axial blanket fuel cycle, the plant
design assumptions are listed below.
1. The fuel design is the General Electric Company Advanced Reactor
Systems Department homogeneous transmuter reactor fuel design.
2. The plant production capacity is 480 t HM/year with the capa-
bility for simultaneous production of three enrichments.
3, The plant factor is 240 effective full-production days per year.
4, Plant design capacity:
Overall 730 t HM/year
about 12 fuel assemblies/d
Each line of three 243 t HM/year
0.67 t HM/d
1032 fuel rods/d
3.8 fuel assemblies/d
5. Process design capacities are based on the line design capacities
and the scrap and sample losses defined in Sect. 9.18.4.
6. The facilities are designed to discharge no liquid waste other
than treated sanitary sewage.
7. All process buildipgs and critical auxiliary support are designed
and constructed in accordance with current United States Nuclear Regulatory
Commission licensing requirements. Shielding is provided to limit dose

rates to operating and maintenance personnel to 0.25 millirem/h.
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Table 9.83. Summary of General Electric Transmuter LMFBR Fuel Assembly Parameters
[NASAP Case 6.4, LMFBR (Pu,Th)0, with ThOp Blankets]

Reactor Characteristics

Reactor power

Fuel assemblies

Inner blanket assemblies
Radial blanket assemblies
Contro). assemblies
Removable shield assemblies
Fissile enrichment, 7

Component Characteristics

Fuel cladding
End plugs
Top
Bottom
Reflector rods
Plenum springs
Spacers
Wire wrap
Attachment rails
Locking pins
Shield and inlet assemblies
Duct and upper handling
socket

Fuel Rod Characteristics

Fuel cladding outside diameter
Fuel cladding inside diameter

Fuel rod length
Plenum length
Upper
Lower
Core fuel height
Axial blanket height
Upper
Lower
Pellet density
Fuel smear density
Pellet diameter
Pellet length
Wire wrap diameter
Bonding

Fuel Assembly Characteristics

Array

Fuel assembly length
Duct outside flat-to-flat
Duct wall thickness

Mass of structural components

Heavy metal content:
Core
Axial blanket

1000 MWe {(net)

252 (150 zone 1; 102 zone 2)
Not applicable

198

19

Zone 1 — 11.82; zone 2 — 17.67

Number per Mass (kg) per

Material Fuel Assembly Fuel Assembly
Improved 316 SS 271
Improved 316 SS 271
Improved 316 SS 271
316 SS 271
Improved 316 SS 1
Improved 316 SS 1

7.87 mm (0.310 in.)
7.21 mm (0.284 in.)
2.84 m (112 in.)

914 mm (36.0 in.)
Not applicable
1.22 m (48.0 in.)

356 mm (14.0 in.)
356 mm (14.0 in.)

90% T.D.
7.07 mm (0.278 in.)

1.30 mm (0.0512 in.)
He

Hexagonal

161.1 mm (6.33 in.)
3.30 mm (0.130 in.)

109.18 kg
65.85 kg
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In addition, we assumed that production from each fuel rod line is
campaigned to provide a full reload segment for a single 1000-MWe (net)
LMFBR. Thus, the total heavy metal output for a given campaign is 22.1 t,
and each campaign requires about 33 effective full-production days
(50 calendar days). The total facility can support approximately 27 such

reactors.

9.18.4 Estimates of Surge Storage Requirements, Scrap Production
Rates, and Processing Rates for Functional Steps

Given the plant design assumptions defined in Sect. 9.18.3, further
commercial plant characteristics were derived.

To achieve the annual production rates, an analysis of the plant
surge storage requirements and normal inventory was made, and the results
of this analysis are given in Table 9.84,

Based on current technology and assuming reasonable extrapolations
for commercial-scale developments, a preliminary estimate was made of the
daily mass flows of heavy metal through the fabrication plant and the
average production rate of heavy metal scrap materials from the various
functional activities. These are presented in Table 9.85.

Given the above information, a preliminary evaluation of the pro-
cessing rate for each functional step within the main fuel fabrication
processes was made. The results of this analysis are summarized in
Table 9.86.

9.18.5 Analysis of Functional Technology Status, Research and
Development Requirements, Cost, and Schedule

The technology status of this system is quite similar to that of the
reference case discussed in Sect. 8. The current status and research and
development needs are summarized in Table 9.87. The primary difference
between this (Pu,fh)Oz fuel and the (U,Pu)0) fuel is the level of current
development effort on sphere forming, calcination, and sintering.
Currently (U,Pu)0O9 is under investigation in the United States, and the
(Pu,Th)0) system would need to be initiated at the Pu/Th ratio required

for this fuel.



Table 9.84. Sphere-Pac Fabrication Plant Surge Storage Requirements and Normal Inventory
(NASAP Case 6.4, LMFBR Th-Pu/Th Spiked Recycle, GE Transmuter)

Iniggi:%e d Normal Inve: tory, kg HM
Process step Material ’
Normal  Maximum (Pu,Th)0, ThO, Fines ThO, Pellets
Feed storage Dried spheres 30 60 31,000
Sintered spheres 30 60 8,200
Sintered pellets 30 60 10,300
Interim storage Dried spheres 1 2 1,040
Sintered spheres 1 2 270
Sintered pellets 1 2 340
Furnace Dried to sintered 1.2 2.4 1,240
spheres
Post furnace Sintered spheres 0.5 1 1,520
Interim storage Sintered spheres 0.36 0.72 370
Main storage Sintered spheres 1.2 2.4 1,310
Sintered spheres 1.5 2.9 410
Sintered pellets 1.5 2.9 590
Loading, inspection, Sintered spheres 0.12 0.24 120 30 45
welding and pellets
Loaded, not inspected Sintered spheres 5 5 5,200 1,290 3,900
rods in rods
Rework and scrap Sintered spheres 2 5 260 50 100
and pellets
Completed fuel rods Sintered spheres 5 5 5,000 1,250 3,780
and pellets
in rods
Assembly Rods in completed 15 . 30 15,000 3,740 11,300

assemblies

9%¢




Table 9.85.

Heavy Metal Mass Flows and Average Scrap Production for a Sphere-Pac Fuel Fabrication Plant
(NASAP Case 6.4, LMFBR Th-Pu/Th, Spiked Recycle, GE Transmuter)

Processing Step

Mass Flow, kg HM/d
b

Reject Scrapc

ThO, Axial Blanket

Daily Throughput Clean Scrap

(Pu,Th)O?a E?Sis ?Eé?leiiztzt (Pu,Th)O;a g?gés ?Eé?ngiiztzt (Pu,Th)OQa Fines ThO, Pellets

Receiving and storage 1036.8 273.14 755.5
Sampling and batch lecading 1035.8 1.0
Weighing and sampling 272.8 754.7° 0.3 0.8
Calcining and sintering 1035.3 G.5
Sphere upgrading 1093.5f 31.1
Sphere sampling 1091.3 2.2
Interim storage 1091.3 272.8 411.4
Fuel rod loading 1091.3 272.8 411.4
Fuel rod scanning 1036.8 259.2 781.6H 52.4 13.1 19.7 2.2 0.9 0.8
Top component insertion 1034.5 258.6 779.9 2.1 0.5 1.6 0.2 0.1 0.2
Rod welding and x ray 1034.5 258.6 779.9 h h h r h
Leak detection 1034.5 258.6 779.9 h h h h h
Rod assay 1013.8 253.5 764.3 19.7 4.9 14.8 1.0 0.3 0.8
Final rod inspection 1003.3 250.8 756.4 10.1 2.5 7.6 0.4 0.1 0.3
Assembly inspection 998.1 249.5 752.4 5.0 1.3 3.8 0.2 0.1 0.2

Total 2000 89.3 22.3 47.5 38.8 1.4 3.1

911.82 and 17.67% average fissile plutonium contents in Zenes 1 and 2, respectively.

Internally recycled.

C'Collected, assayed, and externally recycled to reprocessing plant.

dIncludes 22.3 kg of recycled clean scrap.

“343.3 kg reserved for upper axial blanket loading (after fuel rod scanning).

-
Y Includes 89.3 kg of recycled clean scrap.

“Includes 47.5 kg of recycled clean scrap plus 343.3 kg of fresh material for upper axial blanket loading.

Rework in these steps is only of weld and does not affect scrap.

L%
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Equipment Requirements for Functional Areas
(NASAP Case 6.4 LMFBR Th-Pu/Th,
GE Transmuter)

Spiked Recvcle,

Plant Design Required Recommendedl
; . . . Number Number
Functional Area Unit Production Requirement of of
(Nominal) Units Unitst
1.0 Receiving
(Pu,Th)0; (10 containers/carrier) 1600 kg/d 1040 kg/d 1 1
ThO; fines (10 containers/carrier) Unlimited 270 ky/d
ThO, Axial blanket pellets Unlimited 760 ky/d 1 1
1.1 Sampling NA”; done at reprocessing
plant
1.2 Weighing 48 containers/d 13 containers/d 1 2
1.3 Storage (80 kg HM/container) NA 60 d supply 810 820
1.4 Weighing 48 containers/d 2- containers/d 1 1
1.5 ThO: fines sampling 4800 kg/d 270 kg/d 1 1
1.6 Storage (200 kg HM/container) NA 60 d supply 82 85
1.7 ThO, Axial blanket peliet 4800 kg/d 760 kg/d 1 1
sampling
1.8 Storage (20 kg HM/container) NA 60 d supply 2280 2300
2.0 Fuel production (sphere processing)
2.1 Sampling 3840 kg/d 1040 kg/d 1 1, 3
2:2 Calcining and sintering 240 kg/d 1040 kg/d 5 2, 6
2.3 Microsphere inspection 20 kg/h 44 kg/h 3 1, 3
2.4 Interim storage 250 kg 1100 kg/d 5 2, 6
3.0 Fuel rod fabrication
3.1 Sintered sphere storage NA 2 d supply 28 10, 30
3.2 Sintered fertile storage NA 2 d supply 3 1, 3
3.3 Sintered pellet storage NA 2 d supply 39 13, 39
3.4 Sphere dispensing 35 kg/h 57 kg/h 2 1, 3
3.5 Sphere-pac loading 4 rods/h 141 rods/h 36 12, 36
3.6 Density inspection 10 rods/h 141 rods/h 15 5, 15
3.7 Axial blanket (pellet) loading 12 rods/h 134 rods/h 12 4, 12
3.8 Cleaning 24 rods/h 134 rods/h 6 2, 6
3.9 Plenum hardware and top end 12 rods/h 134 “rods/h 12 4, 12
plugging
3.10 Closure welds 12 rods/h 134 rods/h 12 4, 12
3.11 Rod assay 100 rods/h 134 rods/h 2 2
3.12 Rod inspection 40 rods/h 134 rods/h 4 4
3.13 Rod rework 36 rods/d 161 rods/d 5 2, 6
4.0 Fuel assembly fabrication
4.1 Fuel rod storage NA 5 d production 16,000 rods

4.2 Fuel assembly fabrication
4.3 Inspection
4.4 Rework

Packaged fuel assembly storage

3 assemblies/d
6 assemblies/d
1 assembly/d

NA

12 assemblies/d
12 assemblies/d
0.06 assembly/d

30 d production

15,600 rods
4

2
NR-

343

4
2
NR

350

a . : X . . . bt
Recommended units include consideration of spare capacity for operational reliability.

D . 1k . . . . . . s
Number of units is for the facility if a single number; otherwise, units per line, total units in facility.

°NA: not applicable.

NR: not required. Use assembly equipment as available.
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Table 9.87. Research and Development Cost Estimates for Sphere-Pac Fabrication
[NASAP Case 6.4 LMFBR Th-Pu/Th, Spiked Recycle, GE Transmuter]

R&D Cost Estimates

R&D Categories Current Status® (Millions of zs::iezz
1978 $) :
1.0 Program management Not applicable 10 10
2.0 Design studies N — cold engineering 25 10
3.0 Receiving and storage P — cold engineering 4 5
4,0 Fuel production P — hot laboratory 30 8
5.0 Fuel rod fabrication P — cold engineering 55 8
6.0 Fuel element assembly N — cold engineering 32 8
7.0 Scrap recovery N — hot laboratory 6
8.0 Waste treatment b b b
9.0 Plant control systems N — cold prototype 8
10.0 Maintenance N — cold prototype 10 10
11.0 Safeguards and account- P — cold engineering 6 6
ability adaptation®

Subtotal 184
Special Facilities
Hot tests 10
Cold prototype . 25

Total 219d
Range 210-265

a . . . Jpp .
Status stage with qualitative modifiers; C = complete, P = in progress, and

N = needed.

bTo be supplied by others.

®Assumes basic technology as developed under 0SS estimate presented is for

applications testing, systems integraton, and testing.

The estimate does not include costs for fuel qualification tests (about $20
million) or the capital costs of a pilot plant estimated at $240 million.
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While the general fabrication process descriptions are the same as
those given for the reference gel-sphe..-pac fuel fabrication, the design
of the LMFBR fuel assembly is considerably different. These differences
in design result in modifications to the details for accomplishing the
various functional activities and to the facility design details. These
differences are discussed here as they apply specifically to case 6.4.

A gel-sphere-pac generic functional flow diagram is given in Fig. 3.1
of Sect. 3.1.1. The main functions unique to the gel-sphere—pac process
are fi. _ production (2.0) and fuel rod fabrication (3.0). Brief process
descriptions of the various functional steps are given below.

Receiving and Storage. This functional area is quite similar to the

reference case with the following exception. Since the mass flow data
require recycle thorium for the fissile portion of the fuel loading, the
fertile fines spheres are also generated in the conversion process of the
reprocessing plant and must be received and stored in the shielded storage
area.

Fuel Production. The fuel production processes are essentially the

same as those described for the reference case including calcination,
sintering, and inspection. However, since the axial blanket material
(ThOy pellets) makes up approximately 38% of the total heavy metal content
in a core fuel assembly, the quantity of material processed is signifi-
cantly less. The ThOj blanket pellets are manufactured in an adjacent
contact—operated and contact-maintained facility.

Fuel Rod Fabrication. While most of the fuel rod fabrication

processes are similar, additional steps are required to incorporate the
axial blanket material. The lower axial blanket section is loaded into
the fuel cladding before the cladding is introduced into the cell. After
the (Pu,Th)O7 sphere-pac core region is loaded into each rod and inspected
for density the upper axial blanket section will be loaded. The remainder
of the fuel rod fabrication steps are the same as for the reference case,

Fuel Assembly Operations. The fuel assembly design for this LMFBR

case 6.4 is identical to that for the pellet fabrication option.
Following fuel rod inspection each rod will be remotely wrapped with a
wire. This special wire wrap will space the fuel rods in the assembly.

Groups of these rods are assembled onto T-bars of varying length. The



251

T-bar strip layers are assembled and fastened to the lower end box of the
fuel assembly. The duct tube is installed and the finished assembly is
inspected.

Product Control Processes. These are the same as the reference case

(see Sect. 4.1.2).

Scrap and Waste Processing and Disposal. The scrap handling pro-

cesses are similar to the reference case (see Sect. 4.1.2) with the added
feature that all axial blanket pellets that are unloaded from an unsatis-—
factory rod are inspected, and acceptable pellets are recycled within the

remotely operated part of the facilities to form upper axial blankets.

9.18.6 Preliminary Cost Estimate for Construction and Operation
of a Commercial-Scale Plant

The cost components that were estimated include capital costs for the
facility and equipment, fuel assembly hardware costs, material and supply
costs, and operating costs.

Because of the uniqueness of this cycle in which a portion of the
thorium is recycled with the plutonium, additional shielded space is
required for the production of thoria fine spheres. This is shown in Fig.
9.1. This same figure shows modifications in the other portions of the
shielded process area required to fabricate the LMFBR fuel rods and
assemblies. The components for each fuel rod fabrication line are shown
in Fig. 9.2.

Facility capital cost estimates were based on an analysis of the
functional flow diagram for the process to indicate space requirements for
each functional area and for each support area. Equipment requirements
were identified, and costs associated with the equipment were estimated.
Fuel assembly hardware requirements were based on the reference fuel
assembly design parameters identified in Table 9.83. Estimates of the
costs of the hardware items were obtained. Material and supply require-
ments were identified from the sphere-pac process description, and
estimates of the costs of materials and supplies were obtained. Operating
cost estimates included consideration of personnel, overhead, general and

administrative expenses, and costs of utilities.
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The facility was assumed to operate as a toll processing facility.
That is, the operator fabricates customer-supplied fuel feed materials
into finished fuel assemblies, and thus costs of plutonium and thorium
were not included in the cost estimates. The hardware and material costs
do include the costs associated witn the production of the fresh ThOjp
pellets for the axial blanket.

Unit costs for fabrication of fuel assemblies are determined by an
economic analysis of the basic capital, hardware and material, and
operating cost estimates. Basically, the economic analysis provides for
the owner of the fuel fabrication facility to recover all capital,
operating, and finance charges plus a return on investment, if appro-
priate, over the life of the plant.

In order to provide a range of prices (i.e., costs to a customer),
economic analyses were based on government financing, financing appro-
priate for a conventional-risk (typical) industry, and financing
appropriate for a high-risk industry.2 The estimated costs, costs
derived from the economic analysis, and the unit costs based on the three
different financing methods are summarized in Table 9.88. As may be
observed from the table, the price for fabrication of (Pu,Th)Oz fuel is
expected to be in the range from $470 to $1000/kg depending on the
financing technique that is employed. The recommended cost for comparison
with other fuel cycles and methods of fabrication is the typical industry
cost of $780/kg of heavy metal. As with all the cost estimates in this
report, the prices are based on the mass of all heavy metal in the
finished assembly. For this case, this includes the thorium in the axial

blankets.



Table 9.88. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility

(NASAP Case 6.4, LMFBR Th-Pu/Th, Spiked Recycle, GE Transmuter)

Estimated Costs, $ million Derived Costs, $ million

Annual Owner's Charge on Annual Annual Unit
Economic Facility Equipment Hardware Annual Co§t Direct gapital Equipment Paymgnt'to’ Costh
Setd Plus Operating During During Replacement Decommissioning ($/kg)
Materials Construction Construction Cost Fund &

A 454 354 64 29 42 210 18 1.3 470

B 454 354 64 30 43 309 18 1.4 780

c 454 354 64 31 44 309 18 1.4 1000

a

A = Government financing; B = Typlcal industrial financing; C = High-risk industrial financing.

These unit costs apply only to the core fuel elements. The associated radial blanket costs are $110, $130, and $150 for
economic sets A, B, and C, respectively.

SGe
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9.19 NASAP CASE 6.5, LMFBR DU(3)/Th RECYCLE

9.19.1 Fuel Cycle Description

This reactor—~fuel cycle combination is an LMFBR using a 10.1% fissile
recycle 233y oxide homogeneous core and a thorium oxide blanket. The core
and blanket are reprocessed separately. The denatured 233y recovered
during core reprocessing is mixed with the undiluted 233y from the blanket
reprocessing and makeup denatured 233y to provide the feed for fabrica-
tion. The plutonium recovered during core reprocessing is placed in
secure storage. Thorium recovered during blanket reprocessing is placed
in interim storage for ten years. Blanket assemblies are fabricated from
new or decayed thorium.

In this fuel cycle analysis, only fabrication of the core assemblies
is considered. The blending of highly enriched uranium from the blanket
with any required makeup uranium is assumed to be done at the reprocessing
plant before the conversion process. Thus, the reprocessing plant will
supply the coarse and medium sizes of spheres with the appropriate
quantity of fissile uranium in the as-dried condition. The UOp fines
particles are supplied in the fully sintered condition either from a
contact—operated and contact-maintained ¢(CO/CM) line at the reprocessing
plant or in an adjunct facility to this plant. Since they contain only
depleted or natural uranium and represent only abcut 15% of the total
heavy metal in the finished assemblies, the required construction and
operating costs will not significantly affect either the reprocessing or
refabrication cost estimates. The pellets for the axial blanket regions
in these assemblies will be supplied from an adjacent CO/CM facility
where the radial blanket assemblies are fabricated.

The high levels of radioactivity from the 232y decay products asso-
ciated with the 233U will require a remotély operated and remotely main-
tained (RO/RM) facility.

9.19.2 Applicability to Current ¢ i Element Design

The core fuel element design chosen for this cycle is given in
Table 9.89.
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Table 9.89. Summary of General Electric Denatured
LMFBR Fuel Assembly Parameters
[NASAP Case 6.5 — DU(3)/Th Recycle]

Reactor Characteristics

Reactor power 1000 MWe (net)
Fuel assemblies 252 (150 zone 1; 102 zone 2)
Inner blanket assemblies Not applicable
Radial blanket assemblies 198
Control assemblies 25
Removable shield assemblies
Fissile enrichment, % Zone 1 — 8.11; zone 2 — 11.77
Number per Mass (kg) per
Component Characteristics Material Fuel Assembly Fuel Assembly
Fuel cladding Improved 316 SS 271
End plugs
Top Improved 316 SS 271
Bottom Improved 316 SS 271
Reflector rods
Plenum springs
Spacers
Wire wrap 316 SS 271
Attachment rails
Locking pins
Shield and inlet assemblies Improved 316 SS 1
Duct and upper handling Improved 316 SS 1

socket

Fuel Rod Characteristics

Fuel cladding outside diameter 8.64 mm (0.340 in.)
Fuel cladding inside diameter 7.87 mm (0.310 in.)
Fuel rod length 2.84 m (112 in.)
Plenum length

Upper 914 mm (36.0 in.)
Lower Not applicable
Core fuel height ) 1.22 m (48.0 in.)
Axial blanket height
Upper 356 mm (14.0 in.)
Lower 356 mm (14.0 in.)
Pellet density
Fuel smear density 90% T.D.
Pellet diameter 7.73 mm (0.304 in.)
Pellet length
Wire wrap diameter 1.26 mm (0.0496 in.)
Bonding He

Fuel Assembly Characteristics

Array Hexagonal

Fuel assembly length

Duct outside flat-to-flat 172.9 mm (6.81 in.)
~ Duct wall thickness 3.43 mm (0.135 in.)

Mass of structural components

Heavy metal content
Core , 140.16 kg
Axial blanket 78.44 kg
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The key considerations for sphere-pac applicability are the cladding
inside diameter measurements and the required fuel smear density. The
cladding ID of 7870 um in the reference design is suitable for the sphere-
pac process. Although the specified smear density of 907 of theoretical
is above that currently achieved with experimental blended (three particle
size) sphere-pac beds, we have assumed the process is applicable through a

slight lowering of this design requirement.

9.19.3 Definition of Plant Production Requirements and
Design Capacity

For this LMFBR U09-ThO; fuelcycle, the plant design assumptions are
listed below. The heavy metal through-put for this plant and all cases
involving axial blanket fuel is based on the total heavy metal in the
finished fuel assembly, in both core and blanket.

l. The fuel design is the General Electric Company Advanced Reactor
Systems Department homogeneous reactor denatured fuel design.

2. The plant production capacity is 480 t HM/year with the capa-
bility for simultaneous production of three enrichments.

3. The plant factor is 240 effective full-production days per year.

4. Plant design capacity:

Overall 73G t HM/year

about 9 fuel assemblies/d
Each line of three 243 t HM/year

0.67 t HM/d

826 fuel rods/d
3.0 fuel assemblies/d
5. Process design capacities are based on the line design capacities
and the scrap and sample losses defined in Sect. 9.19.4.
6. The facilities are designed to discharge no liquid waste other
than treated sanitary sewage.
7. All process buildings and critical auxiliary support are designed
and constructed in accordance with current United States Nuclear Regulatory
Commission licensing requirements. Shielding is provided to limit dose

rates to operating and maintenance personnel to 0.25 millirem/h.
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In addition, we assumed that production from each fuel rod line is
campaigned to provide a full reload segment for a single 1000-MWe LMFBR.
Thus, the total heavy metal output for a given campaign is 27.5 t, and
each campaign requires 41.3 effective full-production days (63 calendar
days). The total facility, with an adjacent radial blanket assembly

plant, can support approximately 26 such reactors.

9.19.4 Estimates of Surge Storage Requirements, Scrap Production
Rates, and Processing Rates for Functional Steps

Given the plant design assumptions defined in Sect. 9.19.3, further
commercial plant characteristics were derived.

To achieve the annual production rates, an analysis of the plant
surge storage requirements and normal inventory was made, and the results
of this analysis are given in Table 9.90.

Based on current technology and assuming reasonable extrapolations
for commercial-scale developments, a preliminary estimate was made of the
daily mass flows of heavy metal through the fabrication plant and the
average production rate of heavy metal scrap materials from the various
functional activities. These are presented in Table 9.91{

Given the above information, a preliminary evaluation of the pro-
cessing rate for each functional step within the main fuel fabrication
processes was made. The results of this analysis are summarized in

Table 9.92.

9.19.5 Analysis of Functional Technology Status, Research and
Development Requirements, Cost, and Schedule

The technology status of this system is quite similar to that of the
reference case discussed in Sect. 8. The current status and research and
development needs are summarized in Table 9.93. The primary difference is
between this UOo fuel and the reference (U,Pu)0y fuel. Development is
under way in the United States on sphere forming, calcination, and sin-
tering.

While the functional fabrication processes are the same as those

given for the reference gel-sphere-pac fabrication case, the design of the



Table 9.90.

[NASAP Case 6.5, LMFBR DU(3)/Th Recycle]

Sphere-Pac Fabrication Plant Surge Storage Requirements and Normal Inventory

Process step

Material

Storage
Interval, d

Normal Inventory, kg HM

233 :
Normal Maximum ( u,0)0, U0, Fines ThO, Pellets
Feed storage Dried spheres 30 60 32,000
Sintered spheres 30 60 8,400
Sintered pellets 30 60 9,800
Interim storage Dried spheres 1 2 1,070
Sintered spheres 1 2 280
Sintered pellets 1 2 330
Furnace Dried to sintered 1.2 2.4 1,280
spheres
Post furnace Sintered spheres 0.5 1 530
Interim storage Sintered spheres 0.36 0.72 380
Main storage Sintered spheres 1.2 2.4 1,350
Sintered spheres 1.5 2.9 420
Sintered pellets 1.5 2.9 560
Loading, inspection, Sintered spheres 0.12 0.24 130 35 45
welding and pellets
Loaded, not inspected Sintered spheres 5 5 5,300 1,330 3,720
rods in rods
Rework and scrap Sintered spheres 2 5 260 50 95
and pellets
Completed fuel rods Sintered spheres 5 5 5,200 1,290 3,610
and pellets
in rods
Assembly Rods in completed 15 30 15,400 3,850 10,800

assemblies

09¢
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Table 9.91. Heavy Metal Mass Flows and Average Scrap Production for a Sphere-Pac Fuel Fabrication Plant
[NASAP Case 6.5, LMFBR DU(3)/Th Recvele]

Flow, kg HM/d

Processing Step Daily Throughput ~ . Ak;CleaT‘5crapf i chefi>5crap3
vo ¢ Lo Axial Blanket o - Ll) Axial Blanket cu o Axial Blanket
Finvs Tho: Pullets . Finus ThO  Pellets Fines Tho Pellets

Receiving and storage 1065.8 280.7- 720.4
Sampling and batch loading 1064.7 1.1
Weighting and sampling 280.4 719.7 C.3 6.7
Calcining and sintering 1064.2 g.5
Sphere upgrading 112&.0:' 31.9
Sphere sampling 1121.8 2.2
Interim storage 1121.8 280.4 392.3
Fuel rod loading 1121.8 280.4 392.3
Fuel rod scanning 1065.7 266.4 745.5 13,8 13.9 18.8 2.2 0.6 0.8
Top component insertion 1063.3 265.8 743.9 2.1 0.5 1.5 a.2 0.1 0
Rod welding and x ray 1063.3 265.8 743.9 i ; : A s
Leak detection 1063.3 265.8 743.9 ’ ' : B ’
Rod assay 1042.1 260.5 729.0 20.2 5.0 14.1 1.1 0.3 0.7
Final rod inspection 1631.2 237.8 721.4 10.4 2.6 T3 0.4 0.1 0.3
Assembly imspection 1025.9 256.5 717.7 ) 1.3 0.2 0.1 0.1

Total \—,le\'/ 91.7 22.9 45.4 39.9 1.3 2.7

68.11 and 11.77% nominal enrichment ( ‘U + - *"U) in zones 1 and 2, respectively.

blnternally recycled.

cCollected, assayed, and externally recycled to reprocussing plant.

Jlncludes 22.9 kg of recycled clean scrap.

©327.4 kg reserved for upper axial blanket loading (after fuel rod scanning).
f}ncludes 91.7 kg of recycled clean scrap.

“includes 45.4 kg of recycled clean scrap plus 327.4 kg ot tresh material.

"Rework in these steps is only of the weld and does not atfect scrap.
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Table 9.92. Equipment Requirements for Functional Areas
[NASAP Case 6.5 LMFBR DU(3)/Th Recycle]
Plant Design Required Recommended”
: s . s Number Number
Functional Area Unit Production Requirement of of
(Nominal) Units Unitsb

1.0 Receiving

(U?33,U)0, (10 containers/carrier) 1600 kg/d 1070 kg/d 1 1

U0, fines Unlimited 280 kg/d 1 1

ThO, Axial blanket pellets Unlimited 720 kg/d 1 1

1.1 Sampling NA®; done at reprocessing

plant

1.2 Weighing 48 containers/d 14 containers/d 1 2

1.3 Storage (80 kg HM/container) NA 60 d supply 800 800

1.4 Weighing 48 containers/d 2 containers/d 1 1

1.5 UO; fines sampling 4800 kg/d 280 kg/d 1 1

1.6 Storage (200 kg HM/container) NA 60 d supply 85 85

1.7 ThO, Axial blanket pellet 4800 kg/d 720 kg/d 1 1

sampling

1.8 Storage (20 kg HM/container) NA 60 d supply 2160 2200
2.0 Fuel production (sphere processing)

2.1 Sampling 3840 kg/d 1070 kg/d 1 1, 3

2.2 Calcining and sintering 240 kg/d 1070 kg/d 5 2, 6

2.3 Microsphere inspection 20 kg/h 47 kg/h 3 1, 3

2.4 Interim storage 250 kg 1120 kg/d 5 2, 6
3.0 Fuel rod fabrication

3.1 Sintered sphere storage NA 2 d supply 28 10, 30

3.2 Sintered fertile storage NA 2 d supply 3 1, 3

3.3 Sintered pellet storage NA 2 d supply 38 13, 39

3.4 Sphere dispensing 35 kg/h 58 kg/h 2 1, 3

3.5 Sphere-pac loading 4 rods/h 113 rods/h 29 10, 30

3.6 Density inspection 10 rods/h 113 rods/h 14 5, 15

3.7 Axial blanket (pellet) loading 12 rods/h 108 rods/h 9 3, 9

3.8 Cleaning 24 rods/h 108 rods/h 5 2, 6

3.9 Plenum hardware and top end 12 rods/h 108 rods/h 9 3, 9

plugging

3.10 Closure welds 12 rods/h 108 rods/h 9 3, 9

3.11 Rod assay 100 rods/h 108 rods/h 2 2

3.12 Rod inspection 40 rods/h 105 rods/h 3 3

3.13 Rod rework 36 rods/d 129 rods/d 4 2, 6
4.0 Fuel assembly fabrication

4.1 Fuel rod storage NA S5 d production 12,462 rods

4.2 Fuel assembly fabrication
4.3 Inspection
4.4 Rework

Packaged fuel assembly storage

3 assemblies/d
6 assemblies/d
1 assembly/d

NA

10 assemblies/d
10 assemblies/d
0.05 assembly/d

30 d production

4
2
NRA

275

13,000 rods
4

2
NR

280

a
b
e

NA: not applicable.
d,

NR: not required. Use assembly equipment as available.

Recommended units include consideration of spare capacity for operational reliability.

Number of units is for the facility if a single number; otherwise, units per line, total units in facility.
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Table 9.93. Research and Development Cost Estimates for Sphere-Pac Fabrication
[NASAP Case 6.5 LMFBR DU(3)/Th Recyclel

R&D Cost Estimates

R&D Categories Current Status” (Millions of gs:;iezz
1978 $)
1.0 Program management Not applicable 10 10
2.0 Design studies N — cold engineering 25 10
3.0 Receiving and storage P — cold engineering 4 5
4.0 Fuel production P — cold engineering 30 8
5.0 Fuel rod fabrication P — cold engineering 55 8
6.0 Fuel element assembly N — cold engineering 32 8
7.0 Scrap recovery N — hot laboratory 6
8.0 Waste treatment b b b
9.0 Plant control systems N — cold prototype 8
10.0 Maintenance N — cold prototype 10 10
11.0 Safeguards and account- P — cold engineering 6 6
ability adaptation®
Subtotal 184
Special Facilities
Hot tests 10
Cold prototype .25
Total . 219d
Range 210-265

a . . . s .
Status stage with qualitative modifiers; C = complete, P = in progress, and
N = needed.

bTo be supplied by others.

e . . .
Assumes basic technology as developed under 0SS estimate presented is for
applications testing, systems integraton, and testing.

dThe estimate does not include costs for fuel qualification tests (about $20
million) or the capital costs of a pilot plant estimated at $220 million.
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LMFBR fuel elements is considerably different. These differences in
design result in modifications to the details for accomplishing the
various functional activities and modifications to the facility design
details. In the subsequent paragraphs, each of the functional activities
is discussed as it applies to this case.

A gel-sphere-pac functional flow diagram is given in Fig. 3.1 of
Sect. 3.1.1 of this report. The major functional areas apply to this
case, and the two main functions unique to the gel-sphere—pac process are
fuel production (2.0) and fuel rod fabrication (3.0). All the functional
steps are briefly discussed here.

Receiving and Storage. This functional area is quite similar to the

reference case., However, in addition to the spheres, the ThO; pellets
from the adjacent radial blanket assembly plant must be received,
inspected, and stored.

Fuel Production. The fuel production processes for the spheres are

essentially the same as those described for the reference case including
calcination, sintering, and inspection of the two coarse sizes which con-
tain 233yu. No processing is planned for the UOj fines because they are to
- be sintered at the reprocessing conversion step. However, because the
ThO, axial blanket pellets make up approximately 36% of the total heavy
metal content in a core fuel assembly, the quantity of coarse and medium
spheres processed is significantly less than in the reference case.

Fuel Rod Fabrication. While most of the fuel rod fabrication pro-

cesses are similar to the reference case, additional steps are required to
incorporate the axial blanket material. The lower axial blanket section
is loaded into the fuel rod cladding before the cladding is introduced
into the cell. After the (233U,U)02 core region is loaded by the sphere-
pac process into each rod and inspected for density, the upper axial
blanket section will be loaded by equipment similar to that used for
inserting plenum hardw§re. The actual plenum hardware insertion and end
cap welding operations are essentially the same as those described for the
reference case.

Fuel Assembly Operations. The fuel assembly design for this LMFBR

case 6.5 is identical to that for the pellet fabrication option.

Following fuel rod inspection each rod will be remotely wrapped with a
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wire. This special wire wrap will space the fuel rods in the assembly.
Groups of these rods are assembled onto T-bars of varying length. The
T-bar strip layers are assembled and fastened to the lower end box of the
fuel assembly. The duct tube is installed and the finished assembly is
inspected.

Product Control Processes. These are the same as the reference case

(see Sect. 4.1.2).

~

Scrap and Waste Processing and Disposal. The scrap handling pro-

cesses are similar to the reference case (see Sect. 4.1.2) with the added
feature that all axial blanket pellets that are unloaded from an unsatis-
factory rod are inspected, and acceptable pellets are recycled within the

remotely operated part of the facilities to form upper axial blankets.

9.19.6 Preliminary Cost Estimate for Construction and Operation
of a Commercial-Scale Plant

The cost components that were estimated include capital costs for the
facility and equipment, fuel assembly hardware costs, material and supply
costs, and operating costs.

Facility capital cost estimates were based on an analysis of the
functional flow diagram for the process to indicate space requirements for
each functional area and for each support area. Equipment requirements
were identified, and costs associated with the equipment were estimated.
Fuel assembly hardware requirements were based on the reference fuel
assembly design parameters identified in Table 9.89. Estimates of the
costs of the hardware items were obtained. Material and supply require-
ments were identified from the sphere-pac process description, and
estimates of the costs of materials and supplies were obtained. Operating
cost estimates included consideration of personnel, overhead, general and
administrative expenses, and costs of utilities.

The facility was assumed to operate as a toll processing facility.
That is, the operator fabricates customer-supplied fuel feed materials
into finished fuel assemblies, and thus costs of uranium were not included
in the cost estimates. The hardware and material costs do include the
costs associated with the production of the ThOj pellets for the axial

blankets.



266

Unit costs for fabrication of fuel assemblies are determined by an
economic analysis of the basic capital, hardware and material, and
operating cost estimates. Basically, the economic analysis provides for
the owner of the fuel fabrication facility to recover all capital, oper-
ating, and finance charges plus a return on investment, if appropriate,
over the life of the plant.

In order to provide a range of prices (i.e., costs to a customer),
economic analyses were based on government financing, financing appro-
priate for a conventional-risk (typical) industry, and financing
appropriate for a high-risk industry.2 The estimated costs, costs
derived from the economic analysis, and the unit costs based on the three
different financing methods are summarized in Table 9.94. As may be
observed from the table, the price for fabrication of U09-ThO; fuel is
expected to be in the range from $420 to $890/kg depending on the
financing technique that is employed. The recommended cost for comparison
with other fuel cycles and methods of fabrication is the typical industry
cost of $700/kg of heavy metal., As with all the cost estimates in this
report, the prices are based on the mass of all heavy metal in the
finished assembly. For this case, this includes the thorium in the axial

blankets.



Table 9.94. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility
[NASAP Case 6.5, LMFBR DU(3)/Th Recycle]

Estimated Costs, $ million Derived Costs, $ million

Annual Owner's Charge on Annual Annual Unit
Economic s . Hardware Annual Cost Direct Capital Equipment Payment to ni I
a Facility  Equipment X X X A Cost
Set Plus Operating During During Replacement Decommissioning (5/kg)
Materials Construction Construction Cost Fund &

A 395 325 54 28 41 190 16 1.3 420

B 395 325 54 29 42 280 16 1.3 700

C 395 325 54 30 43 280 16 1.4 890

a

A = Government financing; B = Typical industrial financing; C = High-risk industrial financing.

bThese unit costs apply only to the core fuel elements. The associated radial blanket costs are $95, $120, and $140 for

economic sets A, B, and C, respectively.

L9¢
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10, SUMMARY AND CONCLUSIONS

Although all current commercial metal-clad fuel fabrication in the
United States is by the pellet process, various fabrication process
options are under development. Gel-sphere-pac fuel is receiving extensive
consideration because of possible improved in-reactor performance
characteristics, particularly reduced fuel-cladding mechanical interac-
tion, and advantages associated with fuel processing since the spheres
can be transported pneumatically in enclosed equipment from one process
step to the other. There is also a potential economic advantage for
fabrication of fuels that contain Pu, 233U, or spikes, which will require
that the process be remotely operated and, in most instances, that the
processing equipment be remotely maintained.

The gel-sphere-pac fuel fabrication option was evaluated along with
its possible application to 19 fuel element designs that use oxide fuel
in metal-clad rods. The primary evaluation was for a light-water-reactor
fuel element containing (U,Pu)0) fuel. The other 18 fuel element types —
3 for light-water reactors, 1 for a heavy-water reactor, 1 for a gas-
cooled fast reactor, 7 for liquid-metal-cooled fast breeder reactors, and
3 pairs for light-water prebreeder and breeder reactors — were evaluated
by comparison with the light-water reactor.

We have defined and evaluated all fuel fabrication process steps from
fuel receiving to finished fuel element shipping. Our evaluation also
covers the feasibility of the process, the current status of technology,
estimates of the required time and cost to develop the technology to
commercial status, and the safety and licensability of commercial-scale
plants.

The plant design concept addresses only those processes directed
toward the fabrication or refabrication of fuel assemblies. Processes are
limited to the production of sintered spheres, loading of fuel rods,
assembly of these rods into finished assemblies, and the supporting
activities necessary to perform these steps in a safe licensable commer-

cial facility.

269
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The sphere-pac process depends on the reprocessing plant conversion
product for its primary fuel feed component (as does the pellet process).
However, this feed material differs in form from the pellet process. The
pellet process uses dry oxide powders, which are subsequently blended and
conditioned for process feed within the fabrication plant. The sphere-pac
process feed consists of free-flowing, spherical, homogeneous particles,
which are formed in the product conversion process step of the repro-
cessing plant and which need only sintering to high density to be suitable
for fuel rod loading. The fissile spheres are obtained in two sizes,
coarse (nominally 1200 ym in diameter) and medium (nominally 200 pym in
diameter). In addition, fertile material in the form of very small
(nominally 40-um-diam) spheres is used in the process. These "fertile
fines” can be produced with an auxiliary process support activity in the
refabrication plant or purchased from a supplier. In the contact-operated
cases, which do not involve reprocessed fuel, the gel forming and drying
operations are included as part of the fabrication plants. Hardware
components, such as fuel rod cladding and material for the assembly
skeletons, are purchased from outside suppliers.

The gel-sphere—-pac process uses high—-density.spheres of the required
fuel composition. In the fabrication plants described in this report
these dry gel spheres are calcined, sintered, inspected, and then loaded
into fuel rods and packed by low—energy vibration. The resulting fuel bed

will achieve a fuel smear density of 83 to 88% of theoretical.

10.1 PROCESS DESCRIPTION

The dried spheres of the required fuel composition are received from
the reprocessing plant or auxiliary sphere forming operation in combined
shipping and storage cannisters. After appropriate sampling and analysis
all feed material is stored in a safeguarded vault. Cannisters are
vithdrawn from storage as required and entered into the processing

operation.
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Material from a single cannister is poured through a mechanical
splitter-loader, which subdivides the contents and distributes the
material into molybdenum boats for calcining and sintering. Calcining and
sintering, together with the adjustment of the oxygen-to—metal ratio, are
done in a continuous furnace. From the time the dried spheres enter the
furnace until they are loaded into the fuel rods the fuel material is con-
tained within the process equipment in a controlled atmosphere.

At the exit of the cooling zone following the furnace, the boats are
mechanically unloaded into a hopper, which feeds a sphere upgrading
system. There the spheres are screened and shape—separated to remove
oversize, undersize, and broken material. The good material is passed
through a splitter sampler and thé batch is collected in a transfer hopper
pending quality control approval. Acceptable material is pneumatically
transferred to storage hoppers, which provide production surge capacity
between the sphere sintering and fuel rod loading areas of the process.

- The three sizes of spheres are transferred pneumatically from the
appropriate storage hoppers to a volumetric dispensing station. Material
suitable for a single fuel rod loading is dispensed to vibratory feeders,
which control the rate of flow of each sphere size into the fuel rod. The
fuel rod cladding, with a bottom end cap welded in place, is clamped to a
low-energy vibrator at the loading station. The rod is vibrated during
and after the loading to pack the bed to the required density. The loaded
fuel rods are then scanned with a gamma densitometer before final internal
component loading and welding of the top end cap.

Fuel rods are fabricated vertically but are rotated to a horizontal
position at the x-ray rack loading station. Subsequent handling is in a
horizontal orientation with support along the rod to prevent mechanical
deformation. Following the closure, x-ray inspection, and helium leak
testing, any rods with external surface contamination are decontaminated
before they are transferred to the final inspection and element assembly
area.

An isolated area for rework and internal recycle of fuel and fuel
rods is provided for each fuel rod fabrication line to prevent mixing of

different-assay materials. Functions include removal of end plugs from
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defective welds, total disassembly of fuel rods, recovery of fuel with
subsequent screening and sorting for recycle, and accumulation of reject
materials to be returned to the reprocessing plant for total recycle.

Since only a limited number of elements per day are produced at full
capacity, a common manufacturing area can accommodate the output from all
three fuel rod fabrication lines. This area is separated from the fuel
rod fabrication areas, and this separation provides additional protection
against accidental contamination of the exterior surfaces of the finished
assembly. The area includes surge storage for the fuel rods as well as
equipment for their final inspection and nondestructive assay. Equipment
that loads the fuel rods into the assembly skeleton, inspects the finished
assembly, and places it in a shipment support package completes the con-
tents of this area.

The final area in the direct manufacturing process line is the
storage vault and shipping location for completed assemblies. The vault
is similar to but smaller than the fuel receiving storage vault. Space
and equipment for loading the shipping containers and placing these on the
appropriate off-site carrier are provided near the vault.

All liquid waste from activities within the controlled plant area are
collected and monitored for plutonium and uranium contents. Only the
liquid from treated sewage is discharged from the plant. Other low-
contamination-level liquids are treated for recovery and recycle. Excess
water is discharged as a vapor in the ventilation exhaust. Liquids with
significant quantities of heavy metal are chemically processed to recover
the uranium and plutonium and to concentrate other contained solids and
salts. These liquids include the analytical laboratory wastes, decon-
tamination solutions, and solutions from leaching of highly contaminated
wastes such as the filters, as well as the concentrated low—level wastes.
The resulting alpha—contaminated concentrates are immobilized in concrete
or glass. All solid waste is placed in appropriate shipping and disposal
containers, assayed, and sent to treated waste storage before off-site
shipment. All process equipment in the waste treatment area is contained
within controlled areas to confine and test all gaseous effluents before

release to the plant exhaust system and the stack.
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10.2 TECHNOLOGY STATUS

The sphere formation and sphere-pac concepts were originated in the
United States about 20 years ago, and the technology was vigorously
pursued until mid-1972. Subsequently, the concepts have been studied and
refined (predominantly in Europe). The High Temperature Gas—Cooled
Reactor development efforts in the U.S. have provided continuing effort on
sphere forming and material handling. This development includes sphere
sizing, shape separation, handling, transport, dispensing, sampling, and
inspection. During the past year significant progress has been made on
simultaneous loading processes, which eliminate the older, time-consuming
infiltration of the fine spheres into the bed of coarse and medium
spheres.

This evaluation has firmly established technical feasibility for each
process step. In most instances the process steps are well-defined, and
equipment and processes are being refined. Additional development is
required to establish and proof test the design of commercial-scale equip-
ment. The costs of this development for each case if done separately are
presented in Table 10.l1. The estimates range from $77 million for sphere-
pac fabrication of light-water reactor fuel elements contgining low-
enriched U0j, with no fuel element assembly development required, to
approximately $250 million for light-water breeder reactor fuel elements
with significant fuel element assembly development and a requirement for
remotely operated and remotely maintained equipment throughout the fabri-
cation plant. The estimated time required for development is from six to
ten years.

Our preliminary assessment of the processes and the facilities
indicates that no unusual environmental, safety, or materials safeguarding
measures are needed. Commercial-scale plants can be designed and

constructed to meet current U.S. licensing requirements.
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Table 10.1. Summary of Research and Development Cost Estimates
for the Gel-Sphere-Pac Fuel Fabrication Process

R&D Estimates Estimated
Reactor and NASAP Pilot Plant
Fuel Type Case Cost Years to Capital Need
($100) Complete ($100)
PWR
(235y,u)0, 1.2 77 6 b
(U,Pu)0y Spiked 1.3 210 10 190
(233y,u)0, 1.4 211 10 190
(U,Pu)0y 1.5 175 8 140
HWR
(235y,u)0, 2.1 69 5 b
LWBR
MEU(5)-Th Prebreeder 3.1.1 Not applicable
HEU(3)-Th Advanced 3.1.2 238 10 ¢
Breeder
MEU(5)~Th Prebreeder 3.2.1 Not applicable
HEU(3)-Th Breeder 3.2.2 238 10
HEU(5)-Th Prepreeder 3.3.1 80 5 b
HEU(3)-Th/Th Breeder 3.3.2 240 10 e
GCFR
(U,Pu)0,/ThOy 5.1 232 10 160
LMFBR
(U,Pu)Oz/UOZ 6.1 195 10 160
(U,Pu)0,/U02 6.2.1 195 10 160
(U, Pu)0,/U0; 6.2.2 195 10 160
(U,Pu)0,/U0y 6.3.1 195 10 160
(U,Pu)Oz/ThOz 6.3.2 196 10 170
(Pu,Th)02/ThOp 6.4 219 10 240
(233u,U)0,/ThOy 6.5 219 10 220

T Assumed lifetime of 10 years, full-scale equipment test, approxi-
mately 10% of mature plant capacity. Operating costs will be
compensated for with fuel value., Fuel will be used in pilot and
demonstration reactors.

bNot required.

CInsufficient information was available to fully define the
requirements for fabrication of these fuel elements.
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10.3 COST ESTIMATES FOR COMMERCIAL FACILITIES

In assessing the applicability of this process to the given fuel
element designs for the 19 cases addressed in this analysis, the gel-
sphere-pac process was suitable for all but 2 cases. The two LWBR cases
for which the process was not suitable contained duplex fuel in which a
ThOp core was surrounded by a U0y annulus. In several other cases design
fuel smear densities exceeded the currently achievable gel-sphere-pac
maximum density (83 to 88%) by 2 to 3%. However, we felt that changes in
design to accomodate this limitation were possible and that the gel-
sphere—-pac process might still be suitable in these cases.

To quantitatively evaluate the refabrication plants described in this
report, certain design characteristics were defined:

1. The plant production capacities are 480 t HM/year and 520 t
HM/year for remotely operated and contact-operated plants, respectively.
Each plant has the capability of simultaneously producing fuels of three
different assay levels.

2. The plant factors are 240 and 260 effective full-production days
per year for remotely operated and contact-operated plants, respectively,

3. Plant design capacity: .

Overall 730 t HM/year

2 t HM/d
Each line of three 243 t HM/year
0.67 t HM/d

4. Process design capacities are based on the line design capaci-
ties, equipment availability, and scrap and sample losses.

5. The facilities are designed to discharge no liquid waste other
than treated sanitary sewage.

6. All‘process buildings and critical auxiliary support are designed
and constructed in accordance with the current U.S. Nuclear Regulatory

Commission requirements.

The plants are operated as commercial facilities with three shifts
per day, seven days per week. Both operating and maintenance personnel
are available on all four shifts, although there are some increases in the

day-shift complement five days per week.
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All process operations in the facilities are to be mechanized.
Internally recycled scrap materials are reworked within a designated
process area for each fuel rod line to provide enrichment control. All
fuel materials recovered in the waste treatment process are converted to
solid oxides before return to the reprocessing plant for recycle.

Around, above, below, and adjacent to the direct manufacturing
process areas are sites for process control. These include such off-line
activities as process control operating areas and analytical laboratories
for sample analyses for process control, product quality assurance, and
confirmation of plant effluent control monitoring. Significant space is
provided for process equipment maintenance, decontamination, and confine-
ment of contamination. Space is also provided for process services, for
material movements with limited local storage, and for special ventilation
equipment and controls. Also located within this main process building is
an area for safeguards and accountability monitoring and control.
Appropriate computer and limited office space for process management
personnel is provided.

Each plant estimate included the cost of land acquisition, site
preparation, perimeter fencing, road and railroad access, an administra-
tion and engineering building, and the usual warehouses and maintenance
facilities.

The gel-sphere-pac option was found to be directly applicable to 17
of the 19 fuel element types. The characteristics of a commercial-scale
plant were defined for each specific design. These characteristics were
then used as a basis for making cost estimates for the plants. These cost
estimates, which include both capital and operating costs, are summarized
in Table 10.2. When these costs estimates are subjected to a financial
analysis, estimated prices for the commercial fabrication of such fuel
elements are obtained. These estimated prices are then suitable for
comparison with similar estimates made for fabrication using the conven-

tional pellet process.1
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Table 10.2. Summary of Mature Industry Gel-Sphere-Pac
Fuel Fabrication Plant Cost Estimates

Estimated Costs, § Million

Reactor Fuel g:::P Apﬁ;z:é:i:e o . Annual Annual
Support Facility Equipment Materials Operating
PWR
(235y,1)0, 1.2 20 31 35 25 13
(Pu,U)0; (Spiked) 1.3 18 360 260 30 25
(233y,Th)0, 1.4 20 360 260 33 26
(Pu,U)0y 1.5 18 250 200 30 24
HWR
(235y,1)0, 2.1 10 20 34 12 11
LWBR
MEU(5)-Th Prebreeder 3.1.1 b b b b
HEU(3)-Th Advanced 3.1.2 b b
Breeder
MEU(5)-Th Prebreeder 3.2.1
HEU(3)-Th Breeder 3.2.2 b b b b
HEU(5)-Th Prebreeder 3.3.1 22 34 39 28 14
HEU(3)-Th/Th Breeder 3.3.2 b b b b
GCFR
(Pu,U)0y/ThOy 5.1 30 250 265 64 25
LMFBR
(Pu,U)05/U0, 6.1 28 260 255 66 25
(Pu,U)0,/U03 6.2.1 28 260 255 60 25
(Pu,U)0,/U0, 6.2.2 28 260 255 66 25
(Pu,U)0,/U0y 6.3.1 28 260 255 60 25
(Pu,U)0,/ThOy 6.3.2 29 280 270 - 68 25
(Pu,Th)02/ThOy 6.4 - 27 454 354 64 27
(233u,u)0,/Tho, 6.5 26 395 325 54 26

INet gigawatt-electric (GWe) — based on core descriptions; reactor fuel mass-flow data
were not available.

b

Insufficient information provided to fully define plants.
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10.4 CONCLUSIONS

This evaluation clearly shows the gel-sphere-pac process to be a
viable fuel fabrication option. For the contact-operated and contact-—
maintained facilities and the remotely operated and contact-maintained
facilities, the estimates suggest only minor cost advantages for the
gel-sphere—pac process (in one instance a minor cost advantage is
indicated for the pellet process). Based on our confidence in the
estimates, we feel that no significant differences in costs exist for
these cases. However, the estimates indicate a significant fabrication
cost advantage for the gel-sphere-pac process if a remotely operated and
remotely maintained fuel fabrication plant is required. For remotely
operated and remotely maintained plants the estimates indicate that the
gel-sphere-pac fabrication process could be 12 to 25% less expensive than
the pellet process for the same design fuel elements. Although this
differential is within the accuracy of the cost estimates (*25%), the
consistency of the estimates is such that the relative cost (or cost
differentials) are considered to be significantly more valid than the

. absolute values of the estimates.
10.5 REFERENCE
1. A. R. Olsen, R. R. Judkins, W. L. Carter, and J. G. Delene, Fuel Cycle

Cost Studies — Fabrication, Reprocessing, and Refabrication of LWR,
SR, HWR, LMFBR, and HTGR Fuels, ORNL/TM-6522 (March 1979).



APPENDIX: DESCRIPTION OF THE SPHERE-CONVERSION PROCESS

An alternative to conventional conversion processes is sphere-
conversion, which uses a gel-sphere process to prepare a free—flowing
starting material made of gel spheres. These spheres are suitable for
sintering to high density and direct loading into fuel pins and packing
by using low-energy vibration. Loading spheres directly into fuel pins
and packing by using low-energy vibration is called the gel-sphere-pac

process.
A.l. FLOWSHEET AND PROCESS DESCRIPTION

Sphere conversion is based on three major steps: (1) preparation
of a special solution ("broth"), (2) gelation of broth droplets to give
semirigid spheres, and (3) washing and drying to give a dry gel-sphere
product suitable for shipping to a fuel refabrication plant. Gelation
is accomplished chemically by the use of ammonia, which is formed within
the broth droplet by hexamethylenetetramine decomposition. This method
is called internal gelation. Gelation may also be accomplished exter-
nally by using ammonia gas and ammonium hydroxide. This method is
called external gelation. Internal gelation is the process that has
been selected for discussion in this report and is widely known
throughout Europe as the KEMA process.1 This process is currently being
developed in the U.S. under the sponsorship of the DOE Fuel
Refabrication and Development program at the Oak Ridge National
Laboratory.z—4

A generic functional flow diagram for sphere conversion is shown in
Fig. A.l. Note that various mixtures of uranium and plutonium can be
prepared by adjusting the heavy metal feed material. Similarly, by
using spiked feeds highly radioactive fuel cycle options can be accom-
modated. Therefore, the flowsheet in Fig. A.l represents the preparation
of mixed (U,Pu)0y fuel for fabrication plants in this study. Although
the flowsheets and discussions are intended to describe the preparation
of larger gel spheres, they apply also to the preparation of fertile

fines, which are made in a contact facility.
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A.l.1. Receiving and Storage

This process step provides the capacity for receiving and storing
the liquid product of the reprocessing plant. In addition, the ability
to mix heavy metal nitrate solutions to the required composition must be
provided. The involved operations include fluid transfer, storage,
mixing, and analysis. Many of the requirements for this step are simi-
lar to those required earlier in the reprocessing cycle. Examples of
these requirements are: (1) ensuring criticality safety in all opera-
tions, (2) verifying correctness of transfer contents, (3) use of on-
line analysis or special facility design to safeguard transfers and
instrumentation of the system so that any changes are instantly and

accurately recorded and announced.

A.l.2 Vacuum Evaporation and Acid Adjustment

This process step adjust the heavy metal feed solution to a usable
concentration and acidity (free nitrate). A vacuum evaporator is used
to minimize the temperature during concentration. Acidity adjustment
(using NH4OH) is made to partially neutralize the heavy metal nitrate
solution so that gelation during sphere formation will occur in the

required time span.

A.1.3 Mixing (Broth Preparation)

The next major process step is broth preparation. This step
requires the modification of a heavy metal nitrate solution to a form
that is suitable for forming gel-spheres; a "broth" is formed by adding
organics such as urea and hexamethylenetetramine to the heavy metal
nitrate solution. Urea is added to complex the heavy metal ions, and
the amine provides an internal source of ammonia necessary for causing
gelation of the  broth droplets in a heated organic. The mixing of organ-
ics with heavy metal nitrates must be accomplished at about 0°C to pre-
vent premature gelation. Therefore, this step requires a refrigerated

loop.
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A.l.4 Forming and Washing of Spheres

This operation requires forming spherical droplets of broth, gela-
tion to form gel spheres, and washing to remove urea, nitrates, and
amine before drying. Droplet formation is accomplished by a droplet
generator. The process step must yield very high percentages of spheri-
cal product in a narrow size range; therefore, a pulsed nozzle is
generally used. The wash procedure must remove a majority of the
organics and nitrates and give a product that is capable of sintering to
high density and provide gel spheres that can be handled during drying and
pneumatic transfer.

Droplets of broth are formed in a heated organic, which causes both
sphere formation and gelation. Gelation occurs as a result of the
heated organic, thus causing amine decompdsition to ammonia, which
directly causes broth gelation. Washing of the gel spheres is

accomplished by the use of dilute ammonium hydroxide.

A.l.5 Drying of Spheres

This step requires drying wet gel spheres while maintaining them
intact. The dry product must be strong enough for pneumatic transfer and
must be capéble of sintering to high density (while remaining intact) for

sphere-pac applications.

A.l.6 Sphere Inspection

- This process step is required to ensure that the required quality
specifications for the dry gel-sphere product are met before shipment to
the fuel fabrication plant. Reject material is recycled through the
reprocessing plant scrap recovery system. - Scrap recovery at this point
in the system should be relatively easy since only dried (and not
sintered) material is being re jected.

The spheres would be inspected for the following: impur ‘ies,
sphericity, size distribution, and composition (fissile contei.).

Development needs include faster techniques for size, size distribution,
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and sphericity determination (particularly with respect to fine fertile

spheres made in contact facilities).

A.2 STATUS OF TECHNOLOGY AND RESEARCH AND DEVELOPMENT REQUIREMENTS

A.2,1, Scope

The uranium, thorium nitrate, and in some cases the plutonium
nitrate products of the solvent extraction step are converted to oxides.
The metal oxides are of reactor-grade quality; they are fabricated into
fuel elements in an adjacent facility or are shipped to a fabrication
plant at a remote site. The internal gelation method for making spheres

has been used as the basis for this study.

A.2.2 Status

The gelation techniques for preparing spheres for reactor fuels is
based on the many man years of study of the sol-gel program, which started
20 years ago and continued to 1971. Methods for preparing stable sols and
for converting them to gels and the characteristics of these systems were
defined in that program. Studies in this country and in Europe have
developed additional methods for preparing sols and gels and methods of
preparing, stabilizing, drying, and classifying gel spheres prepared from
the sols. Small-scale nonintegrated engineering equipment (0.5 to 1 kg/h)
is being used to prepare urania spheres for evaluation and to define the
effects of operational variables. This equipment has been used to
demonstrate the preparation of thoria and urania-—-thoria spheres. Gram

quantities of plutonia spheres have been made in glove—-box experiments.

A.2.3. Development Required

To produce high-density sphere-pac fuel elements, spheres of three

uniform sizes and of essentially theoretical density are required.
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Spheres of very high density and very good physical characteristics have
been prepared from all desired combinations of thoria, urania, and plu-
tonia in laboratory experiments (with the exception of thorium-
plutonium, which has not yet been investigated). Extensive research and
development is required to define process conditions and provide
engineering-scale equipment, Conditions for each size fraction and for
each metal composition — U, Th, Pu, U-Pu, U-Th, and Th-Pu — may be dif-
ferent. Each operating step will need to be developed and then the .
steps integrated into a system. Studies have shown that the conditions
for each step influence the conditions required for each following step.
Conditions also vary with the size of the sphere required. Obtaining
very small spheres of uniform size is especially difficult. All pro-
cessing equipment must be capable of remote operation, and much of the
equipment must be remotely maintainable as well.

Only limited development has been completed in control instruments.
Additional studies are also.required in the washing, drying, calcining,
and waste recovery operations.

To meet safeguards requirements methods must be developed so that
the amount of material in all parts of the operating equipment can be

accurately known.

A.2.4 Research and Development Cost Estimate

Table Al was extracted from the studies on conversion processes for
the reprocessing plant. It provides a yearly cost estimation for the
development of the sphere—formation process for (U,Pu)0Oy fuels. Similar
research and development is required for U0, (U,Th)0j, and (Pu,Th)0,
fuels. The process for ThO, sphere production in a contact plant is
well developed and we anticipate no additional research and development

costs.

A.3 REFERENCES

l. J.B.W. Kanij, A. J. Noothout, and 0. Votocek, "The KEMa U(VI)-
Process for the Production of UO) Microspheres,” pp. 185-95 in



Table Al. Gel-Sphere Conversion Research and Development Estimate(zby Year

Total Operating Funds Operating Ma jor Projects
Year Manp?wer . Capital Totals
ReqUIrﬁf Normal Materials Equipment Equipment Facility
(FTE) For Others

1 18.8 1800 450 1200 300 3750
2 30.2 3225 400 850 600 5075
3 27.7 2925 . 400 1200 4525
4 25.4 2650 400 1100 600 4750
5 36.3 4050 300 800 900 6150
6 26.9 3025 200 100 1000 1200 5525
7 25.6 2825 250 100 1200 1500 5875
8 25.0 2800 200 1000 700 4700
9 27.1 3000 250 600 3850
10 32.9 3500 450 3950
11 26.7 3000 200 3200
12 29,2 3000 500 - 3500
13 10.4 1000 250 1250
14 10.8 1000 300 1200
15 10.8 1000 300 1300
16 11.7 1000 400 1400

£8¢

QEstimate in thousands of 1978 dollars.

bFTE = full-time equivalent in person years.
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