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PREFACE

Babcock & Wilcox (B&W) is participating in the AEC's 1000-MWe
Fast Breeder Reactor Follow-On Study Program under Argonne National
Laboratory (ANL) Contract No. 31-109-38- 1998. As stated by ANL,

"The over-all objective of the current 1000-MWe LMFBR
Follow-On Study Program is to provide the AEC' with infor-
mation needed to establish research and development pro-
grams which will lead to the achievement of economic and
safe LMFBR power plants by a viable nuclear industry.This information is to be developed through studies of 1000-
MWe LMFBR power plant reference conceptual designs fa-
vored by the nuclear industry for further development andeventual sale to the electric utilities in the period of 1975
to   1 9 8 5.  "

The B&W Follow-On Study consists of four tasks:

Task I - The development of four basic plant concepts based on

  the established ground rules and the estimated state of technology in 1980,

j             and the selection of a preliminary reference design that incorporates the
best features of each concept.

Task II - Detailed engineering work on the preliminary reference
design, and, in parallel, the performance of in-depth engineering trade-
off studies.

Task III - Parametric studies to identify and evaluate basic prob-
lem areas and to provide a basis for the selection of an optimized refer-
ence design.

Task IV - Preparation of a document outlining the research, de-
velopment, and component testing required for the successful design and
construction of the reference. 1000-MWe LMFBR design.

This five-volume report describes the work performed under
Tasks II and III. Volume 4 describes the engineering trade-off studies
carried out as part of the work under Task II. The titles of Volumes 1,
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2, 3, and 5 are listed below, along with a brief description of the con-

tents of each.

Volume 1 - Summary Description and Cost Estimate

Cost data and a description of the overall plant and the reference

operating conditions and parameters.

Volume 2 - Conceptual System Design Descriptions (1 - 7)

Descriptions of land, structures, and conventional systems and

the reactor and associated systenns, such as shielding, control, and sup-

ports.

Volume 3 - Conceptual System Design Descriptions (8 - 14-)

Descriptions of reactor auxiliary intermediate coolant, steam gen-

erator, energy conversion, instrumentation and control, electrical, and

safety systenns.

Volume 5 - Parametric Studies

Descriptions of the parametric studies carried out under Task III.
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1. GENERAL

The seven trade-off studies covered a number of major areas of

LMFBR technology as specified in the contract with ANL.  Two or more

alternate concepts, or approaches to the design of specific reactor fea-

tures, were compared and evaluated with a view to selecting the super-

ior alternate for inclusion in the reference design LMFBR. The studies

also provided a means for qualitatively assessing the effects on power
costs of partial or non-attainment  of R&D accomplishments  to be iden-

tified during Task IV of the Program.
The trade-off studies were performed over a period of about 6

months, in parallel with the engineering of the reference design plant.

In certain instances, the trade-off studies enabled us to make design
decisions as the work on the reference plant progressed. In other cases,

the results indicated that certain features selected for the reference
plant on a preliminary basis were not optimum choices, so alternate

features were substituted. In still other instances, the trade-offs sub-

stantiated the choices originally selected for the reference plant.

For convenience, all the trade-off studies are included in this vol-

ume of the Task II and III report. Actually, each study was initiated and

performed separately and independently of the other studies except for
the normal liaison required in related studies. The reports appear in
this volume in the sequence in which they were completed; there is no

other significance to the order. Each report was written as a complete

document, with its own table of contents, introduction, conclusions, and
discussions, but each follows a similar overall format.

Since the trade-off studies were performed in parallel with the

engineering work on the conceptual design, the reference plant is slight-

ly different in each of the separate studies. In addition, the reference

design changed as superior alternates were defined in the individual

studies and incorporated into the plant, and it continued to evolve toward

-1-



the optimum after the trade-off studies were completed. The effects of
these studies on the development of the conceptual design are summar-

ized in section 2, and the final conceptual design is described briefly in
section 3 to provide a frame of reference for the trade-off studies in-
cluded in this volume. Additional information on the reference 1000-

MWe LMFBR is given in Volume 1 of this report, a complete summary,
and in Volumes 2 and 3, which describe each major system in the plant.
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2. TRADE-OFF STUDIES

The role played by these trade-off studies in the development of
the final reference design LMFBR is discussed in the following para-
graphs.

2.1.  Spoiled Vs Unspoiled Core

In the preliminary reference design, BeO was used to spoil the

core to achieve a minimum  A k void· This trade-off study showed that

the fuel cos't penalty for the degree of spoiling was prohibitively uneco-

nomical and unattractive from the standpoint of fuel conservation.  Fur-

thermore, other evaluations performed as a result of this work indicated

that extreme spoiling was unnecessary to achieve the required safety

characteristics.

We therefore adopted the design criteria of partial voiding of the

core, which permitted us to design the core for optimum economics and

doubling time. Greater emphasis was also placed on incorporating en-
gineered safeguards in the reference plant design to eliminate the pos-

sibility of total voiding.

2.2.   Number of Primary and Intermediate Heat
Transfer Loops

Of the six different configurations studied, one was at least 10%
  higher in capital cost than the others; however, there was only a 3%

difference in capital cost between the least expensive and the most ex-

pensive of the other five arrangements. Although there was no clear

economic incentive offered by any one system, other considerations,

such as ease of maintenance, reliability, and potential for reducing
component design problems, led to the decision to retain the system

chosen for the preliminary reference plant.
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2.3. Vented Vs Non-Vented Fuel Pin

This study concluded that a vented fuel pin was economically super-

ior to a non-vented design, and that the porous plug vent had more ad-

vantages over the other types with respect to economics, nuclear per-

formance, and safety; contingent upon a successful R&D program.  The

study therefore confirmed the preliminary selection of a vented fuel

concept during Task I of the Program.

2.4. Steam Cycle Selection

In the Task I work, a 2400 psig/1000 F/1000 F steam cycle was

selected for the preliminary reference plant. This cycle required bi-

metallic tubes,  i. e., stainless steel in the superheater section and

Croloy 2-1/4 in the evaporator section. However, during the perform-

ance of the trade-off study, additional cost data on the bi-metallic tubes

became available.  As a result we recommended a 2400/950/950 steam

cycle for the reference design, which permits the use of Croloy 2 -1/4

in the steam generator tubes.

2.5.  Shipping Cask

The preliminary reference design was based on using conventional

fuel storage and shipment methods to the extent p6ssible. This criterion

resulted in a decision to store and ship the fuel in water.

The trade-off study showed that in order to ship in water, a storage

period of about 1 year was required;  this was prohibitively expensive

owing to the high plutonium carrying charges. The study also showed

that fuel could be shipped in a sodium-filled cask after only about 70 days

of storage;  it was therefore decided to store fuel in sodium at the site

and thus eliminate the requirement for steam cleaning of the spent fuel

assemblies. These features were then adopted for the reference design

on the basis that there was sufficient economic incentive to perform the

required R&D to permit shipment in sodium.

2.6.  On-Site Vs Off-Site Reprocessing and Fabrication

In this study, we examined the economics of on-site and off-site

reprocessing and fabrication to permit assessment of the most econom-

ical approach when the costs for the various parts of the fuel cycle,
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particularly those associated with the shipping of spent LMFBR fuel,
could be defined more accurately. Off-site fuel reprocessing and fabri-

cation was selected for the reference design because it represented the

expected near-term approach for the LMFBR industry.

2.7. Plant Arrangement and Refueling Method

This study confirmed the choice made in the preliminary reference
design to use a pot arrangement with under-the-plug refueling.  The

study permitted us to make a more detailed and careful feasibility and

economic comparison of the four alternate arrangement and refueling
method combinations than was made for the preliminary design.
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Figure 1. Sectional View of Reactor Building
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3. REFERENCE 1000-MWe LMFBR
DESIGN

The B&W LMFBR power plant is designed as a complete, central

station, electrical generating facility. It includes all systems, compo-

nents, structures, and services necessary for construction of the plant

on the AEC's hypothetical site in New England (as described in TID-7025,
"Guide to Nuclear Power Cost Evaluation"). Figure 1 is a sectional

view of the reactor building showing the general location of major equip-
ment in the building.  The key plant parameters and operating conditions

are summarized in Table 1.

The heat generating equipment, which includes all the primary re-
actor equipment, the fuel handling facilities and radioactive auxiliary
systems, is located in the containment structure.  The heat transfer

equipment, including the intermediate sodium coolant system, is on the

reactor island between the containment structure and the turbine island.
The reactor system is an integral pot with an under-the-plug refueling
system.  All the primary system components, including the core, core

pressure vessel, radial neutron shielding, primary pump, IHX, irradi-

ated fuel decay storage, and cold traps, are housed inside the reactor

vessel.

The nuclear heat generated in the reactor system is transferred

to the energy conversion system by a separate, intermediate sodium
system. The intermediate system transfers the reactor heat from the
primary sodium through the six IHXs and conducts it to the three once-

through steam generators and three reheaters via three sodium pumps.

Two IHXs and one pump serve one steam generator and one reheater to

form ont ihtermediate circuit; hence, the total intermediate sodium

system is equally divided among the three intermediate circuits.  The

steam generator and the reheater are connected in parallel, and a valved

bypass is connected in parallel for use during partial-load operation.
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The energy conversion system utilizes a tandem-compound, six-

flow, reheat turbine with 30-inch-diameter last-stage buckets.  The full-

power turbine output at the operating exhaust pressure of 1.5 inches of

Hg is 1,050,790 kW. The generator is a conventional 3600 rpm unit with

a gross output of 1,033,926 kW and an average auxiliary load of 27,000

kWe;   therefore,  the net plant output is 1,006,926  kWe.

The nuclear steam system produces 2450 MWe, and the complex

of  nuclear and turbine islands produces   1007  MWe  net  at a thermal  effi -

ciency of 41.2%. Coolant enters the core at 800 F, flows up through the

core at a rate of 92,700,000 lb/hr, and exits at a bulk temperature of

1100 F. The intermediate heat exchangers (IHXs) transfer reactor heat

to the three-loop intermediate nonradioactive sodium system and increase

the secondary sodium temperature from 700 to 1000 F. Steam at 2400

psig and 950 F is generated in three once-through steam generators and

flows to the high-pressure cylinder of the tandem-compound, six-flow

reheat turbine. Three sodium reheaters raise the temperature of the

exhaust steam to 950 F before it enters the intermediate-pressure

cylinder.
The cylindrical core utilizes a hexagonal, removable, solid can

design to enable individual orificing with vented-to-sodium fuel pins.

The fuel pin diameter is 0.280 inch, and the pins are spaced on a 0.337-

inch triangular pitch. The cladding, 10-mil, 304 stainless steel, en-

closes vibratory compacted (85% dense), enriched UOz-Pu02•  The core
contains 288 fuel assemblies and is surrounded by a radial and an axial

blanket.  The L/D ratio is 0.29 and the active length is 34.7 inches.

The fissile loading of 2770 kg results in an average core enrichment of

11.690. The average fuel burnup is 100,000 MWD/T, and the breeding

ratio of 1.36 provides a doubling tin- e of 10.4 years.

In the B&W integral pot system, the reactor vessel contains the

primary sodium, the core, and all primary system components.  This

52-foot-diameter vessel is offset from the geometric plan center of the

building to provide a more efficient and compact reactor building layout.

A biological concrete shield of 6.5 feet radial thickness completely sur-

rounds the reactor vessel and supports the vessel and its cover struc-

ture. The inside surface of the biological shield is steel lined, and the
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reactor vessel is located near the biological shield to minimize a loss of
primary coolant. Personnel access is provided between the radial bio-

logical shield and the containment building.
The cylindrical reactor vessel has a semi-elliptical bottom and a

flat, shielded, vault-cover structure on top. The reactor vessel cover

supports all the primary equipment and is directly attached to the cylin-
drical wall of the reactor vessel and forms the pressure vessel head.

The head is a radial plate beam with a pressure membrane on its under-

side. The upper side of the head is at the operating floor level. Three

eccentrically mounted plugs, supported by bearings to facilitate indexing,
are located in the cover structure above the core. One large rotating
plug is centrally located in the cover structure and contains two other

plugs eccentrically mounted to each other to facilitate the refueling op-
eration.

The refueling and reactor support system provides for safe and re-
liable handling of all reactor core assemblies from the receipt of new
assemblies at the site, through the reactor loading and unloading stages,
and then through cask loading in preparation for shipment to the repro-

cessing area. It includes a fuel transfer machine, mounted off center

of the inner plug, which enables the fuel assemblies to be moved from
the core and transferred under sodium to either of the two rotating stor

age racks in the reactor vessel by a combination of rotary plug move-
me nt s. One third of the fuel assemblies are removed from the core

annually while the reactor is in a hot shutdown condition.

After a prescribed decay period in the rotating storage racks, and
with the reactor on-load, the irradiated fuel is removed through the re-

actor cover structure by a gas-cooled, fully shielded transfer machine
which is permanently attached to a floor-mounted gantry straddling the

reactor cover structure. This machine loads new core assemblies into

the storage racks and installs the refueling mechanism and any other

equipment that is required to penetrate the reactor vessel. The machine
also transfers all core assemblies into and out of the reactor contain-

ment through a double-valved transfer tube.

The reactivity control system consists of conventional regulating

assemblies with solid-absorber columns; each assembly is connected

by a connecting rod to its top-mounted, hermetically sealed drive unit
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located in the intermediate, eccentrically mounted plug. The drive rod
actuators protrude above the charge face level and contain the electric

motors and gears. The regulating, shim, and safety rods are identical

in design.

The cylindrical core vessel is centrally located in the reactor ves-

sel and is supported from brackets attached to the upper strake of the

reactor vessel. The vessel has a semi-elliptical bottom and a flat top

grid structure. This structure forms the grid plate which supports and
holds the lower end of the fuel and blanket assemblies for the reactor

core.  The wall of the vessel extends up around the core to form a flow

divider between the core and the lower neutron shields.

The primary shielding system comprises axial and radial neutron

and biological shields. Combination radial thermal-neutron shields are
placed around the core to protect the primary equipment and the inter-
mediate sodium from neutron activation. These shields are placed in
hexagonal cans supported by the core tank structure in the vertical po-
sition. The neutron shield is boronated graphite. The primary radial

biological shield is concrete and the axial shield is concrete and steel.
The radial neutron shield satisfies the neutron shielding requirements
as well as the thermal shielding requirements. The axial and the radial
biological shields protect against radiation from spent fuel and the core
and coolant.

Located in the outer section containing the 800 F sodium between
the radial thermal-neutron shields and the reactor vessel are the six pri-
mary sodium pumps, six IHXs, two cold traps, and two emergency
cooling systems. The primary pumps are located in the cold leg of the
circuit and force the sodium coolant from the sump into the lower core
pressure chamber, up through the core to the upper header chamber,
then by gravity through the shell side of the IHX, and back to the sump.

The six vertically mounted IHXs are gravity-flow, straight-through,
shell-and-tube units. Intermediate sodium enters the IHXs in a header
above the charge face floor and is conducted through a centrally located

downcomer to a plenum at the lower end of the tube bundle.  From this
plenum, sodium flows up through the bundle tubes, passes into an upper

plenum, and is conducted back to the charge face. Blocking valves are
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included as an integral part of the IHX to prevent the gross dumping of
hot sodium into the pot when flow to an intermediate loop is lost.

The three intermediate sodium pumps mounted in the cold leg are
mechanical, vertical-shaft, mixed-flow units with a free-gas surface.
The pumps are driven by fixed-speed electric motors through a variable-

speed, eddy-current coupling; an oil-lubricated face seal provides a
leak-tight barrier between the cover gas and the atmosphere.

Both the steam generator and the reheater have once-through de-
signs on both the sodium and the water sides and have single-tube walls.
The heat transfer surface is a helical coil, single-bundle design with
counterflow of water and sodium. Intermediate sodium enters the shell
through a torus at the top and flows over the tubes while the water and
steam flow through the tubes. Steam from the steam generator is fed
to the high-pressure turbine, and the exit steam taken from the last
stage of the high-pressure turbine is recirculated through the sodium
reheaters.    From the reheater, the steam is passed back into the  tur -

bine house and connected to the intermediate-pressure turbine. Facili-
ties are available for the storage, purification, and transfer (as needed)
of sodium for the primary and intermediate systems.
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Table 1. Summary of Key Plant Parameters and
Operating Conditions

Plant

System configuration Primary tank

Plant life, yr                                                           30

Refueling scheme Under-rotary plug then
through-plug shield cask

Fuel decay storage location Primary tank

6 (open)Primary loops
Intermediate loops                                                                  3
Control-shim and regulating-safety rods Mechanical

Cylindrical containment building diameter, ft 100

Core

Geometry Cylindrical

L/D ratio 0.29

No. fuel assemblies

Core 288
Radial blanket 138

Volume fractions

Fuel 0.442
Steel 0.169
Sodium 0.353
Control 0.035

Fissile loading, kg 2770

Average enrichment, %                                           11.6

Average burnup, MWD/T 100,000

Core BR 0.93

Total BR 1.36

Average linear heat rate, kW/ft 8.7

Specific power, MWt/kg fissile material 0.885

k void (EOL), $ 7.5

Doppler effect, -T(dk/dt) 0.005

Doubling time, yr 10.4
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Table 1. (Cont'd)

Operating Conditions

Primary circuit

Inlet temperature, F 800
Bulk outlet temperature, F 1100
Nominal hot channel cladding OD, F 1160
Nominal hot channel fuel central BOL/OEC, F 3896/3800
Plenum-to-plenum pressure drop, psi 34.4
Flow rates, lb/hr X 106

Core and axial blankets 83.78
Control rods 3.40
Radial blanket 3.97
Thermal shields 0.55
Leakage 1.00

Total 92.70
Intermediate circuit

Inlet temperature, F 700
Outlet temperature, F 1000
Flow rates, lb/hr X 106

Steam generator 66.69
Reheater 25.41

Energy conversion

Steam cycle, psig/F/F 2400/950/950
Reactor thermal power, MW 2450
Electrical power, MWe gross 1034
Electrical power, MWe net 1008
Net plant efficiency, % 41.2
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2. SPOILED VS UNSPOILED CORE
TRADE-OFF STUDY
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1.    IN TRODUC TION

The goal of the national LMFBR program is the development of

sodium-cooled fast breeder reactors that are safe and economical.

Safety can be divided into two major categories: The first and most

important is the protection of plant personnel and the general public
from the maximum hypothetical accident and its consequences.    The

second is the protection of the reactor owner's capital investment.

However, if the LMFBR concept is very safe but as a consequence

has high power costs, then there is no incentive for further development

work. A clearer picture of the relative position of safety and economics

in the overall reactor design is therefore essential if the LMFBR is to

be developed on a timely basis. The 1000-MWe LMFBR Follow-On

Studies are an important part of that development effort.

This trade-off study is intended to demonstrate the economic pen-

alties associated with spoiling an LMFBR core. Spoiling is defined as

any design feature that is introduced specifically to improve safety char-

acteristics,  such as the coolant voiding and Doppler coefficients, without

regard for economics. Invariably, spoiling increases fuel costs. Since

safety considerations are of paramount importance, the economic pen-

alties to be expected for various types and degrees of spoiling must be

determined. In addition, the relative merits of the chief types of spoil-

ing must be established.  Thus, on the basis of this study, a type of

spoiling can be chosen. The safety philosophy permitting the reactor

designer to choose exactly the required degree of spoiling remains to

be developed.

-1-
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2. SUMMARY

Two safety characteristics are compared in this study: the cool-
ant void coefficient, which is positive, and the Doppler coefficient, which

is negative. The interplay of these characteristics determines the op-

erating and safety behavior of the LMFBR core.

The effects of three types of spoiling in varying degrees on these

safety characteristics are evaluated, and the fuel cost and doubling time

penalties associated with the spoiling are calculated and compared.
Geometric spoiling (with both small and large coolant fractions) and

BeO spoiling are considered.

As expected, there is a large fuel cost penalty associated with

any significant degree of spoiling.  If a zero coefficient for voiding of
the core and axial blanket is required, then the penalty for the most fa-

vorable spoiling method will be more than 0.9 to 1.0 mill/kWh as com-

pared with an unspoiled core.  The fuel cost penalty for spoiling is not
strongly dependent on the type of spoiling. However, geometric spoil-
ing with a low coolant fraction is the best method.

If capital cost penalties associated with spoiling are included, the

extrapolated penalty for a zero void coefficient becomes approximately
1.6 mill/kWh, and BeO spoiling is the best method.
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3.    CONCLUSIONS AND RECOMMENDATIONS

1.  Spoiling in any form is detrimental to fuel costs.  How-

ever, of the three types of spoiling considered (BeO spoiling, geometric

spoiling with low coolant fraction, and geometric spoiling with high cool-

ant fraction) the first two are preferable in terms of safety and econom-

ics.

2.  The safety criterion suggested by other manufacturers,

that the reactivity insertion for voiding the core and axial blanket be

zero or negative, appears to be unfeasible from the standpoint of eco-

nomics and conservation of natural resources. Therefore, greater em-

phasis must be placed on the engineered safeguards to eliminate total

voiding from the list of credible accidents.

3. With partial voiding as the design criterion, the lowest

feasible coolant fraction is preferred. Cores with high coolant fractions

are strongly dependent upon the increased leakage when sodium is re-

moved. With partial voiding, the leakage component is reduced.

4. Void deficits should be calculated in the actual geometry

at end-of-cycle conditions. Failure to show the plutonium buildup in

the near blankets results in an optimistic ak
void

5.  A comparison of the calculated Doppler coefficients

clearly indicates that, of the three methods of spoiling considered,

geometric spoiling with a low coolant fraction and BeO spoiling are

preferable.  This is especially evident when the Doppler coefficients

with the core half voided are compared. Since the Doppler coefficient

limits the DBA energy release, an adequate Doppler coefficient is very

important.

-3-



4. SYSTEM REQUIREMENTS

1.  The prompt power coefficient shall be negitive every-
where in the core.

2.  The core pressure drop shall be less than 100 psi.

3.   The maximum linear heat rate is  17 kW/ft.

4.  The fuel pins for all cores in the study shall have the
same total active length.

5.  The unspoiled core that serves as the basis for compar-
ing the effects of spoiling is designed without regard to sodium voiding.

6.  DBA considerations will not affect the choice of method

or degree of spoiling iii this study. Preliminary analyses during Task
I indicated that the Bethe-Tait energy release is not strongly geometry-

dependent.

7.  The degree of spoiling required for safe operation is not

specified. The intent of the study is to determine the cost penalties as-
sociated with spoiling.  As a result, none of the cores are designed to

a specific set of criteria.

-4-
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5.    DISCUSSION

5.1. Safety Characteristics

Two LMFBR safety characteristics are considered: sodium void-

ing, and the Doppler coefficient. Although fuel slumping may be impor-

tant, it will not be treated here. Even though other characteristics exist,

those just mentioned can occur most rapidly and be the largest.

The effects of the sodium void coefficient, which is potentially the

most serious of the positive reactivity coefficients, are encountered as

a change in coolant density, a local voiding, or a gross core voiding.

It can be argued that total core voiding is not credible; and that if it is,

a positive void coefficient is unimportant since the core will be destroyed

in any event.' Local voiding presents a different picture.  In this case

the maximum worth of the voided assemblies must be limited so that

the control system can prevent the spread of damage. Finally, the re-

activity change resulting from a sodium density change following a

change in power must be kept small so that the power coefficient is neg-

ative.

The sodium void coefficient is the algebraic sum of three compo-

nents, two of which are positive; i.e., as sodium is removed, reactivity

is added to the core. These are the sodium capture and the spectral

components. The first of these components, which is small, is simply

the result of removing an absorber (sodium) from the core.  The spec-

tral component results from the shift in the flux spectrum as the sodium,
which acts  as a moderator, is removed. Fuel materials, notably  238U,

239PU, and 240Pu are more efficient in a harder spectrum.

The negative component of the sodium void coefficient is caused

by a change in leakage. Removal of the sodium makes the core relatively

more transparent to neutrons and hence tends to increase the leakage.
The Doppler coefficient is a measure of the reactivity change that

is caused by a change in the absorption rates in fertile materials as the
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fuel temperature changes with power. Since the Doppler coefficient is
the only prompt negative power coefficient in a plutonium-fueled LMFBR,
it is essential that the Doppler coefficient be large enough to ensure a

negative power coefficient. In addition, a large Doppler coefficient can

limit the energy release during the design basis accident and hence ease

the containment design requirements.

5.2.    Methods of Spoiling

Spoiling can act on either the coolant void coefficient or the Dopp-
ler coefficient, or both. However, as will be shown later, one method

of spoiling improves voiding at the expense of the Doppler coefficient.

Two types of spoiling are considered: geometric and material

spoiling. Geometric spoiling acts on the leakage component by increas-

ing the total leakage. Hence, in a high-leakage core, the absolute change
in reactivity due to a change in leakage is greater than for a lower-leak-
age core.

Geometric spoiling can enhance either radial or axial leakage.
Annular and modular geometries increase the radial leakage, while

the flattened cylinder or pancake geometry enhances the axial leakage.
Previous studies have shown that modular geometry has no advantages
over annular geometry from the sodium voiding standpoint, and the

loosely coupled modules may result in control problems. In addition,

two-dimensional calculations are necessary for meaningful results.

Based on these factors, it was decided not to include modular geometry
in the study.

Material spoiling can act on either the leakage or the spectral

component, or both. For high-leakage cores, increasing the coolant

fraction lowers the void coefficient.  A side effect, which tends to make

the void coefficient less positive, is the corresponding reduction in fuel
volume fraction and the resultant increase in enrichment.

The means of material spoiling most frequently discussed in the

literature is the addition of a moderating component such as BeO.  The
moderator degrades the spectrum to such an extent that the loss of the
moderation of sodium changes the total moderation very little.  An in-

crease in enrichment is also required as BeO is added, so the voiding
is again improyed.
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All means of spoiling except the use of BeO tend to reduce the

Doppler coefficient.  This is primarily because of the increased enrich-

ment required by the higher leakage and/or the lower fuel fraction.  Al-

though the enrichment is increased when BeO is added, the degraded
spectrum permits more resonance captures in the fertile material, and
hence, the Doppler coefficient is enhanced.

5.3. Description of Trade-Off

All spoiled cores in this study are evolved from and compared with
a compact cylinder (L/D = 0.4) which is designed for minimum fuel costs

and short doubling time with less emphasis  on the sodium· voiding char-
acteristics.  The pin pitch is 0.340 inch and the pin diameter is 0.292
inch. This combination of pin diameter and pitch results in a core pres-

sure drop of just under 100 psi, which was set as an upper limit.  The

pitch was chosen on the basis of a parametric study which indicated that

fuel costs started to climb when the pitch was reduced below 0.340.

This study is discussed briefly in the appendix. Revised fuel cost meth-

ods indicate that this combination of pitch and pin diameter might not
truly be the optimum for lowest costs. However,  the new information
came after the trade-off study was started.  The clad thickness is 0.010
inch.

The size of the core is determined by the total active length of the
pin, 2.7 x 106 inches.. This length is set by the following parameters:

P IP 1.60max
Max  kW / ft                                  17

Power in core, MWt 2390

The L/D of 0.4 represents a near-minimum leakage configuration
for a zone-loaded core.  As the degree of radial power flattening de-
creases, the minimum leakage L/D increases.  For a non-zone-loaded
core, the minimum leakage L/D is considerably higher. The combina-
tion of L/D, total active length, pins per assembly, and the require-
ment for a symmetric array of assemblies resulted in an active length
of 40.1 inches and an equivalent diameter of 99.1 inches. The control

fraction was assumed to occupy the equivalent of 21 pins per assembly.
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Volume fractions of the compact cylinder, designated "CCD, " are given

in Table  1.

All cores have the same radial blanket assembly. The number of

assemblies, of course, varies with the core geometry.  The pin diam-

eter is 0.506, the pitch is 0.546, and the clad thickness is 0.018 inch.

In all cases the radial blanket length is the same as that of the core.

As a result, the breeding ratio is somewhat conservative.

In the radial blankets the depleted U02 is assumed to have a smeared

density of 90% of theoretical, while in the core and axial blankets, the

smeared density is 85% of theoretical. The uranium is depleted to an
initial enrichment of 0.3% 235U. The plutonium isotopic composition is

as follows:

Isotope    %

239PU         70
240PU             2 5

241PU                      5

All of the spoiled cores are derived from the compact cylinder in

that all have the same pitch and the same total length of pin. A range

of compositions is achieved by varying the pin diameter. Three com-

positions, representing three coolant fractions, are included in the

study. For convenience, each composition is represented by a code

letter. The compositions are summarized below.

Pin OD, Sodium
Designation in. fraction

D 0.292 0.346

I 0.275 0.430

W 0.250 0.502

Similarly, a number of geometrical shapes were investigated;
these shapes and their code designations are given below.
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Designation Description Leakage L/D

CC Compact cylinder Low 0.40

IC Intermediate cylinder Internnediate 0.248

PC Pancake cylinder High 0.135

AC Annular core High              -

Thus, for example, the combination PCW indicates a high-leakage,
pancake core with a high sodium fraction. In several cases, a given
geometry is analyzed with more than one composition.

Spoiling by increased leakage is demonstrated with an annular

core,  "ACW, " which is 60 inches tall and 17 inches thick, and two pan-
caked cylinders, "PCW" and "PCD, " which are 19.3 inches tall and
have an L/D ratio of 0.135. Cores ACW and PCW both have the same

pin diameter, 0.250 inch and hence, the same composition.  This pin
diameter was chosen to give a sodium fraction of about 50%.

The core designated "PCD, " pancaked cylinder dry, has the same
dimensions as PCW but has a larger fuel pin, which results in a lower
coolant fraction. The 0.292-inch pin is the same as that used in the
compact cylinder.  This core demonstrates the effects of sodium frac-
tion on voiding in a high leakage core.

An intermediate cylinder with an L/D of 0.248 was chosen to fill
the gap between extreme spoiling and no spoiling.  This core was calcu-
lated first with a pin diameter of 0.270 inch, which results in a sodium
volume fraction between those of the PCW and the CCD, and then with the,
same pin diameter used in the PCD and in the corhpact cylinder "CCD. "
The first core is designated ICI and the second ICD.

The effects of using BeO are demonstrated in a series of three

cores based on CCD with BeO fractions of 0.14, 0.20, and 0.323 of the
total fuel plus BeO fraction. These cores are all 40.1 inches tall. Since
the cores must grow radially if the total length of the pin is to be pre-
served as BeO pins replace fuel pins, the L/D decreases from 0.40 for

no BeO to 0.333 for the case with maximum BeO. If the BeO were as-

sumed to be mixed with the fuel and no penalty in allowable kW/ft re-
sulted, then the cores could remain the same size. However, it was

felt that unknown effects on the fuel performance and reprocessing cost
made this assumption less desirable.
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In this study the BeO pins are assumed to be the same as fuel pins

except for the substitution of BeO. In reality the pins would probably

be somewhat larger to cut down the bypass flow past the cool BeO pins.

The BeO pins are uniformly distributed throughout the core and do not

extend into the axial blanket. Since the moderation component of the so-

dium worth in the axial blankets is smaller than that of the core, rnod-

erator was not added to the blanket.

All of the cylindrical cores are zone loaded for power flattening.

The pancake and intermediate cylinders have three enrichment zones of

approximately equal volumes, while the compact cylinder and BeO cores

have two enrichment zones.

Since leakage varies greatly from core to core, the blanket thick-

nesses also differ. The axial blanket thickness ranges from 24 inches

in the pancake cores  to 6 inches in the annulus. Similarly, the radial
blanket thickness ranges from 5.5 inches in the pancake to 17 inches in

the compact cylinder. The physical parameters of all the cores are

given in Table  1.
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Table 1. Physical Parameters

CCD CCD .14 BeO CCD .20 BeO CCD 32 BeO ICI LCD PCW PCD ACW

Core diameter, in. 99.1 107.0 110.8 120.4 116.8 116.8 142 9 142.9 110.8

Core height, in. 40.1 40.1 40.1 40.1 28.9 28.9 19.3 19.3 60.5

L/D 0.405 0.375 0.362 0.333 0.248 0.248 0.·135 0.135 H/T = 3.45

Core volume, liters 5077 5918 6339 7485 5077 5077 5077 5077 5077

Axial blanket thickness, in. -     15              15                 15                 15             18          18 24 24       6

Radial blanket thickness, in.      17             18                 17                 16             12          12 5.5 5.5
17.5 I. B.

1 16.90.B.
= No. of fuel elements 217 252 271 320 301 301 451 451 144-

Fuel pin OD 0.292 0.292 0.292 0.292 0.270 0.292 0.250 0.292 0.250

Volume fractions

Fuel 0.505 0.433 0.404 0.342 0.427 0.505 0.362    ' 0.505 0.362
Na 0.346 0.345 0.346 0.345 0.430 0.346 0.502 0.346 0.502
SS 0.127 0.128 0.127 0.127 0.121 0.127 0.111 0.127 0.111
BeO 0.0 0.072 0.101 0.163 0.0 0.0 0.0 0.0 0.0
846 0.022 0.022 0.022 0.023 0.022 0.022 0.024 0.022 0.024

I. B.R. 1.39 1.28 1.18 1.04 1.36 1.40 1.28 1.40 1.39

Fissile Pu, kg 2279 2714 3012 3448 2377 2501 2797 2947 2868

Full power days 721 721 721 680 645 721 521 721 521

MWD/ T  MWD core
77,322 77,608 77,494 70,990 77,110 74,300 74,500 74.434 72,562kg core

E,. BOL 0.1076 0.1280 0.1417 0.1578 0.1295 0.1156 0.1832 0.1388 0.1902.

1
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6. RESULTS       '

, Table  1 is a summary of the physical characteristics.of the cores

analyzed in the trade-off study; it also includes some of the calculated

results. These results are as calculated for the burnups given, which

vary between 71,000 and 78,000 MWD/T.    This  burnup  range  is  some -

what higher than the average in the core at the end of an equilibrium

cycle' in which one third of the core is discharged at an average burnup

of 100,000 MWD/T.  Thus, the average conditions in a partially refueled
core are simulated in a batch refueling calculation. Studies have indi-

cated that the safety characteristics are strongly burnup-dependent and

should be calculated at the lease favorable (high burnup) conditions.

Figure 1 shows effect of burnup on voiding characteristics for the

PCD. As expected, the Ak increases monotonically with increasingvoid

MWD/T.  In this case the increase is 0.6 X 10-7 ak/k/MWD/T.  An in-
teresting side point is the change in beginning-of-life ak with and

void

without control. The ak at k = 1.00 is 36% higher than the Akvoid eff void

at k = 1.04. Certainly, excess reactivity is required for burnup, and
eff

control is required to keep the keff = 1.0: Therefore, failure to factor

this into voiding calculations will give optimistic results. Similarly,

failure to include the effects of burnup can also result in an optimistic

ak
void

Fuel costs and the individual cost components for all the cores

(assuming that the discharge burnup of 100,000 MWD/T is achieved in
a single batch refueling) are summarized in Table 2. The corrected

beginning- and end-of-life fissile plutonium masses, the corrected in-

tegrated breeding ratios, and the effective full power days (EFPD) re-

quired for a core burnup of 100,000 MWD/T are also included. These

corrections are discussed in the appendix.  The fuel costs are corrected

to 100,000 MWD/T for two reasons:  (1) all fuel costs should be at the

same burnup for a meaningful comparison; (2) the reference discharge

burnup is 100 ,000 MWD/T.
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Figure 1. Effect of Fuel Average Burnup on ak (PCD Core)void
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Table 2.. Fuel Cost Summary and Miscellaneous Parameters

CCD ·CCD .14 BeO CCD .20 BeO CCD .32 BeO ICI ICD PCW PCD ACW

Fuel cost, mill/kWh

Fabrication 0.300 0.348 0.365 0.418 0.355 0.331 0.476 0.387 0.393

Reprocessing & reconversion 0.153 0.158 0.163 0.176 0.164 0.158 0.219 ,
0.195 0.257

Shipping
0.718 0.552 0.570 0.683 0.678

0.042 0.046 0.047 0.052 0.045 0.047 0.068 0.064 0.055

Pluto'nium working· capital . 0.521 0.588 .0.635 0.739

i Fabrication working capital 0.051 0.058 0.062 0.071 0.053 0.058 0.062 0.068 0.056

I. Plutonium credit -0.376 -0.287 -0.174 0.045 -0.360 -0.392 -0.238 -0.393 -0.329
'ts  ·

Reprocessing & reconversion
working capital ,-0.040 -0.041 -0.043 -0.047 -0.039 -0.043 -0.048 -0.053 -0.072

Total 0.651 0.870. 1.055 1.433 0.770 0.729 1.222 0.946 1.099
I.

Miscellaneous parameters (al

Initial Pu, kg 239PU   24 tpu 2279 2714 3087 3797 2389 2501' 2951 3006 3112

Final Pu, kg 239pu + 241PU 3184 3415 3541 3771 3175 3472 3409 3997 3754

I. B. R. 1.35 1.27 1.16 0.97 1.34· 1.36 1.23 1.37 1.32

EFPD 941 930 930 930 833 970 690 975 725

(a) Discharge burnup'of 100,000 MWD/T.



As expected, spoiling in any form or degree causes an increase

in fuel cycle costs. The difference between CCD and PCW, for example,
is 0.571 mill/kWh. Increased fabrication and plutonium working capital
costs and decreased plutonium credit are the major contributors to the

increased fuel costs.

The ak and Doppler coefficients and the doubling times for all
void

of the cores are given in Table 3. The dependence of fuel cycle costs

on the ak is shown graphically in Figure 2.void

It is interesting to note that for a given Ak the fuel cost pen-
void

alty is not a strong function of the method of spoiling.  On the basis of

the batch refueling fuel costs, high leakage coupled with small coolant

fraction appears to be the most economic approach to spoiling.  BeO

spoiling is somewhat less favorable, and high leakage with a large cool-
ant fraction is the least favorable.

The assumption of single-batch refueling tends to penalize cores

with low internal breeding ratios, since a very large initial excess akeff
is required for the core to achieve long burnups. With partial refueling,
the excess ak requirements are considerably less; as a result theeff
fissile loading is reduced, and the breeding ratio is increased.  On the

other hand, a core with a high internal breeding ratio requires relatively
little excess Akeff for long burnups, so the lower excess akeff permitted

by partial refueling has relatively less effect on fissile loading and breed-

ing  ratio.
To ensure that the batch refueling assumption did not distort the

results of the trade-off study, the fuel cost improvement resulting from

a three-batch partial refueling scheme was estimated for each of the

cores. The procedures used to estimate the change in fuel costs are

discussed in the appendix.
A further correction that should be included for completeness is

the capital cost penalty associated with spoiling. Although the cores

were chosen to minimize capital cost effects, some changes did occur.

For easier comparison, the capital cost penalty is defined as the dif-

ference in capital costs (in mill/kWh) between the core in question and

core CCD, which has the lowest capital costs.
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Figure 2. Fuel Costs for Spoiled and Unspoiled LMFBR
for Single-Batch Refueling
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Table 3. Summary  of Re sults

mills/kWh

Three-batch
Capital fuel cost + Single-batch Doppler coefficient, -T(dK/dT)

ak
penalty(a) penalty time, years Full dense 50% void

Single-batch · Three-batch Cost capital cost doubling
void fuel costs fuel cost

CCD 0.0210 0.651 0.63 0.00 0.63 9.4 0.0063 0.0053

CCD 0.14 BeO 0.0146 0.870 0.81 0.06 0.87 14.1 0.0067 0.0058-
-J CCD 0.20 BeO 0.0108 1.055 0.92 0.11 1.03 47.0                --
' CCD 0.32 BeO 0.0050 1.433 1.19 0.27 1.46                        00 0.0119 0.0115

ICI 0.0162 0.770 0.74 0.07 0.81 10.3                --

ICD 0.0176 0.729 0.70 0.08 0.78 9.9 0.0054 0.0044

PCW 0.0094 1.22 1.05 0.20 1.25 19.8 0.0046 0.0033

PCD 0.0112 0.946 0.87 0.20 1.07 11.9

ACW 0.0117 1.099 0.91 0.14 1.05 15.3 0.0037 0.0028

(a)
Capital cost penalty relative to capital costs of CCD.



Key results are given in Table 3. Fuel costs based on single-batch
and partial refueling schemes are compared, and the capital cost pen-
alties associated with spoiling are tabulated. Fuel costs, assuming par-
tial refueling, are presented graphically as a function of akvoid in Fig z
ure 3. With partial refueling, the penalties for spoiling are even less
sensitive to the type of spoiling; however, the relative positions are

roughly the same.  When the capital cost penalties are included, BeO

spoiling is the most economic, while geometric spoiling (with either low
or high coolant fraction) is less favorable.

The BeO cores fare somewhat better in terms of capital cost, be-
cause the core diameters increase less rapidly than those of the pancake
cores.  As a result, the BeO-spoiled core vessel, core internals, re-
actor vessel, and biological shielding are smaller and hence cheaper.
The same is true of the annular core, which has a core diameter of 111

inches, as opposed to 143 inches for PCD, which has roughly the same
ak

void'
It is clear that the cost penalty in achieving a zero or negative

ak for the core plus the axial blanket is severe.  If the curves in
void

Figures 2 and 3 are extrapolated to zero ak then the incremental
void'

fuel cost increases by at least 0.9 to 1.0 mill/kWh.

If doubling time is a criterion, the choice of spoiling method is

much more obvious. Clearly BeO spoiling degrades doubling time much
more than does geometric spoiling. The degraded flux spectrum and

the increased enrichment accompanying BeO spoiling result in less fa-

vorable competition for neutron capture between the fertile material

and the remaining core materials. In addition, the blanket fertile ma-

terial absorbs fewer neutrons.  As a result, the breeding ratio and

doubling time decrease sharply (see Tables 2 and 3).
L Geometric spoiling, on the other hand, does not degrade the breed-
ing ratio nearly as rapidly. Although the increased fissile enrichment

in the core cuts the core breeding ratio, the increased leakage results

in more fertile captures in the blankets.
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Figure 3. Fuel Costs for Spoiled and Unspoiled LMFBR,
Including Capital Cost Penalty (Estimated for
One-Third-Core Refueling)
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For example, the PCD and CCD 0.20 BeO cores have nearly the
same ak .  The beginning-of-life core breeding ratios are 0.79 andvoid
0.85 for the PCD and the CCD 0.20 BeO cores-yet the overall breeding
ratios are 1.45 and 1.20. The difference is in the blanket contribution.

The doubling time for a dry pancake core is lower than that for an annu-

lar core with a corresponding ak . Partial refueling would tend tovoid
reduce the doubling times of all the spoiled cores. However, the BeO

spoiled cores would still have longer doubling times than the geometrically

spoiled cores.

For a given high-leakage geometry, increasing the sodium fraction

reduces the ak (PCW versus PCD and ICI versus ICD). However,void
the results given in Table 4 demonstrate that for partial voiding, the

high sodium fraction or "wet" core is clearly worse. The maximum

positive ak is more than twice the core plus the axial blanket valuevoid
in the PCW, whereas in the PCD the factor is 1.5. Furthernlore, the

maximum void in the PCW is greater than that in the PCD.  This is to
be expected, since the spectral component of PCW voiding is greater
than that of the PCD. With partial voiding the leakage component is, of

course, reduced and the wetter lattice is penalized more.

Table 4. Partial Voiding Results, Akvoid

CCD PCD PCW

Core + axial blanket 0.021 0.0112 0.0094

Core 0.022 0.0154 0.0185

Maximum positive -- 0.0174 0.0217

Past studies have indicated that the calculated ak is stronglyvoid
dependent on the plutonium distribution in the blankets.  If, in the calcu-

lation, the buildup with life of the plutonium immediately adjacent to the
core is not shown, the Ak is low. Merely assuming a uniform plu-void
tonium concentration in the blankets is not adequate.   In one case,  mak-
ing the blanket plutonium loading uniform reduced to Ak by sornevoid
25%. Thus, failure to properly  show the high plutonium  concentration
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in the near blanket regions, and failure to consider that excess reactivity

and control are needed at any time other  than at the  end of life will  re -

sult in optimistic values for the calculated Ak
void'

A number of factors that may affect the fuel cost of these cores

should be mentioned. The blanket thicknesses are not necessarily op-

timized for each of the cores.   In some cases the maximum power peak-

ing slightly exceeds the specified value of 1.6, and in other cases the

peak is as low as 1.4. Designing to minimized peaking for all cores

could change the required total length of pin and hence, the core size.

The net result is that, although the overall picture is valid, more de-

tailed optimization could shift the fuel cost picture slightly.

Intermediate results and interesting information for each core

which are not directly applicable to the trade-off are given in the appen-

dix.  Included in the tables are mass balances, beginning- and end-of-

life instantaneous breeding ratios, power fractions  in the core and blan-

ket, power peaking factors, and plutonium isotopic composition.
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All the results were generated with the DHRG-SIZLEl code pack-
age in use at B&W.  In this system, criticality and reactivity coefficient

calculations are in 18 groups, while depletion takes place in 6 groups

collapsed from 18 groups with space and energy weighting. Separate
18-group libraries are generated for core and blanket materials from
a 68-group basic library in a fundamental mode calculation by DHRG,

a revision of GAM I. Important cross section sources may be summa-

rized as follows:

1. 239Pu - ENDF/B evaluation by Greebler. 2
2. 238U - ENDF/B evaluation by Wittkopf, Roy,

and Livolsi.3

3.  24op u - ENDF/B evaluation by Pitterle. 4
4.  241Pu --evaluation by Drake. 5
5. Fe, Ni, Cr -ANL MCZ calculation; spectrum

corresponds to that of sodium-cooled, oxide
commercial breeder.

6.  Na, Be, 0 - ORNL GAM-I Library List-
ing (1965).

Cross sections for 238U and 239Pu in the resolved and unresolved
resonance regions were prepared by the ERIC-2 code.6 The inelastic

matrix for 238U was prepared by the DISC-2 code, using the ENDF/B
discrete level and continuum data;7 matrices for the remaining materials

were taken from an ORNL GAM-I library listing of 1965, normalized to

more recent total inelastic cross-section data. Using these methods,
key parameters of assembly 48 of ZPR III agree very well with the val-
ues given by Greebler.8

The computation model used combines one-dimensional radial and
axial calculations in which the transverse bucklings have been converged.
All cores reach an average burnup of between 70,000 and 30,000 MWD/T.
This is done for convenience in a single batch cycle although actual cores

will probably be partially refueled. This assumption removes the added

complication of type and frequency of refueling. The assumed burnup
range is somewhat greater than the average found in a core at the end

of a cycle in which a discharge burnup of 100,000 MWD/T is achieved

in three partial refueling cycles, i.e., one-third of the core at 33,000
MWD/T, one-third at 67,000 MWD/T, and the remaining third at 100,000
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MWD/T.  The core composition, especially the fission products, for a
given average burnup should be approximately the same regardless of
the path followed to reach the burnup.

Coolant void coefficients are computed at end-of-cycle conditions
by the Akeff method. Calculations have shown that voiding tends to be
least favorable at the end of life. The calculations are in 18 groups and
make use of full dense and void 18-group libraries. Since these calcu-
lations are in one dimension, the change in transverse buckling with
voiding is, of course, included. Void calculations are with the core and
axial blankets voided. The reactivity insertion when the core only is
voided, as well as the maximum positive Ak . were calculated forvoid'
several of the cores.

The Doppler coefficient was computed for selected cores by the
k   method for an isothermal change in fuel temperature.  Both 238U·e ff
and 239Pu are included, but the contribution of 240Pu is not included.
Since the 240Pu contribution is negative, the calculated Doppler coefficient
should be slightly conservative. In addition, the contribution of the blan-
kets to the Doppler coefficient is neglected.

The choice of pin pitch-and diameter was based on results gen-
erated with the NAPS code.9  One of the trade-off study ground rules
limited the core pressure drop to 100 psi. Using this as a guide and
the compact cylinder as a reference, the pin diameter at a number of
pitches was varied until the core ap reached 100 psi.  The fuel costs
for these pin-pitch combinations are presented in Figure A-1. Since
these results were generated, the NAPS code has been revised and up-
dated. Consequently, data presented elsewhere might seem inconsistant
with the results given here.  In any event, the trends established by the
trade-off study should not be affected by the reference pitch.

With one exception, fuel costs are calculated using the methods

described in the Task I report. The exception is the unit fabrication
cost, which is obtained from data described in Volume I of this report.
In addition, the following assumptions were made for the BeO cores:

1.  The fabrication cost of a BeO pin is the same
as that of a fuel pin.

2.  The reprocessing cost is dependent only on the
masses of fuel.  The BeO pins are removed be-
fore processing, and the axial blankets are sep-
arated from the BeO.
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Figure A- 1. Minimum Fuel Cost at Each Pitch for a 40-Inch
LMFBR Core at 100 psi Core Pressure Drop
(0.100-Inch Fixed Can)
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3. Shipping costs are increased by the mass of
BeO.

Fuel costs are computed for an exposure of 100,000 MWD/T in the

core.  Since the average burnup was between 70,000 and 80,000 MWD/T,
an extrapolation was necessary. The initial fissile loading required to

produce the desired burnup was estimated. The integrated breeding
ratio was then corrected for the higher initial fissile loading and the
estimated change in breeding ratio with burnup. Using the corrected

breeding ratio and initial loading, a corrected final fissile loading was
calculated. The corrected plutonium credit and working capital fuel
cost components were then computed.

The estimate of fuel cost improvements resulting from partial

refueling was based on the following assumptions:

1.  The excess keff for a three-batch refueling
scheme is one third of that required for a
single-batch scheme.

2.  The plutonium credit fuel cost component is
proportional to the breeding gain (BR-1).

3.   The plutonium working capital component is
proportional to the average fissile loading.

The doubling time is given by the expression

ts (0.693 + tn b  ·b I 1)DT = +-
b\ fn B

which reduces to the following for a batch loaded core:

DT = 0.693 (IP + OOP)

f n f
where

DT = doubling time, years

IP = in-pile time, years

OOP = out-of-pile time including fabrication, reprocessing,
and storage.,.years

F = final fissile Pu mass less 1% reprocessing loss, kg
I = initial fissile Pu mass plus 1% fabrication loss, kg

The derivation of this expression is given in Volume I.
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Table A-1.  CCD

1.  Physical Descriphon

Radial Axial Radial Axial
Core blanket blanket reflector reflector

Outer diameter, in. 99.1 133.1 99.1 156.7 99.1

Height, in. 40.1 40.1 15.0 40.1 11.8

Volume, liters 5076.2 4068.9 3793.0 3530.4 2983.8

No. of fuel elements 217 174 217

Fuel pin pitch, in. 0.340 0.546 0.340

Fuel pin OD, in. 0.292 0.506 0.292

Clad thickness, in. 0.010 0.018 0.010

Area/assembly, in.2 35.572 35.572 35.572

Fuel percent dense 85      90      85

Steel type 304 SS 304 SS 304 SS 304 SS 304 SS

Avg   te mp,     F
Fuel 2500 2000 2000
Na 950 950 950 950 950

Volume fractions
Fue 1 0.505 0.580 0.505 0.0 0.0
Na 0.346 0.236 0.346 0.5 0.346
Steel 0.127 0.16 0.127 0.5 0.127
B4C 0.022 0.0 0.022 0.0 0.022

Type of loading, 2-zone batch,  127 fuel elements in zone 1
90 fuel elements in zone 2

2. Enrichments (CCD)*

Beginning of life End of life

Radial core zone 1 0.0924 0.1151
Radial core zone 2 0.1291 0.1308

Core average 0.1076 0.1209

3.  Burnup (CCD)

Lifetime, EFPD 721
MWD/ T 77,322

*
Weight fraction 239Pu + 241Pu.
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Table A-1. (Cont'd)

4.  Initial and Final Pu Isotopic Mix (CCD)

Pu isotope, % Beginning of life End of life

239 70.0 68.7
240 25.0 25.9
241 5.0 4.8
242 0.0 0.6

5. Breeding Ratios (CCD)

Integrated Breeding Ratio (I. B. R. = 1.39)
Instantaneous Breeding Ratios

Radial Axial Average

Beginning of life
Core 1.101 1.064 1.083
Axial blanket 0.232 0.224 0.228
Radial blanket 0.217 0.210 0.213

Total 1.550 1.498 1.524

End of life

Core 0.891 0.885 0.888
Axial blanket 0.241 0.239 0.240
Radial blanket 0.181 0.180 0.181

Total 1.313 1.304 1.309

6. Peaking Factors and Power Fractions (CCD)

Beginning of life End of life

Peaking factors

Radial core zone 1 1.100 1.445
Radial core zone 2 1.239 1.024
Axial 1.285 1.229

Power fractions, %
Core 97.00 90.60
Radial blanket 1.50 3.60
Axial blanket 1.50 5.80
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Table A-1. (Cont'd)

7: Mass Balance, kg (CCD)

Axial Radial
Core blanket blanket Total

Beginning of life
235U 54.41 47.20 61.61 163.22
238 U 18,083.62 15,683.81 20,457.21 54,224.64

Total U 18,138.03 15,731.01 20,518.82 54,387.86

239PU 2,127.11 0.0 0.0 2,127.11
240 PU 759.70 0.0 0.0 759.70

241PU 151.93 0.0 0.0 151.93

242PU 0.0 0.0 0.0 0.0

Total Pu 3,038.74 0.0 0.0 3,038.74

Total U + Pu 21,176.77 15,731.01 20,518.82 57,426.60

End of life
235 22.70 36.01 - 52.00 110.71U

238U 16,212.01 15,245.80 20,093.31 51,551.12

Total U 16,234.71 15,281.81 20,145.31 51,661.83

239Pu* 2,194.80 367.61 317.01 2,879.42

24OPU 82,7.41 12.20 7.00 846.61

241PU 154.40 0.42 0.22 155.04

242PU 17.92 0.01 0.00 17.92

Total Pu* 3,194.53 380.24 324.23 3,898.99

Total   U   +  Pu * 19,429.24 15,662.05 20,469.54 55,560.82

*
Includes 239NP.
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Table A-2. CCD .14 BeO

1. Physical Description

Radial Axial Radial Axial
Core blanket blanket reflector reflector

Outer diameter, in. 107.0 142.9 107.0 166.3 107.0

Height, in. 40.1 40.1 15.0 40.1 11.8

Volume, liters 5918.3 4631.7 4424.4 3726.2 1750.5

No. of fuel elements 253 198 152

Fuel pin pitch, in. 0.340 0.546 0.340

Fuel pin OD, in. 0.292 0.506 0.292

Clad thickness, in. 0.010 0.018 0.010

Area/assembly, in.2 35.572 35.572 35.572

Fuel percent dense 85      90      85

Steel type 304 SS 304 SS 304 SS 304 SS 304 SS

Avg   te mp,     F
Fuel 2500 2000 2000
Na 950 950 950 950 950

Volume fractions
Fue 1 0.433 0.580 0.505 0.0 0.0
Na 0.345 0.236 0.345 0.500 0.345
Steel 0.128 0.160 0.128 0.500 0.128
34C 0.022 0.0 0.022 0.0 0.023
BeO 0.072 0.0 0.0 0.0 0.0

Type of loading, 2-zone batch,  152 fuel elements in zone 1
101 fuel elements in zone 2

2.  Enrichments (CCD .14 BeO)*

Beginning of life End of life

Radial core zone 1 0.1124 0.1260
Radial core zone 2 0.1514 0.1470

Core average 0.1280 0.1345

3.  Burnup (CCD .14 BeO)

Lifetime, EFPD 721
MWD/T 77,608

'Weight fraction 239PU + 241PU.
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Table A-2. (Cont'd)

4.  Initial and Final Pu Isotopic Mix (CCD .14 BeO)

Pu isotope, % Beginning of life End of life

239 70.0 66.9
240 25.0 · 27.2
241 5.0 5.3
242 0.0 0.6

5. Breeding Ratios (CCD .14 BeO)

Integrated Breeding Ratio (I. B. R. =  1.28)
Instantaneous Breeding Ratios

Radial Axial Average

Beginning of life
Core 0.947 0.915 0.931
Axial blanket 0.213 0.206 0.209
Radial blanket 0.174 0.168 0.171

Total 1.334 ·1.289 1.312

End of life

Core 0.841 0.835 0.838
Axial blanket 0.237 0.235 0.236
Radial blanket 0.171 0.170 0.170

Total 1.249 1.240 1.244

6. Peaking Factors and Power Fractions (CCD .14 BeO)

Beginning of life End of life

Peaking factors

Radial core zone 1 1.191 1.383
Radial core zone 2 1.188 1.041
Axial 1.283 1.217

Power fractions, %
Core 96.10 91.51
Radial blanket 1.27 3.18
Axial blanket 2.63 5.30
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Table A-2. (Cont'd)

7.    Mas s' Balance,  kg  (CCD .14  BeO)

Axial Radial
Core blanket blanket Total

Beginning of life
235U 52.77 55.02 70.05 177.84

238 U 17,539.55 18,285.73 23,278.91 59,104.19

Total U 17,592,32 18,340.75 23,348.96 59,282.03

2 39 PU 2,533125 0.0 0.0 2,533.25
240 PU 904.74 0.0 0.0 904.74

241F u 180.95 0.0 0.0 180.95

242PU 0.0 0.0 0.0 0.0

Total Pu 3,618.94 0.0 0.0 3,618.94

Total U + Pu 21,211.26 18,340.75 23,348.96 62,900.97

End of life

235IJ 22.95 43.73 60.90 127.58
238 U 15,794.31 17,854.42 22,938.91 56,587.64

Total U 15,817.26 17,898.15 22,999.81 56,715.22

239Pu* 2,420.88 365.97 296.90 3,083.75
240 PU 987:66 10.52 5.94 1,004.12

241PU 191:68 0.29 0.12 192.09

242PU 21.75 0.0 0.0 21.75

Total Pu* 3,621.97 376.78 302.96 4,301.71

Total U + Pu* 19,439.23 18,274.93 23,302.77 61,016.93

*
Includes 2391\IP
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Table  A- 3. CCD .20 BeO

1. Physical Description

Radial Axial Radial Axial
Core blanket blanket reflector reflector

Outer diameter, in. 110.8 144.8 110.8 168.4 110.8

Height, in. 40.1 40.1 15.0 40.1 11.8

Volume, liters 6339.4 4491.4 4539.1

No. of fuel elements 271 192 271

.Fuel pin pitch, in. 0.340 0.546 0.340

Fuel pin OD, in. 0.292 0.506 0.292

Clad thickness, in. 0.010 0.018 0.010

Area/assembly, in.2 35.572 35.572 35.572

Fuel percent dense 85 90      90
Steel type 304 SS 304 SS 304 SS 304 SS 304 SS

Avg temp, F
Fue 1 2500 2000 2000
Na 950 950 950 950 950

Volume fractions
Fuel 0.404 0.580 0.505 0.0 0.0
Na 0.346 0.236 0.346 0.500 0.346
Steel 0.127 0.160 0.127 0.500 0.127
B4C 0.022 0.0 0.0 0.0 0.0
BeO 0.101 0.0 0.0 0.0 0.0

Type of loading, 2-zone batch,  169 fuel assemblies in zone 1
102 fuel assemblies in zone 2

BeO at 80% of its theoretical density

2.  Enrichments (CCD .20 BeO)*

Beginning of life End of life

Radial core zone 1 0.1223 0.1304
Radial core zone 2 0.1739 0.1623

Core average 0.1417 0.1424

3.  Burnup (CCD .20 BeO)

Lifetime, EFPD 721
MWD/ T 77,494

4Weight fraction of 239Pu + 241Pu.
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Table A-3. (Cont'd)

4.  Initial and Final Pu Isotopic Mix (CCD .20 BeO)

Pu isotope, % Beginning of life End of life

239 70.0 65.7
240 25.0 28.1
241 5.0 5.6
242 0.0 0.6

5. Breeding Ratios (CCD .20 BeO)

Integrated Breeding Ratio (I. B. R. = 1.18)
Instantaneous Breeding Ratios

Radial Axial Average

Beginning of life
Core 0.849 0.819 0.834
Axial blanket 0.190 0.183 0.187
Radial blanket 0.166 0.160 0.163

Total 1.205 1.162 1.184

End of life

Core 0.795 0.786 0.791
Axial blanket 0.219 0.216 0.218
Radial blanket 0.168 0.166 0.167

Total 1.183 1.168 1.176

6. Peaking Factors and Power Fractions (CCD .20 BeO)

Beginning of life End of life

Peaking factors

Radial core zone 1 1.086 1.287
Radial core zone 2 1.248 1.077
Axial 1.280 1.205

Power fractions, %
Core 97.2 91.8
Radial blanket 1.3 3.2
Axial blanket 1.5 5.1
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Table A-3. (Cont'd)

7. Mass Balance, kg (CCD .20 BeO)

Axial Radial
Core blanket blanket Total

Beginning of life
235U 51.55 58.94 67.92 178.41

238 LI 17,182.47 19,586.62 22,573.57 59,342.66

Total U 17,234.02 19,645.56 22,641.50    59,521.08

239PU 2,811.42 0.0 0.0 2,811.42

240 PU 1,004.08 0.0 0.0 1,004.08

241PU 200.82 0.0 0.0 200.82

242F)u 0.0 0.0 0.0 0.0

Total Pu 4,016.32 0.0 0.0 4,016.32

Total U + Pu 21,250.34 19,645.56 22,641.50 63,537.40

End of life

235U 23.26 46.02 58.88 128.15

238 U 15,566.72 19,177.92 22,233.29 56,977.93

Total U 15,589.98 19,223.93 22,292.17 57,106.08

2 39 Ptl* 2,560.94 345.49 297.18   ' 3,203.61

24opu 1,095.41 10.08 5.87 1,111.35

241PU 216.57 .31 .13 217.01

242PU 23.96 .01, .00 23.97

Total   Pu * 3,896.88 355.89 303.17 4,555.94

Total U + Pu* 19,486.86 19,579.82 22,595.34 61,662.02

*
Includes 239NP.
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Table A-4. CCD .32 BeO

1. Physical Description

Radial Axial Radial Axial
Core blanket blanket reflector reflector

Outer diameter, in. 120.4 153.2 120.4 176.6 120.4

Height, in. 40.1 40.1 15.0 40.1 11.8

Volume, liters . 7484.7 4632.5 5596.0 3985.9 4405.9

No. of fuel elements 320 198 320

Fuel pin pitch, in. 0.340 0.546 0.340

Fuel pin OD, in. 0.292 0.506 0.292

Clad thickness, in. 0.010 0.018 0.010

Area/assembly, in.2 35.572 35.572 35.572

Fuel percent dense 85      90      90

Steel type 304 SS 304 SS 304 SS 304 SS 304 SS

Avg temp,  F
Fuel 2500 2000 2000
Na 950 950 950

Volume fractions
Fue 1 0.342 0.580 0.505 0.0 0.0
Na 0.345 0.236 0.345 0.345 0.345
Steel 0.127 0.160 0.127 0.127 0.127
B4C 0.022 0.0 0.0 0.0 0.0
BeO 0.163 0.0 0.0 0.0 0.0

Type of loading, 2-zone batch, 158 fuel assemblies in zone 1
162 fuel assemblies in zone 2

BeO at 80% of its theoretical density

2.  Enrichments (CCD .32 BeO)*

Beginning of life End of life

Radial core zone 1 0.1400 0.1398
Radial core zone 2 0.1749 0.1639

Core average 0.1578 0.1521

3.  Burnup (CCD .32 BeO)

Lifetime, EFPD 680
MWD/ T 70,990

'"Weight fraction of 239PU + 241PU.
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Table A-4. (Cont'd)

4.  Initial and Final Pu Isotopic Mix (CCD .32 BeO)

Pu isotope, % Beginning of life End of life

239 70.0 64.7

240 25.0 28.8

241 5.0 5.9

242 0.0 0.6

5. Breeding Ratios (CCD .32 BeO)

Integrated Breeding Ratio (I. B. R. =  1.05)

Instantaneous Breeding Ratios

Radial Axial Average

Beginning of life
Core 0.747 0.736 0.742
Axial blanket 0.162 0.160 0.161

Radial blanket 0.104 0.103 0.103

Total 1.013 0.999 1.006

End of life

Core 0.750 0.751 0.750
Axial blanket 0.192 0.192 0.192
Radial blanket 0.120 0.120 0.120

Total 1.062 1.063 1.062

6. Peaking Factors and Power Fractions (CCD .32 BeO)

Beginning of life End of life

Peaking factors

Radial core zone 1 1.068 1.142
Radial core zone 2 1.270 1.251

Axial 1.290 1.220

Power fractions, %

Core 96.93 93.12
Radial blanket 1.44 2.66

Axial blanket 1.63 4.22
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Table A-4. (Cont'd)

7. Mass Balance, kg (CCD .32 BeO)

Axial Radial
Core blanket blanket Total

Beginning of life
235U 51.73 69.66 70.10 192.49

238 IJ 17,206.53 23,128.06 23,282.62 63,617.21

Total U 17,258.26 23,197.72 23,353.72 63,809.70

239PU 3,218.56 0.00 0.00 3,218.56
240 PU 1,149.52 0.00 0.00 1,149.52

241PU 229.91 0.00 0.00 229.91

242PU 0.00 0.00 0.00 0.00

Total Pu 4,597.99 0.00 0.00 4,597.99

Total U + Pu 21,856.25 23,197.72 23,353.72 68,407.69

End of life

235U 27.70 57.16 56.32 141.18

238 U 15,873.30 22,688.66 23,057.62 61,619.58

Total U 15,801.00 22,745.82 23,113.94 61,660.76

2 39 Pu * 2,841.86 313.97 193.62 3,349.45
240 PU 1,266.05 7.26 4.47 1,277.78
24 1PU 259.12 0.19 0.53 259.84

242PU 27.05 0.00 0.01 27.06

Total Pu* 4,394.08 321.42 198.63 4,914.13

Total U + Pu* 20,195.08 23,077.24 23,312.57 66,574.89

...

" Includes 239NP.
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T able A-5. ICI

1. Physical Description

Radial Axial Radial Axial
Core blanket blanket reflector reflector

Outer diameter, in. 116.8 140.6 116.8 164.2 116.8

He ight, in. 28.9 28.9 18.0 28.9 11.8

Volume, liters 5077.3 2288.5 3145.7 2666.0 2072.2

No. of fuel elements 301 138 301

Fuel pin pitch, in. 0.340 0.546 0.340

Fuel  pin OD, in. 0.270 0.506 0.27 0

Clad thickness, in. 0.010 0.018 0.010

Area/assembly, in.2 35.572 35.572 35.572

Fuel percent dense     85       90       90
Steel type 3 04 SS 304 SS 304 SS 3 04 SS 304  SS

Avg temp, F
Fuel 2500 2000 2000
Na 975 975 975 97 5 97 5

Volume fractions
Fuel 0.427 0.580 0.427 0.0 0.0
Na 0.430 0.236 0.430 0.500 0.0
Steel 0.121 0.160 0.121 0.500 0.0

B4C 0.022 0.0 0.022 0.0 0.0

Type of loading, 3-zone batch,. 109 fuel assemblies in zone 1
102 fuel assemblies in zone 2

90 fuel assemblies in zone 3

2.   Enrichments (ICI)"

Beginning of life End of life

Radial core zone 1 0.1112 0.1233
Radial core zone 2 0.1197 0.1263
Radial core zone 3 0.1622 0.1532

Core average 0.1295 0.1318

3.  Burnup (ICI)

Lifetirne, EFPD 645
MWD/T 77,110

*
Weight fraction at 239 PU + 241PU.
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Table A-5. (Cont'd)

4.  Initial and Final Pu Isotopic Mix (ICI)

Pu  i s otope, % Beginning of life End of life

239 70.0 67.3
240 25.0 27.0
241 5.0 5.1
242 0.0 0.5

5. Breeding Ratios (ICI)

Integrated Breeding Ratio (I. B.R. = 1.36)
Instantaneous Breeding Ratios

Radial Axial Average

Beginning of life
Core 0.895 0.868 0.882
Axial blanket 0.384 0.384 0.384
Radial blanket 0.162 0.157 0.160

Total 1.442 1.409 1.425

End of life

Core 0.762 0.757 0.760
Axial blanket 0.420 0.417 0.419
Radial blanket 0.147 0.146 0.147

Total 1.330 1.320 1.325

6. Peaking Factors and Power Fractions (ICI)

Beginning of life End of life

Peaking factors

Radial core zone 1 1.025 1.216
Radial core zone 2 1.083 1.105
Radial core zone 3 1.191 1.055
Axial 1.213 1.156

Power fractions,  %

Core 96.20 86.40
Radial blanket 1.27 2.75
Axial blanket 2.53 10.85
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Table A-5. (Cont'd)

7. Mass Balance, kg (ICI)

Axial Radial
Core blanket blanket Total

Beginning of life
235U 45.57 70.65 34.64 150.86

23 8U 15,146.70 23,362.31 11,529.06 50,038.07

Total U 15,192.27 23,432.96 11,563.70 50,188.93

239PU 2,218.77 0.00 0.00 2,218.77

240PU 792.38 0.00 0.00 792.38
24 1 PU 158.48 0.00 0.00 158.48

242PU 0.00 0.00 0.00 0.00

Total Pu 3,169.63 0.00 0.00 3,169.63

Total U + Pu 18,361.90 23,432.96 11,563.7 53,358.56

End of life

235U 20.75 52.57 27.86 101.18

238U 13,725.62 22,674.94 11,264.44 47,665.00

Total U 13,746.37 22,727.51 11,292.30 47,766.18
I.

239PU  2,061.93 569.90 227.36 2,859.09
24 OPU 837.71 20.83 5.16 863.70
24 1 p U

16.34

158.44 0.79 0.13 159.36

242PU 16.32 0.02 0.00

Total Pu 3,074.40 591.44 232.65 3,898.49

...

T otal  U   + Pu 16,830.77 23,318.94 11,524.95 51,664.67

Includes 239Np.
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T able   A-6.      IC D

1. Physical Description

Radial Axial Radial Axial
Core blanket blanket reflector reflector

Outer diameter, in. 116.8 140.6 116.8 164.2 116.8

Height, in. 28.9 28.9 18.0 28.9 11.8

Volume, liters 5077.3 2288.51 3145.7 2744.4 2072.2

No. of fuel elements 301 138 301       --        __

Fuel pin pitch, in. 0.340 0.546 0.340              --                    --

Fuel pin OD, in. 0.292 0.506 0.292      --         --

Clad thickness, in. 0.010 0.018 0.010      --        --

Area/assembly, in.2 35.572 35.572 35.572 --        --

Fuel percent dense 85      90      90         --        --

Steel type 304 SS 304 SS 304 SS 304 SS 3 04  SS

Avg  ternp,  F
Fuel 2500 2000 2000       --        --
Na 950 950 950 950 950

Volume fractions
Fuel 0.505 0.580 0.505 0.0 0.0
Na 0.346 0.236 0.346 0.346 0.500
Steel 0.127 0.160 0.127 0.127 0.500

B4C 0.022 0.0 0.022 0.022 0.0

Type of loading, 3-zone batch, 109 fuel assemblies in zone 1
102 fuel assemblies in zone 2

90 fuel assemblies in zone 3

...

2. Enrichments (ICD)

Beginning of life End of life

Radial core zone 1 0.0997 0.1174
Radial core zone 2 0.1074 0.1194
Radial core zone 3 0.1438 0.1403

Core average 0.1156 0.1251

3.  Burnup (ICD)

Lifetime, EFPD 721
MWD/T 74,300

i Weight fraction of 239PU + 241Pu.
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Table A-6. (Cont'd)

4.  Initial and Final Pu Isotopic Mix (ICD)

Pu isotope, % Beginning of life End of life

239 70.0 68.4
240 25.0 26.2
241 5.0 4.9
242 0.0 0.5

5. Breeding Ratios (ICD)

Integrated Breeding Ratio (I. B.R. = 1.40)
Instantaneous Breeding Ratios

Radial Axial Average

Beginning of life
Core 1.002 0.996 0.999
Axial blanket 0.374 0.373 0.374
Radial blanket 0.155 0.154 0.154

Total 1.531 1.524 1.527

End of life

Core 0.825 0.821 0.823
Axial blanket 0.390 0.388 0.389
Radial blanket 0.126 0.125 0.126

Total 1.341 1.333 1.337

6. Peaking Factors and Power Fractions (ICD)

Beginning of life End of life

Peaking factors

Radial core zone 1 1.015 1.303
Radial core zone 2 1.086 1.124
Radial core zone 3 1.230 0.990
Axial 1.2311 1.1765

Power fractions,  %
Core 96.41 87.90
Radial blanket 1.18 2.65
Axial blanket 2.41 9.45
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Table A-6. (Cont'd)

7. Mass Balance, kg (ICD)

Axial Radial
Core blanket blanket Total

Beginning of life
235U 54.91 83.16 34.68 172.75

238U 18,249.83 27,629.89 11,529.60 57,409.32

Total U 18,304.74 27,713.05 11,564.28 57,582.07

239PU

833.86

2,334.25 0.00 0.00 2,334.25

24OPU

166.74

833.86 0.00 0.00

241Pll 166.74 0.00 0.00

242-pu 0.00 0.00 0.00 0.00

Total Pu 3,334.85 0.00 0.00 3,334.85

Total U + Pu 21,639.59 27,713.05 11,564.28 60,916.92

End of life

235U 24.56 65.09 27.87 117.52

238LJ 16,520.34 26,916.14 11,267.43 54,703.91

Total U 16,544.90 26,981.23 11,295.30 54,821.43
.'

23 9PU 2,300.59 595.84 224.03 3,121.46

240PU 888.85 20.45 5.25 914.55

241PU 166.82 0.69 0.14 167.65

242-Ptl 18.05 0.01 0.00 18.06

.,

Total Pu 3,374.31 616.99 230.42 4,221.72

.,

T otal  U   + Pu' 19,919.21 27,598.22 11,525.72 59,043.15

Includes 239Np.
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Table A-7. PCW

1. Physical Description

Radial Axial Radial Axial
Core blanket blanket reflector reflector

Outer diameter, in. 142.9 153.9 142.9 177.5 142.9

Height, in. 19.3 19.3 24.0 19.3 11.8

Volume, liters 5077.4 810.5 12619.1 1946.1 6309.5

No. of fuel elements 451 78 451

Fuel pin pitch, in. 0.340 0.546 0.340

Fuel pin OD, in. 0.250 0.506 0.250

Clad thickness, in. 0.010 0.018 0.010

Area/assembly, in.2 35.572 35.572 35.572

Fuel percent dense 85      90      90

Steel type 3 04 SS 304 SS 304 SS 304 SS 304  SS

Avg   tem p,    F
Fuel 2500 2000 2000
Na 950 950 950 950 950

Volume fractions
Fuel 0.362 0.580 0.362 0.0 0.0
Na 0.503 0.236 0.503 0.500 0.503
Steel 0.111 0.160 0.111 0.500 0.111

B4C 0.024 0.0 0.024 0.0 0.0

Type of loading, 3-zone batch, 151 fuel elernents in zone 1
162 fuel elements in zone 2
138 fuel elements in zone 3

.

2.  Enrichments (PCW)'

Beginning of life End of life

Radial core zone 1 0.1603 0.1514
Radial core zone 2 0.1763 0.1616
Radial core zone 3 0.2162 0.1954

Core average 0.1832 0.1680

3.  Burnup (PCW)

Lifetime, EFPD 521
MWD/T 74,500

4Weight fraction of 239PU t 241PU.

A-24



Table A-7. (Cont'd)

4.  Initial and Final Pu Isotopic Mix (PCW)

Pu isotope, % Beginning of life End of life

239 70.0 65.7
240 25.0 28.4
241 5.0 5.5

242 0.0 0.4

5. Breeding Ratios (PCW)

Integrated Breeding Ratio (I. B.R. = 1.28)

Instantaneous Breeding Ratios

Radial Axial Average

Beginning of life
Core 0.570 0.566 0.568
Axial blanket 0.585 0.582 0.584
Radial blanket 0.074 0.073 0.073

Total 1.229 1.221 1.225

End of life

Core 0.565 0.574 0.570
Axial blanket 0.665 0.676 0.670
Radial blanke t 0.078 0.079 0.079

Total 1.308 1.329 1.318

6. Peaking Factors and Power Fractions (PCW)

Beginning of life End of life.

Peaking factors

Radial core zone 1 1.038 1.049
Radial core zone 2 1.139 1.105

Radial core zone 3 1.186 1.133

Axial 1.135 1.096

Power fractions,  %

Core 95.04 83.16
Radial blanket 0.81 2.22
Axial blanket 4.15 14.62
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Table A-7. (Cont'd)

7. Mass Balance, kg (PCW)

Axial Radial
Core blanket blanket Total

Beginning of life
235 U 34.63 119.28 12.26 166.17
23 8U 11,508.50 39,639.41 4,073.52 55,221.43

Total U 11,543.13 39,758.69 4,085.78 55,387.60

239PU 2,610.86 0.00 0.00 2,610.86

240PU 932.46 0.00 0.00 932.46
241 PU 186.49 0.00 0.00 186.49
242pu 0.00 0.00 0.00 0.00

T otal Pu 3,729.81 0.00 0.00 3,729.81

T otal   U   + Pu 15,272.94 39,758.69 4,085.78 59,117.41

End of life

235U 19.64 95.52 9.17 124.33
23 8U 10,714.21 38,752.91 3,964.87 53,431.99

Total U 10,733.85 38,848.43 3,974.04 53,556.32
.,

239Pu' 2,180.60 750.47 89.02 3,020.09
24 Opu 955.54 23.17 2.41 981.12
241 PU 185.77 0.78 0.12 186.67

242PU 14.78 0.02 0.00 14.80

Total Pu
'

3,336.69 774.44 91.55 4,202.68

Total U + Pu 14,070.54 39,622.87 4,065.59 57,759.00

-Includes 239]Np.
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Table A-8. PCD

1. Physical Description

Radial Axial Radial Axial
Core blanket blanket reflector reflector

Outer diameter, in. 142.9 153.9 142.9 177.5 142.9

He ight, in. 19.3 19.3 24.0 19.3 11.8

V olum e,    lite r s 5077.4 810.5 12619.1 1946.1 6309.5

No. of fuel elernents 451 78 451

Fuel pin pitch, in. 0.340 0.546 0.340

Fuel pin OD, in. 0.250 0.506 0.250

Clad thickness, in. 0.010 0.018 0.010

Area/assembly, in.2 35.572 35.572 35.572

Fuel percent dense 85      90      90

Steel type 304 SS 3 04 SS 304 SS 304 SS 3 04 SS

Avg temp, F
Fuel 2500 2000 2000
Na 950 950 950 950 950

Volume fractions
Fuel 0.505 0.580 0.505 0.0 0.0

Na 0.346 0.236 0.346 0.500 0.346
Steel 0.127 0.160 0.127 0.500 0.127

B4C 0.022 0.0 0.022 0.0 0.0

Type of loading, 3-zone batch, 151 fuel elements in zone 1
162 fuel elements in zone 2
138 fuel elements in zone 3

..

2. Enrichments (PCD)

Beginning of life End of life

Radial core zone 1 0.1217 0.1268
Radial core zone 2 0.1337 0.1334
Radial core zone 3 0.1636 0.1535

Core average 0.1388 0.1373

3.  Burnup (PCD)

Lifetime, EFPD 721
MWD/T                                74,434

::<

Weight fraction of 239PU t 241PU.
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Table A-8. (Cont'd)

4.  Initial and Final Pu Isotopic Mix (PCD)

Pu  i s otope, % Beginning of life End of life

239 70.0 66.7
240 25.0 27.3
241 5.0 5.2
242 0.0 0.5

5. Breeding Ratios (PCD)

Integrated Breeding Ratio (I. B.R. = 1.40)
Instantaneous Breeding Ratios

Radial Axial Average

Beginning of life
Core 0.791 0.794 0.792
Axial blanket 0.586 0.588 0.587
Radial blanket 0.074 0.074 0.074

Total 1.451 1.456 1.453

End of life

Core 0.710 0.706 0.708
Axial blanket 0.639 0.635 0.637
Radial blanket 0.061 0.061 0.061

Total 1.409 1.401 1.405

6. Peaking Factors and Power Fractions (PCD)

Beginning of life End of life

Peaking factors

Radial core zone 1 1.002 1.121
Radial core zone 2 1.163 1.128
Radial core zone 3 1.308 1.076
Axial 1.164 1.117

Powe r   fr ac ti on s,    %

Core 96.07 83.64
Radial blanket 0.70 1.82
Axial blanket 3.93 14.54
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Table A-8. (Cont'd)

7. Mass Balance, kg (PCD)

Ax i al Radial
Core blanket blanket Total

Beginning of life
2 3 5 U                       ·                                                                    5  1 .8 7 156.93 12.26 221.06
23 8IJ 17,239.65 52,154.12 4,073.52 73,467.29

Total U 17,291.52 52,311.05 4,085.78 73,688.35

239PU 2,750.55 0.00 0.00 2,750.55
24 OPU 982.35 0.00 0.00 982.35

24lpU

0.00

196.47 0.00 0.00 196.47
242 pU 0.00 0.00 0.00

Total Pu 3,929.37 0.00 0.00 3,929.37

Total U + Pu 21,220.89 52,311.05 4,095.78 77,617.72

End of life

235 U                                         - 2 5.9 7 127.51 8.89 162.37
23 81J 15,804.11 51,004.58 3,941.74 70,750.43

Total U 15,830.08 51,132.09 3,950.63 70,912.80

239PU 2,490.73 964.75 107.60 3,563.08
24 OPU 1,015.09 29.75 3.23 1,048.07
241 PU 192.43 0.98 0.15 193.56

242PU 17.97 0.02 0.00 17.99

'r

Total Pu 3,716.22 995.50 110.98 4,822.70

T otal  U   + Pu 19,546.30 52,127.59 4,061.61 75,735.50

Includes 239]NP.
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Table A- 9.   ACW

1. Physical Description

Inne r Outer Axial Inner Outer Axial
Core blanket blanket blanket reflector reflector reflector

Outer diameter, in. 110.8 75.8 144.4 110.8 40.9 168.5 110.8

Height, in. 60.5 60.5 60.5 6.0 60.5 60.5 11.8

Volume, liters 5077.2 3173.3 4652.3 1007.3 13046.0 5760.0 1928.8
No. of fuel elements 144     90 126 144        --
Fuel pin pitch, in. 0.340 0.546 0.546 0.340
Fuel pin OD, in. 0.250 0.506 0.506 0.250               --                   --
Clad thickness, in. 0.010 0.018 0.018 0.010       --        --
Area/assembly, in.2 35.572 35.572 35.572 35.572
Fuel percent dense 85      90      90      90
Steel type 304 SS 3 04 SS 304 SS 304 SS 304 SS 304 SS 304 SS
Avg temp, F

Fuel 2500 2000 2000 2000       --        --        --Na 950 950 950 950 950 950 950
Volume fractions

Fuel 0.362 0.580 0.580 0.362      --        --Na 0.503 0.236 0.236 0.503 0.900 0.500 0.503
Steel 0.111 0.160 0.160 0.111 0.100 0.500 0.111
84( 0.024 -- --     0.024       --        --         --

Type of loading, single- zone batch

2. Enrichments (ACW)

Beginning of life End of life

Core 0.1902 . 0.1719

3.  Burnup (ACW)

Lifetime, EFPD 521
MWD/T 72,562

*Weight fraction of 239PU + 241 PU.
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Table A-9. (Cont'd)

4.  Initial and Final Pu Isotopic Mix (ACW)

Pu isotope,  % - Beginning of life End of life

239 70.0 65.6
240 25.0 28.5
241 5.0 5.5
242 0.0 0.4

5. Breeding Ratios (ACW)

Integrated Breeding Ratio (I. B.R. = 1.39)
Instantaneous Breeding Ratios

Radial Axial Average

Beginning of life
Core 0.568 0.554 0.561
Axial blanket 0.045 0.044 0.044
Radial blanket 0.765 0.746 0.755

Total 1.377 1.343 1.360

End of life

Core 0.542 0.535 0.539
Axial blanket 0.050 0.050 0.050
Radial blanket 0.845 0.835 0.840

Total 1.436 1.420 1.428

6. Peaking Factors and Power Fractions (ACW)

Beginning of life End of life

Peaking factors

Radial core zone 1 1.128 1.105
Axial 1.342 1.223

Power fractions,  %
Core 0.9395 0.8037
Radial blanket 0.557 0.1824
Axial blanket 0.0048 0.0139
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Table A-9. (Cont'd)

7. Mass Balance, kg (ACW)

Axial Radial
Core blanket blanket Total

Beginning of life
235 U 34.37 9.52 156.28 200.17

23 8U 11,421.14 3,164.08 57,693.80 72,279.02

Total U 11,455.51 3,173.60 57,893.80 72,479.19

23 9PU

956.06

2,676.94 0.00 0.00 2,676.94

240PU 956.06 0.00 0.00

241PU 191.21 0.00 0.00 191.21

242PU 0.00 0.00 .0.00 0.00

Total Pu 3,824.21 0.00 0.00 3,824.21

Total U + Pu 15,279.72 3,173.60 57,849.08 76,303.30

End of life
235 U 20.15 7.87 130.88 158.90

23 8U 10,670.97 3,099.42 56,478.30 70,348.69

Total U 10,691.12 3,107.29 56,709.18 70,507.59
.,

239PU 2,240.38 54.83 956.23 3,251.44
,r

240PU 971.49 1.03 22.62 995.14
241 pu 187.49 0.02 0.55 188.06

242PU 13.87 0.00 0.01 13.88

.,

Total Pu' 3,413.23 55.88 979.41 4,448.52

..
I.

T otal  U   + Pu 14,104.35 3,163.17 57,688.59 74,956.11

..
I.

Includes 239NP.
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1. INTRODUCTION

The heat generated in the core of an LMFBR is transported to the

steam-raising equipment via primary and intermediate loops of flowing
sodium. The extensive matrix of technically feasible primary and inter-
mediate loop configurations dictates a trade-off study to provide supple-

mentary data for design decisions.

1.1.  Purpose

This study was performed to establish the best number of primary
and intermediate loops for a 1000-MWe pot-type LMFBR. The·study
covered various arrangements and combinations of primary and inter-
mediate components and piping.

1.2.      Summa ry

Even though many loop configurations are possible, National
LMFBR Program ground rules, power plant economic experience, and
projected test facility capabilities permitted a reduction in the number
of configurations receiving detailed attention. These factors and a deci-
sion to stay with loops and components that are multiples of three per-
mitted a reduction of the number of configurations to six. Including
loops and components that are multiples of two would have more than
doubled the scope of work; also, designs and costs for the major compo-
nents (pumps, IHXs, steam generators, and reheaters) were not avail-

able, and considerable effort would have been required to obtain them.
Realizing that power generation cost is the ultimate parameter in

selecting the best configuration, the major emphasis in this study was

placed on an evaluation of the capital cost differential between the con-
figurations, since it is the most tangible of all the factors that affect

plant economics. Other factors of a qualitative nature considered in
this trade-off were the effects of safety requirements, reliability, per-
formance, operating costs, and maintenance.
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For  each of the six configurations, component and piping layouts
were prepared. Using the best information and methods available, costs

were developed for primary pumps and drivers, intermediate pumps
and drivers, IHXs, steam generators, reheaters, intermediate piping
and valves, primary and intermediate sodium inventory, feedwater and
steam piping, reactor vessel and cover plug, biological shielding, and
steam generator and reheater buildings.

Based on the results of this study, configuration 4, having six pri-

mary loops and three intermediate loops, was selected as the best for

the 1000-MWe LMFBR reference plant.
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2. CONCLUSIONS AND RECOMMENDATIONS

1. Loop configuration 4, having six primary loops and three

intermediate loops, has been selected as the most desirable configura-
tion for the reference concept LMFBR. This trade-off demonstrated
that no conclusively superior heat transport system configuration can be

identified by the usual evaluation methods. Configuration 4 was selected
because of its potential for alleviating some of the design problems asso-
ciated with the head and diameter of the reactor vessel. In addition,
this configuration results in a minimum reactor pot and cover plug size
with accompanying capital cost savings.

2. Loop configuration 6, which has six completely separate
but identical heat transport systems, is not an attractive design because
its capital costs are at least 10% higher than those of the other configu-
rations considered. The large number of major components in this con-

figuration violates a generally accepted rule that fewer components ac-

complishing the same function result in a lower total component cost.

3.  Amont the five remaining configurations evaluated, con-

figuration 2, having three primary pumps, six intermediate heat ex-
changers, three intermediate pumps, three steam generators, and three

reheaters, has the lowest capital cost. However, a maximum of only
3.2% exists between the least expensive and the most expensive heat
transport system. Clearly, this difference approaches the range of ac-
curacy of the cost analysis procedures. The optimum heat transport

system configuration cannot be selected solely on a capital cost basis.

4. Plant safety is not materially affected by the choice of a

loop configuration.

5. Plant performance is not noticeably compromised by
operational or design characteristics peculiar to any of the heat trans-

port systems studied except configuration 6.
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6.  A brief review of the effect of the number of primary

and secondary loops on the overall plant operating costs indicates little

correlation. Indeed, it might be necessary to await data on several op-

erational LMFBR plants before definite conclusions can be drawn.

7.  Weighing the advantages of one configuration over another,

from a reliability standpoint, will depend upon contract negotiation with

the utility buying the plant. The utility must decide whether or not the

added plant availability of configurations having more loops is worth the

capital cost increase.

8.   Factoring. the maintenance aspect into the configuration

selection will also be primarily dependent upon the policies and prefer-

ences of the utility buying a 1000-MWe plant.
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3.      DISCUSSIO N

3.1. Ground Rules Affecting Loop Selection

Plant size is important in selecting the number of coolant loops
based on physical limitations on materials, manufacturing processes,
and testing facilities. Ground rules state that a net electrical output of
1000 MW should be obtained from the proposed LMFBR design. Exami-

nation of the seven steam cycles studied by United Engineers indicates
a wide variation in plant efficiency (33 to 43%). Immediately, the range
of the primary flow rate can be defined based on the net plant output,

cycle efficiency, average specific heat of sodium, and limiting core tem-

perature difference:

(0.1247)Q
Wvol - (h -h )PNa pump pump

= (W )(N  )      (1)
Na Na.

Out in

where
Q = core thermal output, Btu/hr

h Na = core inlet sodium enthalpy, Btu/lb
in

h Na = core outlet sodium enthalpy, Btu/lb
Out

P Na = sodium density at the point of interest,
lb/ft 3

W   = volumetric sodium flow rate at the point of
Vol

interest, gpm
W      = volumetric sodium flow rate per pump, gpm

purne
N          =  No. of pumps in systempurnp

Equation 1 may be more closely related to typical plant parameters

by the following equation:

(4.26 X 105)PW         =                                                                    (2)
pump  e-C aTP  N

p   Na pump
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where P = net plant electrical output, MWe
e = overall plant efficiency, dimensionless

C  = average sodium specific heat, Btu/lb-°F
P

AT = core sodium temperature difference, 0F

PNa = sodium density, lb/ft 3

Figure 1 is a graphical representation of equation 2 over the range
of interest for a 1000-MWe LMFBR. A lower limit on the core coolant

temperature difference has been established by considerations of core

physics, safety, economics, and structural capabilities. There is a

complex functional relationship between the minimum core AT and the

factors just mentioned; however, there is a relatively simple qualitative

explanation. Minimum fuel inventory and maximum breeding ratio are

goals directly related to fuel costs that affect the bulk sodium tempera-

ture rise across the core. A minimum coolant  AT and hence  a  maxi -

mum core flow rate are primary contributors to core·Ap and are there-

by influential in setting structural requirements.   The fuel inventory is

reduced by eliminating all unnecessary parasitic neutron absorbers and

geometrically arranging fuel for maximum neutron economy. Having
established coolant channel geometry and size, a minimum core tem-

perature difference may be computed assuming the maximum core pres-

sure drop considered in this study (100 psi). By extrapolating the ref-
erence design core hydraulic data, the minimum AT is 250 F. Limiting

the core pressure  loss  to   100  psi is based  on an assessment  of  the  bun -

dle structural capabilities and the practicality of building large high-

pressure sodium pumps. Apparently others in industry and government
have reached the same conclusion because the national LMFBR Program

Plan has implied that pumps to be developed in the foreseeable future

will be limited to somewhere between 350 and 450 feet of head.

The upper limit on the core coolant temperature difference is
based on the maximum core outlet temperature that is possible with

materials expected to be available for 1000-MWe LMFBR core construc-

tion and the minimum boiler feedwater temperature. Estimates place'
the maximum bulk core outlet temperature at 1175 F. The scope of the

present LMFBR Study has been restricted to the seven steam cycles
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evaluated by United Engineers under a previous contract with ANL.

Boiler feedwater temperature and corresponding steam cycles are listed

in Table  1.

Table 1. Boiler Feedwater Temperatures

Cycle
Steam Reheat Feedwater

Pressure, tennperature, tennperature, temperature,
psia                     F                          F                          F

3500 1000 1000 485

2400 1000 1000 478

1800 900 900 465

1000 Dry and sat.           --                419

1450 1000 No RH 434

2400 950 950 484

2400 950 No RH 484

Subtracting the minimum boiler feedwater temperature from the
I projected maximum core outlet sodium temperature gives a value of

756 F for the upper limit on the core coolant temperature difference.
1

Surely this number is far in excess of practical core temperature dif-

ferences by virtue of the exhorbitant heat transfer surfaces required in
the IHX and steam generator when the feedwater temperature approaches
the core inlet temperature.  The core AT is not limited by thermal gra-

dients in the fuel assemblies, since the fuel pins are permitted to expand
freely. Figure 1 shows that the core temperature difference and plant

efficiency set the minimum number of primary sodium loops within the

framework of the projected sodium pump development program.
Safety standards,1 as applied by B&W for emergency core cooling,

dictate the minimum number of steam generators and intermediate heat

tran'sport loops to be incorporated in a 1000-MWe LMFBR. At least one

of the normal reactor heat removal paths must be operational at all times

and be backed up by an independent emergency core cooling system fully
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capable of withstanding a maximum hypothetical accident (MHA).    A

minimum of two steam generators and two intermediate loops are re-
quired to satisfy this condition when the plant is down for steam genera-

tor maintenance. Physical size is another extremely important factor

affecting the selection of the number of steam generators. According

to reference 2, LMFBR steam generators of one-third capacity approach
the limits for shop fabrication, thus indicating the likelihood of field fab-
rication and erection for less than three units with all the accompanying

problems of quality control and added expense.

3.2. Power Plant Experience Affecting Loop Selection

From the previous section it is obvious that physical limitations

and safety criteria do not appreciably narrow the matrix of candidate

primary and secondary loop configurations. However, large central

station power plant experience has shown that the number of heat trans-

port loops should be minimized without adversely reducing reliability

and plant capacity if one loop fails. Pressurized water reactors

(PWR's) in the 1000-MWe range now contemplated have at least three

heat transport loops.    It is highly unlikely that more than six primary

or secondary loops will be designed into a 1000-MWe LMFBR because

the increased capital cost with smaller components buys only a margi-
nal increase in operating flexibility.

Some consideration was given to including a four-loop plant in the

trade-off study; however, this configuration was eliminated because all

previous design work had been concentrated on systems that are a multi-

ple of three. To evaluate a four-loop configuration properly, intermedi-

ate heat exchangers,. pumps, pipework, steam generators and reheaters

would all have to be sized for the new duty, and layout drawings would

have to be prepared to investigate the effect on reactor synnnnetry and

vessel size.  If a four-loop plant were included, two- or eight-loop

plants would probably have to be evaluated to obtain cost trends,  thus

opening a new series of plant configurations to be studied. Evaluating

a four-loop plant appears to be a worthy project requiring future consid-

eration, but such an undertaking is not compatible with the work scope

of the present trade-off study. All factors considered, the detailed loop

trade-off investigation has been restricted to configurations having
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between three and six primary loops and between three and six secon-

dary loops.

3.3. Configuration Descriptions

3.3.1. Reference Design (Configuration 4)

The primary loop of the selected reference design has

six pumps and six heat exchangers. These components are physically

independent of each other as a result of unfavorable cost and technical

problems unique to the previously proposed combined unit.

The intermediate sodium system has three identical one-

third-capacity loops.  Each loop has a pump, two intermediate heat ex-

changers, a steam generator, a reheater, and all the necessary piping
and valves required to direct and control the sodium flow (see Figure
2).  The advantages attributed to the reference design heat transport

system are as follows:

1.  The reactor vessel diameter is minimized because the            ·

intermediate heat exchanger diameter is the smallest for the six-IHX

design.

2.  The primary sodium inventory is minimized because of

the small reactor vessel diameter made possible by the choice of six
IHX's.

3.  Since the failure of a primary pump minimizes the re-
duction in plant capacity, only a small loss in saleable power results.

4.  Control of the intermediate system is simplified with
the smaller number pumps.

5.  The capability for full plant capacity is improved with

only one pump per intermediate loop because the control scheme does

not permit load variations between loops. One large pump is more re-
liable than two half-capacity pumps.

6. Less preventive maintenance is required with fewer in-
termediate pumps.
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3.3.2.      Configuration  1

Configuration 1 represents the greatest variation from

the reference design with respect to the primdry sodium system (see

Figure 2). Major components  in both the primary and the intermediate

loops are minimized consistent with the previously discussed limits.

The three primary pumps, the three intermediate pumps,  and the three

intermediate heat exchangers of this configuration suggest the following

advantages:

1. Reduced instrumentation and control equip-
ment costs.

2. Reduced preventive maintenance.

3. Reduced total capital cost associated with the
fewer components for the same.

The disadvantages of the triple-component design are
as  follows:

1.  The reactor vessel size is increased from 52 to 57 feet

when the number of intermediate heat exchangers is reduced from six

to three. Corresponding increases  in the cover plug diameter  and bio -

logical shield volume are additional undesirable features accompanying

the reduction in the number of intermediate heat exchangers.

2.  The sodium inventory is maximized.

3.  The operational flexibility is lower than that of the other

configurations studied.

4. Handling larger components may be more difficult dur-

ing fabrication and maintenance.

3.3.3.    Configuration 2

Configuration 2 differs from the reference design only in

the number of primary pumps (see Figure 2). Three primary pumps

and six intermediate heat exchangers offer the advantage of reduced

primary component c6sts wi£hout an increase in reactor vessel size,

component size, and biological shield volume.
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3.3.4.  Configuration 3

The primary system for configuration 3 is the same as

in configuration 2. Configuration differences occur in the secondary

system where the flow control valves of configuration 2 are replaced

by three additional variable-speed pumps for configuration 3 (see Fig-

ure 2). Six variable-speed secondary pumps ease the problem of bal-

ancing the intermediate heat exchanger outlet temperature.

3.3.5.  Configuration 5

Configuration 5, which has six primary pumps, six inter-

mediate heat exchangers, six intermediate pumps, and three steam gen-

erators (see Figure 2) was selected for evaluation to show the relative

cost incentives for using three steam generators in a six-loop system

instead of making the loops entirely independent as in the configuration

to be discussed next.

3.3.6. Configuration 6

Although studies by B&W's Boiler Division favor one-

third-capacity steam generators for a 1000-MWe LMFBR, six complete-

ly independent loops were chosen for this configuration so that at least             2

one datum point at each extremity of the configuration matrix would be ..j„

available to show cost trends (see Figure 2).
Candidate configurations are summarized in Table 2.

Table 2. Configuration Matrix

No. of No. of No. of
primary No. of interrnediate steam generators

Configuration pumps IHX' s pumps and reheaters

1                                     3                          3                                3                                                3

2                 3            6               3                      3

3 3 6 6  3
4              6          6             3                   3
5                  66                6                        3
.6            6        6           6                6
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3.4. Plant Parameters

To isolate the effect of the number of primary and intermediate

loops on the plant economics, the following design features and perform-
ance parameters were held constant:

Reactor outlet temperature, F 1150

Reactor inlet temperature, F 800

IHX hot end AT                                                           75
IHX cold end aT 125

Steam cycle 2400/1000/1000
Core geometry Reference design
Maximum velocity, intermediate and primary
piping, ft/sec 20

Isolation valves on all lines leaving or entering
the containment building
Isolation valves on sodium outlet of SG and RH.

All SG and RH to be separated by blast shielding
and protected from fire propagation

All data reflect the reference design philosophy as of September 5,  1967.

3.5. Component Capital Costs

Table 3 lists all the major items associated with the heat trans-

port loops affecting plant capital costs. The dollar value for all items

is included as part of the table, with grand totals appearing at the bot-
tom of the columns.

Because sodium-cooled reactor technology is still in its infancy
little or no component cost data are available in many areas. Compo-
nent pricing methods are discussed in the following paragraphs.

3.5.1. Pumps

Original plans for computing pumping equipment costs
were to utilize data generated by the Byron Jackson Company in the

AEC-sponsored pump study and prices quoted by several motor manu-
facturers to establish an accurate estimation procedure. Because pump
data were not available when needed, the total cost of the motor and
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pump was estimated to be $150.00 per kilowatt based on the electrical

power consumption of the motor. Whenever the number of pumps was

reduced by a factor of two for a particular service, a corresponding

one-third reduction in the total pump capital cost was applied.

3.5.2.   Intermediate Heat Exchangers

Early in the current study the combined intermediate

heat exchanger (IHX) and primary pump idea was favored as a means of

keeping the reactor vessel size within reason. Although small units

working in a gas environment have been successfully built and operated
in the United Kingdom, experience with large units is nonexistent.  With-

out a precedent, cost figures on such a unit would be meaningless.  To

get a first-order approximation on the cost of the IHXs for a 1000-MWe

plant, B&W Boiler Division engineers made a detailed analysis of three

scaled-up Fermi-type designs.  To do this, the Fermi-type heat ex-

changer was divided into its component parts.  Each part was priced
· using the latest manufacturing data and currently accepted techniques.

Total cost figures on the three designs were divided by their total physi-
cal weights to obtain cost factors for interpolation and extrapolation.

The cost factors for all three designs were identical at 4.56 dollars per

pound of dry weight. Because of the consistency of this figure and the

relative ease of applicatio,n, it was adopted for use in all trade-off stud-

ies associated with the present contract.

3.5.3. Stearin Generators

For a number of years B&W's Boiler Division has been

designing and developing sodium-heated steam generators. Details of

the 1000-MWe design may be found in reference 2. To extend the range

of sodium inlet temperatures, the superheater bundle was split into two

segments with the interface occurring where the sodium temperature is

1000 F. Bundle tubes sensing temperatures above 1000 F are made of

316 stainless steel, and those experiencing temperatures below 1000 F

are made of Croloy 2-1/4.
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Table 3. Component Capital Cost Data

U n i t  c.0 s t,    $

Confieuration Configuratioti Configuration Confifi uration Configuration Configuration
Item                                                 1                                 2                                 3                                4                                 5                                 6

Primary pumps and drivers · 1,736,000 1,736,000 1,736,000 2,606,000 2,606,000 2,606,000

Intermediate pumps and drivers 460,000 460,000 690,000 460,000 690,000 690.000

Intermediate HX 2,296,000 3.079,000 3,079,000 3,079,000 3,079,000 3,075,000

Steam generator 11,300,000 11,300,000 11,300,000 11,300,000 11,300,000 13,108,000

Reheater 3,971,000 3,971,000 3,971,000 3,971,000 3,971,000 4,606,000
I.

Intermediate piping 118,000 130,000 137,000 130,000 137,000 130,000

Valves 440,000 683,000 558,000 683,000 558,000 713,000

Primai·r sodium inventory 509,000 405,000 405,000 405,000 405,000 405,000

Intermediate sodium inventory 325,000 324,000 322,000 324,000 322,000 313,000

Feedwater piping 795,000 795,000 795,000 795,000 795,000 1,186,000

Steam piping 817,000 817,000 817,000 817,000 817,000 1,218,000

Reactor vessel 1,950,000 1,553,000 1,553,000 1,553,000 1,553,000 1,553,000

Cover pli,g 5,691,000 4,836,000 4,836,000 4,836,000 4,836,000 4,836,000

Biological shielding 211,000 195,000 195,000 195,000 195,000 195,000

SG and RH buildings 122,000 116.000 116.000 116,000 116,000 89,000

Grand totals 30,741,000 30,400,000 30,510,000 31,270,000 31,380,000 34,723,000

 



The laborious task of making a detailed cost analysis

every time a slight variation in duty occurred was circumvented by uti-

lizing accurate data compiled on the one-third-capacity unit. Important

descriptive parameters for this unit are listed in Table 4.

Table 4. Basic Steam Generator Data

Econornizer Boiler Superheater Superheater
Item section section section I section 2

Number of tubes 676 676 676 1220

Tube OD, iii. 1.0 1.0 1.0 0.875

Shell OD, in. 156.0 156.0 156.0 156.0

Tubethickness, in.

3500 psi 0.247 0.247 0.247                         i
2400 psi 0.180 0.180 0.180                    *

1800 psi 0.145 0.145 0.145
1450 psi 0.120 0.120 0.1 2 0

Heat transfer coefficie nt,
Btuiftz-' F 510.0 525.0 473.0 361.0

PDTubethickness 2 SE + 0.8P

where S - allo,vable stress, psi
D diameter, in.
P  pressure, psi
E joint efficiency

The 1964 selling price for a one-third-capacity steam

generator was escalated to 1967. Scaling this cost up and down with

thermal duty was accomplished in the NAPS computer code by:

1.  Computing the required heat transfer area
for the Croloy bundle and stainless steel bun-
dle and adding 10% excess area.

2.  Computing the weight of the bundle sections
and the shell for the steam generator being
priced.

3.   Adjusting the baseline cost figures  by phys -
ical weight factors.
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In equation form the scaled price becomes

f W(scaled steam gen boiler bundle)1steam gen scaled price [$(baseline boiler bundle)] I
L w<Iiaseline boiler bundle)    J

+ [$(baseline superheater sect 2)]
 

W(scaled superheater sect 2) 1
W(baseline superheater sect 2)]

F W(scaled shell) 1+ [$(baseline shell)   ,. W(baseline s}.ell)]

where $ = dollar values and W = physical weight.

3.5.4.  Reheaters

Reheater costs were figured as a function of surface area

only. A scaling factor of $67.40/ftz has been used throughout this study.

3.5.5.   Intermediate Loop Piping

The intermediate loop piping for all six configurations
met the following specifications:

Material AISI 304SS

Design pressure, psi 150

Design temp, F Allowable stress, psi

Hot leg 1,125 5,650

Cold leg 775 13,575

Reheater cold leg 900 5,650

Piping costs were derived by:

1.  Sizing all pipes for a maximum sodium velocity of
20 ft/sec.

2.   Computing wall thickness as a function of pipe size
and allowable stress.*

3.  Determining the quantity of each size of pipe from the
layout drawings shown in Figure 3- 14. These layouts
of the various combinations were used to locate and po-
sition the steam generators, reheaters, intermediate
pumps, and valves in order to minimize the length of

--

* Arbitrary minimum wall thickness was set at 3/8 inch.
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the intermediate sodium piping required to complete
the loop and still provide for thermal expansion during
reactor operation.

4.  Computing the total weight of all intermediate piping.
5.  Computing the cost of the pipe alone using a figure of

$0.42/lb.
6.      Computing the total  cost  of the pipework including   fab -

rication and erection by multiplying the materials cost
by a factor of 1.79.*

7. Mixing sections were not included in the tabulated
costs, because costing information was not available.
Configuration 6 is the only one in which the total cost
would have changed materially relative to the others
if the cost information had been available, but configu-
ration 6 was already the most expensive, and the addi-
tion would have made it more so.

3.5.6. Sodium Valve s

Cost data on large sodium valves are almost nonexistent

at the present time.  With the assistance of the Liquid Metals Engineer-

ing Center, a 1966 study report on a 30-inch butterfly. control valve is-
sued by the Allis Chalmers Company was located4. Two important con-

clusions found in the report are as follows:

1.  The valve designs analyzed ranged in cost
from $16,000 to $125,000 depending on the
type of service.

2.  The cost of a 30-inch butterfly valve not com-
pletely suitable for sodium service was listed
at $16,000.

In the absence of adequate data the results of the AC report were ad-

justed as follows so that some account could be made for valve cost in

trading off loop configurations:

1.  The cost of the 30-inch butterfly valve was
set at $25,000.00 assuming that complete so-
dium serviceability could be bought for an ad-
ditional $9,000.00 per valve.

2.  The cost of an isolation valve was estimated
tobe 1.25 times asmuchas that forabutter-
fly control valve.

-----

Derived from data shown in reference 3.
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3. Valve costs for diameters other than 30 inches
were scaled from the reference using the equa-
tion:

( Diam scaled valve  10.6
$ scaled valve = $ reference valve \Diam reference valve/

3.5.7. Sodium Inventory

Sodium volume figures for the primary and secondary

loops were converted into weights by assuming an average density of

51 lb/ft3. Inventory costs were based on a price of $0.20 per pound.

3.5.8. Steam System Pipework

Steam piping, feedwater piping and associated valve costs

were determined by adjusting the figures published by United Engineers

in Volume 3 of their study on Large Steam-Electric Generating Plants.

A cost of $1,855,000 for their "B" unit designed for four sodium-heated

steam generators was adjusted for three and six steam generators by

setting a ratio and raising it to the 0.6 power. In equation form this

may be expressed as

$ steam pipework _ ($ steam pipework )(N steam generators)o,6
for N steam generators (for 4 steam generators)(4 steam generators)

3.5.9.  Reactor Vessel

Reactor vessel costs have been computed on the basis

of $3.00 per pound. This figure has been arbitrarily applied because

stainless steel vessels of this size, quality, and character have not

been constructed to date.

3.5.10.  Cover Plug

Because of insufficient design detail an overall price of

$5,000,000.00 was eslimated for a cover plug 60 feet in diameter.  This

price was scaled to larger and smaller cover plugs using an area weight-

ing factor based on the price given above ($1,760/ftz).
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3.5.11. Biological Shielding

Changes in the volume of the biological shielding follow

changes in the diameter of the reactor vessel because shield thickness

is a function only of the source intensity, source character, and per-

missible dose rate in the areas being protected.  A cost factor of $100.00

per cubic yard was used to establish shielding costs for all the config-

urations. This factor is for ordinary concrete and includes materials,

labor, and reinforcing steel.

3.5.12. Buildings

Buildings to enclose the steam-raising equipment were

priced in accordance with the accepted estimation practice of relating

cost to floor space. The factor chosen for this study was $10.00 per

square foot. Since the buildings being priced will require special items,

such as an overhead crane to remove boiler bundles, the $10.00/ftz cost              t
factor could be significantly affected; however, cost differentials should

be sufficiently accurate for the scope of this trade off.

3.6.   Reliability

The basic question to be considered here is whether or not the

number of primary and secondary heat transport loops affects the over-

all plant reliability. A quantitative analysis of this factor has not been

attempted because of the limited contract scope; however, certain gen-

eral observations are presented in the following paragraphs.

Reliability in a nuclear plant influences two very important areas,

safety and plant availability. Failure of the main heat transport sys-

tems will not adversely affect plant safety in the reference design be-

cause adequate emergency cooling has been provided by an independent  .

system.  This fact reduces the problem to evaluating the effect of the

heat transport system's reliability on plant availability. The following

capabilities and limitations affecting plant availability are a result of

the plant design and control philosophy:

1.  Malfunction of any component in a secondary loop re-

sults in a complete shutdown of that loop because.an unbalanced output

from the s'team generators cannot be handled.  If a failure occurred in

the intermediate sodium system, the plant output would drop in larger
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increments for a plant with three steam generators than for a plant with
six generators.

2.  Malfunction of a primary system pump does not affect
the plant output nearly as much as an intermediate system component
does because the open primary loop design permits the operation of
any number of the primary pumps without special equipment.

Selecting the optimum number of primary and secondary loops from a
plant reliability (a'vailability) standpoint will actually be up to the utility
buying the plant. Generally speaking, a utility is willing to endure added
capital costs, within reason,  for an increase in plant availability.
3.7.    Safety

Safety was eliminated as a trade -off factor by stipulating  that all
configurations would have to meet the minimum safety requirements as
discussed in 3.1.

3.8. Plant Performance

Differences in the plant performance of the six loop configurations
could occur only because  of the differences  in heat loss  from  the  pipe -
work and differences in the pressure loss of the flowing sodium. Table
5 summarizes the pipework surface area and the components causing
pressure losses.

Assuming equal thicknesses of insulation, only configuration 6
would be expected to show significantly lower performance due to heat
losses. Since all sodium pipework was sized for a maximum velocity
of 20 ft/sec, pumping power can be discussed on a relative basis in
terms of the number of valves and bends. Again only configuration 6
can be downgraded because of substantial performance differences with-
out a detailed analysis of pumping power requirements.
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Table 5. Configuration Data Affecting Performance

Steam generator
Pipework and reheater Total Total No. of Total No. of Total No. of

Configuration surface area, surface area, surface area, Total No. of 90-degree 45-degree 180-degree'                  number                    ft£                            ftz fti valves bends bends bends
Iv

-            1 9,665 4910 14,575            18             52              0             3

2 and 4 11,190 4910 16.101            30             57              4             3

3 and 5 11,803 4910 16,713 24             65              9             3

6 11,452 3640 15,092            36             84             24             6

1\
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3.9. Maintenance

Although the cost of routine maintenance increases with the num-
ber of components,  the  size of the components in question can be  very
influential on the ease with which maintenance can be performed and on
the expenditures required for spares. Without going into a detailed
analysis, there appears  to be at least some minor advantages related
to the maintenance aspect that would favor configurations with a larger
number of loops. The degree of importance of maintenance  on the  loop

configuration selection is another item that will ultimately depend on
the experience and preference of the utility buying the plant.

3.10. Operating Costs

Operating cost variations in the number of heat transport loops
are interrelated to the previously discussed topics, maintenance and

reliability.  If the assumption is made that there is no change in compo-

nent   reliability  with   size, then configurations having the largest numbe r
of loops will require more attention to keep the plant operational.  Con-

sidering the absolute reliability of the components expected by 1980 and
the trends in labor versus management relationships, no discernable
differences in operating costs are expected as a result of variation in

the nunnber of loops.
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4. REFERENCE CONFIGURATION SELECTION

Having considered the philosophy and the data assembled for this

trade-off study, the following statements. explain the selection of Con-

figuration 4 as the reference design:

1.  Configuration 6 was eli-rninated because capital costs

were distinctively higher than for any other configuration.  The gain in

plant availability would not be worth the added costs.

2.  Configuration 5 was eliminated because the additional

pumps in the secondary loop actually reduce the reliability and hence

the plant availability. Any maintenance advantage in the smaller pumps

would not overshadow the availability factor.

3.  Configuration 1 was eliminated because the three large

intermediate heat exchangers exert quite an influence on the reactor ves-

sel size. A difference ·of 5 feet occurs between configurations having

three and six intermediate heat exchangers.

4.  Configurations 2 and 3 were eliminated because plant

availability is compromised when only three primary pumps are used

with six intermediate heat exchangers.
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Figure 1. Variation of Pump  Flow Rate  With CoreAT and Overall Plant Efficiency
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Figure 2.· Schematic  Diag ram
of Candid*te Loop
Configurations
(B&W Dwg A31094-E)
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Figure 3. Configuration 1 Plan View
(B&W Dwg A31082-E)
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Figure 4. Configuration 1 Elevation
View (B&W Dwg A31083-E)
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1 Figure 5. Configuration 2 Plan View
(B&W Dwg A31084-E)
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Figure 6. Configuration 2 Elevation
View (B&W Dwg A31085-E)
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Figure 7. Configuration  3  Plan View
(B&W Dwg A31086-E)
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Figure 8. Configuration 3 Elevation
View (B&W Dwg A31087-E)
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Figure 9. Configuration 4 Plan View
(B&W Dwg A31088-E)
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Figure 10. Configuration 4 Elevation
View (B&W Dwg A31089-E)
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Figure 11. Configuration 5 Plan View
(B&W Dwg A31090-E)
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Figure 12. Configuration 5 Elevation
View (B&W Dwg A31091-E)
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Figure 13. Configuration 6 Plan View
(B&W Dwg A31092-E)
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Figure 14. Configuration 6 Elevation

- View (B&W Dwg A31093-E
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4. VENTED VS NON-VENTED FUEL PIN
TRADE-OFF STUDY
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1. INTRODUCTION

The release of considerable quantities of fission gas from high-
burnup fast ceramic fuels is a well known phenomenon which is a major
factor in reactor design. The problem arises as how to contain or dis-
pose of these gases safely and economically without destroying the in-
tegrity of the clad and thus subjecting the fuel to possible chemical at-
tack from the coolant. The containment of the fission gas products with-
in the fuel pin requires either a relatively large gas plenum within in-

dividual fuel pins or a relatively thick cladding. These alternatives
prove detrimental to thermal and nuclear performance.  At this time
there is no gas absorber available to reduce the fission gas pressure
within the clad to an acceptable level.  As an alternative a vented fuel
element would reduce the cladding stress caused by released fission
product gas pressure, thereby increasing the potential for extended

fuel burnup. The development of a successful LMFBR design is depen-
dent upon achieving a low fuel cycle cost. However, fabrication and
reprocessing costs are invariably high owing to the problems associated
with handling plutonium fuels. To minimize the effects of these costs
it becomes necessary to achieve high fuel burnup rates while maintain-

ing good nuclear economy. These requirements for fuel burnup and
nuclear economy tend to place certain restraints on fuel pin design in
terms of fission gas containment.  For this reason the question of vented
versus non-vented fuel pins becomes very important to the 6verall eco-
nomics of the reactor.

1.1.  Purpose

The successful development of a 1000-MWe LMFBR by the early
1980's will require the early implementation of an efficient development
program.  In the preliminary stages of this program it is necessary to
outline both the developmental requirements and the priorities.  This
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study will establish the basis for such a priority in regard to vented

fuel development.

1.2. Obj e c t i v e

In order to establish the requirements of the 1000-MWe LMFBR

development program, it becomes necessary to determine the economic

and safety advantages of certain design concepts. This study will pro-
vide sufficient information to allow an effective evaluation of both vented

and non-vented fuel pins.

1.3. Scope

Theoretically, a trade-off study of this type should compare the
best vented-fuel design against the optimum non-vented fuel design.
This approach does not, however, lend itself to developing a clear under-
standing of the effects of basic reactor parameters, because of the large
number of design changes required to optimize a particular fuel pin de-

sign.  Consequently, the approach in this study has been to study per-

turbations around a reference design.  It is believed that such a study

provides an adequate basis for venting concept selection and allows a

clear understanding of basic trends.

1.4.     Summa ry

The overall economic effects and design features of non-vented

and various vented arrangements are determined and compared in this

study. Included are the economic effects on the fuel cost, the reactor

primary and intermediate systems, and the turbine island. Because

of present design uncertainties, the costs of the reactor auxiliary sys-
tems cannot be determined accurately. Hence, these costs are assumed

to be constant in the inalysis and only economic trends are discussed.
However, this assumption does not appear to detract from the final con-

clusions that are reached.  As will be shown, the overall effect of these

trends does not appear to alter the advantages of the porous-plug, vented-

to-sodium arrangements.
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2.   CONCLUSIONS AND RECOMMENDATIONS

1.  The porous plug, vented-to-sodium concept offers the most
potential in economic savings, nuclear performance, and safety, subject
to a successful research and development program (see Figure 3-4).
Consequently, this design is recommended as the first choice in the
design of the reference core.

2.  The diving bell concept combines the nuclear and safety
advantages of the porous plug design, but requires no new major re-
search and development program. Economically, this design is some-
what inferior to the porous plug concept. Nevertheless, it may be an
attractive backup for the porous plug design.

3. Concepts requiring a manifold to each individual fuel

pin are considered unattractive because of high fabrication costs.  In

addition, several of these designs present a major design problem by
requiring gas-tight couplings that must be connected and disconnected

rernotely.

4.  Non-vented fuel pins do not appear to be as economically
attractive as vented-to-coolant concepts within the limitations of cur-
rently available materials.  Practical.limitations on the gas-void length
dictate a clad thickness that would prove to be less desirable in terrns of
nuclear performance.

5.  All of the venting schemes offer a safety advantage in
that the cladding need not act as a fission gas pressure containment ves-
sel, thereby reducing the demands on the clad material. Therefore,
the probability of fuel pin failure might be expected to be reduced.
Should cladding failure occur, the consequences would be less severe
because of the reduced pressures and the quantity of fission gases that

might be released.
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3. DISCUSSION

3. 1.  Fuel Pin Designs

Various approaches to venting or retention of fission gases have
been considered. The relative merits of each approach must be weighed
in terms of both economics and safety.  Upon this basis several designs

may be selected for further evaluation.

3. 1. 1.   Non-Vented

It is generally agreed that the non-vented concept is the
most conservative in terms of current technology. It provides a posi-
tive barrier to the release of fission products to the coolant or to the

ingress of sodium into the fuel.

However, failure of the fuel element cladding appears to
be a much more serious problem with the non-vented design because of

the increased probability of failure propagation. Fuel element failure
propagation is a problem that has been discussed, but data are currently

lacking. The primary modes of propagation that have been considered

are as follows:

1.  The release of relatively large volumes of
fission gas into the coolant flow channel may
restrict coolant flow around adjacent fuel pins
so as to cause failure of these pins.

2.  The release of gaseous fission products may
impinge hot fuel particles against adjacent
fuel elements so as to produce failures in
these pins.

3.  The release of gaseous fission products may
spray hot fuel particles into the coolant caus-
ing vaporization and, hence, resulting in a
positive reactivity insertion.

Research should be undertaken to provide a better under-
standing  of this problem. However, the potential problem  can be
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expected to be greatly reduced with vented fuel elernents because of the
lower fission gas pressures and volumes retained in these elements.

3.1. 2.   Separate Vent System

Venting of the fission products into a plenum chamber 10-
cated at the bottom  of the fuel elements,  as  is done  in the Peach Bottorn
and Dragon (U.K.)HTGR, appears to be more attractive, but the prob-
lems associated with designing a positive connect-disconnect mechanism
may prove cumbersome.

Considering refueling via the top of the reactor vessel,
the collector plenum can be permanently mounted below the fuel in the
core supporting structure or mounted in detachable collectors at the
top of the assembly. Considering refueling via the bottom of the reac-
tor vessel, the positions of the permanent and detachable connectors
are reversed. The separate vent system creates a sealing problem
during the refueling operation since th-e attachment connection between
the fuel bundle and the vent system must be broken when removing fuel.
During this period it is desirable for the fission gases in the fuel pin to
remain entrapped so that the vent system does not contaminate the re-
actor coolant sodium and large volumes of the reactor coolant are not
lost into the cleanup system, thereby releasing gaseous fission prod-
ucts to the primary coolant system or appreciably increasing the pres-
sure of the vent system.

The device shown in Figure 3-1 presents a possible solu-
tion to this problem, but a device of this type has a disadvantage in that
an operating rnechanisrn of relatively small proportions is built into the
permanent structure of the reactor.  Such a device could be simply
adapted into a replacement assembly although some difficulty might be
experienced in identifying a faulty installed assembly.

The device shown in Figure 3-2 presents another possible
solution to the problem.· Commonly referred to as the diving bell seal,
it has the advantage of having no moving parts or accurate radial clear-
ance requirements. The device is self-centering, and the accuracy of
its radial location is not critical. The disadvantage of such a seal is
that it is directly affected by pressure changes. Hence, the height of
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the seal depends on the requirement that the seal be able to control the

fission gas contraction that occurs upon core shutdown.

A third alternative uses a double filter plug as shown in

Figure 3-3.  One plug is permanently attached to the fuel bundle and the

other is mounted on the vent system.  With this solution, locating tol-

erances are not critical. This systern inherently includes many of the

disadvantages of the vent-to-coolant arrangement. Fission gas can be

dispersed into the coolant, and some sodium may pass through the filter

plug into the fuel element.

Any scheme that incorporates venting connections near

the inlet of the fuel bundle presents a potential safety problem.   A fail-

ure of any of these connections could potentially void the adjacent fuel

bundles. Aside from the safety problem, all vented-to-cover-gas de-

signs appear to have somewhat higher power generation costs than the

porous-plug, vented-to-coolant concept. The major cost differential

appears to be due to the increased fabrication problems associated with

building a manifold-type assembly. The combination of safety and eco-

nomic factors make each of the discussed vented-to-cover-gas arrange-

ments appear relatively unattractive, and hence, no detailed cost studies

will be performed.

3. 1.3. Venting Directly to Reactor Coolant

The possibility of venting directly to the reactor coolant

has been successfully tested and appears to offer numerous advantages.

Because fission gas pressure is relieved, fuel cladding stress is re-

duced. Consequently, the incentive to use exotic materials is reduced,
and the use of thinner cladding is made possible.  As a result, improved

nuclear performance is achievable,  but is gained at the expense of greater

fission gas release in the primary system.

If the fission products are vented directly to the sodium,
then the particle retention vent must be of high integrity. Experimenta-

tion shows that the expected fission product hold-up time is about 5 days,2

although this time may be significantly reduced during a power excursion.

All vents must be able to pass the fission products through the vent under

relatively small differential pressures and at the same time must pre-

vent liquid sodium from passing through the vent when it is wetted by
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sodium and under back pressure. Srriall quantities of sodium may be
expected to pass through the vents and to accumulate inside the fuel pin.7
Present designs appear incapable of preventing such a process.  It is
essential that this sodium does not clog the venting medium and result
in over-pressurization of the clad.

Initially, concern had been expressed that fission gas
bubbles might increase the possibility of sodium voiding in the core.
This does not appear to be a problem with the present reactor design.
The reference plant utilizes a pot-type reactor vessel in which coolant
velocities are sufficiently low to insure adequate de-entrainment of fis-
sion gas products during circulation through the pot.

The simplest form of venting is the porous plug shown in
Figure 3-4. This device consists of a porous material located in the top
end of an open fuel pin and sealed into position. The porous plug could
be manufactured from a sintered metallic material. The material to be              ,,
used, grade, bond, method of manufacture, diffusion length, and the                    *·
like would require a development and test program to verify the opera-
tional requirements.

Another solution is the fluid diving bell seal shown in                 ,·
Figure 3-5. The primary advantage of this design is that it does not                     
rely upon an extensive development program.

Still another solution is to combine the filter plug and the
fluid seal as shown in Figure 3-6. The advantage of this device is that
after the pressure equilibrium has been established between the fission
product gas and the coolant, the filter plug would not be subjected to
continuous wetting by the sodium coolant and hence should have a reduced
tendency to plug up.

3.1.4. Venting Directly to the Reactor Gas Blanket

This solution involves the continuation of the fuel pin clad-
ding containment to a level above the reactor sodium level, thereby en-
abling the fission product gas to vent directly into the cleanup gas blanket
as shown in Figure 3-7. In order to offer a more attractive engineering
and cost solution, the fission products of the fuel bundle are collected in
a chamber and vented through a single riser tube.  As a safety feature,
a simple non-return valve would be located at the outlet of the riser tube
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to prevent sodium entry to the fuel pins under transient behavior of the
reactor sodium level.

The advantage of this scheme is that the fission product
gases are released directly to a gas environment, thereby reducing the·
fission product levels in the reactor coolant system. In addition, more
information is available regarding gas cleanup systems (HTGR) as com-
pared to sodium. Fabrication costs and problems associated with han-
dling the long fuel elements appear to be the major disadvantage of this

approach.

3. 1.5. Periodic Venting

Removing the fission gas periodically is possible, but the

advantages are limited and the engineering considerations tend to make

this approach impractical. Among the designs suggested are remotely
operated valves, relief valves, and blelting plugs. The problems asso-
ciated with the reliable design of these remotely controlled mechanisms

rnake this approach difficult to engineer. Among these problems are the
release and efficient resealing of every pin or even each fuel bundle as-

sembly (bearing in mind the sodium coolant decay heat) and the shutdown

time investment.

3.2.  Effects on Reactor Systems

Selection of a fuel pin design will cause perturbations throughout
the reactor plant design. While a detailed economic analysis of such
design features does not readily lend itself to calculation, these factors

must be weighed in selection of a fuel pin design.

3.2.1. Fuel Handling

Fuel handling definitely favors the vented-to-sodium con-

cept. The length of the cladding extension for the non-vented fuel will

be reflected in a size (and cost) penalty to the entire fuel handling sys-
tem. Since provision must be made to handle failed elements, no ad-
ditional provisions need be made for the release of fission gases from
the vented pins. Because every fuel pin contains a potentially lethal
quantity of fission gas under relatively high pressure, a potential clad

failure becomes a much more serious hazard for the non-vented pin.
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3.2.2. Primary System Component Maintenance

Radioactive products are released to the primary system
from activated stainless steel (58(0, 54Mn), failed fuel elements, and,
if applicable, fission gas vents. It appears probable, based on experi-
ence with other sodium reactors, that most of the contamination will
eventually either plate out or alloy with the primary system internals.
It is presently believed that contamination due to both primary sodium
activation and fission gas release may be removed by steam cleaning,
as demonstrated in the operation of BR-5.4 However, failed fuel pins
will most probably dictate chemical removal from the stainless steel
surface containing these connponents.

Concern for the effects of fission gas venting on mainte-
nance procedures led to an analysis that indicated one possible problem
area: the buildup of 134 Cs on the primary system components may
increase the shielding requirements during cleanup and maintenance.
This buildup is the result of the release of the parent 133 Xe through the
fission gas vent, subsequent decay to 133 Cs, and transmutation to 134CS
by neutron capture. Since shielding, in either case, must be designed
to accommodate certain accident situations in which relatively large
quantities of fuel and fission products are released through fuel failure,
the additional shielding requirements for the vented-to-sodium concept
are not considered severe.

3.2.3.   Fission Gas Control

Concern had been expressed as to how the release of fis -
sion gas products from vented fuel pins would affect the design require-
ments of the fission gas control system. Consequently a study was
undertaken, and the results (listed in Table A-2) indicate that vented
fuel elements do substantially increase the cover gas activity.8  How-
ever, this difference is due primarily to isotopes with relatively short
half-lives, so that this additional activity will not affect the feasibility
of one design as compared with the other in regard to total release rate.
As a result of restrictions on releasing activity to the atmosphere, the
cover gas purge rate must be reduced, and the decay tank holdup time
must be increased for the vented-to-sodium design (see Table A-3).
However, this does not increase the shielding requirements, as is
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discussed in section 3.2.4. This increased holdup time will be reflected

in the design requirements and hence in the cost of the decay tanks.

Activity in the containment atmosphere will be governed

by leakage of the cover gas through the penetration seals and, if purging

and stacking of waste gas are considered, by the allowable concentration

external to the reactor building. The relatively large increase in cover

gas activity level associated with vented pins will tend to restrict en-

trance into this region if seal leakage occurs. Sufficiently high leakage
rates would dictate the incorporation of a hot containment building design

adding substantially to the total capital cost.

3.2:4. Shielding

Stable and long-lived isotopes of xenon and krypton are
of primary concern in the release of fission gas.3  It has been found
that at steady state operation the 2.76 Mev 24 Ia gamma dictates the

shielding requirements for the coolant during normal operation.  How-

ever, after long periods of operation the 134Cs (indirect daughter of 133Xe)

buildup in the sodium coolant could pose a problem in a vented system.
Although the 134Cs gammas are soft (0.6 and 0.8 Mev), this isotope has

a tendency to plate out on piping and containment walls, and such con-
centration could conceivably result in large specific activities.  The

problem is further complicated by the inability of sodium purification

systems to separate this isotope from the coolant because of the chemical

similarity to sodium.

It should be noted from Table A-4 that the decay tank

shielding requirements for leaking or defective fuel are approximately
1.5 times those required for the vented fuel even though the fission gas
activity is less by a factor of 50 and the volume is less by a factor of

100. The reason for this is due to the short-lived 87Kr (76m half-life)
and 88Kr (2.8h half-life) isotopes which emit  1.5 Mev and  2.57  Mev  gam -

mas respectively. Both isotopes are present in the vent-to-coolant and

defective fuel fission gas; however, because of the 5-day hold-up time
for the vent-to-coolant fission gas ,  the 87Kr and 88Kr activity is negli-
gible.  In fact, for the vented fuel to dictate the requirements, only

0.016% of the fuel pins could be defective. This appears to be an overly

optimistic estimate of pin failures.
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3.2.5. On-Site Versus Off-Site Reprocessing

The fuel element containment must be at least as strin-

gent for the nonvented as for the vented design, since clad failure must

be postulated during shipping, and detection of these failures appears
difficult if at all possible. The consequences of clad failure appear
much more severe for nonvented pins because of the large volumes of

high pressure gas involved. Unless fission gas is released from non-
vented pins before shipment, shipping cask design requirements be-

j              come much more severe.

The diving bell concept presents a shipping problem in
that the fuel pin must remain vertical to prevent the ingress of sodium
or other liquid transfer coolant. Apparently this design would require
that fuel elernents be disassembled on site and that the vents be plugged
before shipment, although such a problem would not exist with gas cool-
ants. A similar problem exists for venting arrangements utilizing a e

manifold if bundles need to be disassembled before shipment. On-site                ··'7
reprocessing would tend to nullify many of these disadvantages making
these concepts more attractive in comparison.

3.2.6.   Instrumentation
. ..r.

There   are   two main methods of detecting cladding failure                         ,.       ».. ·
in unvented fuel: (1) monitoring the cover gas for noble gas fission prod-
ucts, and (2) monitoring the coolant downstream of the core for delayed
neutrons from halogen fission products. The later method is presently
preferred by B&W, and since venting releases only gaseous fission prod-
ucts, it will not affect the applicability of the delayed neutron method.1
The expected 5-day holdup time will be sufficient to effectively eliminate
the principal sources of monitored delayed neutrons ( 4 22-second half-137.

life; 87Br, 56-second half-life) prior to venting. Other delayed neutron

precursors have even shorter half-lives and also may not escape the
porous filter. Similarly, vented fuel may also be compatible with the
cover gas monitoring method. A holdup time of 5 days will effectively
eliminate discharge through the vent of short-lived 87Kr and 88Kr, which

 

are the major noble gas source of high-energy gammas.  Thus an energy-
selective cover gas gamma monitor can detect cladding failure in vented
fuel.  On this basis the use of vented fuel is compatible with failed fuel
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detection, although it is expected that the ability to detect relatively
minor failures may be impaired.

3.2.7. Safety

It appears that the relatively high steel fractions associ-

ated with non-vented designs will dictate an increased fuel enrichment.

Higher fuel enrichments will tend to decrease the sodium void coefficient,

thereby indicating a safer core. However, the increased coolant fraction

in a low-leakage core like the B&W reference design would have the op-
posite effect and would increase the void coefficient. Furthermore, the
increased fissile enrichment would make the Doppler coefficient more

positive, which, in the B&W reference design, has more effect on the

consequences of accidents than does the sodium void coefficient.

In one sense, the probability of local voiding, which is
potentially more serious than any overall core effects, is reduced.
Should a non-vented pin fail, the high-pressure stream of fission gases
could cause vapor blanketing and subsequent failure of adjacent fuel

pins.    The high internal pressure could, under accident conditions,

force a stream of molten fuel into the sodium with disastrous results.

Taking all things into account, one might expect that the
overall safety characteristics of a vented design might well be more
favorable than those of a non-vented design.
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Figure 3-1. Bottom Venting Using Mechanical Connections
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Figure 3-2.
Diving Bell Connectors
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Figure 3-5.
Diving Bell
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Figure 3-7. Venting to Gas Blanket
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4. RESULTS

This section contains the results of a parameter study on the pre-

liminary reference core (Table 4- 1 lists basic data for the preliminary
reference design). The effects of various venting schemes on power
generation costs and nuclear performance are determined and compared.
Since the effects of these schemes are reflected throughout the reactor
design, an attempt has been made to allow optimization of each venting
arrangement by varying the fuel pin clad thickness and outside fuel di-
ameter or outside clad diameter.

Key results are listed in Table 4-2 showing detailed economic

comparisons of various venting arrangements and core designs.  The
designs selected for the study have been chosen on the bases of economic
and other practical considerations.

4.1. Calculational Methods

Calculations have been performed using the NAPS (Sodium Param-

eter Study) computer code.8 Given the basic reactor plant parameters,

the code is designed to calculate thermal, hydraulic, mechanical, steam

plant, and nuclear performance and, in addition, to estimate the cost

of both fuel and major components. Numerous uncertainties exist in any

such analysis, so that it has been found impractical to incorporate the

following areas of reactor design:

1.  Fabrication and materials costs for remote tanks, connectors,
or manifolds associated with various venting arrangements.

2. Economic effects of on-site and off-site reprocessing.  Off-

site reprocessing has been assumed in all cases, and no cost penalty
has been incorporated for disassembling or capping fuel pins.

3. Problems associated with instrumentation have been discussed,
but no economic distinctions have been made between different venting

(
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designs.   It is not thought that the difference in the instrumentation

costs will be significant in terms of the overall reactor costs, and in
this regard such an assumption appears justified.

4.  No economic distinctions have been made for variations in con-

tainment, decay tanks, primary clean-up systems, etc.

5.  The effects of venting on fission product cross section are

neglected.6

4.2.  Basic Design Pararneters

Calculations have been made on the basis of a preliminary refer-

ence concept. The basic design and operating characteristics of this

concept are shown in Table 4- 1. During this study the effects  on the

reference core of perturbating fuel pin design, fission gas release rate,

and clad thickness have been determined. The overall economic effects

of these parameters are shown in Figures 4-1 through 4-3.

Available data on fission gas release rates are quite scattered

and have ranged from 40 to 95%.5 Therefore, this parameter was used

as a key variable.  A 100% release rate was assumed for clad design

requirements for vibratory compacted fuel, but the use of pellets may

reduce this release rate to around 50%. Improved data may allow a

less stringent design criterion. However, it should be noted that the

results cannot be used for a direct comparison of vibratory compacted

versus pellet fuel. Allowable fuel burnup, a major parameter in de-

termining fuel costs, will be different for the two types of fuel.  Con-

sequently, the assumptions made for the purposes of this trade-off

study would not make such a comparison meaningful.

A second factor, clad thickness, in the power generation costs

comparison introduces an entirely new scope of problems in fuel clad

design. The development of an adequate cladding model is beyond the

scope of this study, so that the following assumptions have been made:

1.  A fuel burnup rate of 100,000 MWD/tonne is achiev-
able with 0.010-inch clad in a vented design and 0.015
in a non-vented design.

2.  Erosion and corrosion will not cause a reduction in
clad thickness of greater than 0.0015 inch.
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3.  The fuel cladding design limit for the containment
of fission gas will be 1% creep at 30,000 hours of
operation. Material properties are considered to
be temperature-dependent.

4. Fuel swelling will not limit fuel burnup to below
100,000 MWD/tonne for any specified cladding thick-
ness.

These assumptions appear to be reasonable at this time, although

further research is needed to determine their validity. Based on the

assumed erosion and corrosion allowance and the expected manufactur-

ing problem, a clad thickness of as little as 0.010 inch appears to be

practical with vented systems. Since most fission gas products are

quickly released, the major potential stress on the clad will be due to

fuel swelling. However, should fuel swelling prove to be a major prob-

lem it will limit both vented and non-vented designs at comparable levels.

Additional cladding thickness will not significantly aid in accommodating

the resulting strain.  If fuel burnup is limited at some level lower than

100,000 MWD/tonne, then the economic advantages of the vented fuel

elements will be reduced. Similarly, if higher burnups are ultimately

achieved, then the vented designs will offer additional economic incen-

ti ve s.

Referring to Figure 4- 1, the economic effects of varying the clad

thickness while maintaining a constant pin size and pitch may be seen.

Estimates of the overall power generation costs for various fuel pin de-

signs are indicated on the curves. The importance of maintaining a min-

imum clad thickness becomes apparent.  The core breeding ratio, and

hence the plutonium credit, is dependent upon this variable, producing

the relatively large variations upon power generation costs. The porous

plug concept obviously offers a large economic advantage over the non-

vented design, primarily due to its ability to operate with thinner clad-

ding.

The diving bell design appears to be quite competitive, but in this

case judgment must be used in the interpretation of results. If off-site

reprocessing is considered to be desirable, some additional problems

(costs) must be associated with its use. Because a diving bell will oper-

ate properly only in the vertical position, provisions must be made for

safe shipment. Obviously these limitations do not apply to the combina-
tion diving bell-porous plug concept or shipment in gas coolants.
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The non-vented concept is, in this case, judged to be uneconomical
because of the thicker cladding and the long gas void length required to
contain fission gas products.    (Fuel pin cladding thickness and void length
are determined from basic stress considerations. ) In judging non-vented

designs it should be noted that present costing methods within the code
do not allow detailed analysis of power generation costs for cores with

gas void lengths inexcess of about 3Oinches. The curves used for es-

timating the fabrication costs were not designed to operate for extremely

long gas voids. In addition, other factors that will affect the capital
costhave not been included, i.e., larger containment buildings, in-
creased handling problems, etc.  For this reason, a dashed line is

shown in this portion of the curves indicating estimates of costing trends.

An examination of the detailed cost analysis indicates that a sig-
nificant cost penalty is associated with the non-vented concept owing to
the lower fuel mass used in the analysis (clad was thickened by displac-
ing fuel). In addition to lowering the breeding ratio, the lower fuel mass

tends to increase fuel costs by decreasing the core cycle time and hence
the total power production. Spreading the fixed costs over less time in-
creases unit fuel costs. Simultaneously, the lower fuel mass reduces

the inventory costs so that the overall trends are indeterminate without

a parallel analysis to determine the effects of fuel inventory.  For this

reason, a parametric study has been included in which both fuel pin out-
side diameter and cladding thickness have been varied so that the fuel

inventory remains constant. The results, shown in Figure 4-2, indicate
the same trends as previously discussed in Figure 4- 1.

It is apparent from these graphs that the vented arrangements of-

fer significant cost incentives because of the thinner cladding and the
shorter total core length. The variations in clad thickness appear to be
the predominant factor, producing wide variations in doubling time and

plutonium credit. A detailed economic comparison of the porous plug,
the diving bell, and the non-vented concepts is shown in Table 4-2.

4.3. Economic Comparison

Based on the economic trends shown in the parametric study and
on other practical considerations, five perturbations of the preliminary
reference design have been selected for detailed comparison in Table
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4-2. The preliminary cost analysis for the reference core is listed in

the first column. In comparison, the effects of altering the design to

incorporate a diving bell seal are shown in the adjacent column where

the height of the seal is selected as 20 inches based on the expected cool-

down requirements. The longer fuel bundle length is reflected in the

larger, and consequently more expensive, core vessel, biological shield-

ing, and sodium inventory. In addition, a larger pressure drop across

the core will require larger pumps and thicker cans. The thicker cans

result in larger core steel fractions and, subsequently, lower breeding

ratios. Consequently, the plutonium credit will be reduced and fuel costs

will be increased.

Non-vented fuel elements shown in the third column have both of

the above-mentioned disadvantages. The longer fuel elements will be

accompanied by a higher core pressure drop, and in addition, the thicker

cladding required by this design will further increase the core steel frac-

tions.

It should be noted that core design plays an important part in de-

termining the economic differential between vented and non-vented pins.

Consideration has been given to including BeO in the reference design as
shown in Figure 4-3. The addition of beryllium oxide pins will result in

more coolant flow channels and consequently in higher fuel clad temper-

atures at constant reactor coolant flow rates. The material properties

of all applicable alloys tend to degrade rapidly with increasing temper-

ature in the range of interest.  As a result, excessive gas void lengths

and cladding thickness will be required for the non-vented design.  As

an alternative, coolant mixed mean outlet temperatures could be lowered,
but this solution appears unattractive economically because of its overall
effect on oycle efficiency. In addition, larger and more expensive in-

termediate heat exchangers, reheaters, and steam generators will be
required to maintain proper steam temperatures.

A detailed economic comparison of the porous plug, the diving bell,

and the non-vented designs for a core containing BeO is also listed in col-

lumns 4, 5, and 6, respectively.  The same basic trends are shown as
for the core without BeO, but economically, the non-vented concept ap-

pears even less attractive. Increased clad temperatures have degraded

the clad properties sufficiently to require 0.020-inch cladding thickness.
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Probably the most significant factor affecting the economic com-
parison is the doubling time reported for the various concepts.  The
thicker cladding required for a non-vented pin has produced a major in-
crease in doubling time which is reflected in increased fuel costs through
the plutonium credit. The thicker cladding is again reflected in in-
creased enrichments, resulting in higher carrying charges for inpile
plutonium.

4.4. Effects of Economic Uncertainties

It has been shown that a significant economic advantage is offered

by vented fuel pins. As previously mentioned, however, certain unknowns
do exist in this analysis and these factors should be accounted for.  Fuel

handling may offer an additional economic advantage to the vented ar-

rangement. Problems associated with a fuel pin failure during handling
would tend to dictate additional design problems for non-vented pins.   The
additional length of all handling components, which non-vented pins would

dictate, will also tend to increase costs. As stated previously, decay
tank shielding requirements are dictated primarily by fuel element fail-
ure so that if fewer failures do indeed occur in vented systems, an eco-
nomic advantage may be derived.

Decontamination of components is a major concern in performing
maintenance on the primary system. Present data indicate that contam-

ination on the surface of primary system components due to both acti-
vated sodium and fission gas product plate-out may be adequately re-
moved by steam cleaning. However, the removal of contaminants re-
leased from failed fuel elements may require chemical cleaning.  If
such is proved to be the case, and venting does reduce fuel element fail-
ures as expected, then an additional incentive is provided for venting.

Conversely, the fission gas control system tends to favor the non-
vented arrangement, since venting may dictate a different design ap-
proach. Vented elements produce a sustained higher activity level in
the upper containment area; this will tend to increase fission gas control
requirements and to restrict access to this region. Should access be
severely restricted, it may become necessary to include a hot contain-

ment area within the design, requiring a rather large capital investment.
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Because of the high cover gas activity associated with fission gas
venting this design may require monitoring of the primary coolant for

delayed neutrons.  It is presently thought that this method will be used

in the reference core regardless of the fuel pin design. However, if
monitoring of the gamma activity should appear attractive, it is expected

that any resulting cost differential will be insignificant when prorated

over the life of the plant. In addition, the sensitivity of this device may
be reduced, making detection of defective fuel elements more difficult.

Considering the overall effects of these factors, it does not ap-
pear that the resulting economic trends will basically change the results

reported in the detailed analysis.  In the light of the economic, safety,
and nuclear advantages indicated, there are significant incentives for

developing and utilizing vented fuel elements.

Table 4-1. Reference Core Parameters

Fuel Bundle Design

Pin pitch 0.34

Pin OD, in. 0.28

Clad thickness, in. 0.010

Active fuel length, in. 34.7

Axial blanket length, in. 15.9

Gas void length, in. Vented (2 inches)

Bundle pitch, in. 6.585

Can thickness, in. 0.129

Pins per bundle 331

Beryllium fraction 0.0

Total bundles 288

Total core pins 95,328

Blanket pin OD, in. 0.464

Total blanket pins 19,050

Average fuel burnup, MWD/tonne 100,000

Thermal and Hydraulic Design

Reactor thermal output, MW 2448

Maximum linear heat rate, kw/ft 17.0

Maximum core heat flux, Btu/hr-ftz 713,000

Hot channel flow rate, lb/hr 1021

Total flow rate, lb/hr 92,373,000

Core pressure drop, psi 28.0

Steam Plant Design

Operating pressure, psi 2400

Turbine inlet temperature, F 950

Reheat temperature, F 950
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Table 4-2. Economic Comparison of Vented and Non-Vented Concepts

Without BeO With 10% BeO

Porous Plug(a) Diving Bell(a) Nonvented(a) Porous Plug(b) Diving Bell(b    Nonvented(b)

Fuel Bundle Design

Pin OD, in. 0.28 0.28 0.28 0.28 0.28 0.30

Pin pitch, in. 0.34 0.34 0.34 0.34 0.34 0.34

Clad thickness, in. 0.01 0.01 0.015 0.01 0.01 0.020

Equivalent void length, in. 2.0 20.0 40.0 2.0 20.0 40.0
Maximum clad surface temperature, F 1204.0 1204.0 1204.0 1,243 1,243 1,238

Primary pumping power, MW 7.68 8.73 9.88 7.14 8.05 14.72

Nuclear Performance

Internal breeding ratio 0.97 0.96 0.89 0.92 0.91 0.83
i Total breeding ratio 1.33 1.32 1.24 1.25 1.24 1.13

        Enrichment, % 12.8 12.9 14.0 13.7 13.8 15.4
Doubling time, years 14.6 15.3 20.8 20.7 21.8 49.9

Initial mass of metal in core, kg 23,800 23,800 22,100 23,900 23,900 23,800
Electrical output, MW 1,038 1,037 1,036 1,039 1,038 1,031

Fuel Costs (mills/kwhr)

Fabrication 0.3725 0.3726 0.3860 0.3996 0.3996 0.4006

Reprocessing 0.1710 0.1714 0.1753 0.1732 0.1739 0.1822
Shipping 0.0423 0.0533 0.0665 0.0426 0.05379 0.06608

Carrying charges
Plutonium in pile 0.4243 0.4268 0.4149 0.4397 0.4425 0.4736
Plutonium out of pile 0.2052 0.2063 0.2120 0.2121 0.2134 0.2292
Fabrication 0.0657 0.0657 0.0637 0.0705 0.0705 0.0707

Reprocessing -0.0460 -0.0461 -0.0445 -0.0466 -0.0468 -0.0488
Plutonium credit -0.2950 -0.2836 -0.2071 -0.2164 -0.2067 -0.0973

Total 0.9399 0.9665 1.0669 1.0746 1.1002 1.2764

(a) Perturbations based on variations in clad thickness and fuel OD.
(b) Perturbations based on variations in clad thickness and cladding OD, with 10% BeO addition.



Table 4-2 (Cont'd)

Without BeO With 10% BeO

Porous Plug Diving Bell Nonvented Porous Plug Diving Bell(b). Nonvented(a)              (a)              (a)                (b)                               (b)

Capital Costs ($)

Core vessel 496,000 512,000 529,000 495,000 510,000 537,000Reactor vessel 1,876,000 1,918,000 1,965,000 1,873,000 1,916,000 1,981,000Internals 1,411,000 1,417,000 1,424,000 1,427,000 1,434,000 1,458,000
Biological shielding 4,286,000 4,308,000 4,330,000 4,274,000 4,294,000 4,410,000Sodium inventory 729,000 739,000 751,000 728,000 738,000 755,000Reheater 4,058,000 4,058,000 4,058,000 4,058,000 4,058,000 4,058,000Steam generators 7,883,000 7,883,000 7,886,000 7,883,000 7,883,000 7,884,000Intermediate heat exchangers 3,584,000 3,585,000 3,585,000 3,583,000 3,584,000 3,590,000
Primary & secondary pumps 2,214,000 2,371,000 2,543,000 2,133,000 2,269,000 3,270,000

1 Other direct cost 29,138,000 29,138,000 29,138,000 29,138,000 29,138,000 29,138,000
N Total nuclear island direct costs 55,674,000 55,929,000 56,209,000 55,592,000 55,824,000 57,079,000
U.1 Turbine island direct costs 43,342,000 43,299,000 43,251,000 43,365,000 43,327,000 43,049,000

Total 98,998,000 99,228,000 99,460,000 · 98,957,000 99,151,000 100,127,000

Land and land rights 660,000 660,000 660,000 660,000 660,000 660,000Indirect costs 39,599,000 39,691,000 39,784,000 39,583,000 39,660,000 40,508,000

Total capital costs 139,257,000 139,579,000 139,904,000 139,200,000 139,471,000 140,837,000

Power Generation Costs (mills/kwhr)

Fixed charges 2.232 2.239 2.248 2.229 2.236 2.272
Fuel costs 0.940 0.966 1.067 1.075 1.100 1.276
Operating, maintenance, & insurance 0.265 0.266 0.266 0.265 0.266 0.267

Total power generation 3.437 3.471 3.581 3.569 3.601 3.815

(a) Perturbations based upon variations in clad thickness and fuel OD.
(b) Perturbations based upon variations in clad thickness and cladding OD, with 10% BeO addition.



Figure 4-1. Effects of Venting on Unit Power Generation
Costs Showing Perturbations of Fuel OD and
Clad Thickness
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Figure 4-2. Effects of Venting on Unit Power Generation
Costs Showing Perturbations of Cladding OD
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Figure 4-3. Effects of Venting on Unit Power Generation
Costs Showing Perturbations of Cladding OD
and Clad Thickness With BeO Addition
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1.    Introduction

This appendix describes a parametric study of the gaseous fission
products generated and deposited in the current reference LMFBR de-

sign, considering vented-to-coolant and defective fuel. Prime emphasis
has been placed on determining and comparing the safety and shielding
characteristics of vented and non-vented fuel.

There were, unavoidably, many assumptions in this study, be-

cause, for the most part, key parameters require extensive research
and development substantiation, which at this point is almost nonexistent.

Many required assumptions have been taken from reference 1, in which
useful experimental data are available. Varying key parameters, such
as gas holdup time, could alter the results considerably. However, it
is felt that the assumed values for key parameters represent conserva-
tive  bounds  for the results. The criteria and primary assumptions  em-
ployed in the study are presented in the following sections.

2.            C rite ria

It is assumed that defective fuel must be considered as a design
basis, whether considering vented fuel or not.  It is believed that there
is an increase in probability of fuel pin failure in non-vented fuel be-
cause of increased thermal stresses and increased internal gas pres-
sure.  Since this effect is largely unexplored at this point, the percent-

age of failed fuel is assumed to be the same for both vented and non-
vented fuel.

The calculation compares vented with non-vented fuel, consider-
ing the worst possible case as pertaining to total cover gas activity and
the resulting repercussions, since in both cases the fuel is assumed de-
fective, and also considering that operation continues for a significant
length of time after failure.  In this light, this study differs from a
similar study in reference 1, since in that study vented fuel is evaluated
without consideration of defective fuel.  In this instance, the hazards
of fission gas generated by venting are increased by the hazards of the
energetic, shorter-lived isotopes released by fuel failure. For compari-
son purposes, cases were also run considering vented fuel only.
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A continuous cover gas purge system is considered in the study.
The periodic purge of the cover gas system has not been considered.
Also, a continuous containment purge system only is considered.

In the vented case, the fuel is assumed to be vented directly to
the coolant. Iodine and bromine isotopes are assumed to combine chem-
ically and to remain entrained in the primary coolant. All solid fission
products are assumed to remain in the fuel in the vented case and to

either become entrained in the coolant or plate out on componints in the

case of defective fuel.

Isotopes of xenon and krypton were considered as gaseous fission

products.

3.    Release to Coolant

3.1.   Vented Fuel

Half (50%) of the generated fission gas is assumed released

to the coolant. The diffusion time, or holdup time, is assumed to be

five days. This automatically limits attention to the long-lived fission

gas isotopes,  i. e., 135Xe, 133Xem, 133Xe, 131Xern, 85Kr,  in the vented-to-

coolant case.

These assumptions are essentially the same as those listed

in reference 1 where pellet fuel is considered.  The use of vibro-com-

pacted fuel is not expected to alter the vented release fraction or holdup

time appreciably.

3.2.   Defective Fuel

The assumed percentage of defective fuel corresponds to a

failed fuel percentage of 0.35% of the total pins.  100% of the generated
fission gas in the failed pins is assumed released to the coolant at a

holdup time of 10 minutes.  In the absence of data on release fractions

for vibro-compacted fuel, the 100% release figure was chosen.  The

number of leaking fuel pins assumed is believed to be conservative.

The resultant release fractions and leak rates for the fission gas iso-

topes, considering vented, defective, and vented plus defective fuel are

given in Table A-1.
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4.    Release to Cover Gas

We assume that 75% of the entrained fission gas is released from
the coolant to the cover gas system with each coolant circulation in both

the vented and defective fuel cases. This figure is taken from reference
1 as there is expected to be no difference in fission gas bubble size and

coolant velocity in the present case as compared to the case presented

in reference 1. These are the two most important factors in determin-

ing fission gas separation from the primary coolant.

5. Time-Dependent Model

The calculation of the gaseous fission product inventory in the

core, coolant, and cover gas was made using BURP 1.2 The model
chosen was meant to describe conditions during one 300-day fuel cycle,

considering vented, defective, and vented plus defective fuel. The three

cases can be described by the following tabulation:

Full power Case 1 - Case 2 - Case 3 -
operating time, days vent only leak only vent + leak

0-100 Vent           --       Vent
100-200 Vent           --       Vent
200-299 Vent Leak Vent + leak
300 Shutdown Shutdown   Shutdown

The defective fuel is assumed to fail late in the fuel cycle and to remain
in the core until shutdown for refueling;  i. e.,  it is assumed that opera-

tion continues even if failed fuel detection has occurred. In the vented

case the fuel is assumed vented throughout the entire fuel cycle.  All of

the results presented correspond to the end of the fuel cycle, at which
time all the isotopes reach saturation or equilibrium except 85Kr.  For
each of the three cases above, three cover gas purge rates were con-

sidered:  10, 1, and 0.01 cfm.

Table A-2 shows the equilibrium cover gas activity of each isotope

for each case and each cover gas purge rate. Figure A-1 shows total

saturation activity for each case as a function of cover gas purge rate.

These values compare quite well with those presented in reference  1.-
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6.    Decay Tanks

Calculations were performed to determine the relative advantages

and disadvantages of vented and non-vented fuel with regard to decay
tank activity levels and required holdup times.                           -

The decay tank holdup time is defined as the time since removal

from the cover gas system for the 133Xe activity to be reduced by decay
to the activity level of 85Kr. This definition is made because 133Xe is

by far the predominant activity source of all the gaseous fission product

isotopes a few days after removal from the cover gas system, for both
vented and non-vented fuel. The activity level of 85Kr is taken as the
minimum possible in the decay tank because of its 10.76-year half-life.

It is pointless to hold up the decay tank gas any longer because almost

nothing is gained in activity reduction of the 85Kr. The required holdup
times for the three cases and the three cover gas purge rates are tabu-

lated below:

Holdup time,  days
Cover gas

purge rate, cfm Leak only Vent only Vent + leak

10.0 280 375 380
1.0 190 315 318
0.01                              78 168 170

Since there is a practical maximum activity release rate to the

atmosphere from the decay tanks, and since the rate of release of ac-

tivity is roughly equivalent to the release rate of 85Kr after holdup, the
rate of purge of the cover gas into the decay tanks will be limited or re-

quire longer holdup capacity. An activity release of 5000 microcuries

per second to the atmosphere caused by the 85Kr represents a practical
maximum for the concept of controlled release. Figure A-2 shows the

activity release rate as a function of the cover gas purge rate.  As can
be seen from the figure, the allowable purge rate in the vented case is

only 0.1 cfm, while for failed fuel the allowable purge rate is 0.6 cfm.

7.     Decay Tank Shielding Requirements
' In the current reference design the cover gas purge system con-

tains three 3000-ft3 decay tanks, each tank having a radius of 8 feet and
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a height of 15 feet.  The tank size could change drastically, depending
on the required holdup time, cover gas purge rate, and decay tank pres-
sure; however, these dimensions were used for the shielding require-

ment comparison. The three cases were considered, and three cover

gas purge rates were considered. The results appear below.

Ordinary concrete required (in. ) for
a dose rate of 1 mRem/hr

Cover gas
purge rate, cfm Leak only Vent only Vent + leak

10.0              64 43 64
1.0              56           39            56
0.01 40 28 40

Decay tank shielding requirements considering failed fuel are greater
because of the energetic gammas emitted by 87Kr and 88Kr, which have
short half-lives (1.3 and 2.8 hours) and are emitted in significant quan-
tities only by the failed fuel, since in the vented case the holdup time

before release is about five days.

8.    Leakage of Cover Gas

Because of the many perforations in the reactor top cover plug,
and their associated seals, the problem of cover gas leakage through

faulty seals into the containment atmosphere was investigated.
The leaking cover gas was assumed to be transferred immediately

to the reactor building atmosphere and to become evenly dispersed
throughout that atmosphere. Calculations were performed with and

without a containment purge system. The containment building purge
system is assumed to remove fission products completely (no recircula-
tion).

The restrictions on the allowable activity concentrations for inges-
tion of the xenon and krypton isotopes were taken from 10 CFR 20 and

are shown in Table A-3. The values given are for personnel working
in an unrestricted area during a 40-hour work week and for unlimited

exposure considering the general public.

The leakage of the cover gas into the containment atmosphere will
be governed by the allowable concentration in the reactor building, and
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if purging is to be considered, by the allowable concentration external

to the reactor building. Figures A-3 through A-14 show the fraction

(actually multiple) of the MPC'" of the cover gas in the reactor building

atmosphere as a function of the cover gas purge rate, for the three

cases with various cover gas and containment purge rates. The values

of the leak rate that result in an MPC = 1, then, represent the condition
for unlimited access to the reictor building considering ingestion alone.
This is the limiting criterion, since the allowable direct dose criterion

is much less stringent. The broken lines on the figures in which con-
tainment purge is considered represent the restrictions imposed on ac-

tivity released to the general public. The dispersion factor X/Q, which

is a measure of the reduction of activity by atmospheric conditions,
stack height, exclusion radius, etc., was taken to be 10-6 sec/M3.  This
is a representative value used in the design of current commercial plants.
As can be seen from the figures, the allowable leak rates are extremely
small even with quite sizable containment purge rates.

For illustrative purposes, a cal·culation was performed to deter-

mine the severity of conditions resulting from a leak of cover gas to the
containment atmosphere which approximately represents normal condi-

tions. The assumed conditions, which are believed to be representative,
are as follows:

Personnel protection None
Cover gas purge rate, cfm 1.0
Cover gas leak rate, cc/day      25
Containment pur.ge rate, cfm 34,000

Table A-4 shows the rEsilltant y and B direct dose rates in the

upper containment atmosphere'. BONG2 was used for the y-dose calcu-

lation.  The y dose is the maximum that would be experienced inside

the containment building. An infinite cloud model was selected for the

B-dose calculation since a volume as large as the containment volume

under consideration is essentially infinite for p energies up to 3 Mev.3
The B dose is essentially the' same throughout the reactor building.

----

MPC: maximum permissible concentration.
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Table A-5 shows the reactor building accessibility considering no

protection of plant personnel, subject to the imposed conditions.

9.     Summary of Hazard Potential Considerations Due
to Fission Gas Release in the Current Design

Cover gas is permitted to leak into the containment atmosphere

only in minute quantities even under the best conditions. Personnel

working in areas of the reactor building where the MPC is greater than

unity must be protected by special clothing, breathing apparatus, shield-

ing, or some combination thereof. A further restriction on the allow-

able leak rate is the specified allowable release of radioactive contam-

ination to the general public.

10. Summary of Safety and Shielding Comparisons
of Vented and Non-Vented Fuel

10.1.   Shielding

The energetic gamma emitters 87Kr and 88Kr, which are
released in significant quantities only by defective fuel because of the

short half-lives of these isotopes, dictate the decay tank shielding re-
quirements. The shields in the top cover structure are sized by core
and primary coolant radioactive sources and not by the cover gas.

Therefore, the shielding requirements will be the same for vented and

non-vented fuel,  i. e., assuming that defective fuel must be postulated
as a design basis in both the vented and non-vented cases.

10.2. Safety

The leakage requirements of vented fuel are more stringent
than non-vented requirements, as can be seen from Figures A-2 through

A-14.  However, the requirements are so stringent in both cases that

this is not a serious disadvantage of vented fuel. In other words, if the
seal leakage requirements for the case of defective fuel can be met,

then the extra requirements of the vented fuel would be essentially solved
also. However, defective fuel is not a normal operating condition; there-

fore, under normal operating conditions, the seal leakage requirements

would be much less severe.  In the case of vented fuel, the seal integrity
must be maintained throughout the operating history of the plant.
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Table A-1. Fission Gas Release Fractions and Leak Rates

Tt/2 Vented sec-1 defective sec-1 Total sec-1

Leak rate, 0.35% Leak rate, Leak rate.
Isotope

89Kr 3.2 m                   0 0.00040 0.145-5 0.00040 0.145-5
137)(:e 3.8 m                                            0 0.00056 0.17-5 0.00056 0.17-5
135)<:em 15 rn 0 0.00224 0.17-5 0.00224 0.17-5
138Xe 17 m                                                 0 0.00234 0.16-5 0.00234 0.16-5
87Kr 1.3 h                                                 0 0.00322 0.47-6 0.00322 0.47-64 83Krrn 1.86 h 0 0.00329 0.33-6 0.00329 0.33-6
88Kr 2.8 h                     0 0.00336 0.23-6 0.00336 0.23-6
85Krrn 4.4 h                                                 0 0.00343 0.15-6 0.00343 0.15-6
135Xe 9.2 h 0.000061 0.13-8 0.00350 0.73-7 0.003561 0.75-7
133Xem 2.3d 0.110 0.43-6 0.00350 0.12-7 0.1135 0.45.6
133 e 5.27d 0.260 0.53-6 0.00350 0.53-8 0.2635 0.54-6
131Xern 12 d 0.3750 0.40-6 0.00350 0.23-8 0.3785 0.41-6
85Kr 10.4y 0.50 0.21-8 0.00350 0.73-11 0.5035 0.21-8



Table A-2. Equilibrium Cover Gas Activities

Cover gas Vent + leak, curies X 10-3 -3
Leak only, curies X 10

purfe
rate, Vent only, curies x 10-3

ft /rnin: 10.0 1.0 0.01 0.0 10.0 1.0 0.01 0.0 10.0 1.0 O.01 O.0

Isotope:

83krrn 9.8 10.6 10.7 10.7 9.8 10.6 10.7 10.7       --

85Krm 39.8 46.5 47.3 47.4 39.8 46.5 47.3 47.4      --          --
85Kr                  -- 0.4 4.3 4.6       --          -- 0.1 O.2       -- 0.3 4.1 4.4

  87Kr 70.0 73.6 74.0 74.0 70.0 73.6 74.0 74.0       --
1 88Kr 108.0 119.0 121.0 121.0 108.0 119.0 121.0 121.0      ---
0 89Kr 9.6 9.6 9.6 9.6 9.6 -9.6 9.6 9.6       --

131Xem 16.3 97.5 216.0 219.0 O.1 0.8 1.9 1.9 16.0 96.0 213.0 216.0
133Xem 89.4 245.0 302.0 303.0 2.6 7.3 9.0 9.1 86.0 235.0 290.0 291.0
133Xe 4,470.0 18,800.0 29,000.0 29,200.0. 59.7 253.0 390.0 393.0 4,410.0 18,600.0 28,600.0 28,800.0
135Xem 66.2 66.8 66.9 66.9 66.2 66.8 66.9 66.9       --          --
135)Ce 356.0 479.0 498.0 498.0 348.0 468.0 487.0 487.0 5.2 7.0 7.2 7.7
137Xe 33.9 34.0 34.0 34.0 33.9 34.0 34.0 34.0       --

138Xe 258.0 261.0 261.0 261.0 258.0 261.0 261.0 261.0      --
41Ar 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2

-

5,530.0 20,000.0 30,700.0 30,800.0 1,010.0 1,350.0 1,510.0 1,520.0 4,520.0 18.900.0 29,100.0 29,300.0



Table A-3. LMFBR Gaseous Fission Product Study -
Maximum Permissible Activity
Concentrations in Air

MPC*.,  tici/cm3
Plant personnel

Isotope (40-hr work week) General public

83Krrn 1 X 10-6 3 X 10-8
85Krrn 6 x 10-6 1 X 10-7

85Kr 1 X 10-5 3 X 10-7
87Kr 1 X 10-6 2 X 10-8
88Kr 1 X 10-6 2 X 10-8

89Kr 1 X 10-6 3 X 10-8

131Xern 2 X 10-5 4 X 10-7

133Xem 1 X 10-5 3 X 10-7

133Xe 1 x 10-5 3 X 10-7
135Xern 1 X 10-6 3 x 10-8
135)(:e 4 X 10-6 1 X 10-7

137) e 1 X 10-6 3 X 10-8

138Xe 1 x 10-6 3 X 10-8
41Ar 2 X 10-6 4 X 10-8

*                              CiFor a mixture of isotopes:  I = MPC. s 1.
-                                     1
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Table A-4. Direct Dose Rates From Inert Gases in the
Reactor Building

Cover gas purge rate, cfm                     1

Cover gas leak rate, cc/day                   25
Containment purge rate,, cfm 2.4 x  104

Vent + leak, mrem/hr Vent only, mrem/hr Leak only, ·mrem/hr

Isotope         Y           BY           BY           B
83Krm 0.23(-4) 0.23(-4)
85Krrn 0.11(-3) 0.95(-3) 0.11(-3) 0.95(-3)

85Kr 0.0 0.0 0.0 0.01 0.0 0.0

87Kr 0.47(-3) 0.48(-2) 0.47(-3) 0.48(-2)> 88Kr 0.80(-3) 0.28(-2) 0.63(-3) 0.28(-2)
89Kr 0.12(-3) 0.12(-3)
131Xem 0.24(-3) 3.93 0.25(-5)
133 ern 0.63(-3) 9.82 0.19(-4)
1331 e 0.10(-1) 0.18 166.9 2846 0.14(-3) 0.24(-2)
135 Xern 0.15(-3)
135Xe 0.10(-4) 0.12(-3) 0.0 0.18(-5) 0.10(-4)· 0.12(-3)
137  e 0.47(-3) 7.60

138Xe 0.61(-3) 0.71(-2) 0.61(-3) 0.71(-2)
41Ar 0.18(-5) 0.92(-5) 0.18(-5) 0.92(-5) 0.18(-5) 0.92(-5)

Total y 0.13(-1) 0.11(-1) 0.22(-2)

Total p 0.19 0.17 0.19(-1)

Total 0.203 0.186 0.021



Table A-5. Reactor Building Access With No Protection
With Leaking,Cover Gas

Cover gas purge rate, cfm                    1

Cover gas leak rate, cc/day 25

Containment purge  rate,  c fm 2.4 X 104

Hourly dose, mrem
Vent + leak Vent only Leak only

From gases 0.20 0.19 0.02

From primary and secondary
gammas and neutrons                 1               1              1

From ingestion (assuming
MPC = 100 mrem/week) 2.53 2.13 0.40

Total hourly dose 3.73 3.32 1.42

Maximum weekly entry
time, hr 29.5 30.0 Unlimited

Dose limit for remainder
of week None None None
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Figure A-1. Equilibrium Cover Gas Activity as a
Function of Cover Gas Purge Rate
(No Leaks)
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Figure A-2. Decay'Tank Release Rate of Activity . .
After Holdup as a Function of Cover
Gas Purge Rate
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Figure A-3. LMFBR Gaseous Fission Product Study -
Fraction of MPC of Equilibrium Cover Gas in
Reactor Building as a Function of Cover Gas
Leak Rate (Containment Atmosphere Purge
Rate = 0.0 cfm, Fuel Leak Only)
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Figure A-4. LMFBR Gaseous Fission Product Study -
Fraction of MPC of Equilibrium Cover Gas in
Reactor Building as a Function of Cover Gas
Leak Rate (Containment Atmosphere Purge
Rate = 2.4 X 104 cfm, Fuel Leak Only)
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Figure A-5. LMFBR Gaseous Fission Product Study -
Fraction of MPC of Equilibrium Cover Gas in
Reactor Building as a Function of Cover Gas
Leak Rate (Containment Atmosphere Purge
Rate = 2.4X 105 cfm, Fuel Leak Only)
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Figure A-6. LMFBR Gaseous Fission Product Study -
Fraction of MPC of Equilibrium Cover Gas in
Reactor Building as a Function of Cover Gas-,

Leak Rate (Containrnent Atmosphere PurgeRate = 2.4 X 106 cfm, Fuel Leak Only)
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Figure A-7. LMFBR Gaseous Fission Product Study -
Fraction of MPC of Equilibrium Cover Gas in
Reactor Building as a Function of Cover Gas
Leak Rate (Containment Atmosphere Purge
Rate = 0.0 cfm, Vent + Leak)
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Figure A-8. LMFBR Gaseous Fission Product Study -
Fraction of MPC of Equilibrium Cover Gas in
Reactor Building as a Function of Cover Gas
Leak Rate (Containment Atmosphere Purge
Rate = 2.4 X 104 cfm, Vent + Leak)
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Figure A-9. LMFBR Gaseous Fission Product Study -
Fraction of MPC of Equilibrium Cover Gas in
Reactor Building as a Function of Cover Gas
Leak Rate (Containment Atmosphere Purge
Rate = 2.4 X 105 cfm, Vent + Leak)
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Figure A-10. LMFBRIGaseous Fission Product Study -
Fraction of MPC of Equilibrium Cover Gas in
Reactor»Building as a Function of Cover Gas
Leak Rate (Containment Atmosphere Purge
Rate = 2.4 x 106 cfm, Vent + Leak)
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Figure A-11. LMFBR Gaseous Fission Product Study -
Fraction of MPC of Equilibrium Cover Gas in
Reactor Building as a Function of Cover Gas
Leak Rate (Containment Atmosphere Purge
Rate = 0.0 cfm, Vent Only)
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Figure A-12. LMFBR Gaseous Fission Product Study -
Fraction of MPC of Equilibrium Cover Gas in
Reactor Building as a Function of Cover Gas
Leak Rate (Containment Atmosphere PurgeRate = 2.4 X 104 cfm, Vent Only)
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Figure A-13. LMFBR Gaseous Fission'Product Study -
Fraction of MPC of Equilibrium Cover Gas in
Reactor Building as a Function of Cover Gas
Leak Rate (Containment Atmosphere Purge
Rate = 2.4 X 105 cfm, Vent Only)
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Figure A-14. LMFBR Gaseous Fission Product Study -..          Fraction of MPC of Equilibrium Cover Gas ink..

Reactor Building as a Function of Cover Gas
1.
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1. INTRODUCTION

One of the rnain incentives for the development of an LMFBR plant
is the production of econornically competitive electrical energy. It there-

fore becomes necessary to analyze the factors that are most influential
to achieving this end. The selection of the proper steam cycle for the
turbine island is of prime importance to the total capital cost and the
total power generation costs.

The major thermodynamic losses for the entire plant occur in the

main condenser: Approximately two thirds of the power produced in the
core is rejected to the condenser cooling water.  The net plant efficien-
cies for the candidate stearn cycles range from 33 to 43%, and the cor-

responding core power requirements range frorn 3000 to 2300 MWt.  The

steam cycles that produce the lowest plant efficiencies result in the high-
est unit cost for the turbine island. 1  With a constant plant output of 1000
MWe for all of the stearn cycles, the core power is greatest when the net

plant efficiency is lowest; consequently, the fuel cycle costs are increased.
It is important to consider not only these factors, but also the capi-

tal costs of the entire plant with respect to the functional parameters that
are compatible with the steam cycle. Since it is quite clear that for given
steam conditions to the turbine there is an infinite choice of reactor plant

operating conditions,  we must select the functional plant parameters that

will yield the minimum power generation cost when combined with the ap-
propriate steam cycle and fuel cost. All these considerations were in-
cluded in an intensive analysis to arrive at the objectives of this study.

1. 1.  Purpose

This study was undertaken to select a steam cycle and to establish
the important plant functional requirements of temperature, pressure,
and flow for the energy source and the main heat transport system that
would yield the most economical power-producing capabilities for a 1000-
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MWe plant, within the framework of the industrial and material technology
anticipated in the 1980's.

1.2.  Summary

Seven steam cycles were proposed by United Engineers and Con-
tractors, Inc.1 Onthe basis of the ground rules established for the 1000-
MWe LMFBR Follow-On Study, these steam cycles were investigated to
deterrnine which one had the rnost attractive plant capital and fuel costs.

(Table 1 is a summary of data for all seven cycles. ) Reactor inlet so-
dium temperatures ranged frorn 600 to 900 F, reactor outlet temperatures

ranged from 1050 to 1150 F, and hot-end temperature differentials for the
intermediate heat exchangers ranged from 20 to 100 F for the selected

steam cycle.  For the sodiurn reheat steam cycles, the sodium reheater

outlet temperatures were optimized to yield the minimum combined capi-
tal cost for the stearn generator and reheater. The steam-heated reheat
cycle was examined by Sargent & Lundy  and is discussed  in the appendix.
Their results show that the steam-heated reheat cycle is less attractive

than the sodium-heated reheat cycle.  The NAPS program and the Philco

2000 computer were used to calculate capital costs for each of the 400
cases  that were exam ined. The 2400 psi/950 F/950 F steam cycle was
selected.
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Table 1. Steam Cycle  Data

Cycle H-P turbine Boiler Economizer Superheater
designation, inlet feedwater duty, Boiler duty, duty,

Psi/FiF temp, F temp, F Btu/hr X 109 Btu/hr X 109 Btu/hr X 109

3500/1000/1000 1000 485 6.529(a)

2400/1000/1000 1000 478 1.786 2.676 2.517

2400/950/950 950 484 1.833 2.813 2.398

1800/900/900 900 465 1.579 3.932 2.098

2400/950/NRH 950 484 2.254 3.458 2.948

1450/1000/NRH 1000 434 1.631 4.778 2.708

1000/dry & sat. 546 419 2.005 8.721 None
W

Cycle L-P turbine Reheater Reheater Boiler feed- Reheater
designation, inlet steam inlet duty, water flow flow rate,

psi/F/F pressure, psia temp, F Btu/hr X 109 rate, 1brn/hr X 106 1bm/hr X 106

3500/1000/1000 553 560 1.632 6.88 6.350

2400/1000/1000 515 635 1.343 6.993 6.528

2400/950/950 545 610 1.362 7.350 6.837

1800/900/900 455 605 1.255 7.846 7.242

2400/950/NRH 9.035

1450/1000/NRH 8.450

1000/dry & sat. 13.496

(a·)Steam generator total.



2. CONCLUSIONS AND RECOMMENDATIONS

1.  In general, total power generation costs decrease with an in-
crease in reactor outlet temperature.

2.  For any reactor outlet temperature, there is a reactor AT that

corresponds to a minimum power generation cost.

3.  An examination of the four reheat cycles for the optimum so-
diurn outlet temperature indicated that this point occurred when the value
AT" -AT was approximately 125 to 150 F.IHX RH

4.  An examination of the effect of varying the ATM of the IHX in-
dicated that there is an optirnurn ATM that corresponds to a minimum
power generation cost.

5.  In general, a ATM that consists of an equal hot- and cold-end
temperature difference has a slight cost advantage over a ATM that con-
sists of an unequal hot- and cold-end temperature difference.

A comprehensive treatment of the reasoning behind these conclusions is

presented in Volume 4, section 6 of this report, "Heat Transport System
Technology - Optimization Relationships. "

Within the limits of the accuracy of this study, the important data
for the following four steam cycles differed very little.

2400 psi/1000 F/1000 F*
2400 psi/950 F/950 F
1800 psi/900 F/900 F
1450 psi/1000 F/NRH

The 3500psi/100OF/100OF and the 1000 psi dry and saturated

cycles were the least attractive economically.  The 2400 psi/950 F/NRH
cycle results indicated a definite incentive for reheat at this pressure.

-----

'Selected before this study was performed.
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A re-evaluation of stearn generator and sodium reheater costs for the
helical tube concept indicates that a single-material bundle is consider-
ably cheaper than a two-material bundle.3 Boiler feedwater chemistry
requirements make Croloy 2- 1/4 an attractive tube bundle material.
An upper temperature limit of 1025 F does not unduly penalize the cost
of power produced under these conditions.

The primary factors that influenced the choice of the 2400 psi/
950 F/950 F steam cycle were as follows:

1.   Considerations of maximum fuel cladding
temperature limits and minimum bulk outlet
temperatures from the reactor.

2.  Minimum core power requirements (a factor
that tends to reduce hardware size as well
as thermal pollution).

3. Maximum temperature limits on Croloy 2- 1/4in the steam generators.

4. Power production costs.

The following plant thermal and hydraulic values were selected to
coincide with the 2400/950/950 steam cycle:

Reactor inlet temperature, F 800

Reactor outlet temperature, F 1100

Intermediate heat exchanger
Hot end temperature differential, F 100
Cold end temperature differential, F 100
Tube OD, in. 0.625
Tube  pitch, in. 0.875
Tube side aP, psi 13.5

Sodium temperature differential-reheater, F 175

Primary sodium flow rate, lb/h r X 106 92.4
Intermediate sodium flow rate,  lb/hr X 106 92.4
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3.  DISCUSSION

3. 1. General

A steam cycle selection study was performed to determine the
important plant functional requirements that would yield a minimum
power generation cost. The study was kept within the framework of
the industrial and material technology anticipated in the 1980's.

The primary instrument used for evaluating the effects of varying
thermal, hydraulic, and economic parameters was the NAPS Computer
Code, which was developed specifically for this purpose. In general,
the code computes the thermal, hydraulic, and cost characteristics of
the reactor,  the IHXs, the primary and intermediate pumps, the steam
generators and reheaters, and the turbine island.  It then makes a sum-
mation of the capital, fuel, and operating costs.  It is important to note
that it is the difference in total costs that determine the desirability of
one condition over the other, and that the absolute values are not to be
considered as the actual cost of the power produced. The principal
reason for this is that, in order to provide a useful working tool within
a reasonable time, it was necessary to limit the variables that could be
examined. The choice of which variables would be entered into the code
as constants was based on whether an item was considered to be very
nearly constant for all plant configurations, such as costs for auxiliary
systems, instrumentation, etc., or whether the item involved individual
design evaluations, such as reactor building and fuel handling costs.
Engineering judgment was used in applying economic values to these
items. The principal independent variables that were investigated for
this study were the reactor inlet and outlet temperature, the IHX hot
and cold end temperature differentials, the reheater sodium outlet tem-
perature, and the steam cycles shown in Table 2. The principal depen-
dent variables used in the evaluation were the total power generation
costs, maximum fuel cladding temperatures. sodium inlet temperature

-6-



to the stearn raising equipment, and component sizes affecting the reac-
tor vessel size.

3.2. General Approach to the Trade-Off

Determine how the total power generation costs are affected by
varying the reactor inlet and outlet sodium temperatures for each of
the seven steam cycles shown in Table 1.

Since the cost of the reheaters on the four reheat cycles is a strong
function of the sodium outlet temperatures, determine the optimum so-
dium outlet temperature of these cycles.

Select a steam cycle based on total power generation cost, maxi-
mum fuel cladding temperatures, and other material considerations.

Optimize the IHX temperatures for the selected steam cycle as a
function of the total power generation costs.

Deterrnine the most acceptable IHX tube pitch, primary and inter-
mediate side pressure drop, and shroud diarneter for the selected steam
cycle conditions and the optimized IHX temperatures.

3. 3. Ground Rules

In order to perform this study in a rnanner that treats the entire
investigation equitably, certain ground rules and assumptions were es-
tablished. These items are discussed below. It should be noted that the
data presented here may differ from the data given for the reference core
in Volumes 1, 2, and 3 of BAW-1316; this isbecause this trade-off study
was carried out before the reference core was definitely established.

3.3. 1. Plant Configuration

The plant configuration, established through this study,
consists of areactor, six primary sodium pumps, six IHXs, three in-
terrnediate sodium pumps, three sodium steam generators, and three
sodium reheaters (when required).

3.3.2. Core

In this study the basic core configuration and lattice ar-
rangement were held constant. Core power variations resulting from
changes in the steam cycle were accommodated by additional bundles
added to the core circumference. No attempt was made to ensure core
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symmetry. Since the active length remains constant, the axial peaking
factor is essentially unchanged.  It is assumed that suitable changes in

zone loading will be made to maintain a constant radial peaking factor

as the number of fuel bundles is changed.  The only remaining uncer-

tainty is the effect of the changes in zone enrichments on core perfor-
mance.  Over the range in question, the effect should be small.

The fuel assemblies were solid, hexagonal cans having
an inside diarneter  of 6.512 inches across the flats. The  NAPS  c om -

puter prograrn allows the can wall thickness to vary with core pressure

drop in order to maintain a capable structure for the subassembly sup-
port and to minimize the steel fraction in the core.  The core burnup is
taken as 100,000 MWD/tonne. Each active core fuel assembly contains

298 vented fuel pins, each of which has an OD of 0.270 inch, arranged
on a 0.340-inch triangular pitch.  The fuel pin length includes 37.42
inches of active fuel bounded on either end by 15.5 inches of axial blan-

ket fuel. An additional 2 inches is assumed to accornmodate the porous

plug for venting the  fuel pin to the sodium.    The  fuel pin cladding  is
maintained at a constant thickness of 0.010 inch.  Fuel pin spacing is

maintained by the application of a twisted ribbon that extends over the

full length of the fuel pins. Ten percent of each bundle is composed of

beryllium pins to obtain the desired safety characteristics for this core

design. The final reference plant core contains no beryllium.
The effects of the core functional parameters on the core

physical parameters are of primary interest in this study, because the

selection of the entire power generating system must not only produce
minimum power costs,  but it must also operate within the physical lim-
itations of the material of construction.

3.3.3.   Intermediate Heat Exchangers (IHXs)

The intermediate heat exchangers included in this study

are of the Fermi type and are sized and costed on this basis.  It is rec-

ognized that there are design differences between this type of heat ex-

changer and one that would eventually be utilized in a pot-type design.

However, it is believed that such design differences, as related to costs,

would cancel each other out.

Primary sodium is located on the shell side, and inter-

mediate sodium flows  in the tubes. Of principal concern to the physical
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size of the reactor vessel is the total IHX length, the bundle OD, and
the head of primary sodium required to drive the primary sodium through

the shell side of the heat exchanger. Since the NAPS code does not cal-
culate the physical envelope required to hold the primary pump, the
heat exchangers, the thermal shields and the reactor internals, it was
necessary to investigate (independently of this study) a number of heat

exchangers in order to arrive at a reasonable configuration that could
be used in this study. 4

Of the 54 different heat exchangers that were examined

at a constant log mean temperature differential, constant heat load,
and constant primary and intermediate flow, one was selected:  it uses

5/8-inch-OD tubes on a 7/8-inch pitch. This configuration yielded a
minimum tube bundle diameter, while the sum of the static head of so-
dium and the height of the heat exchanger did not unduly penalize the

depth of the reactor vessel.

3.3.4.    Primary and Intermediate Sodium Pumps

As  pointed out above, the plant configuration chosen for

this study contains six primary and three intermediate sodium pumps.
The number of primary pumps was chosen as a result of mechanical

layout studies made to yield a compact arrangement (see Loop Trade-

Off Study).  The pump design information used in this study was obtained
from the Byron Jackson Pump Division of the Borg Warner Co. under

their study contract to the AEC. 5 Unfortunately, costing information
was not available for large sodium pumps in time to be incorporated in
the steam cycle selection study.  In lieu of this information, a figure
of $150 per kWof electrical energy to the pump-driver was used to com-

pute the cost of the pumps and drivers. This figure is approximately
twice that for pumps and drivers used in pressurized water plants.  No
attempt was made to differentiate the total costs of pumps and drivers
for the primary system as compared with the pumps and drivers for the

interrnediate systenn.
The computed pump and driver costs for both the primary

and intermediate systems are derived from the total electrical require-
ments as computed  by NAPS.
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3.3.5. Steam Generators
--

The steam generators used in this study are,the once-
through, helical coil type developed by B&W under a study contract to
the AEC. 2 Three steam generators were assumed throughout this study.
The computer code calculated their cost as a function of heat load,
steam temperature and pressure, and sodium inlet temperature.  In
general, the code is capable of calculating the cost of the steam genera-
tor based on Croloy 2-1/4 in the economizer and boiling section, and
a type-304 stainless steel superheater section for all sodium above

.
,

1025 F.  That is, if sodium enters the steam generator at 1025 F or
less, then the superheater section will not require stainless steel, and
the cost is computed accordingly.

3.3.6.  Reheaters

The reheaters used in this study assume the helical coil
concept, as do the steam generators.  They were developed under the
same contract as the steam generators (above). All reheat cycles use
sodium-heated reheaters, except for the 1000 psi dry and sdturated
steam cycle, which uses a steam reheater. Here again, as in the steam
generators, the code calculates the cost of the steam reheaters as a
function of heat load, steam temperature and pressure, and sodium in-
let and outlet temperature.

In those cycles that,require sodium reheat, three reheat-
ers are used.  The tube material throughout the reheaters is Croloy
2-1/4.                       ·
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Table 2. Steam Cycles and Associated Inlet
and Outlet Temperatures

Synnbols T Reactor outlet temp, FR0
T Reactor inlet temp, FRI

ATR  Reactor temp differential, F
IHX hot end AT = 75 F
IHX cold end AT = 130 F

Cycle, psi/F/F No. RO RI                 R
T     T    AT

3500/1000/1000      1 1150 900 250
2 1150 850 300

.                         3 1150 800 · 350
4 1150 725 425

5 1125 875 250
6 1125 825 300
7 1125 775 350

8 1100 850 250
9 1100 800 300

10 1100 750 350

2400/1000/1000      1 1150 900 250
2 1150 850 300
3 1150 800 350

4 1125 850 275
5 1125 825 300
6 1125 800 325

7 1100 850 250
8 1100 825 275
9 1100 800 300

2400/950/950        1 1150 900 250
2 1150 850 300
3 1150 800 350
4 1150 775 375

5 1100 825 275
6 1100 800 300
7 1100 775 325

8 1050 825 225
9 1050 800 250
10 1050 775 275
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Table   2.      (C ont'd)

T     T    AT
Cycle, psi/F/F No. RO RI      R

1800/900/900        1 1150 900 250
2 1150 850 300
3 1150 800 350
4 1150 770 380

5 1100 850 250
6 1100 800 300
7 1100 770 330

8 1050 800 250
9 1050 785 265
10 1050 770 280

2400/950/NRH              1 1150 90o 250
2 1150 850 300
3 1150 800 350
4 1150 750 400
5 1150 700 450
6 1150 650 500

7 1100 850 250
8 1100 750 350
9 1100 650 450

10 1050 800 250
11 1050 750 300
12 1050 700 350
13 1050 650 400

1450/1000/NRH            1 1150 900 250
2 1150 800 350
3 1150 700 450
4 1150 650 500

5 1100 850 250
6 1100 800 300
7 1100 750 350

8 1050 800 250
9 1050 700 350
10 1050 600 450

1000/dry & sat.        1 1150 850 300
2 1150 750 400
3 1150 650 500

5 1050 750 300
6 1050 700 350
7 ,1050 650 400
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4. RESULTS

4.1. Detailed Procedure

Table 2 lists the reactor outlet temperatures, inlet temperatures,
and the temperature differentials for each of the seven steam cycles to
be examined.  For each of the conditions shown in this table, approxi-
mately eight cases (reheat cycles only) were examined to show how in-
creasing the sodium reheater outlet temperature affects the total  powe r

generation costs, which include fixed charges, fuel costs, and operating,
maintenance, and insurance charges. The variation occurs because the

reheater log mean temperature differential increases with an increase
in sodium outlet temperature, thereby decreasing the heat transfer area
(and the cost) required for a given reheater's thermal duty.  As the re-
heater sodium outlet temperature is increased, the sodium flow through
the reheater is increased, thereby decreasing the sodium flow through
the steam generator, which in turn decreases the log mean temperature
differentials in all of the heat transfer regions. This condition, there-

fore, increases the heat transfer area requirements and the cost of the
steam generator.

Since the cost of the steam generator is not increased by the same
amount that the reheater is decreased, a minimum total capital cost of
the combined reheater and steam generator can be found. This minimum
is reflected in the total power generation costs; Table 3 shows these re-
sults with the minimum costs underlined.

Figures 1 through 4 are plots of total power generation cost in
mills/kWh versus reactor AT for various reactor outlet temperatures
for the four reheat cycles. These curves have been plotted from the
optimized reheater-steam generator ·power costs listed in Table 3.   In
addition, these plots show the maximum fuel cladding temperatures as-
sociated with the reactor bulk outlet temperatures.
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Table 5 is a compilation of reheater, steam generator, and IHX
costs and a number of other pertinent costs for the 2400 psi/950 F/950 F
steam cycle. The information in this table is derived from the same

cornputer codes that produced the information for Figure 3. It should be

noted that, for the three reactor outlet temperatures, the capital costs

increased and fuel costs decreased as the reactor AT increased. The

method for calculating capital costs for this study is explained in detail

in reference 6.

Figures 5 through 7 are the same type of plots for the no-reheat

(NRH) cycles. In general, examination of these plots indicates that the

total power generation costs decrease with an increase in reactor out-

let ternperature and also decrease with an increase in reactor aT.

Figures 2, 3, 4, and 6 show very comparable power generation

costs. Hence, it becomes necessary to investigate those factors that

override the cost considerations determined by the NAPS computer

code.

4.1.1. Factors Leading to Steam Cycle Selection

The NAPS code mathematical model of the steam genera-

tor and reheater used to determine the costs was derived from the re-

sults of a study performed by B&W under contract to the Atomic Energy

Commission in 1964. Since that time, new information has been derived
from more detailed sodium steam generator and reheater studies ;3 these

studies indicated that a two-material bundle, i.e., a stainless steel

superheater section and a Croloy boiling and economizer section, was

more expensive than originally concluded. The later study also con-

cluded that a single-material bundle of either stainless steel or Croloy

would be comparable to the 1964 results and, hence, compatible with

the pricing model in the NAPS code.3,6  It was then necessary to make a

choice between accepting an all-stainless steel or an all-Croloy tube

bundle for the steam generators.

Logical reasoning maintains that with an all-stainless

steel bundle, higher inlet sodium temperatures are acceptable for the

steam generator.  This, then, makes it possible to use a higher-tem-

perature steam cycle, which in turn decreases the total core power re-

quired to produce the nominal 1000 MWe. The attendant advantages
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are lower fuel costs, smaller IHXs, a smaller reactor vessel and cover

plug, and a lower sodium inventory. The major disadvantages are

higher clad temperatures, tighter restrictions on sodium purity, higher
reactor bulk outlet temperatures and the susceptibility of stress chlo-

ride corrosion on the water side of the steam generators.

Of these advantages and disadvantages, all but the dis-

advantage of stress chloride corrosion are extremely difficult to eval-

uate.  Even here, there are differences of opinion concerning the abil-

ity of the feedwater cleanup system to maintain (at all times) the low

chloride concentration required for high operational reliability in the

system. Nevertheless, it is felt that tight feedwater chemistry control

is not a satisfactory solution to this problem, all the advantages cited

previously notwithstanding. Therefore, an all-Croloy material was

selected for the tube bundle, together with an upper limit of 1025 F on

the sodium entering the steam generator.

The original reference concept was based on a 2400 psi/
1000 F/1000 F steam cycle, a suming a bimetallic bundle in the steam-

generator, a 350-F temperature difference across the core, and an
1150-F mixed mean core outlet temperature. An examination of Figure

2 indicates that this condition  * was not acceptable in any event, since

the maximum cladding temperature of 1327 F at this point exceeded the

allowable 1300 F. However, reducing the reactor temperature differen-

tial to 300 F would bring the cladding temperature down to an acceptable

level  . In order to satisfy the selected criteria of a maximum inlet

temperature of 1025 F to the steam generator and a reactor outlet tem-

perature of 1100 F, a reactor temperature differential of approxirnately
275 F is required   according to Figure 2. This change would increase

the total cost of generating power over the modified reference point by

approximately 0.07 mills /kWh
It was apparent that another steam cycle was required

to reduce the increased cost in power due to the requirements stated

above. As previously mentioned in section 2, the 2400 psi/950 F/950

F, the 1800 psi/900 F/900 F, and the 1450 psi/1000 F/NRH cycles

-----

*
Circled numerals refer to the point on the curve under discussion.
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showed no significant differences in total power generation cost as de-

termined by the NAPS computer code.  On the basis of this observation,
these steam cycles alone were considered as the possible candidates

for the optimum cycle.
Net plant efficiency was used in eliminating the most un-

desirable of these three cycles. The lowest efficiencies were associated

with the 1800-psi cycle (41%) and the 1450-psi cycle (39%), while the

net plant efficiency associated with the 2400 psi/950 F/950 F cycle was

42% . Increased efficiency tends to reduce the duty of the heat transfer

equipment, the size of the reactor vessel and cover plug, the primary
sodium inventory, and the thermal pollution. An exarnination of Figures

3,  4,  and 6 for possible cost penalties reveals the following:

Maximum Reactor

Figure Net cladding Reactor outlet Cost,

Steam cycle No. eff, % temp, F ST temp, F mills/kWh

2400 psi/950 F/950 F®       3          42 1254 300 1100 3.448

1800 psi/900 F/900 F®        4          41 1254 300 1100 3.435

1450 psi/1000 F/NRH ®       6          39 1275 350 1100 3.426

The cost differences are not considered to be significant enough to com-

pete with the advantages gained by the higher efficiencies.   On the basis

of this discussion, the 2400 psi/950 F/950 F steam cycle was selected.

4.2. IHX Temperature Optimization

Although the steam cycle evaluation and selection was conducted

using hot- and cold-end temperature differentials of 75 and 130 F, it
cannot be concluded that a reactor outlet temperature of 1100 F and a

core temperature differential of 300 F are necessarily the optimum con-

ditio,is. Therefore, to determine just what the most advantageous con-

ditions are, and to conform to the contract obligations of investigating

the hot-end temperature differentials between the limits of 20 and 100 F,
a course of action was undertaken wherein the following points would

be investigated for the selected steam cycle:
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Hot-end temp Cold-end temp
Combination differential, F differential, F Log mean AT

1 20 100              50
2               50              110              76
3                75 130 100
4 100 150 125
5                50                50               50
6               76               76              76
7 100 100 100
8 125 125 125

Combinations 1 through 4 were determined by selecting the hot-
end range and coupling these to a log mean temperature differential.

The cold-end temperature differentials were then calculated.  The

selection of this range of temperature differentials provides conditions

that indicate the combined effect on total power generation costs for

variance of the IHX log mean temperature differential, the approach

temperature of the intermediate sodium to the steam, the total tempera-

ture differential across the steam generator, and the change of total

flow rate in the intermediate system.
Combinations 5 through 8 attempt to show the effect on total power

generation costs using the same log mean temperature differentials as

in combinations 1 through 4, but with hot-and cold-end temperature dif-
ferentials equal to the log mean temperature differential.

Referring to Figures 8 through 17, it can be seen that for all prac-

tical purposes the power generation costs are the same if the log mean

temperature differential is the same. The problem then reduces itself

to selecting the ATM that affords the most desirable economics when
combined with the other important plant variables.

Table 4 is a summary of the most attractive cases used to gener-

ate Figures 8 through 17. Here again it can be seen that the difference

in total power generation cost between case 1 (maximum) and case 3
(minimum) is only 0.024 mill per kWh, which rules out selection based
on costs as calculated by the NAPS computer program. Cases 3 and 4

are ruled out because of fuel pin cladding temperatures (FC) that exceed
the allowable 1300 F. Cases 1 and 2 can be eliminated because there is

no incentive to have a mixed mean outlet temperature of 1150 F. Cases.

7, 9, and 10 have excessively long tube bundle lengths.  Case 8 has a
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high shell side pressure drop which must be supplied by a static head of

sodium, thus increasing the height of the reactor vessel. Cases 5 and 6

are very similar, with case 6 showing a slight edge over case 5.
Based on the preceding discussion, the reference design will in-

clude a reactor inlet temperature of 800 F, a reactor outlet temperature

of 1100 F, and equal hot-and cold-end temperature differentials for the

IHX- 100 F.

4.3. IHX Configuration Optimization

Upon completion of 4.2,  the last portion of the investigation to
establish the final configuration of the IHXs was performed.

Generally speaking, the heat exchanger diameter is directly re-
lated to the diameter of the reactor vessel and hence to the reactor cover

plug.  Therefore, it is intuitive that the cover plug diameter should be
minimized without unduly penalizing the height of the vessel.  The ar-

rangement of equipment within the reactor vessel and the optimization

of the equipment sizes as a function of the cost of the entire unit (reac-
tor vessel, cover plug, sodium inventory, biological shielding,  etc. )

will require an intensive investigation outside the scope of this effort.

In this study we have elected to minimize the diameter of the IHXs

reasonably using engineering judgment to determine the accompanying
penalties in the reactor vessel configuration. The effort consisted of

determining the heat exchanger diameter, length, primary system pres-
sure drop, and total power generation cost as functions of tube pitch

and intermediate side pressure drop for the selected steam cycle and
the optimized heat exchanger inlet and outlet temperatures.

The effect of tube size was not investigated, because earlier work

had shown the desirability of using 5/8-inch-OD tubes (see 3.3.3).

Figure 18 is a plot of the IHX shroud diameter showing its relation

to the sum of the primary sodium pressure drop and the effective length

of the heat exchanger tubes. This summation is labeled "minimum re-

actor pot height. The design point has a minimum reactor pot height/1

of 29.7 @ feet and a shroud diameter of 72 inches.

The variation in shroud diameter occurs when the IHX is designed
to varying allowable tube side pressure drops.  As the pressure drop
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on the tube side is allowed to rise (for a constant pitch), the shroud di-
ameter decreases, because the overall heat transfer coefficient in-
creases, and consequently the number of tubes decreases. Therefore,
it is concluded that for the arrangement in question, it is desirable to
use a 0.625-inch tube on a 0.875-inch pitch.
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Table 3. Reheater-Steam Generator Optimization Results

Symbols: T Reactor inlet sodium temp, F
RI

T Reactor outlet sodium temp, FR0
AT" Intermediate heat exchanger tempIHX differential, intermediate sodium, F

AT Reheater sodium temp differential, FRH
Cost Total power generation cost, mills/kWh

T              T AT" AT
Case RI RO IHX RH Cost

--

Steam Cycle: 3500 psi/1000 F/1000 F

1 900 1150 305 305       --

2 280 3.540

3 255 3.532

4 230 3.528

5 205 3.526

6 180 3.527

7 155 3.535

8      '                 ' 130 3.581

9 850 355 355 3.525

10                                             3.517330

11 305 3.512

12 280 3.509

13 255 3.508

14                           3.511230

15                               · 205 3.523

16      "                 ' 180 3.566

17 800 405 405 3.540

18 380 3.529

19 355 3.523

20 330 3.521

21 305 3.524

22 280 3.536

23 255 3.568

24      '               9 230 3.758

25 725 480 480 3.709

26                      1
455 3.686

27 430 3.713

28 875 1125 305 305 3.569

29 280 3.561

30 255 3.555

31                                           3.551230

32 205 3.550

33 180 3.554

34 155 3.572

35                         ' 130 3.748

36 825 355 355 3.567

37      6       - 330 3.556

-  20 -



Table 3. (Cont'd)

T             T AT" AT
Case RI RO IHX RH Cost

38 825 1125 355 305 3.549

39 280 3.546

40 3.547255

41 230 3.557

42      9                N 205 3.590

43 775 405 405 3.616

44 380 3.599

45 355 3.591

46 330 3.594

47 305 3.612

48      N                ' 280 3.678

49 850 305 305 3.632

50 280 3.619

51 255 3.610

52 230 3.605

53                                             3.605205

54 3.615180

55      '                P 155 3.665

56 800 355 355 3.663

57 330 3.643

58 305 3.632

59 280 3.629

60 255 3.639

61       '      1100 230 3.680

62 750 405 405 3.808

63   1 380 3.779

64 355 3.799

Steam Cycle: 2400 psi/1000 F/1000 F

1 900 1150 305 305 3.459

2 280 3.450

3 255 3.442

4 230 3.435

5 205 3.429

6 180 3.425

7 155 3.421

8 130 3.442

9            F                              F 105 3.444

10 850 355 355 3.442

11 330 3.426

12 305 3.415

13 280 3.406

14 255 3.399

15 230 3.395

16 205 3.392

17                        ' 180 3.393

18 800 405 405 3.483

19       0       '         * 380 3.442
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Table 3. (Cont'd)

T            T AT" ATCase RI RO IHX RH Cost

20 800 1150 405 355 3.419
21 330 3.404
22 305 3.395
23 280 3.389
24 255 3.387
25      P       '       ' 230 3.389
26 850 1125 330 330 3.481
27 305 3.460
28 280 3.446
29 255 3.436
30 230 3.428
31 205 3.423
32 180 3.420
33                       v 155 3.424
34 825 355 355 3.495
35 330 3.464
36 305 3.445
37 280 3.431
38 255 3.422
39 230 3.416
40 205 3.414
41                        7 180 3.418
42 800 380 380 3.539
43 355 3.484
44 330 3.454
45 305 3.436
46 280 3.424
47 255 3.417
48 230 3.415
49       f            205 3.420
50 850 1100 305 305 3.556
51 280 3.526
52 255 3.506
53 230 3.491
54 205 3.481
55 180 3.474
56 155 3.472
57       r                0 130 3.483
58 825 330 330 3.584
59 305 3.538
60 280 3.509
61 255 3.490
62 230 3.477
63 205 3.463
64 180 3.466
65      P                9 155 3.476
66 800 355 355 3.657

67      1               1 330 3.571
68               I 305 3.526
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Table 3. (Cont'd)

T              T AT" ATCase RI RO IHX RH Cost

69 800 1100 355 280 3.499
70 255 3.482
71 230 3.471
72 205 3.469
73              '               9 180 3.480

Steam Cycle: 2400 psi/950 F/950 F

1 900 1150 305 205 3.464
2 180 3.461
3 155 3.459
4 130 3.461
5      '               ' 205 3.486
6 850 355 255 3.434
7 230 3.431
8 205 3.430
9 180 3.433
10       4                0 155 3.445
11 800 405 305 3.437
12 280 3.434
13 255 3.435
14 230 3.440
15      " 205 3.457
16 775 430 330 3.441
17 305 3.439
18 280 3.441
19 255 3.450
20      ' ' 230 3.475
21 825 1100 330 230 3.452
22 205 3.450
23 180 3.453
24 155 3.467
25                       4 130 3.550
26 800 355 255 3.450
27 230 3.448
28 205 3.452
29 180 3.469
30                        , 155 3.551
31 775 380 280 3.469
32 255 3.468
33 230 3.475
34 205 3.500
35       1       D        R 180 3.648
36 825 1050 280 180 3.564
37 155 3.561
38 130 3.556
39 205 3.610
40 800 305 205 3.559
41      0       9 180 3.552
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T able 3. (C ont'd)

T             T AT" ATCase RI RO IHX RH Cost
--

42 800 1050 305 155 3.556
43       1                 # 130 3.587
44 775 330 230 3.565

45 1
205 3.558

46 180 3.562
47               " 155 3.593

Steam Cycle: 1800 psi/900 F/900 F

1 900 1150 305 230 3.474
2 205 3.472
3 180 3.469
4 155 3.468
5 130 3.467
6                        9 105 3.472
7 850 355 280 3.439
8 255 3.436
9 230 3.434

10 205 3.433
11 180 3.433
12       9 155 3.436
13 800 405 330 3.425
14 305 3.421
15 280 3.419
16 255 3.418
17               '                                      9 2 3 0 3.419
18 770 435 360 3.424
19 335 3.420
20 310 3.417
21 285 3.417
22      '       4        9 260 3.419
23 850 1100 305 230 3.463
24 205 3.460
25 180 3.459
26 155 3.459
27                                                      P 130 3.463
28 800 355 280 3.441
29 255 3.437
30 230 3.435
31 205 3.435
32                         ' 180 3.439
33 770 385 310 3.440
34 285 3.435
35 260 3.433
36              ' 235 3.434
37 800 1050 305 230 3.502
38 205 3.497
39                        | 180 3.494
40 155 3.494
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Table 3. (Cont'd)

T              T AT" AT
Case RI RO IHX RH Cost

41 800 1050 305 130 3.501

42       1                 4 105 3.540
43 785 320 245 3.497
44 3.490220
45 195 3.487

46 170 3.487

47       '                 ' 145 3.493

48 770 335 260 3.496

49 235 3.488

50 210 3.484

51 185 3.484

52       4       9 160 3.490

T    T     ATCase RI RO                  R                                   Cost
--

Steam Cycle: 1450 psi/1000 F/NRH

1 900 1150 250 3.493
2 800 350 3.421

3 700 450 3.404

4 650 500 3.431

5 850 1100 250 3.483

6     800       
300 3.444

7 750 350 3.426

Steam Cycle: 2400 psi/950 F/NRH

1 900 1150 250 3.602

2 850 300 3.558
3 800 350 3.534
4 750 400 3.531

5 700 450 3.561

6     650 500 3.944
7 850 1100 250 3.560
8 750 1100 350 3.529

9 800 1050 250 3.602

10 750 300 3.588
11 700 350 3.612

12 650 400 3.962

Steam Cycle: 1000 psi/546 F/NRH

1 850 1150 300 3.788

2     750       
400 3.741

3 650 500 3.733
4 750 1050 300 3.799

5     700       
350 3.777

6 650 400 3.774
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Table 4. Summary - IHX Ternperature Optimization

Symbols: T Reactor inlet temp, F
RI

T Reactor outlet temp, FR0
AT Reactor temp differential, FR
T Intermediate sodium inlet temp toNA-SG steam generator, F
AT IHX hot end temp differential, FH
AT IHX cold end temp differential, FC
ATM      IHX log mean temp differential, F
Cap. Capital cost, mills /kWh

Fuel Fuel cost, mills/kWh

Total Total power generation cost, mills/kWh

Diam IHX tube bundle diam, in.

L          IHX tube bundle length, ft
ap' IHX primary sodium pressure drop-

shell side, psi
F          Maximum fuel pin cladding temp, FC
0,M,&I Operating, maintenance, & insurance

cost, mills/kWh

Case   TRI TRO ATR TNA-SG aTH AT aTC M

1 900 1150 250 1025 125 125 125
2 850 1150 300 1025 125 125 125
3 800 1150 350 1025 125 125 125
4 775 1150 375 1025 125 125 125
5 825 1100 275 1000 100 100 100
6 800 1100 300 1000 100 100 100
7 775 1100 325 1025       75      75      75
8 825 1050 225 1000       50     110       75
9 800 1050 250 1000       50      50       50
10 775 1050 275 1000       50      50       50

Case Cap. 0,M,&I Fuel Total Diam L ap'     cF

1 2.199 0.265 0.991 3.456             92 7.6 3.02 1280
2 2.186 0.265 0.982 3.433       86 8.6 2.53 1306
3 2.205 0.265 0.962 3.432  '    81 9.5 2.2 1327
4 2.219 0.264 0.957 3.440       79 10.0 2.1 1338
5 2.195 0.266 0.982 3.442             91 9.3 2.6 1242
6 2.199 0.265 0.973 3.438       87 9.9 2.4 1254
7 2.217 0.265 0.967 3.449 88       13 2.04 1265
8 2.226 0.267 1.000 3.492       92       11 3.71 1168
9 2.224 0.266 0.989 3.479 102       14 2.40 1180
10 2.222 0.266 0.980 3.468 99 15 2.15 1192

Cost, $ X 106
Total Turbine Total Total

Case RH SG ' IHX direct island indirect capital

1 2.712 8.400 3.885 54.008 43.198 38.882 136.748
2 3.006 8.654 3.717 53.734 43.413 38.859 136.667
3 3.656 8.996 3.586 54.660 43.488 39.259 138.066
4 3.959 9.568 3.537 55.327 43.529 39.543 139-059
5 3.789 7.497 4.103 53.995 43.305 38.920 136.880
6 4.058 7.883 4.019 54.273 43.382 39.062 137.378
7 3.482 8.591 4.465 55.140 43.441 39.431 138.670
8 3.891 7.637 4.480 55.158 43.163 39.329 138.310
9 3.550 6.908 5.720 55.138 43.211 39.340 138.349

. -

10 3.779 7.182 5.650 55.198 43.310 39.403 138.571
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Table 5. Principal Costs Associated With Figure 3

Cost,   $  x  1 0 6 Cost, mills/kWh

T    T AT Total Turbine Total Total Fixed Fuel 0,M, Total powerRO RI R RH SG IHX direct island indirect capital charges Cost &I gen. cost

1150 90O 250 2.253 9.293 3.948 54.276 43.261 39.000 137.200 2.203 0.990 0.266 3.459

i 850 300 2.490 9.484 3.845 53.992 43.420 38.965 137.038 2.192 0.973 0.265 3.430

5 800 350 2.999 9.805 3.767 54.871 43.521 39.357 138.409 2.209 0.961 0.264 3.434

,
775 375 3.237 10.236 3.741 55.372 43.558 39.572 139.161 2.219 0.956 0.264 3.439

1100 825 27 5 3.500 8.670 3.896 54.476 43.359 39.134 137.629 2.205 0.980 0.265 3.450

800 300 3.767 9.099 3.851 54.864 43.428 39.317 138.269 2.211 0.972 0.265 3.448

775 325 4.091 9.755 3.806 56.104 43.483 39.834 140.080 2.237 0.966 0.265 3.468

1050 825 225 5.280 9.757 4.021 58.222 43.160 40.553 142.595 2.295 0.999 0.267 3.561

800 250 5.742 10.185 3.953 58.593 43.279 40.749 143.281 2.299 0.987 0.266 3.552

775 275 6.311 10.778 3.894 59.363 43.367 41.092 144.482 2.314 0.97 9 0.265 3.558



Figure 1. Effect of Reactor AT on Total Power Gen-
eration Cost, 3500 psi/1000 F/1000 F
Steam Cycle
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Figure 2. Effect of Reactor AT on Total Power Gen-
eration Cost, 2400 psi/1000 F/1000 F
Steam Cycle
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Figure 3. Effect of Reactor AT on Total Power Gen-
eration Cost, 2400 psii/950 F/950 F Stearn
Cycle
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Figure 4. Effect of Reactor AT on Total Power Gen-
eration Cost, 1800 psi/900 F/900 F Steann
Cycle
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Figure 5. Effect of Reactor AT on Total Power Gen-
eration Cost, 2400 psi/950 F/NRH Steam
Cycle
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Figure 6. Effect of Reactor AT on Total Power Gen-
eration Cost, 1450 psi/1000 F/NRH Steam
Cycle
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Figure 7. Effect of Reactor AT on Total Power Gen-
eration Cost, 1000 psi/D&6 Steam Cycle
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Figure 8. Effect of IHX ATM on Total Power Genera-
tion Costs, 2400 psi/950 F/950 F Steam
Cycle T = 1150 F, AT = 250 FRO         R
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Figure 9. Effect  of IHX  ATM on Total Power  Gene ra-
tion Costs, 2400 psi/950 F/950 F Steam
Cycle T = 1150 F, AT = 300 FRO         R
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Figure 10. Effect of IHX ATM on Total Power Gener-
ation Costs, 2400 psi/950 F/950 F Steam
Cycle T = 1150 F, AT = 350 FRO         R
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Figure 11. Effect of IHX ATM on Total Power Gener-
ation Costs, 2400 psi/950 F/950 F Steam
Cycle, T = 1150 F, AT = 375 FRO         R
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Figure 12. EffectZ-f IHX ATM on Total Power Gener-
ation Cdits, 2400 psi/950 F/950 F Steam
Cycle, 'T - 1100 F, AT = 275 FRO         R
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Figure 13. Effect of IHX ATM on Total Power Gener-
ation Costs, 2400 psi/950 F/950 F Steam
Cycle T = 1100 F, AT = 300 FRO          R
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Figure 14. Effect of IHX ATM on Total Power Gener-
ation Costs, 2400 psi/950 F/950 F Steam
Cycle T = 1100 F, AT = 325 FRO         R
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J' f

Figure 15. Effect of IHX ATM on Total Power Gener-
ation Costs, 2400 psii/950 F/950 F Steam
Cycle, T - 1050 F, AT = 225 FRO         R
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Figure 16. Effect of IHX.ATM on Total Power Gener-
ation Costs, 2400 psi/950 F/950 F Steam
Cycle, T - 1050 F, AT = 250 FRO R
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Figure 17. Effect of IHX ATM on Total Power Gener-
ation Costs, 2400 psi/950 F/950 F Steam
Cycle T = 1050 F, AT  = 275 FRO         R
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Figure 18. Effect of IHX Tube Pitch on Shroud ID and
Minimum Reactor Pot Height
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APPENDIX

- Study -
Sodium-Heated Vs Steam-Heated Reheater
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1.         Pur po s e

This study was carried out to gain information that would aid in the
selection of a steam cycle through a comparison of steam-heated and

sodium-heated reheaters.

2. Introduction

Because of the lirnited time allotted to this study, only one technical

approach to the evaluation could be followed through. The following ap-

proaches were among those considered in making the comparisons:

(a) Comparisons for steam cycles other than the
reference cycle.

(b) Comparisons holding a constant net power
output from the turbine generator.

(c) Comparisons holding a constant hot reheat
temperature.

(d) Comparisons holding a constant core thermal
power and allowing the electrical output to
vary.

Of these, the last approach was selected. This approach required the
determination of a hot reheat steam temperature in order to proceed
with the evaluation of the capital costs and to determine the thermo-

dynamics of the system.
It immediately became obvious that there existed an optimum hot

steam reheat ternperature that was associated with a minimum total

power generation cost; it was apparent that a number of iterations

would be required to determine this value. Rather than proceed in this

direction, the decision was made to arbitrarily select a temperature of
850 F on the basis of past experience and engineering judgment.

3. Discussion

The reference plant (2400 psi/950 F/950 F cycle), using three so-

dium-heated steam generators, three sodium-heated reheaters, and a

TC6F-30-inch turbine generator, was selected as a base for the study.
The duties for the steam generators and sodium-heated reheaters were

taken as 7.46 X 109 Btu/hr and 1.32 X 109 Btu/hr, respectively.  The
turbine generator gross output was rated at 1,033,926 kWe.
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The steam-heated reheater plant (2400 psi/950 F/850 F cycle) em-
ploys three steam generators having the same pressure ratings and ca-
pacity as those of the reference plant. The three steam reheaters have

a combined duty of 0.84 x 109 Btu/hr.  The 850 F reheater has pressure
and temperature ratings on the shell of 2900 psig and 1010 F, and the
internal design pressure for the reheater tubes is 750 psig.  As with the
sodium-heated reheaters, these units are vertically oriented and operate

in parallel.

Each unit is 9 feet 7 inches in diarneter, 51 feet 6 inches high, and

has a hemispherical head.  Each has a capacity of 2,000,000 lb/hr of

steam at 540 psia and 850 F. The reheat shell is stainless steel, 14

inches thick. The units have helically coiled 1.5-inch-OD, 16 BWG alloy
steel tubes with 74,000 ft2 of heat transfer area in each unit. The heating

steam enters at 2400 psig and 950 F, and discharges as a water/steam

mixture at 660 F.  On the basis of these design parameters, the esti-
mated cost of each steam-heated reheater is $3,000,000; therefore, the

total estimated cost for the three units is $9,000,000.

Figure A- 1 illustrates a simplified plant heat balance.   When this

figure is compared with the reference plant heat balance and configura-
tion (as shown in Volume 1, section 2 of this report) the following major
differences are apparent:

Reference Steam-heated
plant cycle reheater cycle

Numbe r   of  HP  he ate r s                                                             2                                              3

Feedwater flow to SG, lb/hr x 106 7.35 8.75

Feedwater ternperature, F 484 484

Steam flow to HP turbine,  lb/hr X 106 7.35 5.79

Steam flow to IP turbine,  lb/hr x 106 6.84 5.79

Steam flow to BFP, lb/hr x 106 0.28 0.35

Net efficiency, % 42.1 35.7

Gross TG output, MWe 1034.0 877.5

Table A-llists the results of aneconomic analysis of the sodium-

heated reheater versus the steam-heated reheater. The table shows
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that both the fuel and capital costs are increased by going to the steam-

to-steam reheater. Since this evaluation was made for an arbitrarily
selected hot steam reheat temperature, it would be pure coincidence if
this point turned out to be the actual optimum temperature. However,
if we examine the situation qualitatively, we find that, although the ex-
act optirnurn is unknown, we can conclude that the minimum power gen-
eration cost for the steam -heated reheat cycle will always be higher
than that for the reference plant. The reasoning is as follows:  To re-
duce the fuel cost increase back to the reference case, the heat rate
must be reduced to that of the reference case. To reduce the heat rate,
the hot reheat steam temperature must be increased to approach that of
the reference case-950 F. Increasing the hot reheat steam tempera-
ture decreases the LMTD and increases the design pressure required
by the shell.  Both of these characteristics tend to increase the cost

logarithmically as the reheat steam temperature approaches 950 F.

Reducing the hot steam reheat temperature would tend to decrease

the capital cost below that of the reference plant. However, this direc-
tion would involve increased heat rates and rapidly rising fuel costs.

4. Conclusions

(a) Although the effort expended to investigate the difference be-

tween a sodium-heated and a stearn-heated reheater was somewhat lim -

ited, the results were inthe direction expected, i.e., steam reheat is

more expensive than the sodium reheat.

(b)  Because of the cost and technical uncertainties associated with
either sodium- or steam-heated reheaters, it appears that the conclusion

above is valid and that further engineering studies are not warranted at
this  time.
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Table A- 1. Economic Evaluation

Sodium -steam Steam-stearn
reheater reheater

Reactor cutp,it,  Btu/lir X 109 8.37 8.37

Hot re]ice.,- temperature, F 950 .850

Gross turbine-generator output, kWe 1,033,926 877,500

Net heat rat.·: Btu/kWh 8096.5 9550.0

Output difference, kWe Base -156,426

Heat rate difference, Btu/kWh Base +1453.5

Fuel cost, mills/kWh Base +0.135

Direct installed construction cost
difference, $

Feedwater heaters Base -480,000
Piping, valves, etc. Base +85,000
Turbine-generator unit Base -1,240,000
Pumps, condenser, etc. Base +150,000
Steam generators Base +2,400,000
Reheaters Base +1,800,000

Total Base +2,715,000

Total capital cost increase, $ Base +3,800,000

Fixed charges, mills/kWh Base +0.076
Fuel cost + fixed charges, mills/kWh Base +0.211
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Figure A- 1. Heat Balance for Live Steam Reheater
(T     = 850 F)HRH
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6. SHIPPING CASK TRADE-OFF STUDY
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1. INTRODUCTION

The objective of the National Sodium-Cooled Fast Breeder Reactor
(LMFBR) Program is to develop a safe, reliable, and economically com-
petitive power plant for the utility environment. Fuel cycle costs are a
major item in the economics of this plant, and a very important part of
this item could be the cost of shipping the highly irradiated fuel.  In the
past, this shipping cost has represented a rather snnall fraction of the
total, but with the LMFBR fuel, this may no longer be true. Private
fuel ownership; new fuel designs; and higher burnup, radiation levels,
and decay heat rates may change this cost fraction considerably.  The
whole shipping question must be reappraised to ascertain what these
costs are, and if necessary, how they can be reduced to be compatible
with the objectives of the National Program.  As part of this reappraisal,
the type of cooling medium-liquid metal or other-will be studied to
determine which coolant has the least potential for safe, economical
shipment of LMFBR fuels.

1.1.  Purpose

This trade-off study is being undertaken to establish the technology
necessary to make the shipment of highly irradiated, spent LMFBR fuel
safe, reliable, and econornical.  Since safety considerations are para-
mount, the maximum accident conditions of transport will be assumed,
and the econornic penalties (for safe shipment) to the nuclear fuel cycle
will be determined.  In the process of determining the requirements for
safe and efficient shipment, four major design areas will be integrated.
These are containment, criticality prevention, shielding, and heat re-
moval. Although it is impossible to separate any of these from the others,
major emphasis will be given to the heat removal aspect of design.

For this study, shipping is defined as all those operations on or
with the fuel that may be required from the time it is removed from the
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reactor to the point at which it enters the fuel reprocessing cycle.. There-

fore, the study considers the fuel design, decay storage, handling, in-

spection, cleaning, disassembly, cooling, packaging, and fuel reprocess-
ing as well as the actual transport of the fuel. The shipping technology
will be established by optimizing all the parameters with full apprecia-
tion of safety, reliability, operating performance requirements, and

capital and operating expenditures.

1.2. System Requirements

Neither cask design, coolant medium, nor handling procedures
were established in advance of this study. Consequently, to minimize

any prejudice toward the results, the design requirements are limited
to the following minimum number of broad-based criteria that must be
met in handling and shipping irradiated radioactive fuel.

1.  The current 1000-MWe LMFBR fuel assembly and the
associated functional parameters will be used as a base reference for

this study.

2.  The reactor site facilities must provide for safe, reli-

able handling of fuel assemblies prior to shipment, regardless of the
coolant medium employed during shipment.

3. Wherever possible, the shipping cask must be designed
to existing codes and standards.  The cask should meet the require-
ments for either truck or rail shipment if possible.

4. Sufficient shielding material must be provided to retain

gamma exposure dose levels within the limits prescribed in AEC regu-
lations.  The cask and transporter must have a cooling system with suf-

ficient backup power sources to maintain the temperature of the shield-

ing material sufficiently low during normal conditions to prevent reduc-
tion of the shielding effectiveness or the loss of such material due to
vessel failure. The shielding material itself must be selected so that

even transport accident conditions (where forced cooling is lost) will
not result in the loss or reduction of shielding effectiveness.

5.  The shipping cask must sustain the worst accident con-

ditions of transport, as specified by Federal Shipping Regulations, 10

CFR-71, "Packaging of Radioactive Material for Transport" (Appendix

B).
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accident.

6.  The maximum fuel cladding temperature shall not exceed
2350 F following the worst accident conditions.

7.  The coolant medium that provides the lowest total ship-

ping costs, including outpile inventory charges, will be selected as the
reference method of shipment. Costs associated with reprocessing and
in-containment handling will not be investigated in detail in assessing
shipping costs.

1. 3. Summary

The results of this study have established that dissipation of decay
heat from the spent fuel assembly is the major area of concern in han-
dling and shipping LMFBR fuel. This problem is more severe than in
current shipments of therrnal reactor fuel because of the higher rate of
heat generation from the LMFBR assembly and the economic penalty to
the nuclear fuel cycle and doubling time due to a long reactor-site decay
storage period.

' Economical shipment of the LMFBR fuel can be attained, as shown
in this report,  if the cooling medium in the shipping cask is sodium,  and

i if no loss-of-coolant accident must be postulated. The objective can be
attained by giving special attention to the following areas:

1.  The design of the shipping container to retain
the sodium coolant even in the worst transport

2. The design of the reactor-site procedures and
: equipment for handling and packaging the fuel

assemblies which have decayed for only the
I minimum period.

3.  The design of the reprocessing head-end pro-
cedures for unloading, disassembly, and re-
moval of the sodium coolant.
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2. CONCLUSIONS AND RECOMMENDATIONS

1.  The dissipation of decay heat from the spent LMFBR fuel as-

sembly (100,000 MWD/T burnup) has been confirmed as the major ship-

ping problem. To accomplish safe and reliable shipment within one year
of the time of discharge from the reactor, only one fuel assembly can be
shipped in each cask.

2. Safe shipment of one assembly appears possible after at least

70 days of decay storage if the assembly is sealed into a sodium-filled

inner cask container. No circulation of the sodium is required.  A sec-

ondary cooling system (i. e., nitrogen-to-air) should be provided to cool
the cask shielding during normal transport conditions.

3.  The shipping cask must be designed to sustain the worst acci-

dent conditions of transport, as specified by federal shipping regulations

(see Appendix B). This accident could result in the following package
conditions and design requirements on the cask:

a.  A maximum fuel cladding temperature of about
2350 F (vented fuel design, only following the
worst accident).

b.  The inner cask container must be designed to
retain the primary sodium coolant completely.

c.  The inner cask container must maintain its in-
tegrity under internal pressures approaching
300 psia and temperatures of approximately
2000 F.

d.  The cask must contain the lead (or alternate)
shielding in such an enclosure that molten
lead cannot escape the cask or reduce the
shielding effectiveness below allowable levels.

4.  The shipping cask should be designed for truck shipment if pos-

sible.
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5.  The reactor-site procedures and equipment for handling and
packaging fuel assemblies must be designed and fully developed to per-
form the fuel transfer functions safely and reliably.  Here, too, the
critical operation is cooling the assembly. A sufficient supply of cool-
ant and redundant safety backups must be provided.

6. Reprocessing head-end procedures for unloading, disassembly,
and removal of the sodium coolant must be developed. The recovery
techniques themselves may need further adjustment to allow for handling
the high radiation levels and the high decay heat from the short-time
cooled fuel. The economic gain resulting from reduced decay storage
time at the reactor site would be offset by a requirement for lengthy
reprocessing site storage.

7.  The shipment of spent fuel in a cask with water or any other
coolant that has a high vapor pressure does not appear feasible unless
at least one year of decay storage can be justified.

8.  Shipment in a cask with gas cooling is also feasible, but this,
too, is possible only after a very extensive storage period or if forced
circulation could be ensured.

9.  The economic cornparison completed for this study shows that
inventory charges are the overwhelming factor.  It is highly recommended,
therefore, that all procedures that are not absolutely necessary be elimi-
nated frorn the reactor site.
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3.    DISCUSSION

3.1.  General

An essential operation in the LMFBR nuclear fuel cycle is ship-
ment of the highly irradiated spent fuel from the reactor to a reprocess-

ing facility. Safety and economy are the two major considerations for

this shipment. These factors must be considered jointly in studying the
LMFBR fuel design, the handling procedures, and the actual transport,
in order to establish the methods and equipment necessary for safe, re-
liable, and economical shipment.

Safety considerations require that adequate protection from radia-

tion, avoidance of accidental criticality, and reliable containment of

radioactive materials must be effective for both normal and accident

transport conditions. To ensure that these requirements are met, the
characteristics of the fuel shipment must be established and the effects

of higher decay heat rates and levels of fission product radiation must

be clearly understood.

Economic considerations require optimization of the equipment

and procedures established for safe fuel shipment so that the effect on

other fuel cycle costs can be kept to a minimum. To accomplish this

we must study the questions of fuel inventory, decay storage at the re-

actor site, and handling procedures. Once again, high decay heat rates

and high radiation levels affect the decision.

Normally, when irradiated fuel assemblies are removed from the

plant they have been cooled for several months to allow the gamma

activity and the decay heat generation rate to diminish by natural decay
to levels that are relatively easy to handle. With LMFBR fuel, the stor-
age tirne must be minimized to reduce the inventory charges. A reduced

cooling period puts more demanding requirements on the fuel handling

system, however, which must then handle increased heating loads and
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higher radiation levels. Therefore, fuel handling must also be factored

into the optirnization.

Next, fuel shipment can be considered.  Here the fuel design must

again be taken into account along with the increased gamma activity and
the higher heating loads of LMFBR fuel.   Can the fuel be shipped ?   The
regulations set up by the Interstate Commerce Commissioni and the
Atomic Energy Commissionz for shipment of solid radioactive fuel de-
fine the normal and abnormal shipping conditions. Using these criteria

as the limits, the cask design and cask cooling system must be studied.
How much fuel can be shipped in a cask? Should this fuel be assembled

or disassembled? Should the cooling medium be sodium, water, or
another material?  We must also consider the fuel handling capabilities
of the reprocessing facility. Assuming that the fuel has arrived success-

fully  at the facility, what complications are presented,   and  how  do  the y
affect costs ? These questions must be answered and factored into the
overall evaluation.

To meet the objectives of the National Program, the LMFBR fuel

must be handled, shipped, reprocessed, fabricated into new assemblies,

and recycled in an LMFBR plant in the safest and most economical man-

ner possible. The procedures and details of these steps are to be estab-

lished. A comprehensive study requires consideration of many design
areas in order to provide guidance and direction to a solution of the whole
shipping question-both handling and preparation procedures and the ship-
ping cask design; three assumptions were made:

1.  Private fuel ownership.
2. Off-site reprocessing.

3.  Shipment of B&W reference design vented
fuel.

These assumptions were made to narrow the study but with full realiza-
tion that the conditions set probably irnpose the rnaximum problems on
fuel shipment. The first, private ownership, emphasizes a decreased

reactor decay storage period; thus, the cask design problems are at a
maximum. The second assumption, off-site reprocessing, essentially
elirninates the possibility of administrative control over a shipment,

eliminating the presence of skilled operators who would otherwise be on

hand to actuate backup safety or cooling systems. The third assumption,
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vented fuel as proposed by B&W, was made primarily to narrow the study

decision.  Many of the possible LMFBR fuel designs and their effects on

the handling and shipping are discussed.

3.2. Fuel Assembly Design

The design of the LMFBR fuel assembly must be studied in com-
bination with the irradiated fuel characteristics in order to establish

shipping requirements. Three particular values are highly dependent
on the characteristics of the irradiated fuel and must be determined:
(1) the problem of criticality, (2) the decay heat rate, and (3) the radia-
tion levels involved.

Atthis time, the final design of the fuel has not beenestablished.

Therefore, in order to determine the values required for this study, the
B&W reference fuel design will be assurned. Before proceeding with this
evaluation, however, the possible fuel designs are reviewed to establish
the mechanical aspects.

3.2.1. Fuel Assembly Design - Mechanical

The possible fuel pin and assembly designs are reviewed
to aid in establishing the fuel shipping requirements.    The  size  and con-

figuration of the fuel element can have major effects on the cost of ship-
ping spent fuel. A qualitative analysis is given here.

The fuel for the LMFBR will most likely be assemblies

of small fuel pins (about 1/4 inch in diameter) arranged on a triangular
pitch to form hexagonal bundles. The final size of these bundles will
probably be  in the range  of  5  to 10 inches across the hexagonal flats.

Although there are many variations, the bundle will have pin supports

to maintain the pin spacing and top and bottom grid plates, tied together

by a stainless steel wrapper, to form a "canned" fuel assembly.  The

top of this assembly will terminate in a pickup adapter and the bottom

has a supporting flow nozzle arrangement.

The physical size and weight of this assembly are very
important to its shipment. Most important is the length of the fuel to

be shipped.  For this qualitative comparison, fuel shipping costs will

be assumed as roughly proportional to the length of the fuel shipment.

This assumption may not be very accurate, but it serves to show the
\
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effect of assembly length. The assembly lengths of various designs are
cornpared in Table 1. Assumed lengths based on B&W studies are used

here  to show relative differences, which can be helpful in considering
the cask design and in estimating shipping costs. Actual assembly
lengths are highly dependent on the particular reactor design.

Table 1. Mechanical Comparison of Various
Fuel Designs

Fuel type Assembly length, ft

1.       N o n-v e nte d                                                                               11

2.  Porous vent plug                        8
3.  Diving bell vent                        11
4.  Combination of 2 and 3              9
5. Pressure relief valve                   9
6.  Vent to cover gas 25

Also important for this review is consideration of the pin

design; three basic designs are being studied: (1) non-vented, (2) vented

to sodium, and (3) vented to the reactor cover gas. The question of

vented-versus-non-vented fuel, and which is the preferred design, is a
very large one and will be covered by a separate study, but the problems
of shipping should be discussed.

3.2. 1.1.  Non-Vented Fuel Pin Design

The non-vented pin, common to current thermal

reactors, containsa fission-gas-collection chamber, orplenum, asan

integral part of the sealed fuel cladding. The additional cladding length
required for this gas collection increases the shipping length, and there-

fore the cost, if it is not removed before shipment. The stored gas also
increases the hazard of handling the irradiated fuel at the reactor site,
during transport, and at the reprocessing site. Each highly irradiated

LMFBR fuel pin will contain potentially lethal doses of fission gases,
and some failures must be postulated because of the reduced cladding

properties.
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From the shipping viewpoint, the non-vented pin

design has several disadvantages:

1. Failures during transport or handling must be postulated
because of the doubtful integrity of the cladding after long reactor expo-
sure.   If the  fuel is shipped without "canning" or without releasing the

gases, a heavy burden is placed on the shipping cask design and on the

reprocessing site, both of which must consider some release of the fis-

sion gases into the shipping container.

2.  The increased length of the fuel cladding, probably ap-

proaching the active fuel length or in the range from 3 to 5 feet, penal-
izes all of the reactor and reprocessing site handling equipment as well
as the shipping cask. Assuming a total shipping cost proportional to the

length of the assembly being shipped, this penalty could be nearly a fac-
tor of two.

3.  The shipment of fission gases could increase the shield-

ing requirements of the cask.

4.  The ingress of sodium coolant into failed pins adds po-
tential hazards if cleaning or water shipment is used.

5.  As is shown later in this report, the non-vented fuel can-

not be shipped after the minimum decay storage time that appears pos-
sible with the vented design. The higher temperature, considered allow-

able in the transport accident case with vented fuel, would result in clad-

ding failure in the non-vented designs.

3.2.1.2.  Vented-to-Sodium Fuel Pin Design

Several approaches to vented fuel design have

been proposed in the LMFBR studies and in other studies of sodium-

cooled reactors. The object here is to relieve the buildup of high fis-
sion gas pressure without perrnitting ingress of sodium into the fuel, by
venting the fission gases directly into the sodium coolant. Both individ-
ual pin venting and collective assembly venting concepts have been pro-

posed.  The B&W reference design follows the individual-pin-venting ap-

proach and specifies the assernbly of a porous plug device in each pin.
The increased fuel pin length causes very little penalty in shipping costs;
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the B&W designs allow only a 2-inch gas space between the upper blanket

material  and the  vent plug.
Some of the other approaches to venting are:

(1) a diving-bell device,  (2) a combination of diving-bell and porous plug,
and (3) a pressure relief valve. These designs have various advantages,
disadvantages, and effects on shipping length (surnmarized in Table  1).
The exact penalty is difficult to establish without detail design.  The
pressure relief valve approach, however, is considered to have the

greatest problems because of the difficulty of reliable operation in so-
diurn.

Again from the shipping viewpoint, two failure
modes are postulated for vent-to-sodium devices:

1.  Plugging of the vent and a resultant internal
pressure and collection of fission gases.  The
probability of this occurrance is considered
very low, however, except with the relief
valve design.

2.  Failure of the vent to the extent that ingress
of the sodium coolant has occurred. This
failure mode has been postulated as possible
in every fuel pin design we examined.

3.2. 1.3. Vented-to-Reactor Cover Gas Fuel
Pin Design

The third basic fuel pin design that has been
considered is the venting of fission gases directly to reactor cover gas.
Individual capillary tubes could be added to the fuel pins to allow con-
stant egress of the gases. Alternately, the assembly could be provided
with a collection manifold and one vent tube. Both approaches would
complicate the subassembly design as well as the fuel handling problems.
In some reactor concepts the length of the fuel could be penalized by as
much as 20 feet in additional length; this would greatly increase fuel

shipping costs if no disassembly is planned. However, this design does
offer what is probably the best insurance against both pressure buildup
and sodium leakage into the fuel pins.

3.2.2. Fuel Assembly Characteristics

To determine the fuel characteristics as they pertain to
shipping, we will now consider the B&W reference fuel design. 3  This
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design is an assembly of 331 pins arranged on a 0.340-inch pitch and
assembled with pin supports, a stainless steel wrapper, and end fittings.
The overall assembly length is approximately 8 feet, and the fuel pins
are individually vented using porous plugs.  The end of life (1005 full
power days) corresponds to a core burnup of 100,000 MWD/T.  A de-
tailed description will be included in the Follow-On Study Task 2 report.

3.2.2. 1.  Criticality

To establish the limitations to shipping this ref-
erence fuel, the question of avoiding accidental criticality was investi-
gated first. Calculations to determine criticality during fuel handling
and storage situations have been connpleted and were used in this study
to determine the effect of a major transport accident. 4 The results of
the calculations showed that a single reference fuel assembly stored in
either water or sodium will be subcritical.  They also showed that as-
semblies stored on fixed 12-inch centers in a double-row slab geometry
are also subcritical. The calculations were conservative. Applied to
the shipping question, criticality of one B&W reference fuel assembly
(and possibly more if held on 12-inch spacing or packed with poison ma-
terial) appears to present no problerns, even in transport accident con-
ditions.  The only qualification is that the shipping cask must afford

enough protection against irnpact so that the fuel pins in an assembly
cannot be separated into a critical configuration. This reservation
holds for water shipment or an accident where water could flood the
container, but not for sodium shiprnent. The conservatism of the cal-
culations was sufficient to determine, also, that one assembly in a ship-
ping container was also subcritical even if completely melted into a com-
pact mass.

The possibility of shipping disassembled fuel

pins must also be considered. Because of the decay heat dissipation
problem, which will be discussed later in this report, disassembly of
the fuel bundle at the reactor site should be considered. The reference

fuel assembly here is essentially dry or an undermoderated assembly.
Caution must be used in disassembly, especially in water, and precau-
tions are necessary to prevent criticality. Considerable effort on the
subject has been reported by Battelle Northwest Laboratories.5-8  To
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avoid a criticality hazard in disassembling  FFTF fuel assemblies,   the y
are considering three methods: (1) mechanical devices to ensure safe

geometry, (2) controlled removal of pins from a bundle,  and (3) the
addition of a soluble neutron poison (boron) to the cell water. Battelle 's
efforts exernplify the problems of dissassembly, but it should be re-
mernbered that the difficulties will exist regardless of where the dis-

assembly is done-reactor site or reprocessing site.

3.2.2.2.  Decay Heat Rate

Dissipation of the decay heat being generated
within the reference fuel by the decay of fission products will be a criti-

cal operation in shipping spent LMFBR fuel.  As we have already dis-
cussed, it will become even more critical as the decay storage period
at the reactor site is reduced to obtain the optimum fuel cycle costs.

Several fuel shipment possibilities must be considered:  (1) one fuel as-

sembly, (2) more than one assembly, and (3) disassembled pins (partial,
one assembly, or more than one assembly).

The first step in our study was to establish the

heat generation rate of a single B&W reference fuel assembly.  Five re-
actor site decay storage periods-10, 30, 90, and 120 days and 1 year-
were selected, and the fraction of operating power was obtained from

curves produced in pressurized water reactor studies' and reproduced
here as Figure 1. This curve gives the fraction as a function of reactor

shutdown for an infinitely exposed fuel assembly. The LMFBR reference

design data, using appropriate peaking and hot channel factors, was then
used to calculate the decay heat rate. The values for the decay storage
periods selected and the relative rates are tabulated in Table 2; these

compare favorably with the values given by other available reference

curves, including that given in the LMFBR National Program Plan. 10

Table 2. Heat Generated in a Fuel Assembly

M ax irn um  he a t
generation rate

Decay storage per ft of le rigth Decay heat
time, days Btu/hr-ft rating, kw

10 50,200 41.6
30 34,970 29.0
90 21.280 17.7

120 18,240 15.1

365 10,310 8.6
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Figure 1. Decay Heat Following Infinite Reactor Operation
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Figure 2. Fuel Assembly, Cask, and Shield Assembly
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3.2.2.3. Radiation Level

The nuclear radiation level will be important

in establishing the shielding requirements for all the fuel handling pro-

cedures and for the shipping cask. The lirnitations of the AEC regula-

tions were used to establish the cask requirements.  The main provisions

of Part 71 are summarized briefly below:

1.  The gamma exposure dose under normal conditions of

transport must not exceed any of the following (assuming exclusive use

of vehicle):

a.   1000 mr/hr at 1 meter from the surface
of the cask.

b.  200 rnr/hr at the outer perirneter of the
vehicle.

c.  10 mr/hr at 2 meters frorn the vehicle.

d.  2 rnr/hr inthe driver's compartment.

2.  The cask rnust remain subcritical at all times under the

worst conditions of configuration and moderation.

3. Primary coolant (that which is in contact with the fuel)

may not circulate outside the cask.

4. Under accident conditions, the garnma dose level is per-

mitted to increase by a factor of 100, but no release of radioactive ma-

terial from the cask is permitted, except for gases and contaminated

coolant.

5.  The cask and its closure must be rugged enough to pre-

vent release or reduction of shielding in the event of impact or fire.

i
Based on prelirninary calculations, the shield-

ing requirement for one B&W reference fuel assembly is 8 inches of lead

to meet these regulations.  If only one fuel assembly can be shipped in a
cask (see section 3.3), the resulting overall shipping cask weight will be

within the rnaxirnum allowed for truck shipment, even including circu-

lating equipment.  This is an important economic consideration.
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3.3. Coolant Performance Capabilities

A thermal analysis of a B&W reference fuel assembly has been11

carried out under varied shipping conditions to (1) establish the most

desirable coolant for the spent fuel assembly shipment, and (2) to es-

tablish reactor on-site decay storage time requirements for safe ship-

rnent in various conditions (circulation failure,  loss of coolant,  and a

half-hour,  1475 F fire). Three cooling rnedia were ernphasized (argon

gas,  sodium, and water), although alternate coolants were also con-

sidered.

The rnodel chosen for this study was limited to a single fuel as-

sembly within each shipping cask. The analysis of this situation was

considered thorough enough to supply the information needed to make

the choice of the cask coolant. The model, failure criteria, and as-

sumptions are given in Appendix A. The design criteria did not evolve

from an established cask design, although they certainly impose design

requirements on the cask; e. g., the cask must be designed to maintain

its integrity under the impact, temperature, and pressure conditions.

The maximum cladding temperatures of a fuel assembly were
computed for the following conditions:

1.  Loss of all coolant from the cask and the fuel                           
assembly in the horizontal position.

2.  Loss of coolant circulation (stagnant coolant)
with argon, water, and sodiurn as coolants.

3.  A one-half-hour fire as described in the AEC
regulations,2 reproduced in Appendix B.

The crux of the shipping problem is to choose a coolant that will

permit the safe shipment of spent fuel from the reactor site after only

a minimum time in storage for the decay of fission products and gen-
erated heat. Prolonged on-site storage would penalize the nuclear fuel

cycle costs and hence the power generation cost. The coolant and the

resulting storage time must still be compatible with the handling and

cooling procedures used in the transfer operations.
The results of the thermal analysis are shown in Table 3, and

Table 2 gave the heat generation rates used. The analysis considers

that emergency cooling is impossible after the accident; therefore, the
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cask equilibrium condition will be the controlling condition.  The rate
of change of the temperatures of the cask and its contents would neces-
sitate detailed knowledge of the cask design and detailed analysis tech-

niques.

Table 3. Minimum Storage Times for Fuel Assemblies
Shipped in Various Coolants

Storage time required to prevent failure,  days
Circulation Loss of 1/2-hr,  1475 °F fire,

Coolant failure coolant circulation failure

Argon 240 240 >>240

Wate r 240(a) 240 >>240

Sodium 22 240 70 (b)

(a)Any water vapor formed must be vented from the cask
to limit cask pressure.

(b)Primary sodiurn coolant is maintained.

It can be seen in Table 3 that sodium has the best thermal perfor-
mance; this can be attributed mainly to its high conductivity and low

vapor pressure.  From the results we can see that shipment may be

accomplished safely, even with loss of circulation and with the postu-
lated fire condition. This benefit can be realized only if the cask is
designed to ensure against loss of the coolant sodium. Since the vapor

pressure of sodium at the maximum allowable cladding temperature of
2350 F is 217 psia, the pressure buildup does not jeopardize the cask
coolant containment.

The high vapor pressure of water is definitely its limiting char-
acteristic. The water temperature corresponding to a saturation pres-

sure of 500 psi is 467 F. Therefore, the internal pressure in a sealed
container would quickly jeopardize the integrity of the cask containment.

This fact requires that the cask be vented to minimize pressure buildup.
The shipment must immediately face a boil-off situation, which forces
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the water shipment to be governed by the total-loss-of-coolant accident.
This is the main reason that water cooling is so much less desirable
than sodium. The water shipment is especially complicated by the vent-
ing requirements, since the designer must postulate the release of fis-
sion gases, even during norrnal transport,  and must provide vent tanks
for their collection. The accident condition, which would result in high
temperatures, would add unnecessary volume to the vent tanks and pos-
sibly a large additional cost to the cask.

Alternate cooling media that might be used in the shipping cask
for LMFBR fuel have been studied less extensively. Many of the more

\commonly considered compounds suffer breakdown or other problems
associated with the temperatures involved.  They may also introduce

handling problems that are detrimental to the overall system.   In gen-
eral, the vapor pressure for the coolants considered fell somewhere
between sodium and water,  and this fact, coupled with the problems
introduced by the use of a new cornpound, makes these alternates ap- -
pear undesirable.  We also briefly considered metal powder and other
forms of metal that would reduce the possibility of coolant loss.  In
these cases, most metals would be in their melting range  at the  tem -

peratures involved, and the possibility of loss would be similar to that
with sodium. The conductivity of powders or balls is less than that of
sodium, and again sodium appears to be best.

The  results  of this  the rmal and hydraulic study definitely favor
sodium as the coolant for the spent fuel shipping cask.  We must be
aware of the requirements imposed on the cask design, however; it
must be designed to

1.  Contain the sodium under the stipulated impact and
fire conditions.

2.  Maintain its integrity under internal pressures ap-proaching 300 psia and temperatures of about 2000 F.
3.  Contain the lead shielding in such an enclosure that

molten lead cannot escape from the cask. (Although
not a part of this study, it is recognized that depleted
uranium has been proposed for use in cask shielding;
consideration of this material could eliminate the
melting problem.)

4.  Handling and shipment of one spent fuel assembly
only.
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3.4. Fuel Handling

This discussion will cover LMFBR fuel handling procedures at the

reactor site and at the reprocessing site as they relate to the shipment

of fuel. The possible facilities, equiprnent, and procedures must be re-
viewed so that a better picture can be formed for the economic compari-

son of methods.  We must c'onsider again the design of the fuel pins and

fuel assembly, as well as the ever-present problem of cooling the spent

assemblies.

3.4.1. Reactor Containment Handling

Handling within the reactor containment building affects

the fuel shipping question, or more correctly, the high decay heat rate

that results from a reduced decay storage period (to obtain the most

economical fuel shipment) places limitations on handling procedures.
In every LMFBR proposal to date, storage of the spent

fuel assemblies has been planned in either storage racks located right

in the reactor pot sodium or in a separate-but still sodium-filled-ves-
sel located as close to the reactor vessel as possible. The first han-

dling procedure, then, is to accomplish this transfer, commonly in-
cluded in the description of, the reactor refueling procedure.

The high heat generation rate within the fuel puts severe

time limits on this transfer procedure, and designers have chosen meth-

ods that either keep the fuel constantly submerged in sodium or drasti-

cally limit the handling time when only gas cooling is available.   Our

studies have substantiated the need for concern in this procedure. Based

on the results of our heat generation studies for the B&W reference fuel
assernbly and coolant performances (see section 3.3), and on a review

of extensive cooling studies carried out by Battelle Northwest Labora-

tories for the FFTF element, cooling during this transfer will be crit-16

ical.  The B&W assembly would be generating as much as 75 kw of heat

(12 hours after reactor shutdown). The thermal and hydraulic charac-

teristics   of the reference assembly were analyzed to determine  whe the r

adequate cooling could be achieved with only natural circulation in a so-

dium coolant. The results showed that cooling would be adequate with

a maximum fuel cladding temperature of 975 F, assuming a pool tem-

perature of 800 F. 17
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An analysis was also perforrned to obtain similar data

for the reference fuel assembly being handled with gas cooling. 18  The
time after shutdown used in this study was roughly the same as that in
the sodium calculations. The study showed that nearly 3000 pounds of
argon gas flow (at 100 F inlet and 2.1 psi pressure drop) per hour was
required to maintain a maximum clad temperature of 1000 F.  In the
event the gas coolant flow was lost, the maximum rate of change of fuel
temperature was computed as 6.3 F/sec. Immediate action would be

necessary to prevent fuel and cladding meltdown.

The second handling procedure required in the reactor

containment building is to transfer a spent fuel assembly from the de-

cay storage pool to sorne area outside the containment; the development
of a safe and reliable method for this transfer is essential. An adverse

effect on economics would result if the heat load capacity of the proce-
dure  is  less  than that required for shipment.    The heat loads,  as  a  func -

tion of time after reactor shutdown, were given in section 3.2.2.2.

These loads can be compared with the cask coolant capabilities given in
section 3.3 to help in determining the difficulty of this problem.

If shipment of one fuel assembly in sodium is selected,

the required storage time is approximately 70 days. The resultant heat

load is about 20 kw for the hottest assembly.  At this point, transfer

could be made in a container of sodium or with gas cooling. Either

method appears to be acceptable if sufficient backup systems are pro-

vided to ensure heat removal. Even with the failure of coolant circula-

tion, the temperature of the fuel assembly in the sodium would remain

below the cladding melting point. The gas-cooled transfer would be

rnore dependent on backup cooling, and meltdown could occur with fail-

ure.

If shipment of one assembly in a water-cooled or gas-
cooled cask is considered, a storage time approaching one year is re-

quired.  In this case, cooling is still required for normal circumstances

of transfer, but withaheat load of about 8.6 kw, the critical reliance on
backup cooling and the consequences of failure would be reduced.
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3.4.2. Handling Outside the Containment

All of the procedures outside the containment area are

very important to the shipping question and to the design of the cask.

It appears that very little concentrated effort has been devoted to es-

tablishing the handling procedures and storage and equipment require-
ments for LMFBR fuel after it has been moved into this area from re-
actor storage.  We know that the transfer into the area must be accom-

plished through a valving arrangement which maintains complete isola-
tion of the reactor containment, and that the assembly will still be wetted

with   sodium,    and that constant cooling  must be maintained to prevent   fue 1

damage.  We must assume that we have vented fuel or possibly failed
cladding.  From this information we must assume that this area is either
a hot cell with an inert gas environment or that some sort of sealed in-
termediate containers are provided. In either case, a holdup storage
tank in the area appears desirable. This storage tank would be filled
with water, sodiurn,  or some alternate liquid dictated by the cooling
mediurn used in the shipping cask and by the required shipping prepara-
tion procedures. In addition to the storage tank, the area will probably
contain all the facilities, equipment, and tools needed for the prepara-
tion procedures,  i. e.., cleaning, disassembly, canning, and cask loading.

In looking at this out-of-containment handling and storage,
we must consider again the fuel assembly design. The length of the fuel
assemblies will affect the cell size, the minimum depth of the storage
tank, and the equipment used for all the prescribed operations. Radia-

tion shielding rnust be provided for all operations,  and gas purifying
might be required to handle large quantities of fission gases.

The question of cleaning sodium residue from the fuel as-

sembly is directly related to the cooling medium used in the shipping

cask and also to the fuel pin and fuel assembly design. If shipment in a
sodium-filled cask is selected, no cleaning is necessary unless some

preparation procedures or possibly inspection procedures require it.
If cleaning becomes a requirement, then special procedures should be
developed for the sodiurn shipment case where cleaning agents would be

compatible with the sodium.  For this study, we will assume that in-

spection is not required at the reactor site.  We feel this assumption is

justified for two reasons:
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1.  The LMFBR plant is a utility-owned, power-producing
station of a proven design. Experiments or other testing are not being
carried on, and if periodic inspection of the fuel is required, it will be
sub-contracted to a laboratory specializing in this type of work.

2.  From the fuel cycle cost viewpoint, the decay heat
load on the handling equipment at the time of fuel removal will be too

great to justify the equipment required to perform these inspections.

If shipment in some other cooling medium is selected,

cleaning will depend  on its compatibility with sodium. It should be

pointed out that almost all the alternate cooling media that we have ob-

served are opaque. This point is made because inspection or other

preparation procedures, if required, become more difficult when opaque
solutions are considered.

- If shipment in water is selected, the fuel assembly must

obviously be cleaned of all sodium residue under controlled conditions.

One cleaning procedure before water shipment is well known; this is the

steam cleaning procedure, which is fairly highly developed at this time.

Of course,  we must evaluate the procedure in detail for the highly irra-
diated and relatively very hot spent LMFBR fuel. Further handling or

preparation procedures could be accomplished under water after this

cleaning.  In many cases, proven therrnal reactor operations could be

used. The major disadvantage  to the  use of water  is the increased like -

lihood of boiling-procedures must consider this possibility.
As we have already mentioned, the design of the fuel pins

and fuel assembly also affects the question of cleaning.  In the case of
the vented designs, preshipping preparation requirements could make

cleaning mandatory.  This is especially true for the long vented designs
i where cutoff is probably required.  It may also become a requirement

for shorter designs if disassembly of the bundles is required for ship-

ping. Such operations as disassernbly, sealing of vents, or "canning"

an assembly have generally only been considered as water pool proce-
dures. Once again it should be pointed out that the heat load from the
short-time-cooled assembly will complicate these procedures. Refer-

ring to section 3.3 again for the coolant capabilities,  the B&W reference

fuel assembly could be shipped in a sodiurn cask after about 70 days'

-  23  -



...

decay time. Cleaning or disassembly operations may very likely extend

this required decay time to one year.

3.4.3.  Shipping Cask Loading

The normal procedure for loading a shipping cask has
been to lower the cask, or at least an internal container, directly into

a water pool and transfer the fuel under water. For shipment of the

LMFBR fuel in a water-filled cask, this procedure could be followed.

Recall again that water shipment requires a decay storage time of about

one year and that cask cleanup complications may arise with vented fuel

designs; these problems should be considered.

In the case of shipping in a sodium-filled cask, similar

loading techniques should be considered.  For this case a sodium pool

would be required instead of the water pool; however, generally, the

system would probably have superior cooling capability. Of major im-

portance would be the enhanced safety obtained by almost-constant cool-

ing in sodium, where (as shown earlier) natural convection is adequate

to maintain safe fuel cladding temperatures. However, provisions for

the sodium pool and the associated support equipment would probably
involve a considerable penalty in capital costs.

A possible alternate procedure involves the transfer of

a fuel assembly from the reactor containment directly into a shipping

cask or an inner container already filled with sodium. Specifically,

this procedure features an inner cask container which is raised from
the cask into an intermediate inert-gas loading cell. The container is

filled with sodium at this point, then the fuel assembly is loaded, and

the container is welded closed. The outside of the container is cooled

by an inert-gas systerr during loading and while the container is again

lowered into the cask body.  The cask head is then attached, and the

cooling system in the shielding provides the required cooling while the

cask is loaded onto the transporter.  Loss of coolant flow must be pre-

vented by backup systems, and sodium spillage (either partial or com-

plete) cannot be tolerated; complete loss of sodium would result in melt-

down in a short time. This method appears to remove the cost penalty

that might be associated with the sodium shipment and reactor-site han-

dling procedures of the first method.  It also offers a saving over the
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method, provided the cleaning procedures are not made a plant require-
ment for on-site inspection reasons.

In either sodium procedure discussed above, the internal
container closure and the design of the cask (to positively prevent loss
of sodium from the container) become the critical areas. Because loss
of coolant from this container would result in meltdown of the 70-day-
cooled assembly, this container and the shipping cask must withstand
the maximum transport accident. Multiple shells and positive closures
will probably be required.

3.4.4. Handling at the Reprocessing Site

During our discussions on fuel design and reactor site

handling, some consideration has been given to handling at the repro-

cessing site. Sorne review of these areas will be included in this sec-

tion along with a brief review of current reprocessing facilities for

Light Water Reactors (LWRs).

Safe,  reliable, and economical fuel shipment must be at-
tained. The reprocessing facilities are now located an appreciable dis-
tance from the nuclear reactor site, and shipping regulations are de-

signed to insure safe and reliable shipment. An additional burden on
the shipping cask is to insure the arrival of the fuel in an undamaged
condition, so that handling and reprocessing can proceed with a mini-
mum of delay. The LMFBR fuel will arrive at the site contained in a
cask which is most probably filled with some cooling medium.  The fuel
must now be unloaded at the facility and processing must begin without
excessive delay. Important here, too, is the almost continuous cooling
requirement for the highly irradiated fuel.

The primary task of the reprocessing plant is to recover

unexpended fuel. This recovery is now accomplished by the aqueous
solvent-extraction "Purex" processes.  The fuel materials are dissolved

in a nitric acid solution, from which uraniurn and plutonium are recovered

and separated from the fission products by solvent extraction.  The prod-
ucts  of this operation are nitrate solutions of uranium and plutonium.

More important for this study is the requirement of head-end preparation

procedures at the reprocessing site. The nurnber and particulars of these

procedures are naturally dictated by the specific fuel design and by the
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degree of fuel assembly at the time of receipt, but generally some sort
of rnechanical disassembly, a chopping operation, and an aqueous dis-

solving process to remove excess cladding material are employed.  Be-
cause these head-end procedures are costly and because they are usually
somewhat specialized for the particular fuel shipment involved, it is de-

sirable to keep such procedures to a rninirnum and as general in nature

a s  po s s ible.
At the present time,  LWR fuel shipments usually arrive

at the site in a water-filled cask.  This cask is submerged in a water

pool for unloading and the fuel is stored in the pool until the reprocess-

ing cycle is scheduled. As stated above,  the fuel must arrive undamaged

to the extent that it can be unloaded and so that it conforms to the require-
ments of the head-end operations.

We will now consider the specific shipment of LMFBR fuel

and the unloading and head-end procedures. This shipment could be in

wate r,   and the reprocessing site operations could then follow the current

procedures closely. Similarly, the particulars of the head-end proce-

dures would follow current technology and would depend primarily on the

configuration of the fuel-assembled or disassembled, the physical size
of the components, the temperature, and the radiation level.

If we now consider shipments in alternate cooling mediums
such as sodium, the unloading and head-end procedures at the site must

be adjusted for handling this coolant. Most important in considering so-
dium is the possibility of coolant leakage into the fuel and the volume of

sodium in the shipping container. In aqueous reprocessing, at least one

head-end procedure will probably be required to rernove this sodium be-

fore the fuel enters the cycle. These procedures will need to be devel-

oped to ensure that the recycled fuel would not retain traces of sodium,
which might have detrimental or downgrading effects. It should be pointed

out that similar problems exist for failed, non-vented fuel designs and for
vented designs, even if shipped in water.  In both cases, sodium could be

logged within the pins.    The bulk contaminated sodium in the cask could

be returned to the reactor site by resealing the container.

Alternate fuel reprocessing cycles should also enter this

study. Two processes are now being developed: pyrochemical and flu-

oride-volatility. Operation of the General Electric Company's proposed
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fuel recovery plant-using a combination of solvent-extraction, ion-

exchange, and fluoride-volatility-is scheduled to begin in  1970.   How-
ever, these processes are generally only in the development stages, and
use for the first-core LMFBR fuel, oreven later cores, must still be

proved. In addition to this uncertainty, it is important to note that all

processes, existing and under consideration, have aqueous head-end

stages.

3.5.      E c onorn ic Study

This study concentrates on the handling and shipping procedures
required to get spent LMFBR fuel from the reactor to a reprocessing
facility in the safest and most economical manner. Four important cost

components are considered:

1.     Handling.
2.     Shipping.
3.    Inventory - shipping.
4.  Inventory - storage.

As will be seen, inventory costs far outweigh the other costs,  but all

components will be discussed here to show this.

3.5. 1. Handling Costs

The handling requirements for spent LMFBR fuel have

been discussed in detail in section 3.4 and are referred to in several

other areas.  It is quite difficult to put actual dollar costs on many of
these procedures when considering conceptual ideas. A qualitative

analysis can be performed, however, and we can estimate differences.

Based on results reported in other sections of this re-

port, the two handling systems that will be compared here are those

required for shipping the fuel assemblies in sodium and those required
for water shipment.     (This  is not meant to exclude shipment  in  othe r

mediums but, as we have shown, other shipments approach the water

conditions. ) Both systems will have some equipment and procedures
that are quite similar. Especially fitting this category will be the prime
re fueling operation: to remove a spent assembly from the core, install

a new assembly, and move the spent assembly into the storage area.
This procedure depends much more on the reactor design and the re-

fueling equipment than on shipping conditions. Therefore, no costs for

-  27  -

L



in-containment handling for either shipping method are given in this

study; they are assumed to be roughly equal, although detailed study of
the  systems must be accomplished to confirm this.

The next operation in handling the spent fuel is its re-
moval from the reactor containment building. Equipment and proce-

dures for this may be very different and quite dependent on the mode

of shipment.  In our appraisal, however, we have assumed that iden-

tical gas cooling systems with proper backups would be used. After
the proper decay storage time necessary for shipping, gas cooling ap-
pears to be the preferred method for this transfer. Again, these costs

are not included in handling costs and are assumed to be roughly equal.

The major area of handling that will affect cost is the
out-of-containment procedures, once the previous transfer has suc-

cessfully passed an assembly. Especially expensive may be the equip-
ment and operation for cleaning that would be required for water ship-
ment. This added expense would also exist for any alternate cask cool-

ing mediums where the cleaning of sodium residue is required. Clean-

ing is probably not required for sodium shipment.

Again, actual costs for a conceptual system cannot be

given. The possible magnitude has been discussed in several articles,
most recently in regard to the Fermi reactor facility, and the penalty
may be large. Based on a comparison of B&W's Concept IV Reportig
with a conceptual idea of a sodiurn out-of-containment area, we have
estimated the cleaning equipment costs as roughly $250,000.  We feel
that this estimate is conservative because it includes engineering, de-
velopment, fabrication, and installation of a pressure-type cleanup can,
drive systems, the steam cleaning equipment, the waste disposal and
all the related holdup tanks and filters,  and the additional cell volume
required. Maintenance and operation must also be added to this esti-
mate. We have assumed a factor for this and have arrived at a cost
for cleaning spent fuel of $2.73/kg of U + Pu (see Appendix C).

The handling required at the processing plant must also
be considered in determining the overall handling costs. The require-
ments for head-end preparation procedures are discussed in section
3.4.4.   it was pointed out that these procedures are very dependent on
the specific fuel assembly design, the disassembly required before
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surance, because under the Price-Anderson Act, the liability and in-

- -

processing, the coolant in the shipping cask, the number of assemblies
in the cask, and the type of fuel processing.  It was further pointed out
that, even with shipment in a water-filled cask, there is a possibility

of sodium-logged pins. Based on the scope of this study, it is not pos-
sible to determine whether a penalty for sodium shipment exists or what
that penalty should be. Therefore, handling costs at the processing
plant are not included, except for those that may exist in the equation
used in the following economic study.

3.5.2.  Shipping Costs

Shipping costs are usually divided into the following com-
ponent costs:

Container - If the containers are capitalized, this item
covers the annual fixed charges on the investment.  If the containers
are rented or leased, or are disposable, it covers the annual expense
thus incurred.

Freight - This covers the freight charges paid to the
carrier. It includes the cost of returning empty containers, where ap-
plicable.

Handling - This covers the  cost of loading, unloading,
crane operations, decontamination, testing, and other r:niscellaneous

operations in connection with the shipment.

Insurance - This covers insurance against loss of or
damage to the container and its contents during shipment.  It is assumed
that fuel shipments within the United States will not require liability in-

dernnification coverage provided for the reactor is extended to cover

fuel shipments to and from the reactor.

The methods used in estimating these costs generally
follow those suggested by Mr. R. Salmon of Oak Ridge National Lab-

oratory. The container cost estimating method is different, however,
20

mainly because of two variables that must be considered: the period
over which the discharged fuel will be shipped and the number of fuel
assemblies in a refueling batch. The following data are required:

-  29  -

--r



4

1.  Total core loading (B&W reference),
kg  (U   +  Pu) 64,091

2.  No. of assemblies - fuel plus radial
blankets (B&W reference) 464

3.  Burnup at time of refueling, MWD/tonne
(B&W reference) 100,000

4. Decay cooling time (see section 3.3)
Minimum for shipment in sodium, days 70

Approximate time for shipment in water
or gas, days 365

5.  No. of assemblies per cask (see, section 3.3)              1
6. Estimated weight of shipping cask, tons                 25

7.  Weight of fuel assembly, 1b 500

8. Refueling cycle Full core
in 3 yr

9. Refueling batch - fraction of full core 1/3, 1/4, 1/5,
or 1/6

10. Charges
Cask fixed charge rate,  % per year                              15
Fuel value - for insurance, $/kg (U + Pu) 135

Inventory fixed charge rate, % per year               10
Inventory fuel value, $/kg fissile Pu 10,000

11. Total final fissile Pu (239Pu and 241Pu), kg
(B&W reference) 3480

12. Tirne required for shipping round trip, days
(per Mr. R. Salmon for 1000-mile, one-way
distance)                                               16

1.   Number of Shipping Casks Required

The number of casks depends on the number of fuel as-

semblies per cask, on the number of assemblies in a refueling batch,
and on the total period during which the batch of discharged fuel is to
be shipped. Refueling batches of 1/3, 1/4, 1/5, and 1/6 of the full

core loading (or 155, 116, 93, and 78 assemblies, respectively) were
assumed. The number of casks required was calculated as a function

of the shipping period. Figure 3 gives these results, and the method

is shown below:
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total fuel (U + Pu) in core 64,091 kg
Avg fuel/assy =

No. of assemblies
-

464
= 138.13 kg/assy

(one assy per cask)

Avg fuel shipment = = 8.63 kg/day-cask138.13 kg/cask
16 days/rd trip-cask

total core loading X fraction of refuelingAvg shipment req'd. = period of shipment

No. of casks req'd. = avg shipment req'd.
avg fuel/shipment

1/3 batch refuelingSample: shipment uniformly over 3 months (1/4 year)

64,091 kg X 1/3
= 234.12 kg (avg shipment req'd.)1/4 yr X 365

234.12 kg = 27.13 or 28 casks required8.63 kg/cask

2.  Cost of Shipping Casks

Cost of one cask at $1.25 per lb = $1.25 X 25 tons = $62,500

Annual fixed charge rate:   0.15

Annual charges per cask, $/year = 0.15 X $62,500 = $9375/yr-cask

$/year-cask X No. of casks
Cost per kg (U + Pu) = shipment req'd. /year

The amount shipped per year is 1/3 of the full core loading

$9375/year-cask X No. of casks
Cost per kg = 64,091 kg X» 1/3

Figure 4 gives these results, and a sample calculation is given below:

Sample: 28 casks (1/3 batch, 1/4 period)

$9375 x 28
Cost per kg = = $12.29/kg21,363.67

1
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Figure 3. Number of Casks Required Vs Shipping Period
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Figure 4.  Cost of Shipping Casks Vs Number
of Casks Required
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3. Freight Cbsts

Assume that rates are $0.0204 per lb loaded and $0.0187 per lb empty

$/round trip = (0.0204)(50,000) + (0.0187)(49,500) = $1946 per round trip

Fuel carried per trip, kg (U + Pu) = 138.13

C o s t  p e r   kg = = $14.09/kg
$1946

138.13 kg

4. Handling Costs

CH = 300 + 4 (N+W)
N = one assembly per cask

W = 25 tons

CH = 300 + 4 (1 + 25) = $404 per round trip

$404
138.13 kg  (U  + Pu) = $2.92/kg

5. Insurance Costs

Cask insurance per round trip = $62,500 X 0.0005 X 2= $62.50

Fuel insdrance per round trip = $135 X 138.13 X 0.0005 = $9.31

Total insurance per round trip = $71.81

$/kg (U + Pu) = = $0.52
$71.81

138.13 kg/trip

6. Total Shipping Cost $/kg

Cask fixed charges (see Figure 4)

Freight 14.09

Handling 2.92

Insurance 0.52

Total $17.53 + cask charge

Figure 5 gives a plot of these costs as a function of the number of ship-

ping casks to be purchased.
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Figure 5. Costs Vs Number of Shipping Casks
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3.5.3.  Inventory Charges - Shipping

(Not  included  in Mr. Salrn on's estimates.)

Inventory charges considered here  are only those value s

directly related to the shipping period as discussed in itern 1 of section

3.5.2. These charges are based on the amount of fissile plutonium

(239PU and 241Pu), at a rate of 10% per year and $10,000 per kg.  The

B&W reference core (fuel plus blanket assemblies) will have about 3480

kg of fissile plutonium at the 100,000 MWD/T burnup level, giving an

average of about 7.50 kg per assembly.

Assuming that the fuel assemblies from one discharge
batch will be shipped at a rate of one per day after the required decay

storage period, the inventory charge was calculated. The method and

results are given in Appendix D. These showed a basic penalty of

$128.49 per kg of fissile plutonium or $6.92 per kg of total material

(U + Pu).  Additionally, it is shown that the penalty rate is independent
of the batch size and is directly proportional to the shipping period.

These charges can now be added to the total shipping
costs (section 3.5.2, item 6) to optimize the number of shipping casks.
These results are tabulated in Table 4 and plotted in Figure 5.  The

stepped curves for inventory charges and combined costs result from

the consideration of the period over which the fuel is shipped.  It can
be noted that 14 casks is the optimum number, and, from previous dis-

cussion, corresponds with a 1/6-batch refueling of the B&W reference

core and with shiprnent during a period of about 86 days.
To select a batch refueling of 1/3 of the core for shipment

in roughly the same period would require 28 shipping casks.  The rela-

tive penalty would be  $6.14 per kg of U  + Pu.   All of this additional cost

is directly from the cost of the additional shipping casks. To retain 14

casks to accomplish the shipping  of the  1 /3 batch would extend the  ship-
ping period to roughly 6 rnonths and reflect an increase in inventory

charges from $6.92 to $13.84 per kg of U + Pu or $6.92 per kg.  Obvi-

ously, this is a greater penalty.

Similarly, it can be shown that 21 casks and 17 casks

are the optimum number if 1/4- or 1/5-batch refueling is selected.
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Table 4. Shipping and Inventory Costs as a Function
of the Number of Casks

Number Shipping costs, Inventory charge, Combined costs,
of casks $/kg (U + Pu) $/kg (U + Pu) $/kg (U + Pu)

28 29.82 6.92 36.74
21 26.75 6.92 33.67
17 24.99 6.92 31.91
14 23.68 6.92 30.60
11 22.36 13.84 36.20
10 21.92 13.84 35.76

9 21.48 13.84 35.32
7 20.60 13.84 34.44
6 20.16 20.76 40.92
5 19.73 20.76 40.46
4 19.29 27.68 46.97

3.5.4. Inventory Charges - Storage

Also very important to this study are those charges di-

rectly associated with decay storage of the spent LMFBR fuel before

shipment. Again, inventory charges are based on the amount of fissile

plutonium (23 9Pu and 241Pu) at a rate of 10% per year and $10,000 per kg.
The storage period for this charge is determined by the type of ship-

ment-70 days for sodium shipment and 365 days for water shipment.

To find the rate per kg of fissile material,

0.10/yr X $10,000/kg = $1000/kg-year

70
$1000/kg-year X- = $191.78/kg (70-day storage)365

365$1000/kg-yr X - = $1000.00/kg (1-year storage)365

Converted to charges per kg of total U + Pu, these are:

$10.41/kg (U + Pu) (70-day storage)

$60.07/kg (U + Pu) (1-year storage)
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3.5.5. Cost Summary..

The total costs associated with shipping spent LMFBR
fuel assemblies are summarized in Table 5.  The two types of shipment,
sodium and water, are compared,  and a substantial savings  for  the  so-

dium shipment ($49,66 per kg of U + Pu) can be seen. The major dif-
ference is obviously due to the increased inventory charge associated

with the much longer decay storage period for the water shipment.  It
should be pointed out again that the high vapor pressure of water is def-

initely its limiting characteristic, and alternate cooling mediums have
breakdown or other problems when associated with the temperatures

being considered and, in our appraisal, approach the water shipment
case in regard to inventory penalty.

Table 5. Total Costs - Spent Fuel Shipping and Inventory
($/kg U + Pu)

Sodium shipment Water shipment
(70-day storage) (1-year storage)

Fuel cleaning costs              --                      2.73

Shipping cask costs
(14 req'd.) 6.15 6.15

Freight costs 14.09 14.09

Handling costs 2.92 2.92

Insurance costs 0.52 0.52

Inventory charges -
shipping period
( 3   m onth s) 6.92 6.92

Inventory charges -
storage 10.41 60.07

Total 41.01 $/kg 93.40 $/kg
or 0.105 mills/kwhr or 0.239 mills/kwhr

Difference 51.22 $/kg
or 0.134 mills /kwhr
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In terms of mills per kwhr the costs of the two shiprnent

types are calculated as follows (also given in Table 5):

Sodium shipment: $41.01/kg X 64,091·kg X 1000 mills/$
1038 x 103 kwe X 1005 FPD X 24 hr/day

= 0.105 rnills/kwhr

where
Plant power = 1038 MWe

Reactor full power days = 1005 FPD

93.40 x 64,091 x 1000Water shipment: = 0.239 mills/kwhr
1038 X 103 X 1005 X 24

Difference or penalty of water shiprnent = 0.134 mills/kwhr

Although not directly comparable, the total fuel costs cal-

culated for the B&W reference LMFBR are shown in Figure 6. These

total costs are output from the Sodium Parameter Study Code and include

reprocessing, reconversion, fabrication, and other charges not consid-
ered in this study. The figure gives the total fuel costs as a function of

the spent fuel decay storage time, which does allow us to see the effect

of long storage.

Sodium shipment (70 days storage, 0.19 yr) = 0.901 m ills /kwhr

Water shipment (1 year) = 1.008 mills/kwhr

Difference  = 0. 107 mills /kwhr

Decay storage of spent fuel also has an effect on the re-

actor doubling time. Figure 7 shows this effect, and again the results

are for the B&W reference core and were produced from the Sodium

Parameter Study Code. Comparing these values:

Sodium shipment (70 days storage, 0.19 yr) = 15.4 years

Water shiprnent (1 year) = 18.25 years
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Figure 6. Total Fuel Cost Vs Spent Fuel Storage Time
(B&W Reference Core)

1.02

1.00

0.98

A
.C

9

25 0.96
CO

=
.a

9 0.94
0
U
-1

N
4
+  0.92
tv

A

0.90

0.88 i

0.86
0 0.2 0.4 0.6 0.8 1.0 1.2

Spent Fuel Storage Time, years

- 40 -



Figure 7. Doubling Time Vs Spent Fuel Storage Time
(B&W Reference Core)
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4. RESULTS

The shipment of only one fuel assembly in a sodium-filled ship-
ping cask was selected as probably the only economical way that spent
LMFBR fuel could be shipped with less than one year of decay storage.
Several factors influenced this decision, the most important being (1)
decay heat rate, (2) length of the fuel assembly, (3) criticality, and (4)
handling.

The important economic results are given in Table 5, where so-
dium shipment is compared with water shipment. Table 3 gives the
minimum decay storage times before fuel assemblies can be shipped
safely in various liquids. The mechanical design of the fuel was found
to be important from two aspects: length of the fuel assembly and
whether or not it should be vented. The approximate lengths of various
configurations are compared in Table 1. Criticality was not found to be
of major concern during shipping, although disassembly before shipping
could cause a criticality problem as the fuel pins are separated.
4.1. Discussion of Results

The first interesting fact in this study was that it could not be just
a trade-off study of the possible cask cooling media. Instead, it must
be a feasibility study-a complete study to determine whether safe ship-
ment of spent LMFBR fuel is possible at all. Possible, that is, within
an economical time after its removal from the reactor.

The results of this study have established that safe shipment of
spent LMFBR fuel can ba accomplished. This shipment can be made
in sodium after only about 70 days of decay storage at the reactor site.
As expected, there will be a penalty.  Not so much a cost penalty, be-
cause the cost connected with the shipping procedures will only be about
0.105 mills per kwhr (Table 5). The penalty will be in developing pro-
cedures of handling at the reactor site, in adequate cask design, and in
reprocessing site procedures.
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As discussed, the procedures at the reactor site will be cooling
the fuel properly during the transfer from the decay storage to the ship-

ping cask loading point. Gas cooling is recommended, but sufficient
redundant systems must be provided to insure cooling. Each LMFBR
reactor plant designer must give special emphasis to this procedure.

Also discussed were the more stringent requirements on shipping

cask design:

1.  A maximum fuel cladding temperature of about 2350 F
(vented fuel design, only following the worst accident).

2.  The inner cask container must retain the primary sodi-
um coolant completely.

3.  The inner cask container must maintain its integrity
under internal pressures approaching 300 psia and tem-
peratures of about 2000 F.

4.  The cask must contain the lead (or alternate) shieldingin such an enclosure that molten lead cannot escape the
cask or reduce the shielding effectiveness below accept-
able levels. The containment for lead shielding may be
a major problem. A material such as depleted uranium
should be seriously considered as an alternate.

From the mechanical design aspect, the vented fuel design that
was considered (B&W reference assembly) permits the much higher
cladding temperature given above.  This is not possible in the non-
vented fuel designs, where pressure failures must be postulated at much
lower temperatures.  In the case of non-vented fuel, shipment would not
be safe unless at least one year of storage was allowed or unless a very
expensive procedure to relieve the gas was added.

The study of fuel design also considered the length of the assem-
blies. Strictly from the shipping viewpoint, it appears that the length
of the assembly should be kept to about 8 feet or less. Remembering
that only one assembly can be shipped per cask, this length will most
likely permit truck shipment. Increasing the assembly length would in-
crease the cask weight and cost; it is possible that a 10-foot assembly
could increase the total cost of shipping by as much as 20%.  More im-

portant could be the increased heat load to the handling and cask cooling
systems.  A 20% increase in length could increase the decay storage

period needed, and this, as has been shown, rapidly increases overall
fuel cycle costs.
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The next major area that still needs work before 70-day-cooled

assemblies can be shipped is the reprocessing site; the higher decay

heat load will again probably be the critical criterion. Another question

could be the sodium, and a third item will be the radiation level and

criticality problem when the fuel assemblies are disassembled.  All

these factors still need study.  It is of little value to get the fuel to the
reprocessing site only to have a mandatory decay storage period sched-
uled there.
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APPENDIX A

Thermal Analysis Model, Failure Criteria,
and Assumptions
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A thermal analysis of a B&W reference fuel assembly in a ship-
ping container was carried out to determine the performance of the var-
ious coolants proposed for use in the shipping cask.  For the analysis,
it was assumed that an infinitely long cask, having a heat generation rate
equal to the maximum axial condition, was used. Therefore, the blanket

contribution is conservatively considered. Three cooling media were

examined: sodium, water, and argon gas. The results of this effort,
summarized in Table 3, give the required storage periods to prevent
failure of the fuel cladding material and the cask structure.  The fail-

ure criteria chosen for this evaluation of the coolant performance ca-

pability were as follows:

1.  A maximum center pin cladding temperature of 2350 F
(200 F below the melting point of SS 347, only following
the worst accident).

2.  A maximum internal cask pressure of 500 psig.

These are not the recommended normal criteria but the upper limits

under the transport accident. Since the high temperature occurs only
after the major accident, the limit appears acceptable for the reference

vented fuel design where no pressure-type failure is possible, and the
allowance below melting was suggested by Mr. J. C. Glynn. 12

Assumptions  used in the analysis are as follows:

1.  The fuel assembly, cask, and shield assembly are as
shown in Figure 2 (lead shield requirement of 8-inch
thickness was obtained from internal LMFBR data 13)

2.  Ambient air at 70 F for the circulation failure and loss-
of-coolant accident cases (heat transfer coefficients
were  taken from W. H. McAdams 14) .

3. With sodium as coolant, the heat transfer mechanism
between the fuel pin and cask wall was considered to
be conduction only.

4.  For air, argon, or water vapor in the coolant space,
results by G. 0. Geissler were used to predict the
center pin temperatures.

15

5.  For the fire accident case, the shield was considered
to be radiating to a 1475 F surface located an infinite
distance from the shield.
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Hypothetical Accident Conditions 2
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The following hypothetical accident conditions are to be applied
sequentially, in the order indicated, to determine their cumulative ef-
fect on a package or array of packages.2

1.  Free Drop - A free drop through a distance of 30 feet onto a
flat essentially unyielding horizontal surface, striking the surface in a

position for which maximum damage is expected.

2.  Puncture - A free drop through a distance of 40 inches strik-

ing, in a position for which maximum damage is expected, the top of a
vertical cylindrical mild steel bar mounted on an essentially unyielding
horizontal surface.  The bar shall be 6 inches in diameter, with the top
horizontal and its edge rounded to a radius of not more than one-quarter
inch, and of such a length as to cause maximum damage to the package,
but not less than 8 inches long.  The long axis of the bar shall be nor-
mal to the package surface.

3.     The rmal - Exposure  for 30 minutes within a source  of  radi-
ant heat having a temperature of 1475 °F and an emissivity coefficient

of 0.9, or equivalent. For calculational purposes, it shall be assumed
that the package has an absorption coefficient of 0.8. The package shall
not be cooled artificially until after the 30 minute test period has ex-
pired and the temperature at the center of the package has begun to fall.

4. Water Immersion - Immersion in water for 24 hours to a depth
of at least 3 feet.
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Fuel Cleaning Costs
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The following method was used to estimate the costs of fuel clean-
ing that would be required before spent LMFBR fuel assemblies could
be in water. An explanation is given in section 3.5.1.

Total core loading of U + Pu
(B&W reference core), kg 64,091

Capital cost of cleaning equipment
(section 3.5.1), $ 250,000
Maintenance and operating costs,
5/yr 50,000
Life of the reactor, yr 30

Refueling cycle Full core in 3 years

To find the cost per refueling cycle of cleaning equipment

3 $250,000 + $50,000  = $175,00030 yr

To find the cost per kg of U + Pu

$175,000
64,091  kg = $2.73/kg
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APPENDIX D

Inventory Charges for the Shipping Period
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To calculate the shipping charges associated with the period re-
quired to complete the shipping of a discharged batch of fuel, the follow-
ing method was used:

inventory charge = amount of fuel (kg of fissile Pu)

X rate/yr X cost/kg X period

whe re
amount of fuel = 1160 kg (1/3 batch) (155 assemblies)

870 kg (1/4 batch) (116 assemblies)
696 kg (1/5 batch) ( 93 assemblies)
580 kg (1/6 batch) ( 78 assemblies)

rate/year = 10%

cost/kg = $10,000

period = approximately 1/4 year

The time required for one cask round trip is 16 days, which in-
cludes one day loading and one day unloading. 20

Inventory charges on a shipment are assumed to stop when that

shipment arrives at the reprocessing site.
One fuel assembly is shipped per shipment, at 7.50 kg of fissile

plutonium per assembly.
Charges on the full batch inventory will exist for the first eight

days or until the first shipment reaches its destination. Using the 1/6-
batch refueling (78 assemblies) for illustration, the inventory charges
were calculated:

charges (8 days) = 78 assemblies X 7.50 kg/assembly

X 0.10/yr X $10,000/kg X 8/365

= $12,811.15

For additional charges:

charges (per day) = [No. of assernblies - (t - 8)]

X 7.50 X 0.10 X $104 x 1/365

t= days from start (Note: one day = one assembly);  t 2 8
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charges (9th day) = [78 - (9 - 8)](7.5) X 103 x 1/365

= $1582.35

Completing these calculations gave a final inventory charge asso-
ciated with this total shipment of $74,523.80 or $128.49/kg of fissile Pu.
Converted to charges per kg of total U + Pu, these charges are $6.92/kg
(U+Pu), where the U+Pu for this batch= 138.13 kg/assembly X 78
assemblies.

Irrespective of the discharge batch, the inventory charges associ-
ated with a period during which the fuel is to be shipped will be

1/4-year period - $ 6.92/kg (U + Pu)
1/2-year period - $13.84/kg (U + Pu)

3/4-year period - $20.76/kg (U + Pu)
1-year period - $27.68/kg (U + Pu)

It should be noted that approximately 14 shipping casks would be re-
quired to accomplish the sample shipping of 78 assemblies in a total
period of 86 days.
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7. ON-SITE VS OFF-SITE REPROCESSING AND
FABRICATION TRADE-OFF STUDY
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1.     IN TRODUC TION

1. 1.  Purpose

This study is an investigation of the economics of two alternate

modes of processing liquid metal fast breeder reactor (LMFBR) fuel-
on-site and off-site reprocessing and fabrication. On-site reprocess-

ing and fabrication refers to the location of these facilities at the same

site as a reactor or a complex of reactors. Off-site is the more con-

ventional arrangement whereby separate reprocessing and fabrication

plants are located at sites rnost advantageous to their particular require-

ments; these plants serve a large number of widely scattered reactors.

The off-site facilities, called "centralized" facilities, are designed to
handle fuel of diverse types and designs from a variety of reactors.

An on-site facility, on the other hand, would be designed to handle one
particular kind of fuel, and the reprocessing and fabricating operations
would be integrated into one continuous process in one facility.

To date, the nuclear power industry has used off-site commerical

reprocessing, although this convention is based on only the one operating
commercial plant-the Nuclear Fuel Services plant at West Valley, New
York. Another announced comrnercial reprocessing plant (to be con-

structed by the General Electric Company near Morris, Illionois) will

be adjacent to a complex of power reactors and thus minimize the ship-
ping cost; this arrangement is known as "across-the -fence" reprocess-

ing.     The GE plant, however, is intended to reprocess fuel from  powe r
stations throughout the Middle West, and there fore, it would be principally
an off-site reprocessing facility.  On the other hand, utilities are taking
an increased interest  in  and are increasing their participation  in  the   fue 1
cycle; they are procuring ore and arranging for its cohversion to UF6 and
for enrichment services, arranging for fabrication and reprocessing,

and negotiating  for  the  sale  of the residual uranium and plutonium.    This
increased interest could result in integizated reprocessing and fabrication
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arrangements, especially for the huge reactor cornplexes for water de-

salination and combination process heat and electric power now being

proposed and discussed.

In the course of the LMFBR development prograrn, questions have
arisen concerning the feasibility and economics of shipping the fuel-par-

ticularly spent fuel-and on-site reprocessing and fabrication have been

suggested as a more economical alternative. Fast reactor fuel is much

more difficult to ship than is the thermal reactor fuel with which the

nuclear industry has had its experience. The higher levels of specific

power, power density, and burnup, together with the closer packing of
the fuel assembly lattice, present difficult cooling problems.   The

higher plutonium concentrations and fission product inventories present

criticality, shielding, and containment problems.  The fuel costs are

affected particularly by the cooling difficulties, which have resulted in

the specification of longer storage periods to allow decay heat to sub-

side before the fuel can be shipped to reprocessing plants.
This study compares on- and off-site reprocessing and fabrication

by utilizing economic trade-off studies to explore the fuel cycle costs

using both processing schemes; the trade-off points are identified as

those sets of economic parameters and conditions at which the fuel cycle
costs under both processing modes are equal.

1.2. Summa ry

On- and off-site reprocessing and fabrication of LMFBR fuel were

compared on the basis of an analysis of fuel cycle costs for each of these

recycle methods. A number of trade-off points were determined; at

these points various combinations of economic parameters result in

equal fuel cycle costs for both methods. The major effort in the study

was devoted to comparing on-site reprocessing and fabrication in an

integrated plant with the performance of these operations in separate,

off-site, centralized (large-capacity) facilities.  We also compared the

case of on-site reprocessing only-with fabrication in an off-site cen-

tralized plant-with the case of totally off-site processing.
Fuel costs were based on the reference design of the LMFBR

Follow-On Study, and trade-off points were determined as a function of

the following economic parameters: plutonium value, spent fuel cooling
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period, shipping cost, off-site processing plant capacity, unit reprocess-
ing and fabrication costs, and the electrical capacity of the on-site re-(
actor complex.

A single 1000-MWe reactor with on-site reprocessing and fabrica-
tion is not likely to be economical; on-site reprocessing only, however,
is much more attractive.  As the reactor complex having on-site process-
ing increases in size, the fuel cycle costs improve because of the lower
unit processing costs. The longer the required storage period before

shipping, and the higher the shipping cost, the more attractive the on-site

processing mode becomes.

The study defines the ranges of economic conditions under which
on-site fuel processing would be desirable or feasible and clarifies the

importance or sensitivity of the various parameters to the trade-off

points. Definite quantitative conclusions, however, are difficult to
reach because of the considerable uncertainty that now exists in the
costs associated with the various stages of the fuel cycle. Nevertheless,

it is hoped that this study can provide a basis for guiding and directing
the research and development programs to be pursued in achieving a
competitive, self-sustaining LMFBR industrial capability.
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2. CONCLUSIONS AND RECOMMENDATIONS

1.  The most important conclusion that can be drawn as a
result of this study is that the state of LMFBR development and tech-

nology is not sufficiently advanced to make accurate cost estimates for
the various segments of the fuel cycle in either the on-site or off-site
rnode. The conclusions listed below, which incorporate absolute value s
of trade-off points, should, therefore, be viewed inthe light·of these
cost uncertainties.

2. Considerable uncertainty exists with the very question
of whether on-site reprocessing and fabrication is desirable or neces-
sary. The incentive for on-site fuel processing derives from the postu-
lated difficulties in shipping the spent fuel to a centralized reprocessing
plant. There is a need for more accurate determination of the problems
and costs associated with this operation, including the handling problems
at the reactor and at the reprocessing plant.

3. Certain aspects of on-site processing were not investi-

gated and may bear heavily on the evaluation of its feasibility and econ-
omy. For example, we did not evaluate the inter-effects between the
on-site facilities and the reactor plant or reactor complex itself.  The
presence of the processing plant may impose site penalties and restric-
tions that require the location of the reactors at more remote sites;
this would increase electrical transmission costs. Conversely, we did
not evaluate the possible cost savings at the reajtor plants that result
from eliminating the facilities and personnel that are required to pre-

pare fuel for shipment off-site.

4. On-site reprocessing and fabrication does not appear
economically attractive for small reactor capacities.  The unit costs
for a single 1000-MWe LMFBR with on-site reprocessing and fabrication
would have to be reduced to below 30% of the costs predicted for plants

-4-
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of that capacity using the "reference" estimating methods adopted in this
study.  It is unlikely that such cost reductions can be realized by inte-
grating the processes.

5.  If LMFBR spent fuel can be shipped after the same

storage times now used for thermal reactor fuels,  and at shipping costs

postulated by the ANL ground rules for the LMFBR Follow-On Study

(which are three to five times the cost for thermal fuels on a $ per kilo-
gram basis), then an on-site reactor capacity of about 8600 MWe with

  integrated reprocessing and fabrication facilities can be competitive
with off-site reprocessing and fabrication. This figure is based on the

"reference" estimating methods of this study and on 15,000-MWe capacity
centralized processing plants. This on-site capacity may not be unrea-

sonable for a reactor complex in the 1980's and 1990's. However, if
centralized facilities are twice as large, i.e., designed for 30,000 MWe,
then an OIl-Site capacity of over 20,000 MWe is required to be economical.
These conclusions are based on a plutonium value of $10 per gram of
fissile isotopes.

6. Unit fabrication and reprocessing costs are the most

influential parameters affecting the trade-off points. For example,  if
on-site fabrication and reprocessing costs can be reduced only 20% from
the costs estimated using the "reference" methods, either by integrating
the processes into one facility or by technological improvements in the

processes, then the on-site reactor capacity required to be economical
can be reduced by about 30 to 50%. Thus, referring to item 5 above,
the 8600 MWe can be reduced to 5500 MWe, and the 20,000 MWe can be
reduced to 11,400 MWe.

7.  The requirement that spent breeder reactor fuel may
have to remain in storage for as long as a year also has a marked effect
on on-site processing competitiveness. An increase from 4 to 12 months

in storage time before shipment to off-site reprocessing increases off-
site fuel costs to the extent that the competitive on-site reactor complex

size can be reduced about 25 to 40%, based on 15,000-MWe centralized

processing plants. When 30,000-MWe centralized plants are considered,
the ec nomic effect of the longer storage period is greater, and some-
what greater reductions in on-site capacity can be competitive.

7
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8.  The effect of plutonium value on the trade-off points is
relatively minor.  That is, the size of the economic on-site reactor com-
plex is relatively unaffected changing the plutonium value from $10 to $20
per gram.    This is because the plutonium credit tends to balance inven-
tory cost, independent  of unit plutonium value. This effect can be  seen
in Tables 2 through 5, where, atthe same cooling time, the capacity of
the on-site reactor (in MWe) is affected very little by a change from $10
to  $20 per  gram  in the value of plutonium.

9. Shipping costs also have a relatively small effect on
the trade-off points. We compared the effects of the ANL ground rules
shipping cost (which amounts to an average of $17 per kilograrn of core
and blanket) with a shipping cost of more than three times as high, $54
per kilogram. The reductions in required capacity with on-site repro-
cessing and fabrication were about 20 to 30% at the higher shipping cost.

10.  Illustrating the strong effect of fabrication and repro-
cessing cost, a decrease in the size of the centralized plants frorn 30,000
to 15,000 MWe capacity (with the attendant increases in unit cost) re-
duces the reactor capacity with on-site reprocessing and fabrication
required for competitiveness by about 30 to 40%.

11. The study of on-site reprocessing only, with fabrication
in a large-capacity, off-site plant, reveals that relatively small on-site
reactor capacities would be economical if the total time the fuel is held
at the site for cooling plus reprocessing is relatively short.  For exam-
ple, a 4600-MWe reactor complex with on-site reprocessing would be
competitive with totally off-site reprocessing and fabrication (in 15,000-
MWe-capacity plants), based on $10 per gram of plutonium and the
ground rules shipping cost, if the post-irradiation fuel holdup time can
be  limited to about 6 months. This case is also based on a 4-month

cooling period before shipment off-site. This conclusion, however, is
based on the assumption that the "reference" reprocessing cost for this
capacity (i.e., 4600 MWe) applies toaplant that can process the fuel
in a 2-month period after the fuel has been stored for 4 months. (Refer
to section 3.3.2 for additional discussion.)

In another example, if 12 months of cooling are required
before shipping spent fuel off-site, and if the shipping cost is $54 per
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kilogram, then a single 1000-MWe reactor with on-site reprocessing

only can be economical, again based on a total post-irradiation inven-

tory period of 6 months, and based on the other econornic parameters

cited in the paragraph above. Reducing the shipping cost to the ground
rules average value of $17 per kilogram only increased the required
size of the on-site reactor capacity slightly-to 1600 MWe.

We should note here that for integrated on-site repro-
cessing plus fabrication,  fuel is held on-site throughout the fuel cycle,
thus incurring high inventory charges. There is no freedom to optimize

the combination of processing plant throughput (i. e., processing time)

and inventory to achieve the lowest total cost.   Thus,  in this mode the

reprocessing and fabrication throughput is sized to have a production

rate that matches the tirne interval between refuelings.
For on-site reprocessing combined with off-site fabri-

cation, a rapid processing rate could result in overall reduced costs,

since the fuel is assumed to be sold to another utility or another reactor

of the same utility immediately after reprocessing.  This is also true of
off-site reprocessing and fabrication.

The problems associated with storage and holdup time
were carefully considered. For on-site reprocessing and fabrication,

there are important and interesting questions concerning the scheduling
of reporcessing campaigns to match reactor refueling schedules, and

establishing staggered refueling schedules for the reactors at one  site.

The calculational model (presented in ANL-7137) for on-site reprocess-

ing inventory charges was studied,   and our method was patterned  afte r
it.    We  believe we improved  on that method, however, by accounting for
the difference between the end-of-life (EOL) and beginning-of-life (BOL)
fuel quantities during the outpile portion of the fuel cycle.

In connection with the case of on-site reprocessing com-
bined with off-site fabrication, we would have pre ferred to choose,  or at

least  to inve stigate, an optimum combination of plant throughput   and   fue 1

inventory for each size of reactor complex, but we did not have a method

available for estimating the reprocessing costs for plants operating at

less than the reference continuous basis of 260 processing days per year.
Note also that for the case of on-site reprocessing and

fabrication, the on-site inventory cost of the BOL loading is not decreased
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by accelerated reprocessing (since it must remain on-site in any event

to be loaded into the reactor); this cost can be reduced, however, for
the "excess" bred plutonium that is sold to another reactor.  For our
reference design, this quantity is about 37% of the BOL inventory, ne-

glecting process lossesF,

12.  We have not studied certain other problems that arise
in comparing on- and off-site reprocessing and fabrication.  One is the

"chicken and egg" problem: that is, to be economical, FBR's need low

fuel cycle costs, which can only be achieved by the use of large-capacity
fabrication and reprocessing facilities if off-site reprocessing is to be
used. However, these plants can only be operated economically when a

large number of reactors are in operation.  It may be that, in the inter-

im period when FBR capacity is relatively small, on-site processing
could be economical in special instances.

On-site reprocessing and fabrication would be a depar-
ture from current or even projected practices in the utility industry in

that utilities have not shown any inclination to operate this kind of facil-
ity. Joint ventures or other commercial arrangements between utilities

and chemical and fuel manufacturing companies are highly conjectural.

13.  Additional work is certainly indicated to assess the

trade-off between on- and off-site reprocessing and fabrication.  The

areas of uncertainty have been identified above:  (1) the problems and
costs of fabricating and reprocessing breeder reactor fuel of various

designs in plants of various capacities, (2) the cost savings that can be
achieved by integrating these processes into one continuous facility at

the reactor site, (3) the siting problems that may exist when reprocess-

ing plants are on-site with reactor power plants,  and (4) the problems

(associated with the early years of LMFBR industry growth) of provid-

ing economical processing facilities for the small loads available.
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3. DISCUSSION

3.1. General

The economic trade-off between on- and off-site reprocessing and
fabrication regimes hinges on' the question of whether reprocessing and
fabrication costs in small-capacity, on-site plants can be sufficiently
economical to compete with the lower off-site costs, which, however,
have the additional costs of shipping and fuel inventory associated with
transit and storage time.  It is acknowledged that off-site plants have
low unit costs because of their large size; in this study we considered
plants designed to accommodate up to 30,000 MWe.  It is not likely that
such large capacities would be at one site. Therefore, the objective of               1
the study was to

1.  Determine, for various sets of economic parameters,
the minimum reactor complex electrical capacity that would be required
to make "on-site" fuel cycle costs equivalent to those using centralized
off- site facilities.

2.  Determine, for specified sizes of on-site reactor com-
plexes, the on-site reprocessing and fabrication costs that must be
achieved in order to make on-site reprocessing and fabrication competi-
tive  with off- site.

3.  In the case of on-site reprocessing and off-site fabrica-
tion, to determine the relationship between the allowable on-site fuel

holdup period that would result in economical fuel cycle costs, compared
with the totally off-site reprocessing and fabrication mode.

The time limit imposed on completion of this study restricted the
number of economic variables that could be investigated, and only those
that were thought to have the greatest impact on the trade-off points
were selected. The variables used are as follows :
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1. Plutonium values of $10 and $20 per gram of fissile iso-
tope.  The $10 figure is specified by the ANL ground rules and is used
in common practice today for fast reactor evaluation work.  The $20
figure represents the higher value that plutonium is expected to have
when breeder reactors come into wide commercial use.

2.  Spent fuel cooling periods of 4 months for on-site repro-
cessing and both 4- and 12-month periods before shipment off-site.  The
4-month figure is practiced today for thermal reactor fuels; the 12-month

figure is postulated to be necessary because of the difficulty of cooling
spent fast breeder fuel, although there are indications that this long pe-
riod may not be necessary. The 4-month period was used in the cases
of integrated on-site reprocessing and fabrication; for the cases of on-
site reprocessing only, the on-site storage period was a variable, and
periods of up to 24 months were considered. Spent fuel storage periods
of about 1 month have been suggested for fast breeder fuels, but only
where associated with a nonaqueous mode of reprocessing. For aqueous
processing, on which this study isbased, the minimum cooling time used
inthe industry is 4 months (for example, see reference 3).

3. Shipping costs based onthe ANLground rules, which

average $17 per kiogram of core and blanket and $54 per kilogram of
core and blanket. The latter derives from another trade-off study com-
pleted in the LMFBR Follow-On Program. These unit shipping costs are
intended to cover the range of uncertainty associated with this operation.

Shipping costs may be interdependent on the allowable cooling times,  and
an optimized combination of unit shipping cost and inventory cost could
result in shipping costs that are outside the range covered.

' 4. Centralized fabrication and reprocessing plant capaci-
ties of 15,000 and 30,000 MWe. The former has been a popular typical
size used in reactor evaluation work; the latter is representative of the

larger-sized plants that may be built as the nuclear industry expands.

5. On-site electrical capacity from the equivalent of a sin-
gle reactor (1000 MWe) to over 12,000 MWe.

6.  Reprocessing and fabrication costs are based on the
methods discussed in subsequent sections of this report. These methods
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are applicable to a range of plant sizes and are applied to both the on-
and off-site plants; in this report they are called the "reference" meth-

ods.   However,  for the combined on-site reprocessing-fabrication plants,
we evaluated fuel cycle costs based on possible reductions in these pro-

cessing costs due to the integration of the facilities, and thus we used

costs of 80 and 50% of the "reference" method cost.

Integrated plants will also result in reduced costs be-

cause of the elimination of facilities and personnel required to prepare

the  fuel for shipment, and because combined operating and maintenance

staffs and facilities can be used. However, there was not enough time

to determine the extent of the reductions.   The 80% and 50% parameters

are possible representative effects of these savings cornbined with the

possible savings due to integration of the reprocessing and fabrication

processes.

3.2. Ground Rules

3.2.1.  Reference Core Design

The reference core design developed in the B&W LMFBR

Follow-On Study was the basis for the fuel cycle costs; Table  1  lists the

core design data applicable to this study. The reactor-has a nominal

rating of 1000 MWe (the actual figure is 1012 MWe) and uses mixed
oxide fuel in the core and depleted oxide in the blanket; the core achieves
an average burnup of 100,000 MWD/tonne.  The core and the axial and

radial blankets are vibratorily compacted into stainless-steel tubing.
The reactor is refueled every 1034 full power days; this

amounts to a calendar lifetime of  1198 days at the average annual capac-
ity factor of 0.863. Refuelink is accomplished by removing all of the
core and blanket assemblies and replacing them with fresh assemblies.

The spent fuel is then stored and sent to reprocessing, either on or off

the site, after the cooling period.
The capacity factor of 0.863 is calculated from the ANL

ground rules, which state that the capacity factor is  "90% of the plant

availability, " which is in turn "100% less downtime for refueling. "  The
"refueling" time was subsequently clarified to mean the total scheduled
downtime for both refueling and maintenance. A figure of 50 days per

- 11 -



cycle has been assumed in the Follow-On Study as this scheduled down-

time. The capacity factor, therefore, is calculated as follows:

FPD 1034CF =                    =                    = 0.863
1.111 (FPD) + DT 1.111(1034) + 50

whe re FPD = full power days per cycle
DT = scheduled downtime per cycle

It would have been desirable to include in this study the
effects of reactor refuelirlg schedules other than the reference design,
but core designs employing " shuffling" or other partial fuel replace-
ment modes that utilize shorter refueling periods  were not available.
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Table 1. LMFBR Reference Design Data

General Data

Total thermal power, MWt 2450

Net electrical power, MWe 1012

Fuel type, core PU02/U02
Fuel type, blanket UO2' depleted

Refueling mode Cornplete core
replacement

Core bur,nup, avg MWD/tonne 100,000

Fuel and blanket rod loading method Vibratory
connpacted

Oxide density, core and axial blanket,
% TD                                                   85
Oxide density, radial blanket, % TD                          90
Fuel lifetime, full power days 1034

Average reactor capacity factor 0.863

Fuel lifetime, calendar days 1198

Fuel lifetime, calendar years 3.28
Fraction of reactor power produced in core,
avg over lifetime 0.940

Mass Balance Data

Beginning of life

Core loading, kg U 19,970

Core loading, kg Pu fissile 2770

Core loading, kg Pu total 3848

Axial blanket loading, kg U 19,064

Radial blanket loading, kg U 15,300

Total core loading, kg U + Pu 23,818

Total blanket loading, kg U 34,365

Total core plus blanket loading,
kg U + Pu 58,183

i End of life

Core loading, kg U 17,443

Core loading, kg Pu fissile 2999

Core loading, kg Pu total· 4224

Axial blanket loading, kg U 18,236
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Table 1. (Cont'd)

Axial blanket loading, kg Pu fissile 518

Axial blanket loading, kg Pu total 548

Radial blanket loading, kg U 14,837

Radial blanket loading, kg Pu fissile 279

Radial blanket loading, kg Pu total 289

Total core loading, kg U + Pu 21,667

Total axial blanket loading,  kg U + Pu 19,302

Total radial blanket loading, kg U + Pu 15,405
Total blanket loading,  kg U + Pu 34,707

Total core plus blanket loading, kg U + Pu 56,374

Core and Blanket Construction Data

Fuel pin OD, in. 0.280

Fuel pin cladding thickness, in. 0.010

Fuel pin ID, in. 0.260

Core height, in. 34.7

Axial blanket length (each end), in.                             14
Radial blanket pin OD, in. 0.610

Radial blanket pin cladding thickness, in. 0.017

Radial blanket pin ID, in. 0.576
Radial blanket height, in. 35

Number of fuel assemblies 288

Fuel and blanket pin cladding material SS 304

Number of fuel pins per assembly 331

Number of radial blanket pins per assembly                   91

Number of fuel pins per core 95,328

Number of radial blanket pins per core 12,558

Processing Throughput Rates
(per reactor, as metal)

Core kg per process day 22.5

Blanket kg per process day 38.8

-  14 -



3.2.2. Fuel Cycle

Figure l,a schematic diagram of the fuel cycle, shows
the operations included in the integrated on-site facility; these include
reprocessing, waste disposal, conversion, and fabrication.       The   fue 1
cycle for off-site processing is identical except that it includes shipping
operations, and the reprocessing and fabrication operations would be in
separate facilities.  For the case of on-site reprocessing only, the plu-
tonium and uranium nitrate products of the reprocessing plant would be
shipped to the fabrication plant, which includes the conversion operations.
We have not studied the problems and costs associated with shipping the
nitrates as opposed to including the conversion process in the on-site
facilities and shipping the oxide powder.

3.2.3. ANL Ground Rules

For this study we attempted to adhere as closely as possi-
ble to the ground rules specified by ANL for the LMFBR Follow-On
Study. The nature of this particular trade-off study, however, required
that certain costs in the ground rules be modified. For example, in the
case of the method specified for calculating the reprocessing cost, it
was determined that this corresponded to a centralized plant with a ca-
pacity equivalent to about five 1000-MWe reactors of the reference de-
sign. As explained in section 3.5,  it was necessary to develop a method
for estimating reprocessing costs  over a range of reactor throughputs,
for both on- and off-site modes, of from 1000- to 30,000-MWe capacity.
However, we developed the required method so that it agrees with the
ground rules cost on a $ per kilogram basis at the 5000-MWe-capacity
point.

We also expanded on the ground rules by calculating the
fuel cycle costs as a function of additional values of the parameters
specified in the ground rules. For example, we evaluated a plutonium
cost of $20 per gram, in addition to the $10 value specified, and a ship-
ping cost of $54 per kilogram, in addition to the one specified.
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Figure 1. Schematic Diagram, Fast Breeder Reactor
Fuel Cycle
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The ANL Follow-On-Study ground rules that are appli-
cable to this trade-off study are listed below:

"1.  The LMFBR power plant will be an economic central
station, investor-owned, safe, and reliable, based on
technology that can reasonably be assumed to be the
state of the art in 1980. This date is the assumed tar-
get date for sale of the 1000-MWe LMFBR plant.

"2.  The reactor plant will produce 1000 MWe net and will,
as a minimum, meet a utility company's base load sys-
tem demands.

"3.  The reactor fuel cost will be evaluated for the equi-
librium fuel cycle with respect to the isotopic compo-
sition of fuel and fertile material and will need only
fertile material makeup from outside the fuel and blan-
ket cycle.  The fuel cycle cost data are to be applied
as follows:

Fissile Pu value, $/gm                                      10

Interest on core Pu, %/yr                                   10*

Reprocessing plant Pu criticality limit,
90 Of 235U limit 67*

Reprocessing plant charge *:

(including turnaround), $/day 30,000

Shipping cost, core and axial
blanket, $/kg 20

Shipping cost, radial blanket, $/kg                        10

Fabrication cost Adjusted for design

Fuel fabrication charge,
% book value                                            10

Nitrate conversion to feed material Adjusted for design

Fabrication losses
(included in Pu credit), %                                       1

Reprocessing losses
(included in Pu credit), %                                       1

Reactor plant availability factor 100% less downtime
for refueling

Reactor capacity factor 90% of plant
availability"

*
Although a 12 to 13% rate on the plutonium interest and fuel fabrica-
tion charges would be more realistic at this time, we adhered to the
10% value because the ground rules were intended to provide a com-
mon reference point to permit the comparison of reactors and their

fue 1   c yc le s .
**

Not used in this trade-off study.
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3. 3. Determination of Trade-Off Points

3.3.1. On-Site Reprocessing and Fabrication

The trade-off points between on- and off-site reprocess-

ing and fabrication were determined by plotting fuel cycle costs for the

two modes as a function of the various parameters considered in this

study; the points of intersection, i.e., where the fuel costs were equal,
constituted the trade-off points.   For the cases in which we compared
integrated on-site reprocessing and fabrication with separate, off-site

reprocessing and fabrication facilities, this procedure resulted  in   Fig -
ures 2, 3, 4, and 5, in which the on-site fuel cycle costs are plotted
against the electrical capacity of LMFBRs at one site, and the off-site
fuel costs are shown as horizontal lines. The on-site costs in each fig-
ure are plotted in three curves-one based on the reference method of

calculating fabrication and reprocessing costs, one representing 80% of
the reference custs, and one for 50% of the reference costs.

We have not attempted to study separate reductions in
either fabrication or reprocessing costs.  That is, the 80% curve repre-
sents a reduction of 20% in the combined fabrication-reprocessing cost

as determined by the reference methods of calculation for each part of
the operation. The total reduction could therefore result from either

the reprocessing part or the fabrication part, or in both steps. However,
the fabrication portion of the cost is considerably higher than the repro-

cessing portion (about 3 to 1), and the reduction would necessarily de-
pend heavily on savings in the fabrication part of the operation.

The fuel cycle costs for reactors using centralized or off-

site processing are shown by horizontal lines on these figures, since

they are obviously not a function of the on-site reactor capacity; however,
they are dependent on other variables.  Thus, in each figure there are
four horizontal lines representing the off-site fuel costs based on four

different combinations of economic parameters.  One set of two lines is

based on the "ground rules" shipping costs ($20 per kilogram of core
and axial blanket and $10 per kilogram of radial blanket) as specified by
ANL for the LMFBR Follow-On Study; one of these two lines is further

based on a 4-month storage period for the spent fuel before shipping,
and one is based on a 12-month storage period. The other set of two
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horizontal lines refers to an average spent fuel shipping cost of $54 per
kilogram for core and blanket; this figure is derived from the results of
another trade-off study completed in the Follow-On Study.2 Again, at
this shipping cost, there is one line for a 4-month storage period and
one for a 12-month storage period.

Hence, on each of the figures, twelve trade-off points are
determined. For example, from Figure 2 we see that if on-site, inte-

grated reprocessing and fabrication facilities can achieve unit costs that

are 80% of those computed by the "reference" methods, then a 4000-
MWe reactor complex will achieve total fuel cycle costs that are equiva-
lent to those for reactors using centralized facilities, when the fuel is

stored for 4 months and the shipping cost averages $54 per kilogram.
The additional economic parameters upon which these curves are based

are also indicated on each figure: the plutonium value and the size of
the off-site reprocessing plant  and the fabrication plant. For example,
Figure 2 is based on a plutonium value of $10 per gram of fissile isotope
and a 15-reactor (or 15,000 MWe) centralized plant design capacity.
Figure 3 uses a plutonium value of $20 per gram and a 15,000-MWe ca-
pacity. Figures 4 and 5 are based on a 30,000-MWe centralized design
capacity, the former using $10 per gram for plutonium and the latter

$20 per gram.
The trade-off points obtained from Figures 2,  3, 4, and

5 have been arranged in Tables 2 through 5. Referring to Table 2, for
example, we read that when centralized facilities are designed for
15,000 MWe, and based on ground rules shipping costs, a plutonium

value of $10 per gram and a 12-month storage period, 3800 MWe of re-
actor capacity on-site, with integrated reprocessing and fabrication fa-
cilities having processing costs equal to 80% of those computed by the
"reference" method, would yield fuel cycle costs equal to those for the
reactors using the off-site facilities.

The trade-off points from Tables 2 through 5 were then

plotted in Figures 13 through 20, which are discussed in the Results
section of this report (section 4).

Tables 6a and 6b list a breakdown of the fuel cycle costs
for the reactors using off-site reprocessing and fabrication. Table 7
lists two representative sets of fuel costs for on-site reprocessing and
fabrication.

- 19 -



Figure 2. Fuel Cycle Costs for On- and Off-Site Reprocessing
and Fabrication, Based on $10/gm Plutonium and
15,000 MWe Off-Site Processing Capacity
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Figure 3. Fuel Cycle Costs for On- and Off-Site Reprocessing
and Fabrication, Based  on $20/gm Plutonium  and
15,000 MWe Off-Site Processing Capacity
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Figure 4. Fuel Cycle Costs for On- and Off-Site Reprocessing
and Fabrication, Based on $10/gm Plutonium and
30,000 MWe Off-Site Processing Capacity
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Figure 5. Fuel Cycle Costs for On- and Off-Site Reprocessing
and Fabrication, Based on $20/gm Plutonium and
30,000 MWe Off-Site Processing Capacity
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Table 2. Trade-Off Points - MWe Capacity at One Site, Based on
Ground Rule Shipping Costs and 15,000-MWe Centralized
Processing Capacity

On-site reactor capacity, MWe

$10/gm Pu . $20/gm Pu
Spent fuel post-irradiation
cooling period, mos                  4        12       4        12

Based on reference processing
costs 8600 6100 8000 4800

Based on 80% of reference
processing costs 5500 3800 5500 3400

Based on 50% of reference
processing costs 2500 1800 3100 2100

Table 3. Trade-Off Points - MWe Capacity at One Site, Based on
$54/kg Shipping Costs and 15,000-MWe Centralized
Processing Capacity

On-site reactor capacity, MWe

$10/gm Pu $20/gm PuSpent fuel post-irradiation
cooling period, mos                  4        12       4        12

Based on reference processing
Costs 6300 4700 6200 3900

Based on 80% of reference
processing costs 4000 3000 4300 2800

Based on 50% of reference
processing costs 1900 1500 2600 1750
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Table 4. Trade-Off Points - MWe Capacity at One Site, Based on
Ground Rule Shipping Costs and 30,000-MWe Centralized
Processing Capacity

On-site reactor capacity, MWe

$10/gm Pu $20/gm Pu
Spent fuel cooling
period, nnos               4          12          4          12

Based on reference
Costs >20,000 10,800 >15,000 7,100

Based on 80% of
reference costs 11,400 6,500 11,000 4,900

Based on 50% of
reference costs 4,300 2,900 4,800 2,800

Table 5. Trade-Off Points - MWe Capacity at One Site, Based on
$54/kg Shipping Costs and 30,000-MWe Centralized

Processing Capacity

On-site reactor capacity, MWe

Spent fuel cooling $10/gm Pu $20/gm Pu

period, nnos              4         12        4         12

Based on reference
Costs 11,200 7,300 11,500 5,600

Based on 80% of
reference costs 6,800 4,700 7,300 3,900

Based on 50% of
reference costs 3,000 2,200 3,700 2,300
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Table 6a. Fuel Cycle Costs Based on Off-Site Reprocessing
and Fabrication (15,000-MWe Plant Capacity)

Economic Parameters

Pu value, $/gm fissile             10           10          10           10 20 20 20 20

Storage time, mos                4          4         12          12          4          4         12          12
(a)              (b) GR 54 GR 54Shipping cost, $ GR                    54 GR 54

Centralized plant capacity,MWe X 103                          15           15           15           15           15           15           15           15

Fuel cost, mill/kwhr

Fuel Cost Components

N                 Fabrication cost 0.341 0.341 0.341 0.341 0.341 0.341 0.341 0.341
0\

0.0963Reprocessing cost 0.0963 0.0963 0.0963 0.0963 0.0963 0.0963 0.0963

Fabrication working
capital cost 0.0639 0.0639 0.0639 0.0639 0.0639 0.0639 0.0639 0.0639

Reprocessing working
capital cost (0.0296) (0.0296) (0.0361) (0.0361) (0.0296) (0.0296) (0.0361) (0.0361)

Pu outpile inventory 0.1483 0.1483 0.2490 0.2490 0.2966 0.2966 0.4980 0.4980

Pu inpile inventory 0.4295 0.4295 0.4295 0.4295 0.8590 0.8590 0.8590 0.8590

Pu credit (0.382) (0.382) (0.382) (0.382) (0.764) (0.764) (0.764) (0.764)

Shipping cost 0.038 0.1202 0.038 0.1202 0.038 0.1202 0.038 0.1202

Total 0.705 0.7876 0.799 0.882 0.901 0.9834 1.096 1.178

(a)GR: ground rules cost.
(b)

$54/kg average.
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Table 6b. Fuel Cycle Costs Based on Off-Site Reprocessing
and Fabrication (30,000-MWe Plant Capacity)

Economic Parameters

Pu value, $/gm fissile            10          10          10          10 20 20 20 20

Storage time, mos                4          4         12         12          4          4         12         12

Shipping cost 'GR(a) 54(b) GR 54 GR 54 GR 54

Centralized plant capacity,
MWe X 103                           15           30           30           30           30           30           30           30

Fuel cost, mill/kwhr

Fuel Cost Components

3
Fabrication cost 0.2603 0.2603 0.2603 0.2603 0.2603 0.2603 0.2603 0.2603

Reprocessing cost 0.0639 0.0639 0.0639 0.0639 0.0639 0.0639 0.0639 0.0639

Fabrication working
capital cost 0.0489 0.0489 0.0489 0.0489 0.0489 0.0489 0.0489 0.0489

Reprocessing working
capital cost (0.0221) (0.0221) (0.0289) (0.0289) (0.0221) (0.0221) (0.0289) (0.0289)

Pu outpile inventory 0.1295 0.1295 0.2302 0.2302 0.2590 0.2590 0.4604 0.4604

Pu inpile inventory 0.4295 0.4295 0.4295 0.4295 0.8590 0.8590 0.8590 0.8590

Pu credit (0.382) (0.382) (0.382) (0.382) (0.764) (0.764) (0.764) (0.764)

Shipping cost 0.038 0.1202 0.038 0.1202 0.038 0.1202 0.038 0.1202

Total 0.5660 0.6503 0.6599 0.7442 0.743 0.8272 0.9376 1.022

(a)GR: ground rules cost.
(b) $54/kg average.



Table 7. Fuel Cycle Costs Based on On-Site Reprocessing and
Fabrication, mills/kwhr

Based on $10/gm plutonium and reference processing costs

Reactor capacity, Fabr. Repr. Pu inv. Pu  inv. , PU
MWe Fabrication Reprocessing WCCC(a) WCCC(b) op(C) Ip(d) credit Total

1000 0.705 0.388 0.150 (0.1018) 0.478 0.4295 (0.382) 1.667

2000 0.577 0.280 0.123 (0.0735) 0.280 0.4295 (0.382) 1.234

3000 0.510 0.222 0.1085 (0.0601) 0.2056 0.4295 (0.382) 1.035

4000 0.470 0.199 0.100 (0.0524) 0.120 0.4295 (0.382) 0.935

5000 0.442 0.177 0.094 (0.0466) 0.153 0.4295 (0.382) 0.867

' 8000 0.345 0.145 0.091 (0.040) 0.133 0.4295 (0.382) 0.772

N
00 Based on $10/gm plutonium and 50% of reference processing costs

1000 0.352 0.194 0.075 (0.0509) 0.478 0.4295 (0.382) 1.096

2000 0.289 0.140 0.062 (0.0368) 0.280 0.4295 (0.382) 0.781

3000 0.255 0.111 0.054 (0.0300) 0.206 0.4295 (0.382) 0.643

4000 0.235 0.099 0.050 (0.0262) 0.170 0.4295 (0.382) 0.576

5000 0.221 0.089 0.047 (0.0233) 0.153 0.4295 (0.382) 0.534

8000 0.173 0.073 0.046 (0.020) 0.133 0.4295 (0.382) 0.451

(a)Fabrication working capital carrying charge.
(b)Reprocessing working capital carrying charge.
(C)Plutonium inventory, outpile. -                                                                                                                       -                                                                                                ..

(d)Plutonium inventory, inpile.



3.3.2. On-Site Reprocessing With Off-Site Fabrication

In the case of on-site reprocessing combined with off-

site fabrication in centralized facilities, we did not study as many com-
binations of economic variables as we did for the case of on-site repro-

cessing and fabrication. The on-site reprocessing-only case eliminates

the cost of shipping irradiated fuel assemblies and takes advantage of
the low fabrication costs that can be achieved in high-throughput central-

ized plants.  It does, however, eliminate the potential of reducing both
fabrication and reprocessing costs by integrating both processes in a
single continuous process.  It is possible that greater savings can be ef-
fected by using the high-capacity fabrication plants than by integrating
the facilities on-site.

In this comparison, therefore, the fabrication costs of

the two alternatives are equal, and the trade-off hinges on offsetting-
in the case of off-site reprocessing plus fabrication-the combination of

spent fuel shipping cost, inventory charges during storage, and lower

processing costs, with the absence of shipping, possibly shorter cooling
periods, and the higher reprocessing costs in the on-site reprocessing-
only mode.

In performing these calculations, we were faced with the

question of on-site inventory costs when only reprocessing is accom-

plished on-site.  In the case of combined on-site fabrication and repro-
cessing, the fuel never leaves the site, except for the excess bred pluto-

nium, which is sold as it is recovered.  In the reprocessing-only case,
we did not want to assign a single reprocessing plant holdup time, since
the inventory charge has a greater bearing on the trade-off points than

ithas inthe studies referred to in section 3.3.1; a single value oran

arbitrary one would mask the problem of determining the sensitivity or
importance of this parameter. We would have preferred to choose, or
at least investigate, an optimum combination of throughput and inventory
cost at each reactor complex size. Obviously, a higher throughput plant
would reduce the in-process holdup time and therefore the inventory cost,

since the fuel is assumed to be sold by the utility upon completion of re-

processing and only purchased again when needed for fabrication.  How-

ever, our reference reprocessing costs, although a function of through-
put, are based on operating the plant on a continuous basis (260 processing
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days per year), and we did not have available a method of adjusting
these figures when a particular plant operated at less than this design

capacity, which would be the case for a throughput larger than the one
that satisfied the refueling cycle.

Consequently, we decided to use the on-site inventory

time as a parameter. We first determined the fuel cycle costs for a

range of on-site reactor capacities as a function of the on-site reprocess-

ing holdup time. Figure 6 illustrates the case based on $10 per gram
plutonium and a 4-month cooling period before on-site reprocessing.
Next, the trade-off points were determined by plotting the fuel cycle

costs for three typical reprocessing holdup times taken from Figure 6

(2, 6, and 12 months); these are the three curved lines shown in Figure

7.  In this figure, the off-site fuel costs are also plotted (as horizontal

lines); four typical off-site cases are shown, as was done in the previous

analysis:  for the ground rules shipping cost with 4- and 12-month cool-

ing periods; and for a $54 per kilogram shipping cost at the same two

cooling periods.

Trade-off points based  on a  $20 per gram plutonium value,

with all the other parameters the same as previously mentioned, were
obtained as shown in Figure 8.  The next step was to plot the trade-off

points obtained from these two figures to determine the relationship of

on-site holdup time to the other variables. Thus Figures 21 and 22 were

obtained; they are described in section 4.

3.4.  Fabrication Cost

Since fabrication costs were not established by ANL in the Follow-

On Study ground rules, we decided to utilize the fabrication-cost estimat-

ing capability of the Oak Ridge National Laboratory, where for several

years a computer code has provided fuel fabrication cost estimates for

a variety of reactor types and fuels.  This code has also provided the

basic fabrication cost data to the Fuel Recycle Task Force of the AEC.
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Figure 6. Fuel Cycle Cost for On-Site Reprocessing With
Off-Site Fabrication, Based on $10/gm Plutonium
and Reference Processing Costs
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Figure 7. Fuel Cycle Costs for On-Site Reprocessing With
Off-Site Fabrication and for Off-Site Reprocessing
and Fabrication, Based on $10/gm Plutonium,
15,000 MWe Off-Site Processing Capacity, and
Reference Fabrication and Reprocessing Costs
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Figure 8. Fuel Cycle Costs for On-Site Reprocessing WithOff-Site Fabrication and for Off-Site Reprocessing
and Fabrication, Based on $20/gm Plutonium,
15,000 MWe Off-Site Processing Capacity, and
Reference Fabrication and Reprocessing Costs
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The ORNL code takes specific fuel pin, fuel assembly, and over-
all core design data and characteristics and computes unit fabrication
costs  for this particular design over a range of production throughputs.
In other words, a unit fabrication cost is computed for a fabrication
plant that is designed specifically to produce that type of fuel assembly
and that has a specified production capacity or throughput.  The com-
puted fabrication cost covers all operations, starting with the fuel feed

material (in this case uranium and plutonium oxide powders) and ending

with completed fuel elements or assemblies.  The cost for preparing
the feed material is not included in the ORNL code and was calculated

separately, as described below. The reference fuel is vibratory com-

pacted mixed oxide, and the feed material received at the fabrication

plant is assumed to be high-density sol-gel oxide particles.

The fabrication cost incorporates the following assumptions:  A
capital charge rate of 30% per year is used on depreciating capital.  The
plant operates 260 days per year with an average reject rate of 5%.  All
materials other than the nuclear fuel (such as the tubing,  end caps,  fuel

rod spacers, fuel cans, end fittings, springs, etc. ) are included in the

cost.  For this type of fuel, it was assumed that all phases of the fabri-
cation process for the fuel assemblies was accomplished with remote

handling because of the shielding requirements of the fuel. The radial

blanket assemblies are handled as for PWR plants today. The fabrica-

tion plant produces both the core assemblies and the radial blanket as-

semblies; the respective production lines are sized in accordance with

the production capacity specified.
We approached ORNL in March 1967, when the LMFBR Follow-On

Study was in the early stages of its work and parametric studies and al-

ternate designs were being investigated in order to arrive at a reference
design. We needed a tool with which we could produce in-house fabrica-

tion cost estimates for a variety of fuel and core designs.  All the de-

signs under consideration varied only in certain geometric details but

were similar with respect to the use of urania-plutonia as the core ma-

terial, depleted urania as the axial and radial blanket material, and vi-
bratory compaction as the means of loading the tubes.  All the designs
used SS 316 as the cladding, and all used the same type of fuel and blan-
ket assembly construction. The basic variables were the fuel and blanket
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rod diameters and the lengths of the fuel and the axial and radial blan-
kets.

Our approach, therefore, was to submit a series of cases to

ORNL, with each case representing a different design with respect to
the diameter and length variables cited above, but sufficient cases were

selected so that the resultant costs could be correlated with the varia-

bles selected.  We also submitted preliminary design drawings of the

fuel pin and fuel assembly, so thai ORNL could include the appropriate

materials, hardware, and construction features in the computer pro-
gram input as required.

Nineteen core cases and 12 blanket cases were submitted , and

ORNL generated a set of unit costs for each of the 31 cases.  Each set

of costs was a tabulation of the unit cost as a function of production

throughput,  i. e., there was a distinct unit cost for plants designed for
discrete capacities. The cases submitted and the corresponding cost

data generated by ORNL are listed in Table 8.  In this table there is a

series of unit costs in $/kg for the core and a series for the blanket;

these unit costs, for four typical production throughputs, were obtained

from the ORNL computer printouts.
We then set about to correlate these data into a computer code of

our own so that we could generate our own fabrication costs for any val-
ues of the selected variables of our choosing. We correlated the ORNL

cost data in a manner patterned after ORNL's,  i. e.,  the core cost was

made a function of the core rod ID, the core length, and the axial blan-

ket length; and the unit blanket cost was made a function of the radial

blanket rod ID and length.  Both core and blanket costs were also made

a function of production throughput.
Our code was written to generate the same two types of unit costs

as the ORNL code and to combine them into a total fabrication cost in
the same manner as that of ORNL. The total core-blanket fabrication

cost is thus obtained by multiplying the unit core cost generated by the

code by the kilograms of core (as metal); then the unit blanket cost gen-

erated by the code is multiplied by the kilograms of material (as metal)

in the axial and radial blankets. The sum of these two costs is the total

fabrication cost for the combined core and blanket.
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Table 8. Fabrication Cost Data

Core pin Corefuel Axial blanket $/kg axial/radial blanket -$/kg core -
Radial blanket Radial blanket Blanket

Case ID, length, length, Core rods per
production rate, kg/day

pin ID. length, rods per production rate, kg per day
No. in. in. in. aseembly 200 500 1000 2500 in. in. assembly 350 800 2000 600

21       0.168         20             12 631 658 538 478 410 0.260              28 300 98.3 79.2 50.8 39.8
24        .198         20             12 469 522 409 365 318 .360              28 169 57.8 37.2 24.9 16.1
27       .243        20            12 331 395 305 265 228 .460                         28 108 47.3 30.2 19.2 12.6
30 .268 20            12 271 349 266 228 195 .560              28              75 35.8 22.1 13.2 8.1
37 .318 20            12 217 280 208 178 150 .560              28              75 35.8 22.1 13.2 8.1
22       .168        30            12 631 498 403 355 314 .260              38 300 11.9 84.0 64.5 50.8
25        .198         30             12 469 396 314 272 235 .360              38 169 76.0 50.8 36.1 27.0

. 28 .243        30            12 331 317 232 198 165 .460             38 108 62.9 41.5 28.1 21.1
31 .268        30            12 271 278 204 171 144 .560              38              75 52.1 32.8 21.9 15.1W 38        .318         30             12 217 225 161 135 111 .560              38              75 52.1 32.8 21.9 15.13

,
23 .168 42            12 631 402 318 278 247 .260             50            300 • 12.2 89.3 69.8 54.8

I

26 .198 42            12 469 322 249 212 183 .360              50 169 80.1 52.2 39.8 29.429 .243 42            12 331 255 188 158 132 .460             50 108 68.0 45.8 31.2 23.0
32 .268 42            12 271 232 169 142 118 .560              50              75 55.8 36.9 24.9 17.4
39 .318 42            12 217 188 132 109      88          .560              50              75 55.8 36.9 24.9 17.433        .168         20 24 631 709 591 531 483 .260             28 300 98.3 79.2 50.8 39.8
34        .198         20            24 469 562 458 403 358 .360              28 169 57.8 37.2 24.9 16.1
35       .243        20            24 331 421 335 293 257 .460                         28 108 47.3 30.2 19.2 12.6
36      0.268         20            24 271 372 291 252 218 0.560 28              75 35.8 22.1 13.2      8.1

Basia .·

Vibratory compacted fuel.
Core cladding thickneas of 0.016 in.
Radial blanket cladding thickness of 0.020 in.
Core gas plenum of 36 in.                                                     -
Radial blanket gas plenum of 6 in.
SS 316 tubing material.



To prepare our fabrication cost code, we developed a surface fit
of the ORNL fabrication cost data as a function of the fuel rod ID and the

production capacity-both at a given active core length and axial blanket

length.  This is done using a standard Company surface-fit code called

SURF, which performs a least-squares fit of the data as a function of
two independent variables. This procedure was repeated first for the

active core length and then for the axial blanket length, one at a time,
until all the data had been surface-fitted. The result is a total of six

surface-fit equations, one for each of the three different active fuel

lengths  at each of the two axial blanket lengths. These equations  are in-

corporated into our fabrication cost code.

The fabrication cost code solves each of the six surface-fit equa-

tions for each of the axial blanket lengths contained in the initial data and
retains the solution.   Next,  the code performs a parabolic fit of the fab-

rication costs obtained from the solutions  of the surface-fit equations;
in this operation fabrication costs are found as a function of the active

(.

fuel length. Using the desired fuel length in each of the parabolic fit

equations, ·the program calculates the fabrication cost that would occur

if the fuel pin had either of the two axial blanket lengths in the initial

data.  Should the fuel pin have some other axial blanket length, the code
fits the fabrication costs from the two known points with a straight line.
The desired fabrication cost is then determined by using the desired

axial blanket length in the straight-line relationship.
The blanket fabrication cost is determined in a manner analogous

to that for the core cost described above, except that only three surface-
fit equations are generated. The three solutions are then correlated into

a single parabolic-fit equation, which is solved for the fabrication cost.

The computer program makes a small modification in the ORNL-based

costs because the ORNL code used a 22% capital charge rate and we
wanted to use 30% as it is more representative of current industrial

practice for plants of this kind.  We were able to make this adjustment
since the ORNL printouts listed the unit fabrication cost broken down
into three components: operating, hardware, and capital costs.   We

made a number of random calculations by increasing the capital cost
component by the ratio of 30 to 22 and then computing new total unit fabri-
cation costs for both the core and blanket. We found that the core unit
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costs increased by about 11% and the blanket costs by about 10%; there-
fore we included these factors in our code.

The costs for converting the uranyl and plutonyl nitrate solution
products of the reprocessing plant to U02 and Pu02 sol-gel fragments
suitable for vibratory compaction were obtained by personal communica-
tion with ORNL personnel as follows:

For  preparation  of the core mixed oxide s

$/kg = 395(p)-0.52

For preparation of the blanket oxide

$/kg = 383 (p)-0.558

where P is the production rate (kg/day).  In both cases, kilograms of
fuel refers to the metal. These correlations were also included in the

computer program.

The total core and blanket fabrication cost, as listed in the fuel
cycle cost breakdowns, is then obtained as the sum of the fabrication
costs derived from the ORNL data plus the conversion costs. The total

core fabrication cost for the reference design (in millions of dollars) is
shown on Figure 9 as a function of the core (without blanket) throughput.

We have extrapolated the ORNL computer code fabrication costs and

the conversion costs to quite low and high throughputs,  i. e.,  for one reac-

tor and for thirty reactors.  It is not known whether these correlations

were meant to be used at such ranges, and some inaccuracy may exist.

However, we required cost correlations that were continuous functions

from the low capacities corresponding to one reactor for the high capa-
cities of 15 and 30 reactors; the ORNL cost correlations accomplish this.

3.5.  Reprocessing Cost

The reprocessing cost data specified by ANL in the Follow-On

Study ground rules were modified in performing this particular trade-

off study. The ground rules specified a reprocessing plant charge (in-

cluding turnaround) of $30,000 per day; in addition, it specified that the
235U  limit.reprocessing plant plutonium criticality limit was 67% of the
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This information indicates that an aqueous reprocessing plant is to be
the basis for costing, and we had therefore adopted the AEC Hypotheti-
cal Reprocessing Plant7 and its throughput rates (using 67% of the data
for the plutonium core) in our routine cost estirnating work in the Follow-
On Study.

However, for this trade-off study, it was necessary to have repro-

cessing costs representative of plants designed for a range of capacities
rather than for the single hypothetical plant. A number of sources in
the literature yielded reprocessing cost data for aqueous systems over

a range of plant capacities and designed to reprocess fast breeder fuel,
but these data showed a rather wide scatter of costs at the same through-
put, as can be seen from Figure 10. However, one source of data was
chosen for this study, since the costs are based on the Nuclear Fuel
Service (NFS) reprocessing plant which is in operation today.  In this

study Nicholson investigated the feasibility and cost of reprocessing fast
reactor fuel in that facility and developed unit reprocessing costs at dif-
ferent throughputs by estimating the cost of modifying the NFS to handle
the higher capacities. 1

Nicholson's data on unit reprocessing cost (in mills per kilowatt-

hour) at specified reactor capacities (in MWe) are tabulated in the first
two columns of Table 9. We converted the mills per kilowatt-hour fig-
ures to $ per kilogram by using Nicholson's average burnup figure of
38,500 MWD per tonne for core and blankets and the 40% electrical effi-
ciency factor. The capacity figures in the table in tonnes per day were
calculated from Nicholson's data by using his figure of 18.9 tonnes per
year as the throughput per reactor and the NFS operating basis of 227
days per year.

Table 9.  Reprocessing Costs

Fast reactor capacity, Unit reprocessing cost, Plant reprocessing costs, Capacity,MWe(a) mill/kwhr(a) tonne/day(b)$/kg(b)

1,000 0.36 133 0.0833
3,000 0.23 85 0.250

10,000 0.11 40.7 0.837
16,700 0.09 33.3 1.39

(a)From reference  1.
(b)Obtained by appropriate conversion factors.
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Figure 9. Reference Core and Blanket Fabrication Cost
Vs Plant Throughput
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Figure   10.     A4ue ous Fast Reactor Reprocessing Costs
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The last two columns  of the table are plotted in Figure  11  and are
identified as ORNL- TM- 1784. However, in order to bring these costs
closer to a consistent basis with the ANL ground rule cost data, this
curve was adjusted so that the ANL ground rule cost would fall on it.
This was done by first calculating the unit reprocessing cost for the
reference core in $ per kilogram in accordance with the ground rules,
and then determining the throughput of the hypothetical plant for the ref-
erence design fuel. This point is also shown in Figure 11.  A new curve
was then drawn through this point and parallel to the Nicholson report
curve and was used as the "reference" reprocessing cost relationship
in this study for cost versus plant capacity. (This adjusted curve is also
shown in Figure 11.)

3.6. Fuel Inventory Charges

3.6.1. Fuel Value

The electrical utility incurs working capital carrying
charges on the value of the fuel throughout the time it owns the material,
i. e., both incore and out-of-pile.  In this study the fuel value is consid-
e red to be the value of the contained fissile plutonium; the value of the
depleted uranium.is low enough to be neglected in these calculations.
Two values of plutonium were used as parameters in the study:  $10 and
$20 per gram of fissile isotope.

3.6.2. Out-of-Pile Inventory - On-Site Processing

Inventory costs for the on-site reprocessing and fabrica-
tion alternative were determined in a somewhat different and more com-
plex manner than those for the off-site case; in both instances simplified
models were used.  In the case of on-site reprocessing and fabrication,
the method of calculation can best be explained by illustrating a typical
example:  the case of a single reactor with its on-site processing facility
is explained below.

For the reference design reactor there is a refueling shut-
down each 1198 calendar days, based on an average annual capacity fac-
tor of 86.3%.  At that time, the entire core and the blanket are removed
and replaced with fresh fuel and blanket assemblies.  The core and blan-
ket assemblies are stored for 120 days and are then sent to reprocessing
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for recovery of the plutonium and uranium. The excess bred plutonium
is recovered and sold to other reactors; the amount required for the

fresh fuel is refabricated, together with the recovered depleted uranium

(plus a small amount of makeup uranium) for loading into the reactor.

It is assumed that, in addition to the 120-day cooling period, there are
additional holdup and storage periods totaling 45 days.    Thus  the  time
available in a cycle (between reactor refuelings) for reprocessing and
fabrication is 1198 - (120 + 45) or 1033 days; the fraction of the dis-
charged fuel that is processed in a reactor cycle is therefore 1033/1198,
or 0.862. The remaining fraction, 0.138, is held over to the next cycle
for completion of the reprocessing and fabrication operations. These
holdup times, based on data in ANL-7137, are summarized in Table 10.

Figure 12 is a simplified flow chart for the on-site fuel,
showing the duration of the storage and processing periods and the quan-

tities of fuel in each step, expressed as a fraction of the end-of-life

(discharged) or fresh (beginning-of-life) fuel. Again, the figure pertains
to a single reactor. During the reprocessing and fabrication operations,
it is assumed that the excess bred fuel, which is the difference between

the  EOL and BOL quantities, is continuously recovered and  sold.    Thus,
to simplify the calculations, an average quantity is assumed to be in-

process, as indicated in the diagram. The effects of fuel losses are

neglected. As shown by the calculations below the diagram, the average

out-of-pile fraction is determined to be 1.34 times the beginning-of-life

quantity.
In the case for two or more reactors with on-site repro-

cessing and fabrication, it is assumed that the reactor refueling periods
are staggered to provide equal intervals, and that as fuel becomes avail-
able from the reprocessing-fabrication facility, it is loaded into either
one of the reactors at the earliest possible opportunity, rather than re-
cycled to the reactor from which it was discharged. Table  11 lists the

out-of-pile fraction for on-site reprocessing and fabrication of from one
to eight reactors, calculated in accordance with the simplified method
discussed above.
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Table 10. On-Site Reprocessing and Fabrication Fuel
Holdup  Time s

Days

Holdup time for cooling discharged fuel 120

Holdup time in reprocessing                       10
Analysis and batch preparation                       5

Holdup in fabrication                              15

Holdup storage of fabricated fuel at reactor       15

Sum of holdup  time s above 165

Table 11. Out-of-Pile Fraction - On-Site Processing

No. of reactors Out-of-pile fraction
on-site per reactor(a)

1                                      1.34

2                                     0.784

3                                   0.569
4                    0.476

5                                     0.426

8                                     0.364

(a)The outpile inventory is the fraction times the
fresh fuel core loading.
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Figure 11. Reference Reprocessing Cost Vs Plant
Throughput
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Figure 12. Simplified Model for Out-of-Pile Plutonium
Inventory - One Reactor With On-Site
Reprocessing and Fabrication
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3.6.3. Out-of-Pile Inventory - Off-Site Processing

For the off-site reprocessing and fabrication cases, the

out-of-pile inventory cost was calculated on the following basis:

1.  Two alternate values of spent fuel cooling were used

as parameters:  120 days and 1 year.

2.  Spent fuel shipping plus holdup at the reprocessing

plant requires two months.

3.  Reprocessing time was determined by dividing the

cycle time of 1198 calendar days by the reprocessing plant design ca-

pacity, expressed as the number of 1000-MWe reactors. Two sizes of

reprocessing plants were considered in the study: those for 15 and 30

reactors.  For the first, the reprocessing time is 2.65 months, and for

the second case it is 1.33 months.

4. Upon completion of reprocessing, the utility sells the

entire lot of plutonium recovered; it purchases the amount it requires

for a fresh fuel loading only when fabrication begins.

5.  The spent fuel inventory period is therefore 8.65

months after reactor discharge in the case of a 15-reactor-capacity re-

processing plant, and 7.33 months for a 30-reactor-capacity plant.

6.  Fresh fuel fabrication time is calculated in the same

manner as reprocessing time; a fabrication plant handling 15 reactors

requires 2.65 months,  and one handling 30 reactors requires 1.33 months.

7.  Shipping the fresh fuel to the fabrication plant and

from the plant to the reactor site is assumed to require an additional 20

days.

8.  The entire fresh fuel reactor loading is assumed to be

in storage at the reactor site for 30 days before refueling begins.

3.6.4. In-Pile Inventory

The in-pile inventory cost, which is the same for both

on- and off-site cases, is based on the arithmetic average of the initial

and final plutonium loadings in the core and blanket; this quantity times

the cycle time and a charge rate of 10% yields the in-pile inventory

charge per cycle.
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3.7.  Spent Fuel Storage Period

Storage and cooling periods of 4 and 12 months (before shipping
spent fuel assemblies) were used as parameters in cornputing off-site
fuel costs in order to determine the sensitivity of the trade-off points
to this parameter. Commercial reprocessing facilities now require
that spent thermal reactor fuel be stored for a minimum of 150 days
after reactor discharge before reprocessing can begin. This period of
time is dictated by the reprocessing plant to allow for (1) iodine decay
(since the storage capacity and emission rate of iodine by the plant is
limited),   and (2) reduction  of the total  heat and radioactivity  of  the   fue 1
to prevent the destruction of the solvents and to permit adequate cooling
of the reprocessing solutions. The 4-month cooling time (the additional
30 days is taken up in shipment and. storage time at the reprocessing
plant) has therefore become a standard for thermal reactor fuel cycle
cost evaluation work and is commonly used for breeder reactors.  How-
ever, there has been concern about the feasibility of shipping fast breeder
fuel after only 4 months of cooling, due to the high power density of the
fuel, the close-packed lattice of the fuel rods in an assembly, and the
shipping regulations which required the assumption that any coolant could
be lost in an accident. These three conditions would make adequate cool-
ing of the fuel in an accident difficult or impossible until about a 12-month
period of storage has elapsed, when the decay heat would be low enough
to make cooling feasible.  The long storage periods are of particular con-
cern since the high monetary value of the fuel would incur excessive work-
ing capital carrying charges.     The high iodine content  of fast breeder  fue 1
may also require long cooling or storage periods.

The requirement for assuming that all coolant is lost from the ship-
ping cask during an accident has recently been deleted from the shipping
regulations. The cooling problem has thus been alleviated, and a one-
year storage period may no longer be necessary. However, it is not
known if the 4-rnonth period that is suitable for water reactor fuel will
be satisfactory for fast reactor fuel, since other constraints may become
operative. For example,  the high fission product activity (at the short
cooling period) may degrade the solvents used in reprocessing operations.
While there are now known methods for adequately treating degraded sol-
vents,  they may be inadequate if the solvent is sufficiently degraded by
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prolonged contact with highly active fast reactor fuel solutions.    In  sum-

mary, there appeared to be sufficient question regarding the storage pe-

riod that may be required to justify investigating this pararneter.

3.8.  Spent Fuel Shipping Cost

Spent fuel shipping costs are of concern for the reasons discussed
in section 3.7. Unit shipping costs for breeder reactor fuel are expected

to be considerably higher than those for thermal reactor fuel (on a per

kilogram basis) because of the limitations on the amount of fuel that can

be carried per cask; this can be attributed to the difficult heat removal

problems and the high concentration of fissile material. An additional

difficulty in shipping may be encountered if breeder fuel consists of

vented pins; the complications of cask design and of handling both at the

reactor and at the reprocessing plant have not been fully explored.
The ANL ground rules for the Follow-On Study specified shipping

costs of $20 per kilogram for the core and axial blanket and $10 per

kilogram for the radial blanket. A recent studyz performed under the

Follow-On Study determined that costs could be as high as $54 per kilo-

gram, averaged over the core and blanket (the ground rule costs amount

to an average of $17 per kilogram for core and blanket). Faced with

this wide difference in cost, we decided to perform the trade-off study

using both sets of values,  in the hope that they would bracket the range

of interest.

The shipment of.fresh fuel is assumed to be of comparatively small

cost and is not included in our fuel cycle costs.
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4. RESULTS

4.1. General

The results of this trade-off study are summarized in a number
of figures which indicate graphically:

1.  The minimum reactor complex size required to make
fuel cycle costs with on-site reprocessing and fabrication equivalent
to those using off-site processing facilities.

2.  The reprocessing and fabrication costs that must be
achieved in integrated on-site reprocessing and fabrication facilities
to produce fuel cycle costs that are competitive with costs using off-
site facilities.

3.  The maximum on-Site fuel inventory period permissible
with on-site reprocessing but off-site fabrication to produce fuel costs
that are competitive with reactors using totally off-site processing
facilities.

The graphical results also indicate the relationship and sensitivity of
the various economic parameters to the trade-off points.

Figures 2 through 5 and Tables 2 through 5 present the minimum
reactor complex size trade-off points referred to in item 1 above.
These figures and tables are included and discussed in section 3 of this
report.

The relationships between the required on-site processing costs
and the size of the reactor complex that are trade-offs with centralized
processing fuel costs, referred to in item 2 above, are shown in Figures
13 through 20 and are discussed in this section of the report.

The on-site inventory period trade-off in the case of on-site re-
processing only, referred to in item 3 above, is shown in Figures 21
and 22. The on-site reactor capacity trade-off points in the comparison
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of this alternative with totally off-site processing fuel costs are shown

in Figures 7 and 8 and discussed in section 3.3.2.

The trends produced in all of the various trade-off relationships

are predictable and can be summarized briefly as follows: On-site

reprocessing and fabrication tends to become more economically com-

petitive with the use of off-site processing facilities when

- there are a large number of reactors at one site and the
on-site facilities have large capacities and therefore low
unit costs;

- longer cooling periods are required before spent fuel can
be shipped to off-site reprocessing plants;

- spent fuel shipping costs are high;
- on-site reprocessing and fabrication costs are consider-

ably lower than the "reference " costs used in this study;
- centralized, off-site facilities have small capacities

and therefore high unit costs.

A more detailed discussion of the trade-off results is presented

in sections 4.2 and 4.3; a summary of the conclusions that can be drawn

from the study is given in section 2, Conclusions and Recommendations.

4.2. On-Site Reprocessing and Fabrication

Figures 13 through 20 summarize the economic trade-off between

on- and off-site reprocessing and fabrication. Each figure is a plot of
the LMFBR capacity at a single site (in MWe), with on-site reprocess-

ing and fabrication, versus the percentage of the "reference" reprocess-

ing and fabrication cost that must be achieved in these on-site process-
ing plants to realize fuel cycle costs equal to (i. e., a trade-off with)
the costs in reactors at separate localities using off-site or centralized

reprocessing and fabrication facilities.  In each figure there are two

curves-one for a 4-month fuel storage peri6d before shipping to off-

site reprocessing, and one for a 12-month storage period.

Other variables are also represented.  Figures 13 and 14 are for

the "ground rules " shipping cost and for centralized processing facilities

designed to handle fifteen 1000-MWe reactors; two values of plutonium

are used-$10 and $20 per gram, as indicated in the figures. Figures
15 and 16 are for a $54 per kilogram average shipping cost for core

and blanket, with the other variables the same as in Figures 13 and 14.
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Figure 13. Trade-Off Relationship Between On- and Off-Site
Reprocessing and Fabrication - % of Reference
Reprocessing and Fabrication Costs Vs On-Site
Reactor Capacity for 4- and 12-Month Storage
Periods Before Shipment of Fuel to Off-Site
Reprocessing
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Figure 14. Trade-Off Relationship Between On- and Off-Site
Reprocessing and Fabrication - % of Reference
Reprocessing and Fabrication Costs Vs On-Site
Reactor Capacity for 4- and 12-Month Storage
Periods Before Shiprnent of Fuel to Off-Site
Reprocessing
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Figure 15. Trade-Off Relationship Between On- and Off-Site
Reprocessing and Fabrication - % of Reference
Reprocessing and Fabrication Costs Vs On-Site
Reactor Capacity for 4- and 12-Month Storage
Periods Before Shipment of Fuel to Off-Site
Reprocessing
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Figure 16. Trade-Off Relationship Between On- and Off-Site

Reprocessing and Fabrication - % of Reference

Reprocessing and Fabrication Costs Vs On-Site
Reactor Capacity for 4- and 12-Month Storage
Periods Before Shipment of Fuel to Off-Site
Reprocessing
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Figures 17 and 18 are for centralized processing plants designed for
thirty 1000-MWe reactors,  for the "ground rules " shipping cost,  and
for  the two values of plutonium mentioned above. Figures  19 and 20

are for the $54 per kilogram shipping cost, with the other parameters
the sanne as in Figures 14 and 15.

These figures can be used to determine the degree to which the

fabrication and reprocessing costs adopted as the "reference "for this

study must be reduced by integrating both processes into a single facil-

ity in order to make on-site processing economical. ·The "reference"
costs are not a single unit fabrication cost or a unit reprocessing cost,
but rather, they refer to the costs computed by the "reference" methods

described in this report-methods which we believe are the most con-

sistent with the ANL ground rules for the LMFBR Follow-On Study (of
which this trade-off study is a part) and which are being used by the
AEC Fuel Recycle Task Force in the evaluation of the national nuclear

economy.

As an example, when we examine Figure 14, we see that if only
a 4-month cooling period is required before shipping fuel to the repro-
cessing plant, an 8000-MWe reactor complex with on-site reprocessing
and fabrication is required (based on using the "reference" fabrication
and reprocessing costs for the on-site facilities) to achieve fuel costs

that can compete with those for reactors shipping fuel to off-site repro-

cessing and fabrication plants that are designed to handle 15,000 MWe
of reactor capacity.  If a reactor capacity of only 3000 MWe is at one
site, the on-site fabrication and reprocessing costs must be 50% of
those calculated by the "reference" method for reprocessing and fabri-
cation facilities designed for that capacity.

The case of a single 1000-MWe reactor with its own on-site repro-

cessing and fabrication facilities may be of particular interest.  The                  1
fraction of the "reference" fabrication and reprocessing costs that must               I

be achieved to make fuel costs competitive with centralized facility                  1
costs is obtained by extrapolating the curves of Figures 13 through 20.
Table 12 lists the results of this extrapolation. As might be expected,
in all cases studied, a drastic reduction in cost must be effected to

achieve a competitive fuel cost.  From the table, we see that the costs

are from 2% to 35% of the "reference" costs.  It is doubtful that such
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a reduction could be achieved merely by combining the two operations
into an integrated facility.

We may take a different viewpoint, however, in assessing the

percentage of "reference" fabrication and reprocessing cost as a param-

eter. In sections 3.4  and   3.5  of this reportare given the actual value s

of the "reference" fabrication and reprocessing costs as well as an

explanation of their derivation or source. These costs are expressed,

in the case of fabrication, as millions of dollars to fabricate the entire

core and blanket of the reference design as a function of the fabrication

plant design throughput.  For the reprocessing cost, it is expressed as

$ per kilogram versus the design throughput.    Thus,  in our trade-off

studies,  a 50% reduction in  cost at a particular throughput, for example,

can be viewed as a target to be achieved by any means,  i. e.,  by a change

in the process itself (as for example, using fluoride volatility or pyro-

chemical reprocessing instead of aqueous), or by taking the position

that the "reference" costs for the processes they represent are either

too optimistic or too pessimistic, or, by integrating the two processes

into a continuous process in a single facility.

4.3. On-Site Reprocessing Only

The results of the trade-off between on-site reprocessing only

with off-site fabrication in centralized, large scale facilities, and totally

off-site reprocessing and fabrication are shown graphically in Figures

21 and 22. In these figures the on-site reactor complex size (with on-

site reprocessing) is plotted against the post-irradiation period of stor-

age plus the reprocessing time for the on-site reprocessing mode.  Fig-

ure 21 is based on a $10 per gram plutonium value, and Figure 22 is

based on $20 per gram. Both figures plot the relationship between re-

actor capacity and on-site time as a function of two shipping costs for

irradiated fuel assemblies and two typical cooling periods before such
shipment is permitted. Both figures are also based on centralized pro-

cessing plants of 15,000 MWe capacity.
These two figures indicate the sensitivity of the on-site storage

and reprocessing time to the size of the economic reactor complex.

For example, in Figure 21 we see that a relatively small increase in

on-site time greatly affects the size of the reactor complex required
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to be competitive with the case where fuel assemblies can be shipped
after only 4 months. The effect on required complex size is much less
when a 12-month storage period is required.

Viewing the curves in Figure 21 differently, we see that if fuel
can be reprocessed on-site after 6 rnonths (including both storage and
in-process time), and if a 12-month period is required for off-site

shipment, plus a $54 per kilogram shipping cost, then a single 1000-
MWe reactor with on-site reprocessing would be economical.  Even at

the more optimistic conditions of a 4-month preshipping time plus the
lower ground rule shipping costs, only 4600 MWe in a reactor complex
is required to be competitive, again based on a 6-month total, post-

irradiation, on-site inventory period.
The use of these figures as well as the figures on which they are

based (Figures 7 and 8) depends on the assumption that the "reference"

reprocessing costs used in the calculations are valid over a range of
on-site total inventory periods. This matter is discussed in section

3.3.2.

Table 12. Trade-Off of Single 1000-MWe Reactor
With On-Site Reprocessing and Fabrication

$10/grn fissile Pu value

Cooling period, mos                        4                           12

Shipping cost Ground rules $54/kg Ground rules 554/kg

Off-site capacity -
No. of reactors                 15    30       15    30      15    30       15    30

0-n of reference fabrication
& reprocessing cost(a)           22     18       27    28       30    26       35     32

$20/gm fissile Pu value

Cooling period, mos                         4                            12

Shipping cost Grori,id rules $54/kg Ground rules 554/ke

Off-site capacity -
No. of reactors                15    30      15    30      15    30      15    30

·r., of reference fabrication
& reprocessing cost(a) 18 2 11    20      18    10      21    20

(a)                                                                              'Percent of reference reprocessing and fabrication cost required to achier·e
competitive fuel costs with centralized processing. Values are obtained by
extrapolation of Figures 13 throueh 20 and are, therefore, approximate.
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Figure 17. Trade-Off Relationship Between On- and Off-Site
Reprocessing and Fabrication - % of Reference
Reprocessing and Fabrication Costs Vs On-Site
Reactor Capacity for 4- and 12-Month Storage
Periods Before Shipment of Fuel to Off-Site
Reprocessing
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Figure 18. Trade-Off Relationship Between On- and Off-Site
Reprocessing and Fabrication - % of Reference
Reprocessing and Fabrication Costs Vs On-Site
Reactor Capacity for 4- and 12-Month Storage
Periods Before Shipment of Fuel to Off-Site
Reprocessing
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Figure 19. Trade-Off Relatioi ship Between On- and Off-Site
Reprocessing and Fabrication - % of Reference
Reprocessing and Fabrication Costs Vs On-Site
Reactor Capacity for 4- and 12-Month Storage
Periods Before Shipment of Fuel to Off-Site
Reprocessing
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Figure 20. Trade-Off Relationship Between On- and Off-Site
Reprocessing and Fabrication - % of Reference
Reprocessing and Fabrication Costs Vs On-Site
Reactor Capacity for 4- and 12-Month Storage
Periods Before Shipment of Fuel to Off-Site
Reprocessing
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Figure 21. Trade-Off Relationship Between On-Site Repro-
cessing With Off-Site Fabrication - Months of
On-Site Storage Plus Reprocessing Vs On-Site
Reactor Capacity for 4- and 12-Month Storage
Periods Before Shipment of Fuel to Off-Site
Reprocessing and for Ground Rules and $54/kg
Shipping Costs

20

18-                   /

5 16     /       /f             ti
0                          12 mos            0k 14- /  Storage     ,/
00M i AL  -+   12v  
4-                        1      4.nos
6  10 -                      Storage&           i# 8 1

(/)

00         1/ Ground Rules
6-

1 1
Shipping Cost.

$54/kg8

     4                                               Shipping Cost
Basis:  $10/grn Pu, 15,000 MWe
off-site processing capacity

2-   
 

0 l i l i Ill
0          2          4          6          8          10         12

Thousands of MWe On-Site

-  63  -



Figure 22. Trade-Off Relationship Between On-Site Repro-
cessing With Off-Site Fabrication and Off-Site
Reprocessing and Fabrication - Months of On-
Site Storage Periods Before Shipment of Fuel
to Off-Site Reprocessing and for Ground Rules
and $54/kg Shipping Costs
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1. INTRODUCTION

The solution of many technical problems is required for the devel-
opment of a successful LMFBR. The LMFBR Program Plan outlines an

approacD to these problems; 1 included are detailed studies of pot- and

loop-type reactor vessels and various refueling methods. The conclu-

sions may not be clear cut, since many facets of plant design are in-
volved in both studies. Safety factors will probably be the primary con-
sideration inthe final analysis, but economics, performance, ease of

maintenance, and customer preference will also influence the design
choice.

1. 1.  Purpose

This trade-off study was conducted to assess, on a conceptual

basis, the relative merits of different plant arrangements and refueling
schemes and to make a preliminary choice of the most desirable com-

bination of plant arrangement and refueling method. To accomplish this

aim, the two trade-offs described below, which are specified in B&W's
Follow-On Study contract, were combined into one study.

1.  A single primary tank versus a system having
primary sodium pumps and IHXs placed ex-
ternal to the core.

2.  An open cell versus an under-the-plug refuel-
ing system.

A through-the-plug refueling system was also studied, so that the over-

all objective-to study all of the possible combinations of arrangement
and refueling method-would be rnet. The investigation was thorough
enough to establish the safety, performance, maintenance, economic,
and development requirements of the system selected. Many possible
combinations of features were studied to narrow the field of candidate

systems, and all the features examined cannot be presented in detail.
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The final selection of features for detailed study, however, included both

plant arrangements and three refueling systems.
Efforts in the study of refueling systems have been concentrated

largely on refueling, handling, and storage of new and spent fuel assem-

blies and their movement into and out of the reactor containment struc-

ture. Fuel reprocessing and waste disposal have received limited atten-

tion.

Efforts in the study of plant arrangement have been concentrated

on systems and components that differ from one arrangement to another.

These changes and their effects on plant cost and maintenance were stud-

ied, and any design features that could be used without change in either

arrangement with little  or no penalty were retained. For example,  tan-
dem pump-IHX units are shown in each arrangement, even though the
B&W conceptual design was changed to separated units. Because this

study had already begun before that decision was final, and because our

appraisal showed that possible penalties for the two arrangements were

roughly equal, the tandem pump-IHX concept was retained for this work.

Each concept is described in considerable detail to minimize the

need for reference to other documents. Descriptions and drawings of
each plant layout are included, as are descriptions and sketches of the

major components. Each concept is repre sented by time studies and

cost estimates, which are used, along with an examination of the safety,

performance, and maintenance factors, in a final evaluation to select

the best combination of plant arrangement and refueling method for the
LMFBR.

1.2.  Summary

All of the arrangement-refueling combinations indicated by the ob-

jectives in section 1.1 of this report have been studied. The results of

our Task I efforts and the four major combinations studied formed the

basis for the work reported herein. The plant designs were perturbed

by varying the refueling schernes. The major objective, toreduce the

number of candidate combinations, was accomplished by discarding the
less-favorable schemes on the basis of comparison; that is, the spread-

out arrangement with through-the-plug refueling (SOTP) was selected

over the same arrangement with under-the-plug refueling (SOUP) on the
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basis of design complexity, estimated reactor vessel cost, and estimated

R&D requirements.
Based on this preliminary work, the following four arrangement-

refueling combinations were selected for detailed trade-off study:

1.  Pot arrangement with under-the-plug refuel-
ing (PUP).

2.  Pot arrangement with hot cell refueling (PHC).
3. Spread-out arrangement with through-the-plug

refueling (SOTP).
4. Spread-out arrangement with hot cell refueling

(SOHC).

Although this selection was somewhat arbitrary, it utilized the best in-

formation available and covered the intended scope-both plant arrange-

ments and all of the refueling methods.

As shown in Figure 1, the next stages of the study involved (1) com-

paring the two-pot arrangements to determine the best refueling method

for this layout and (2) comparing the two-loop (spread-out) arrangements

to determine the best refueling method for this type of plant. These two

"optimum" combinations were then evaluated and compared to select the

most desirable reactor system.
Since refueling downtime contributes to overall plant economics,

detailed time estimates for refueling were prepared. The plant arrange-

ment and the type of refueling will cause variations in plant equipment;

hence, e ffects will be felt in both plant capital cost and the performance

and maintenance of the components. Therefore, differential costs were

estimated, and performance and maintenance were assessed. These  fac -

tors were given major emphasis in the study.

The results of the evaluations indicated that the pot arrangement

with under-the-plug refueling is the prime candidate for use in the LMFBR

system.

1.3. System Requirements

The overall function required of the reactor plant is to provide eco-

nornical electric power, and therefore the systems within the complex
must perform economically. Each systern and each component therein

must also have stringent requirements for safety, reliability, and main-

tenance,  so that the overall plant requirements can be met.
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Figure 1. Reactor System Selection Diagram
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The study of the plant arrangement-refueling combinations re-

quires consideration of almost all the plant systems and, hence, almost
all of the detailed requirements. The major systems in the LMFBR are
listed below.

1. Reactor vessel system.
2.  Reactor core system.
3. Reactivity control system.
4. Reactor coolant system.
5. Reactor support systems (refueling).
6. Safety system.

The specific requirements of these individual systems are many,

especially where interfaces between systems are considered. Further

complications in defining the requirements of this study are proposed

component designs that are either completely new or not fully developed.
Therefore,  for the purposes of this study, the following requirements
were defined, and each arrangement-refueling combination candidate

will be evaluated for its compliance to the requirements.

1.  Vented fuel assemblies are assumed.

2.  The rate of decay heat generation from a spent fuel as-
sembly is based on an average exposure of 100,000
MWd/T.

3.  A minimum decay storage time at the reactor site is
planned.

4.  The transfer of radioactive sodium will be minimized.

5.  The removal of components to permit refueling will be
rninimized, e. g., reactivity control drives.

6.  Although they are not hecessarily detailed, the evalua-
tion of refueling components will give due consideration
to push-pull capability, force-limiting ability, instru-
mentation, and the capacity for handling more than one
fuel assembly.

7.  All components, although (again) not in detail, should be
evaluated on the basis of such factors as reliability and
the requirements for cooling, maintenance, and inspec-
tion.

8.  All components will be designed and fabricated in accor-
dance with the requirements of Section III of the ASME
Code (Nuclear Vessels) or other applicable specifications.

9.  All components that become an integral part of the reac-
tor cover structure will be designed to meet the require-
ments set forth for that structure.  (Note that the inter-
nal surfaces of the hot cell structure and the fuel trans-
fer machine become a part of the reactor vessel when
the plugs are removed. )
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2. CONCLUSIONS

The trade-off study shows that the pot arrangement with under-the-

plug refueling is the most desirable design for the LMFBR system.  The
next best design is the compact spread-out arrangement with through-
the-plug refueling.  From this evaluation, no strong economic or per-
formance incentive was observed that would justify the use of hot cell

refueling with either a pot or spread-out arrangement.

Even though the  pot with under-the -plug refueling has the largest
reactor vessel, it has a greater concentration of primary equipment
closer to the reactor center line and, hence, a considerably smaller
reactor building.  As a result, the capital costs for this system are
lower than those for the compact spread-out arrangement with through-
the-plug refueling.  The pot arrangement with under-the-plug refueling
requires much less refueling downtime than do the other plants studied

in this trade-off. A savings of 36% is realized over the spread-out ar-

rangement with through-the-plug refueling.

During refueling  of the pot-under-the-plug arrangement,   the   fue 1
assemblies being transferred remain cbmpletely immersed in the circu-

lating sodium pool; this provides greater assurance against the loss of
coolant during spent fuel transfer.  In the pool concept, all of the pri-

mary sodium is contained in the reactor vessel instead of being dis-

persed in many separate vessels and associated piping. Hence, the

possibility of a leak in the primary system is greatly reduced, and plant

safety and reliability are enhanced.  This also reduces the leak-tightness

requirements for piping, IHXs, and other equipment, since a leak only
means slightly lower efficiency and not a breach of primary system
boundaries. The large sodium pool is also more capable of reducing
some thermal shocks that might arise, and this leads to longer service
life for the primary system components.
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3.     DISCUSSION

3. 1. Introduction

Inperforming a trade-off study of this type, one of the first ques-

tions to arise is how broad the study can be and still produce meaningful

results. A number of basic plant arrangements and refueling methods

are possible. In addition, many variations to, and combinations of, the

basic plant arrangements and refueling methods expand the number of

plant concepts that are possible.
During the Task I effort of this contract, four arrangement-refuel-

ing combinations were investigated: 2

Concept I  - Pot arrangement with through-the-
plug refueling.

Concept II - Compact spread-out arrangement
with hot cell refueling.

Concept III - Spread-out arrangement with hot
cell refueling.

Concept IV - Pot arrangement with under-the-
plug refueling.

These combinations were selected as stated in section 3. 1, reference 2.

The concepts covered all of the rnajor types of refueling but not all

of the arrangement-refueling combinations that required evaluation for

a satisfactory trade-off. The study did indicate a strong incentive to use

under-the-plug instead of through-the-plug refueling, and in-pot instead

of out-of-pot storage in conjunction with the pot arrangement.  It also
indicated an incentive to utilize the compact spread-out arrangement in-

stead of the conventional spread-out arrangement and an out-of-pot stor-

age for the spread-out plant.

In outlining this trade-off, it was felt that the Task I effort was

useful, but that a three-step approach was necessary to obtain a more

comprehensive evaluation:
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1.  Determine the best refueling method for the
pot arrangement.

2.  Determine the best refueling method for the
compact spread-out arrangement.

3.    Compare and evaluate these two "optimum"
cornbinations to select the most desirable
reactor systern.

Using the information from Task I and the contract requirements
for the trade-offs (see section 1. 1), the four reactor systems that formed
the basis for this trade-off evolved:

1.  Pot arrangement, in-pot fuel storage, under-
the-plug refueling.

2.   Pot arrangement, in-pot fuel storage, hot
cell refueling.

3. Compact spread-out arrangement, out-of-
pot fuel storage, through-the-plug refueling.

4. Compact spread-out arrangement, out-of-
pot fuel storage, hot cell refueling.

Each of these combinations is described briefly in subsequent sections.

3. 2. Ground Rules

In an effort to reduce the variables between the four plants studied,
facilities and equipment were selected on the basis of the following ground
rules:

1. Direct visual observation of equipment or operations in
sodium is impossible. Periscopes, TV cameras, shielded windows, or
mirrors will be used wherever they can provide a checking function on
machine or mechanism rnovements and operations outside the pool.

2.  Because the fuel assemblies and the primary sodium are

always radioactive, direct contact with the fuel assemblies is impossible.
Thus, remote handling techniques are mandatory,  and all the handling
equipment and methods selected are for semiautomatic operation.  The
operator must supply the intelligence by initiating all instructions, but
he must be constantly supplied with information through interlock cir-

cuits that indicate progress and next-step data.  He must be constantly
protected by preventive control, which will preclude his initiating the
wrong operation.
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3.  Mechanisms to operate in sodium, especially in sodium
vapor, must be held to a minimum. Because the accuracy and reliability
of moving parts can be affected by this environment, it was decided to
eliminate all such mechanisms, if possible. Where it is impossible or
impractical to eliminate mechanisms,  it was further decided that such
assemblies should be designed for removal  from the environment  whe n
they are not in use,  and that the sodium-wetted subassemblies should be
designed for easy replacement or cleaning and maintenance.  This ap-
proach also produced a desirable advantage by limiting the radiation ex-
posure to these mechanisms.

4.  All core assernblies (fuel, control rod, blanket, and neu-
tron shield assemblies and special elements) that must be transferred
into, out of, or within the reactor vesselhave shapes, sizes, and handling
weights that are compatible with the handling equipment used for fuel as-
semblies. Identical pickup adapters are assumed for this study.  The
safety problem is recognized, and the final design will probably provide
for different pickup adapters.

5.  The core size remains constant for all the pot and spread-
out arrangements considered in this study.

6.  All core assemblies are hexagonal in cross section.  For
this reason, it was considered desirable to maintain their orientation by
positive means during all phases of handling.

7.  The core outlet coolant temperature must be lowered to
about 800 F for under-the-plug and through-the-plug refueling to allow
sufficient AT to convectively cool a fuel assernbly that is being trans-
ferred without exceeding its upper design temperature. The temperature
must be down to about 400 F for hot cell refueling in order to reduce the
amount of sodium vapor available for deposition on the walls and equip-
ment of the hot cell during a refueling cycle (see sections 4.2 and 4.3

for justification).

8.  Cooling the fuel assemblies to remove the decay heat
generated internally after a long core exposure was considered to be a

major problem for.the handling equipment. If possible, the assembly
should always be submerged in sodium coolant.  This can be done by
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in-reactor storage or by designing the handling machine to carry along

a volume of sodium. The se machines must have sufficient and reliable
cooling systems to permit the completion of a handling procedure.

9.  Decay heat storage facilities for approximately one-third

of the fuel assemblies of a full core are considered a minimum require-

ment. These storage facilities are in the reactor primary sodium pool

for the pot arrangements and outside the pool for the spread-out arrange-
ments.  The fuel assembly support within the storage cell and the access

ports to the cell should duplicate those for the core, if possible.  Be-

cause of the relatively high rate of decay-heat generation from an irra-
diated fuel assembly, storage in cooled circulating sodium was consid-

ered to be mandatory. The storage time for highly irradiated fuel was

to be about 3 months. Methods of handling ruptured fuel elements or

leakers must be considered.

10.  Nuclear and process instrumentation will not be consid-

ered a major influence in this study. The degree of development re-

quired and all related costs of such equipment will be assumed equal for

every plant arrangement-refueling method combination.

11. The most compact arrangement for each plant is to be

strived for.

3.3. System Description - Pot Arrangement With
Under-the-Plug Refueling

3.3.  1. Plant Layout

The primary system for this plant is an integral-pot ar-

rangement with an under-the-plug refueling scheme.  In this system the

entire primary system is submerged in a pool of sodium contained in the

reactor vessel. Refueling is accomplished remotely and completely un-

der sodium without removing the reactor vessel cover structure.  This

results in a compact arrangement that allows all of the equipment to be

serviced by the main overhead rotary crane. Figures 2 and 3 show this

arrangement, and Appendix A lists the major equipment and facilities.

The reactor vessel is located at the geometric center of

the reactor building and is surrounded by biological shielding.  The cen-

ter section of the reactor vessel houses the core vessel, which comprises
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the fuel and blanket assemblies, core internals, holddown units, neu-
tron shield assemblies, tension support members, grid plate, and melt-
down pan.  In the annulus between the core vessel and the reactor ves-
sel are the six tandem pump-IHX assemblies, cold traps, and two ro-
tating fuel storage racks. The tandem pump-IHXs are radially arranged
from the center of the core in two groups of three assemblies.  The pri-
mary pumps are in the cold leg of the primary pipework, and the pump
motors are above the top surface of the reactor vessel.

The top of the reactor vessel is sealed by an 8-foot-thick
cover structure, and rotating plugs (of the same thickness) over the top
of the core vessel form an integral part of the cover structure.  The

plugs are supported on bearings to facilitate indexing.
The reactor building has several floors which house the

various reactor components. The upper floor is called the operating
floor. Equipment in the vicinity of the reactor is assembled below this

level wherever possible. The pump-IHX units are spaced so that a main-
tenance valve box can be placed over them to permit the removal of a

single unit for repairs.

Secondary sodium enters and leaves the IHX through its
upper portion, and this pipework runs southward to the steam generating
building. Once clear  of the reactor pressure vessel, the sodium  pipe s
are contained in concentric ducts above the operating floor.

Primary equipment storage pits in the houth section of

the reactor building are provided for the partial decay of elements and
for minor repair work. These storage areas are within reach of the

main overhead rotary crane, which has a capacity of about 200 tons and
is used as the transfer vehicle.

An equipment entrance door is provided at the east end
of the reactor building. A penetration door and a blast door ensure the

integrity of the reactor building during normal op'e ration. The reactor

is always in a fully shut down condition before the equipment door is

opened.

The personnel airlock at the west end of the reactor build-
ing has a double set of hydraulically or pneumatically operated steel

doors that are gas-sealed to ensure the integrity of the reactor building.
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Emergency air cooling equipment in both the east and
west areas of the operating floor level supplies cooling air to the dome

through ducts.

3.3.2. Reactor Vessel

The reactor vessel contemplated at this time is cylindri-
cal and has an ellipsoidal bottom head and a flat top head. The vessel

contains the primary sodium in which the core, the pump-IHX assern-

blies, the decay heat spent fuel storage drums,  and all other internals

are immersed.

The top reactor cover structure contains shielding ma-
terial and three rotating refueling plugs. The structure supports the
reactor vessel, core vessel, pump-IHX assemblies, control rod drives,

and fuel handling and purifying equipment.

3.3.3. Reactivity Control

There are approximately 25 mechanically driven, top-

mounted control rods, all of which are mounted on the rotating plugs.
The overall height of each unit is approximately 15 feet above the top

of the rotating plug. Although the drive actuator shafts penetrate the

reactor cover structure, a disconnect is provided to permit the actuator

shaft to remain in its sealed linear bushing. A lifting device, such as
an eye  bolt, is provided on each unit. The approximate weight of each
unit is 3500 pounds. This system is not described in detail, since all

the components in the under-the-plug refueling system are also used in

the hot cell refueling systern.

3.3.4. Reactor Shielding

Thermal, neutron, and biological shielding is provided

to protect plant personnel and equipment during normal reactor opera-

tion. The shielding system also protects plant personnel and the gen-
eral public from the results of all credible accidents. Since most of

the shielding components are used without change in both the under-the-

plug and hot cell refueling systems, they are not described in detail.
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3.3.5. Reactor Auxiliary Systems

The functions of the auxiliary systems associated with the

pot arrangement with under-the-plug refueling are described briefly be-
low.

1.  NaK Service System - This system purifies primary
and intermediate sodium and removes waste heat from the cold traps,
the fuel storage pits, and the components that require direct interchange
of heat from a sodium stream to a NaK strearn.

2.  Decay Heat Removal System - This system removes

decay heat from the core during a planned shutdown or a scram condi-

tion.

3. Preheat System - This system heats to 300 F all of

the tanks, pipes, heat exchangers, and the like that contain sodium.

4.  Inert Gas System - The inert gas system supplies

cover gas to the primary and secondary sodium systems and supplies
the gas for various purge operations. The cleanup portion of the sys-

tem purifies part of the gas for recirculation.  Gas that cannot be cleaned

is routed to the waste gas disposal system.

5. Sampling System - The sampling system extracts

specimens of all heat transfer media, cover gas, and plant effluents in

order to quantitatively determine the constituents foreign to the fluid in
question.

6. Reactor Building Heating and Cooling System - This
system maintains the temperature in the reactor building at not more
than 120 F during normal operation and not less than 60 F during shut-
down.

7. Waste Disposal Facility - The waste disposal system

processes liquid, solid, and gaseous wastes for removal from the plant
site.

3.3.6. Fuel Handling System

The fuel handling system for this concept requires opera-
tions in three major areas: the reactor, the reactor building, and the
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paragraphs.

fuel transfer tube. To perform the necessary functions, six major
pieces of equipment are required: the reactor building crane,  the  ro-
tating shield plugs  in the reactor cover structure, the refueling mech-
anism, the rotating fuel storage racks inthe reactor vessel, the large,
shielded cask-type fuel transfer machine,   and  the fuel transfer  tube.
Some of these components are described in more detail in subsequent

Refueling is accomplished under the plug by a refueling
mechanism mounted on the inner rotating plug. Fuel assemblies are
transferred (under sodium) from the core to either of two rotating stor-

age racks outside the core vessel in the sodium pool of the reactor ves-

sel.  A shielded cask-type fuel transfer machine moves the decayed as-
semblies from the storage rack through the shielded cover structure to

an area outside the reactor building. Figures 2 and 3 illustrate the re-
actor system as it applies to fuel handling.

Sodium coolant is used in the reactor and in the fuel de-

cay storage racks. Because the sodium is opaque and thus precludes
visual observation, and because both the sodium and the fuel assemblies
are highly radioactive, complete remote handling has been selected.
Automated procedures are used wherever practical, economical, and
reliable. The spent fuel assemblies are submerged in sodium during
the prime handling operation and until the internal decay heating rate
has been reduced to a point where alternate cooling can be safely ac-
complished.

The design of the overall fuel handling system utilizes
conventional hardware and proven methods wherever possible.  Lead-
in chamfers are provided for all make-and-break connections, and all
access port adapters are standardized to lirnit the handling procedures.

Semiautomatic methods are used for all fuel handling pro-
cedures. The operator must supply the intelligence by initiating instruc-

tions.  He is constantly supplied with information through interlock cir-
cuits which indicate progress and next-step data.  He must initiate the

operation, however, and preventive control precludes his initiating the

wrong operation. Visual observations of rotating plug motions are pos-
sible, since the reactor building is accessible during normal running
and refueling periods.
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The prime function of the fuel handling equipment is to
remove a spent fuel assembly from the reactor core and install a new

assembly in its place. The equipment, however, must be capable of

handling all assemblies that are to be loaded into the reactor grid sup-

port.  Figure 4 is a diagram of the fuel handling operations, which are

as follows:

1. Replace spent fuel assemblies in the reactor
core with new fuel assemblies.

2.  Shuffle fuel assemblies in the core from one
position to another.

3. Move spent assemblies into the storage rack,
and pick up new assemblies from the rack.

4. Move spent assemblies out of the reactor
building to a cleanup, disassembly, packag-
ing, or shipment station.

5. Replace spent blanket assemblies with new
blanket assemblies.

6.  Move new fuel and blanket assemblies into
the reactor building and into the storage
racks in preparation for core loading.

7.  Remove and replace spent regulating control
or special assemblies in the reactor core
and move the assemblies out of the reactor
building.

8.  Handle and install the refueling mechanisms
and regulating control rod actuating mech-
anisms in the reactor closure plugs.

All of these functions must be performed with maximum

safety and reliability. The prime function of fuel replacement is ac-

complished with the reactor in the off-load condition and must be com-

pleted as quickly as possible to minimize reactor downtime.  Each step
of each function has sufficient cooling, instrumentation, and backup sys-
tems to prevent damage or propagation of damage.

Item 7 above covers the handling, removal, and replace-
ment of control or miscellaneous assemblies that may be inserted in the

core. These assemblies are designed with lifting adapters identical to

those of the fuel assemblies, and the size, length, and configuration of
these assemblies are compatible  with the equipment described  for  fue 1

handling.    The same handling machines, tools, storage,  and exit and

entrance are used.
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Since the reactor is an integral or pot-type system, spent
fuel assembly storage space is provided directly adjacent to the core
vessel but within the large, sodium-filled reactor pot.  The key index-

ing or "finding" operation of the system is accomplished by rotating
shield plugs which are mounted on bearings and are completely sealed
to their respective containments. Rotation is by a gear drive, and in-
dexing is programmed to automate the procedure. An additional visual
check of the exact scribed--markings on the plug faces is proposed to
ensure complete safety during subsequent handling. No adjustment of
the sodium coolant level is required in this concept. A refueling mech-
anism in the smaller rotating shield plug accomplishes the prime refuel-
ing function. In combination with rotation of the shield plugs,  this mech-
anism transfers elements back and forth between the reactor core and the

storage racks, keeping the active fuel section fully immersed in the so-
dium coolant at all times. Secondary handling functions are accomplished
by a large, shielded, cask-type transfer machine. This machine is
cooled with inert gas and provides access for the installation and re-
moval of all reactor components that must pass through the reactor
Closure (shield) plugs. The transfer machine also transfers assemblies
into and out of the reactor building through the fuel transfer tube.

The fuel handling scheme does not require extensive prep-
aration for refueling. After a shutdown period of about 3 hours, the reg-
ulating rod drive extensions are disconnected and raised to the "up" posi-
tion, the refueling mechanisms are installed into the shield plug access
ports,  and the rotating plugs are unbolted and seated on their bearings.
The system is especially adaptable to partial refueling or fuel shuffling
programs in which only a relatively few assemblies are to be handled.

3.3.6.1. Refueling Mechanism

The prime handling function is the movement

of fuel assemblies and other core components between the reactor core
and the two storage racks. This procedure is accomplished completely
under the large reactor cover structure by using the rotating shield plugs
and a refueling mechanism. The mechanism is assembled through an
access port in the smaller rotating plug after the reactor has been shut
down and cooled to refueling conditions.
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Two identical refueling mechanisms are proposed
in this concept. The spare mechanism permits maximum flexibility and

the greatest reliability. The mechanism itself is mounted on bearings

within the port and allows for orientation of the hexagonal fuel assemblies

with the guide tubes and grapple tool.
The refueling mechanism (see Figure 5) uses

standard commercial components, where possible, assembled to provide
maximum safety and reliability of operation. The assembly consists of

a stepped housing which fits and is sealed to the access opening; a grapple
tool drive system, Which is essentially located within the upper section of

the housing; the grapple tool, which is suspended inside the lower hous -
ing section on a cable; the grapple tool drive motor mounted above the

housing at floor level; a housing drive system mounted on the reactor

cover structure; and shield plug sections mounted within the housing.

The mechanism's housing is an all-welded,

stainless-steel structure which is stepped from 14 to 11 inches in diam-

eter just below the operating floor level to seat on bearings, and is then

stepped again about 6 feet below this level into a hexagonal shape 7.5
inches across the flats. The hexagonal section guides the grapple tool.

The overall length of the housing is 20 feet, and in the installed position

it extends 12 feet below the reactor shield plug. A machined bearing

surface under the top housing shoulder seats on commercial bearings

mounted in the access port. Double 0-ring seals are fitted on the out-

side of the 11-inch-diameter section below this shoulder to protect the

bearings and to maintain the reactor environment. The bearings can be

replaced or maintained with the operating shield plug assembled in the

port opening. Before each scheduled use of the mechanism, the 0-rings

will be replaced on the housing while the machine is in the nonoperating

storage position.
The top of the mechanism's housing is fitted

with a 24-inch-thick shield plug section which also has double 0-ring

seals.  This plug seats on the top step within the housing, and from it

is suspended the grapple tool drive systern. This system consists of a

6-inch-diameter grooved drum (on which a hoist cable and a gas hose

are wound) and a pulley arrangement (which accomplishes level winding
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and direction of the cable and hose down the center of the lower hexag-

onal housing tube).    The  drum is mounted just under the  top plug,  and
the shaft extends upward through seals to engage with the drive motor

assembled on top of the plug. This motor is a variable-speed electrical

unit having a gear reduction unit and an electrically actuated clutch and

brake which are designed to be failsafe. The pulley arrangement adja-
cent to the drum is mounted on a ball-screw shaft and is geared to the

drum shaft.  Thus, the system is synchronized to level-wind both the

hose and cable simultaneously at opposite ends of the drum. A lower

shield plug section, 24 inches thick, is also suspended from the top
plug.  This plug is shaped to fit the lower transition section of the hous-
ing; in this position it protects the drum and pulley area from the bot-
tom. The shield has no gas seals, but provides a close mechanical fit

to prevent sodium vapor from entering the drum area.

The grapple tool is suspended from the hoist

cable described above.  This tool is hexagonal to guide within the hexag-

onal housing tube.  The main section of the tool, about 84 inches long,

provides continuous guidance as the tool traverses the space between

the fixed tube and the core structure.  The top of the tool is terminated

in a cable attachment fixture. The bottom of the hexagonal tube is welded

to an adapter section which reduces the size to about 3.5 inches across

the flats. This section is split to form six individual grapple fingers
which are machined with a hook shape (Figure 6) on the inside for posi-
tive latching with the fuel assembly. Two distinct operations are re-

quired to unlatch the fingers, and accidental unlatching is impossible as

long as the weight of the fuel assembly is on the fingers.
Machined on the inside of the fingers is a

tapered surface which acts as the fulcrum against which an actuating
piston works  to open the fingers. The actuating piston is positioned

just above the tapered surface of the fingers on the end of an argon-
actuated cylinder. The cylinder is mounted on a fixed platform inside

the tube and is completely sealed from the environment. A rigid gas
line is routed up the tube to a position adjacent to the cable attachment,
where the flexible gas hose is attached.

The drive motor for the refueling mechanism

housing is on the reactor cover structure. This constant-speed geared
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motor provides rotation of the complete mechanism within the access

port at one revolution per minute. The motor's beveled pinion gear

drives against a mating ring gear mounted on the top surface of the

mechanism. The motor is manually assembled after the refueling mech-

anism has been installed into the access port.  The top surface of the

mechanism is scribed with position markings that orient with similar

scribings around the port. Accurate positioning is accomplished by

visually aligning these markings; therefore, the drive becomes indepen-

dent, and no precision gearing or instrumentation is provided.

Service lines to the refueling mechanism enter

at the operating floor level. These consist of electrical leads for the

two drive motors and for instrumentation and two argon gas lines.   One

gas line is connected through a fixed, stepped tube in the plug to the flex-

ible gas line on the drum. Similarly, a second line feeds directly into

the mechanism's housing.  This gas volume pressurizes the housing to

force sodium down out of the tube as the grapple tool is lowered into

the reactor. This keeps the cable and gas hose from collecting sodium,
which could cause complications when the cable and hose are wound on

the drum.
The complete refueling mechanism is designed

for easy maintenance. The internal mechanism can be replaced as a

unit while located in its nonoperating storage position, or, after a clean-

ing operation, it can be repaired for reuse. The drive motors are top-

mounted and can be repaired or replaced even in their operating position.

Failure of the hoist cable, by snarling or breaking, is considered highly

unlikely if proper servicing and checkout are used. Likewise, gas hose

failure is considered unlikely in this design, although such a failure

could result in a difficult maintenance problem if a spent fuel assembly

were locked within the grapple fingers.  In this situation, the fingers

could not release the assembly and, although this  is a  "safe " condition,

reactor operation would be held up until the condition could be cleared.

Current plans are to use the large shielded fuel transfer machine to re-

move the entire mechanism and element.

3.3.6.2. Fuel Storage Racks

Two fuel storage racks are located inside the

reactor vessel (or pot) as shown in the sectional view of the reactor
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building (Figure 3). The racks provide intermediate storage for both
new and spent fuel assemblies. New assemblies are loaded into the

racks during reactor operation and are transferred into the core during
the refueling procedure. After reactor shutdown, spent assemblies are
placed in the racks immediately after their removal from the core and

are held there for about three months. This storage period allows the                      I
radiation and internal heating rates to decay to levels that are tolerable
for the next handling procedure. The spent assemblies can be removed

from the racks during reactor operation. The operation and location of

the storage racks within the large reactor coolant pool permits refueling
without removing fuel assemblies from the sodium.

The complete rack assembly is supported from
the reactor cover structure by a 10-inch-diameter center shaft welded
directly to the rack base structure. The storage tubes are fastened to
the  shaft near their top by a web structure.    The  tops  of the  rack tube s
are located 17 feet below the underside of the reactor cover structure.

A structure, built upward from the core vessel's support structure,
does not support the racks but provides a center guide bearing at the
bottom center of the rack. This bearing is a noncritical, loose-tolerance

fluid type which simply prevents extreme motions.

The storage rack drive system is flush with the

operating floor level and is fastened directly to the reactor cover struc-

ture. This consists of a housing which seals to the plug and provides the

secondary gas seal. The drive unit is a commercial, constant-speed,
a-c electric motor that drives the rotor shaft through a gear reduction

systern at a speed of 1/4 revolution per minute. The motor drive shaft

acts through a shaft coupling, seals, and a slip clutch. Instrumentation
for rotor positioning is taken directly from the rotor shaft, which elimi-

nates in-reactor vessel instrumentation.

3.3.6.3. Fuel Transfer Machine

The fuel transfer machine (Figure 7) is a large,
shielded, cask-type mechanism which installs and removes all reactor
components that must pass through the reactor cover structure.  (This
does not include the primary sodium pumps  or heat exchangers. )   The
machine is handled by the large reactor containment crane, which lifts
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or lowers the machine vertically and moves it laterally between various

stations.

The main component of the machine is a stain-

less-steel pressure vessel approximately 39.5 feet high. This vessel

has an elliptical cross section approximately 4 feet by 2 feet.  It is
closed on the bottom by a gas valve and is completely surrounded by
thermal insulation and cast iron shielding material. The shield is 23

inches thick on the lower 19 feet and is tapered to about 6 inches thick

at the top. The shielding provides man-access to the immediate area

during all handling operations. All penetrations and externally mounted

equipment are equally shielded to protect against the maximum radiation

doses.

The bottom gas valve provides a full 18-inch

access opening and has a tapered adapter, a locking device, and seals.

This permits positive sealing and locking when the machine is on the

port valve box. Electrical interlocks are provided between the locking

device, the valves, and the crane drives to prevent accidental rnove-

ment of the crane while the valves are open and to prevent the valves

frorn opening if they are not locked properly.
The machine access port valve box is a manu-

ally installed adapter assembly which is sealed and bolted to any of the
access openings where a gas seal with the transfer machine is required.

This assembly is equipped with an 18-inch valve similar to the machine

bottom valve;  it has an adapter surface for mating with the machine.

The assembly is a heavy-walled structure designed to support the full

weight of the transfer machine, and its height of 2 feet provides protec-
tion to mechanisms, such as the refueling mechanism, that protrude
above the loading face level. Three of these boxes are required-one
for location at each end of a planned handling procedure.  They are
equipped for connection to gas purging lines and to the electrical service
line for operating the valve.

In the top of the shielded pressure vessel is a

9-inch-diameter gas valve through which a grapple hook is connected to

a cable drive unit; the drive and hoist unit is mounted on and sealed to

this upper valve.  This gas valve is only used to seal the pressure ves-

sel in the event that the grapple hook drive has to be removed for ser-
vicing. The hoist unit has a horizontally mounted winding drum which
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is automatically traversed to ensure that the cable is always directly
above the center guide tube. The hoist unit has a dual-speed control,
giving 5 ft/min for slow handling operations and 60 ft/min for inter-
mediate handling. An overload clutch is provided to prevent damage to
elements where binding may occur. A failsafe electrical brake is pro-
vided on the drum shaft to prevent accidental rotation. A hand-wind
crank can be fitted to the reduction gearbox to complete hoisting if a
motor or power failure occurs.

The elliptical internal shape of the pressure
vessel (Figure 8) allows for two holding positions-one to either side of
the bottom valve opening.  Each of these positions is fitted with a bot-
tom holddown and support fixture capable of accepting all the components

to be handled.  One of these base positions is fitted with the argon gas
cooling-heating outlet nozzle. This position is for fuel assembly holding
and for handling other core components. The alternate position is  for
support of the access port shield plug when components are handled

through that port.
The grapple tool (and the component being

handled) is moved between the center lift position and the two holding
positions by a lateral displacement mechanism in the upper portion of
the machine. Two independent hydraulic cylinders operate a shaped
displacement tool to move the grapple from the exact center to an exact

displaced position. The operation is programmed for the procedure in-
volved, and interlocks prevent the operation of more than one unit.  The
complete driving mechanisms for this system are mounted outside the
machine vessel on sealed access plates to eliminate vapor and tempera-
ture complications and to allow for maintenance and replacement.

An argon-gas heat exchanger systern is fitted

directly to the machine. The system heats new fiie 1 assemblies before
they are installed in the rotating fuel storage rack, and cools spent fuel
assemblies that are removed. The outlet nozzle is routed into the hold-
ing position for these assemblies in order to direct the flow up through
the assembly.

The complete internals of the transfer ma-
chine are stainless steel, which protects against sodium vapor and high
temperature as required. To prevent malfunctions, the number of
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mechanisrns are minimized and tolerances are generous. The overall
machine measures about  45  feet  from the seating  face  to the crane  hook,
and the overall handling weight is about 200 tons. Lifting points are
provided above the center of gravity of the machine,  and a strongback
and lateral supports to a single lifting grab facilitate lifting operations.

3.3.6.4.  Fuel Transfer Tube

This tube permits transfer of fuel assemblies

and other core components from the reactor building to the adjacent

fuel cleanup cell.   One tube is used for all operations; it has a gas valve

at the reactor operating floor level and another valve at the roof level
in the discharge area directly below.

The transfer tube is formed by a 10-inch-diam-
eter, stainless-steel tube permanently installed in the concrete structure.

The tube terminates at both ends with a gas valve to form a gas-tight
seal. In combination with the valves, this tube forms an integral cell

arrangement and maintains complete separation of the reactor contain-

ment and the discharge area as long as either valve is closed.

The tube is within the range of the reactor

building handling crane. A valve box, identical to the one used on the

reactor access ports, is sealed to the floor level face for connection                 1

with the fuel transfer machine. The lower end of the tube is designed
with an adapter to connect with the discharge area handling equipment.

3.4. System Description - Pot Arrangement
With Hot Cell Refueling

3.4.1. Plant Layout

The primary system is an "integral pot" arrangement
with a hot cell refueling scheme. The general arrangement of the plant
equipment within the reactor building is essentially the same as that for
the under-the-plug refueling scheme (see Figures 9 and 10).  This de-
scription will cover only the differences between the features associated
with the hot cell and the under-the-plug refueling schemes. Appendix A
lists the major equipment and facilities.

A hot cell that eliminates the rotating plugs of the under-
the-plug refueling scheme is built directly over the core to effect a hot
cell refueling system for a pot. The cylindrical cell has fuel transfer
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isles protruding north and south at the operating floor level.  It is 83

feet high and 38 feet in diameter and has 4-foot-thick concrete shielding
walls. The total length of the fuel transfer isles, including the circular
section, is 89 feet. The inside of the cell is steel lined and insulated to

ensure that it will not leak and to protect the concrete shielding from so-
dium vapor and heat.

The core vessel is directly beneath the hot cell and is

covered by a removable plug approximately 8 feet thick. The removable

plug is mounted in the reactor vessel cover structure, which is also 8

feet  thick.

The hot cell is refueled by a fuel handling machine mounted

on a jib crane in the cell. After the core vessel cover plug is removed,

fuel assemblies are transferred (under sodium) from the core to either

of two rotating storage racks outside the core vessel in the sodium pool
of the reactor vessel. A secondary gas-cooled fuel handling machine
moves the fuel assemblies from the storage racks through the reactor

vessel cover structure to the discharge area via the hot cell.

3.4. 2. Reactor Vessel

The vessel for the hot cell refueling scheme is approxi-

mately 10 feet larger in diameter than the vessel for the under-the-plug

refueling scherne. To accornmodate the hot cell walls, the primary

pumps and IHXs must be moved outward, thereby increasing the diameter.

3.4.3. Reactivity Control

The reactivity controls for the hot cell are similar to

those used for the nonhot cell. The major differences are (1) all dis-
connects and lifting lugs are designed for remote manipulation, and (2)
all external surfaces of the actuator will operate in an inert atmosphere
that may contain sodium vapor.

3.4.4. Reactor Shielding

The shielding for the under-the-plug refueling system is
essentially the same as that for the hot cell refueling system.  An addi-

tional 4 feet of concrete shielding is required around the hot cell.

-  24 -



3.4.5. Reactor Auxiliary Systems

The choice of a refueling scheme does not materially af-
fect the NaK service system, the decay heat removal system,  or the
preheat system. Other auxiliary systems are affected as follows:

1.  Inert Gas System - For hot cell refueling, the initial

charge of inert gas is increased by an amount equal to the volume of the
hot cell. To minimize the contamination of the inert gas contained in the
hot cell during the refueling operations, the capacity of the cleanup por-
tion of the inert gas system will have to be increased to clean up the
cover gas before the reactor vessel is opened.

2. Sampling System - The hot cell refueling scheme re-

quire s additional monitoring equipment for sampling the atmosphere  of
the hot cell.

3. Reactor Building Heating and Cooling System - This
system is rated to maintain the reactor building temperature between
60 and 120 F during normal shutdown and operation. Emergency power
is available to keep the system operational when the plant is shut down.
The reactor building heating and cooling system appears to be essentially

independent of the method of refueling. However, additional heating is

required in the hot cell to facilitate the fuel handling operation.

4. Waste Disposal Systern - The waste disposal system
processes liquid, solid, and gaseous wastes for removal from the plant
site.  The hot cell refueling scheme has a disadvantage in the gaseous
waste area. The capacity of the decay storage tanks will have to be

increased sufficiently to accept the waste gas associated with the cleanup
of the hot cell atmosphere.

3.4.6. Fuel Handling System

The fuel handling system for this concept requires opera-
tions in three major areas: the reactor, the hot cell, and the fuel trans-
fer tube. To perform the necessary functions, five major pieces of
equipment are required:   the hot cell polar crane,  the fuel handling ma-
chine, the rotating fuel storage racks   in the reactor vessel,   the   fue 1
transfer machine, and the fuel transfer tube. Sorne of these components
are described in more detail in subsequent paragraphs.
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This fuel handling procedure requires the building of a
hot cell directly over the reactor core. Figures 9 and 10 give the gen-
eral shape and size of the hot cell and illustrate the reactor system as
it  applies  to fuel handling. The primary pumps, inte rmediate  heat  ex-
changers, emergency core cooler, cold traps, and hot traps penetrate
the reactor cover structure outside the hot cell.

The general hot cell fuel handling scheme centers on
raising the reactor shield plug completely clear of the reactor vessel.
This requires unlatching all control assemblies that penetrate the plug
and extend into the reactor core.  Thus, all plug-mounted drives and
extensions are removed as a unit, and the shield plug leaves the reac-
tor vessel completely open for fuel handling access.   The fuel handling
machine  is then placed  over the reactor,  and the lower portion is  tele-

scoped into the sodium to grapple the spent fuel assembly and raise it
into the machine.    The next steps are retraction of the telescoped tube
clear of the core vessel and movement, under sodium, to the adjacent

fuel storage rack where the spent assembly is deposited and a fresh

assembly is picked up. After reactor startup and a suitable decay time,
the fuel transfer machine moves the decayed assemblies from the stor-
age rack through the shielded cover structure to an area outside the hot
cell and the reactor building.

Sodium coolant is used in the reactor and in the fuel de-

cay storage racks. Because the sodium is opaque and therefore precludes
visual observation, and because both the sodium and the fuel assemblies
are highly radioactive, complete remote handling has been selected for
this design. Automated procedures are used where practical, econom-

ical, and reliable. The spent fuel assemblies are submerged in sodium
during the prime handling operation until the internal decay heating rate
has been reduced to a point where alternate means of cooling can be used

safely.

The design of the overall fuel handling system utilizes

conventional hardware and proven methods wherever possible.    Lead-
in chamfers are provided for all make-and-break connections,  and all

access port adapters are standardized to limit the handling procedures.
The system selected follows "hot cell" techniques for

handling radioactive materials; the methods are semi-automatic.  The
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operator must supply the intelligence by initiating instructions.  He is

constantly supplied with information through interlock circuits that in-
dicate progress and next-step data.  He must initiate the operation, how-
ever, and preventive control precludes his initiating the wrong operation.
Machine movements are observed through shielded windows and by shield-
ed television cameras, but all operations are traced primarily by posi-
tion indicators. Bench marks are provided at several points within cells
where visual sightings can be made; these serve as alignment points to
supplement the automatic motions of the handling machines.

The prime function of the fuel handling equipment is to re-
move a spent fuel assembly from the reactor core and install a new as-

sembly in its place. The equipment, however, must be capable of han-

dling all assemblies that are to be loaded into the reactor grid support.

Figure 11 isa flow diagram of the fuel handling operations, which are

as follows:

1. Replace spent fuel assemblies in the reactor
core with new fuel assemblies.

2.  Shuffle fuel assernblies in the core from one
position to another.

3. Move spent assemblies into the storage rack
and pick up new assemblies from the rack.

4. Move spent assemblies out of the hot cell to
a cleanup, disassembly, packaging, or ship-
ment station.

5. Replace spent blanket assemblies with new
blanket assemblies.

6.  Move new fuel and blanket assemblies into   '
the hot cell and into the storage racks in
preparation for core loading.

7.  Remove and replace spent regulating con-
trol, or special assemblies in the reactor
core and move the assemblies out of the
hot cell.

All of these functions must be performed with maximum

safety and reliability. The prime function of replacing components in
the core is accomplished with the reactor in the off-load condition and
must be completed as quickly as possible to minimize reactor downtime.

New fuel assemblies are loaded into the storage racks with the reactor
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on-load.  Each step of each function has sufficient cooling, instrumenta-
tion, and backup systems to prevent damage or propagation of damage.

Item 7 above covers the handling, removal, and replace-
ment of control or miscellaneous assemblies that may be inserted in the

core. These assemblies are designed with lifting adapters identical to

those  of the fuel assemblies,  and the size, length, and configuration of
these assemblies are compatible  with the equipment described  for  fue 1
handling.

3.4.6.1. Fuel Transfer Tube

This fuel transfer tube is the same as that for
under-the-plug refueling except that it is located inside the hot cell (see
3. 3. 6).

3.4.6.2. Fuel Handling and Fuel Transfer
Machines

Two machines effect fuel handling within the
reactor hot cell.  One of these, the fuel handling rnachine, is used ex-
clusively for operations between the reactor and the fuel storage racks;
it performs all loading and unloading of fuel assemblies or other core
assemblies. The second, the fuel transfer machine, is used only for
operations between the fuel storage racks  and the fuel transfer tube.
This rnachine moves fuel assemblies in and out of the hot cell.

The fuel handling machine (Figures 12 and 13)
is designed to transfer new and spent fuel assemblies between the reac-
tor core and the fuel storage racks. The principal operation is to secure
a fuel assembly and move it from one location to another. To accomplish
this, the machine must reach into the reactor or the fuel storage racks,
grapple the desired fuel assembly, and raise it for movement to another

position. The major components of the machine are a jib crane,  a hous-

ing, an indexing mechanism, a screw extension mechanism with pickup
tool, and a guide.

Each component in the core is located by ro-
tating the jib crane about its base and actuating the housing radially along
the jib crane rails.  The fuel assemblies are latched by inserting the
pickup tool  into an assembly and rotating. Since the rotating operations
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can be performed only when the pickup tool is in the down position, un-

latching of an assembly is impossible during the transfer operation.

The pickup tool is lowered to its latching posi-
tion by the screw r:nechanism. The guide tube surrounding this central

screw mechanism holds down the assemblies adjacent to that being re-
moved and prevents rotation of the assembly relative to the pickup tool.

The fuel transfer machine is designed to trans-

fer new and spent fuel assemblies between the fuel storage racks and

the transfer tube.  It is assembled on a trolley which is mounted on rails
that span the distance between the fuel transfer tube and the farthest

storage rack.

The major difference between the handling and
transfer machines is that a cooling gas is supplied to the latter to cool

the decayed spent fuel assemblies. The cooling is accomplished by
forced circulation of the hot cell atrnosphere along the assembly.

3.4.6.3. Fuel Storage Racks

The fuel storage racks are identical to those in

the pot arrangement with under-the-plug refueling (see 3.3.6).

3.5. System Description - Spread-Out Arrangement With
Through-the-Plug Refueling

3.5. 1. Plant Layout

The primary system is a spread-out arrangement with a

through-the-plug refueling scheme.  The primary sodium pump-IHX
combinations are in individual pits and are connected to the reactor ves-

sel by straight-line coaxial pipes. Figures 14, 15, and 16 show this ar-
rangement, and Appendix A lists the major equipment and facilities.

The containment building, which has several floors and
houses all primary and auxiliary equipment required for reactor op-

eration, is a 150-foot-diameter cylinder with ellipsoidal ends.  The

operating floor is approximately at ground level. The reactor vessel,

which contains the fuel and blanket assemblies, holddown units,  ther-

rnal shields, grid plate, and meltdown pan, is atthe geometric plan

center of the building.
The top of the reactor vessel is covered by rotating

plugs that are approximately 8 feet thick and are supported on bearings
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to facilitate indexing. The rotatable plugs are part of the reactor ves-
sel's cover structure, which is also 8 feet thick.

Refueling is accomplished through the plug by a shielded

cask-type transfer machine, which is maneuvered by the main overhead
crane. Fuel assemblies are transferred from the core, through the
shield plug, to a decay storage pit outside the reactor vessel.  The
same machine is used to rnove the decayed assemblies from the

decay                   
storage pit to the cleanup area.

Six combined pump-IHX assemblies are positioned radi-
ally around the reactor vessel, in two groups of three, just outside the
reactor biological shield. Two assemblies are coupled in parallel to
serve one steam generator. The primary pumps are in the hot leg of
the primary circuit. Secondary sodium enters and leaves  the  IHX s
through their upper portions and is piped southward to the steam gen-
erators. The pump-IHX assemblies are arranged so that a valve box
can be used for repair and replacement. These combined pump-IHX
units are described in more detail in reference 2.

Plant personnel are protected from radiation by biologi-
cal shielding surrounding the reactor vessel and the primary sodium.
This also shields the IHX to minimize activation of the secondary sodium.

Storage and access pits extending downward from the

operating floor are provided as necessary.  The pump storage pit, which
is used for decay storage and minor repair work, is in the south section
of the containment building. A storage and decay area for regulating
control rod actuator assemblies is provided adjacent to the pump storage
pit.  The heat exchanger decay storage and repair work pit is also in the
south section of the building. The access hatch to the lower floors is in
the northeast section of the building near the rnain equipment entrance
lock. The access hatch and all the storage areas are within reach of
the main overhead crane, which has a capacity of about 200 tons.

An equipment entrance airlock is provided at the north
side of the containment building. A single hydraulically or pneumatically
actuated seal door ensures the integrity of the containment building dur-
ing reactor operations. (The reactor is always fully shut down before
the equipment door is opened.) To minimize the size of the penetration,
low-slung dollies are used to transport equipment through the door.
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A personnel access door (with airlock) at the southwest
side   of the building has hydraulically  or pne umatically operated  gas-
sealed steel doors to ensure the integrity of the containment building.

Air-conditioning equipment on both the east and west
sides of the building at the charge face level supplies air to the dome

through ducts.

3.5.2. Reactor Vessel

The cylindrical reactor vessel has an ellipsoidal bottom

head and a flat top head. It retains and supplies pressurized liquid so-
dium coolant to the core and supplies heated sodium to the IHXs.  The

vessel is suspended from the top of the surrounding biological shield

wall. This stainless steel vessel is 30·feet in diameter and 38.5 feet

long (excluding the top head thickness); it is insulated externally.

The flat top head (reactor vessel cover structure) con-
sists of two rotating refueling plugs and a ring support flange attached
to the vessel body. The larger of the two rotating plugs is mounted
concentric to the vessel center line. The smaller plug is mounted in
the larger plug and is eccentric to the vessel center line. The control
rod actuating mechanisms and fuel element holddown structure are at-
tached to the smaller rotating plug. The reactor vessel cover struc-

ture is constructed as a hollow structure, then filled with shielding ma-
terial to complete the reactor biological shield. All penetrations of the
reactor vessel are above the core level to prevent the loss of sodium in

the core.

A  cylindrical flow divider  and  the rmal shield is attached

and sealed to the reactor vessel just below the lower face of the shield

plug, but above the maximum level of the hot sodium. The combination

flow divider and thermal shield consists of four cylindrical layers of
stainless steel plates that extend downward from the attachment point
to below the bottom of the core.

A combined grid plate and support structure is perma-

nently attached to the lower end of the flow divider to support the fuel
and blanket assemblies.  The grid plate takes the form of a rhombus

to match the geometry of the hexagonal fuel and blanket assemblies.
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A fuel rneltdown pan is placed below the lower grid plate near the bot-
tom of the reactor vessel. Its geometrical configuration prevents the
formation of a critical rnass.

A holddown and guide structure is provided above all in-
core assemblies.  It is permanently attached to the underside of the ec-
centric rotatable plug. The holddown structure locates the fuel and
blanket assemblies on their correct pitch and provides a holddown force.
Lateral support and guidance for the control rod extension rods are also

provided by the holddown structure.

3.5.3. Reactivity Control

The control scheme for the spreadout arrangement with

through-the-plug refueling is identical to the one described in section
3.3.3 for the pot arrangement with under-the-plug refueling.

3.5.4. Reactor Shielding

This system includes the thermal, neutron, and biological
shielding used to protect plant personnel and equipment during normal
operation. The shielding system also protects plant personnel and the

general public from the results of all credible accidents.  Most of the

shielding components are held constant in the through-the-plug refuel-

ing system and in the hot cell refueling system; therefore, detailed de-
scriptions of these are not given.

3.5.5. Reactor Auxiliary Systems

The reactor auxiliary systems associated with the spread-
out arrangement with through-the-plug refueling are identical to those
for the pot arrangement with under-the-plug refueling. Brief functional

descriptions of these systems are given in section 3.3.5.

3.5.6. Fuel Handling System

The fuel handling system for this concept requires opera-
tions in three major areas: the reactor, the fuel storage cell, and the
fuel transfer tube. To perform the necessary functions, five major
pieces of equipment are required: the reactor building crane,  the ro-
tating shield plugs in the reactor cover structure, the large shielded
fuel handling machine, the rotating shield plug in the fuel storage cell,
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and the fuel transfer tube.  Some of these components are described in

more detail in subsequent paragraphs.
Fuel handling includes all fuel assembly handling from

the time a fresh fuel assembly is received at the reactor site until it is

loaded and unloaded in the core, transferred into and out of the decay

storage cell, and passed through.a cleanup, disassembly, packaging,

storage, or shipment station.

The fuel handling procedure centers on raising the core
holddown structure clear of the core and rotating the shield plugs to the
desired position. This requires unlatching of all control assemblies

that penetrate  the  plug and extend  into  the  core. The reactor building
crane then places the fuel handling r:nachine over the reactor access

port.   After the access port plug has been removed by the machine,  a
section of the machine is telescoped into the sodium to grapple a spent

fuel assembly. The assembly is then raised into the telescoped section,

and a valve is closed to retain sodium in the section.  The next steps are

retraction of the telescoped section clear of the reactor vessel, replace-
ment of the access port plug, and (with inert-gas cooling) movement of

the fuel handling machine to the fuel storage cell where the spent assem-

bly is deposited and a fresh assembly is picked up. Figures 14, 15, and             :
16  illustrate the reactor system  as it applies  to fuel handling.

Sodium is used as a coolant in the core and the fuel stor-

age cell.  It is also used as a heat transfer rnedium in the fuel handling

machine, in which inert gas is the main coolant. Because the sodium is

opaque and therefore precludes visual observation, and because both the

sodium and the fuel assemblies are highly radioactive, complete remote

handling has been selected for this design. Automated procedures are
used where practical, economical, and reliable. The spent fuel assem-

blies are submerged in sodium during the prime handling operation until

the internal decay heating rate has been reduced to a point where alter-

nate cooling can be safely accomplished.

The design of the overall fuel handling system utilizes

conventional hardware and proven methods wherever possible.  Lead-
in chamfers are provided for all make-and-break connections, and all

access port adapters are standardized to limit the handling procedures.
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Semi-automatic methods are used for all fuel handling.

The  operator must supply the intelligence by initiating instructions.    He

is constantly supplied with information through interlock circuits which

indicate progress and next-step data.  He must initiate the operation,

however, and preventive control precludes his initiating the wrong op-
eration. Visual observations of rotating plug motions are possible be-
cause the reactor building is accessible during normal running and re-
fueling periods.

The prime function of the fuel handling equipment is to

remove a spent fuel assembly from the reactor core and install a new                1

assembly in its place. The equipment, however, must be capable of

handling all assemblies that are to be loaded into the reactor grid sup-

port.  Figure 17 is a flow diagram of the fuel handling operations, which

are as follows:

1. Replace spent fuel assemblies in the reactor
core with new fuel assemblies.

2.  Shuffle fuel assemblies from one position to
another in the core.

3. Move spent assemblies into the fuel storage
cell and pick up new assemblies from the
cell.

4. Move spent assemblies out of the reactor
building to a cleanup, disassembly, pack-
aging, or shipment station.

5. Replace spent blanket assemblies in the re-
actor core with new blanket assemblies.

6.  Move new fuel and blanket assemblies into
the containment structure and into the fuel
storage cell in preparation for core loading.

7.  Remove and replace spent control, safety,
or special assemblies inthe reactor core,
and move the assemblies out of the contain-
ment structure.

All of these functions must be performed with maximum
safety and reliability. The prime function of the fuel replacement is

accomplished with the reactor in the off-load condition and must be com-

pleted as quickly as possible to minimize reactor downtime.  Each step

of each function has sufficient cooling, instrumentation, and backup sys-
terns to prevent damage or its propagation. Item 7 covers the handling,
removal, and replacement of control or miscellaneous assemblies that
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may be inserted in the core. These assemblies have lifting adapters
that are identical to those of the fuel assemblies, and the size, length,

and configuration of these assemblies are compatible with the equipment
described  for fuel handling.

3.5.6.1. Fuel Transfer Tube

The fuel transfer tube is identical to the one

for the pot arrangement with under-the-plug refueling (see section 3.3.6).

3.5.6.2. Fuel Storage Cell

The fuel storage cell is inside the reactor build-
ing adjacent to the reactor (see the sectional view of the reactor building

in Figure 16). This location permits minimum reactor shutdown for re-

fueling by providing minimum travel distance.

The fuel storage cell provides intermediate

storage for both new and spent fuel assemblies. New assemblies are

loaded into the storage position and heated to refueling temperature

during reactor operation and are subsequently transferred into the re-

actor during the refueling procedure.  The key indexing or "finding "

operation is accomplished by rotating the shield plugs that form the
upper closure of the storage cell. These plugs are mounted on bear-

ings and are sealed to their respective environments. Rotation is

achieved through a gear drive, and position is indicated by scribed

markings on the face of the plugs. Visual observation of each position
is planned, since the operating floor is accessible during normal opera-
tion. Spent assemblies are placed in the cell directly after their re-

moval from the reactor and are held there for about 3 months. This

storage period allows the radiation and internal heating rates to de-

cay to tolerable levels for the next handling procedures.  The fuel stor-

age vessel is contained in a steel-lined pit approximately 17.5 feet in

diameter by 46 feet deep.  The pit is sealed at the top by a 21.5-foot-

diameter by 8-foot-thick shield plug that supports the fuel storage ves-
sel. The circular vessel is 15.5 feet in diameter and has an elliptical

bottom end.  It is insulated externally and has a flow divider and a com-

bination flow distributor and fuel assembly support structure inside.

The storage positions in the cell are formed by concentric rings with

radial spacers.  The flow divider is circular and forms a 6-inch annulus
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between itself and the fuel storage vessel.  It is attached and sealed to
the storage vessel approximately 2 feet below the shield plug and extends
downward to support the fuel assembly support structure.

Access to all fuel storage positions in the ves-
sel is through six openings that penetrate the rotating plug mounted in
the shield plug. The rotating plug is 15.5 feet in diameter and is sup-

ported on bearings to facilitate indexing.  The fuel storage positions are

arranged in six concentric rings that have radii to match the radial posi-
tions of the six access openings.  Each of the access openings has a re-
movable plug.

The sodium coolant, which has its own sodium-

to-air heat exchanger and cleanup system, enters the storage vessel just
beneath the attachment point of the flow divider. It flows down the annu-

lus to the bottom plenum, then upward through the stored fuel assemblies,
and exits the storage vessel between the attachment point of the flow di-
vider and the bottom of the shield plug.

3.5.6.3. Fuel Handling Machine

The fuel handling machine is the exclusive means
of handling fuel assemblies within the reactor building and of transferring
assemblies into and out of the reactor building.  It is maneuvered by the
general-purpose containment crane. The rnajor components of the ma-
chine are a circular, leak-tight shielded vessel,  two fuel assembly han-
dling mechanisms, a refueling plug hoist,  and a gas cooling system.

The circular shielded vessel has an internal op-
erating space that is 3 feet in diameter by 40 feet high. Its 2-foot-thick
wall and ends protect operating personnel from any internal components
that may be radioactive. An eccentric opening at the bottom end is pro-
vided for all components that enter and leave the core.

A plug closes the opening in the shielded ves-
sel.  This plug acts as an adapter to the reactor refueling plug, and, in
conjunction with the refueling plug hoist inside the shielded vessel, is

used to lift the refueling plug into the shielded vessel during refueling.
The  two fuel handling mechanisms  and the  re -

fueling plug hoist are supported in a circular pattern by a rotating

platform in the upper part of the vessel. Rotation of the platform will
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place the hoist or one of the two fuel handling mechanisms over the open-
ing at the bottom of the vessel. The platform is rotated by a central sup-
port shaft that extends through the vessel's top cover to an electrically
driven motor.

Each fuel handling mechanism has a guide tube
that is attached to the rotating platform,  a tele scoping tube mounted in-
side the guide tube,  and a grapple tool installed inside the telescoping
tube. The actuating systems  for the tele scoping  tube  and the grapple
tool are similar. Both systems comprise an electric motor and a chain

and sprocket combination that is capable of push-pull operation.

The grapple tool is a double-jawed, cam-oper-
ated gripper and an extension shaft. The gripper fingers utilize a pin
joint and are cammed open and closed by the relative motion of the grap-
ple  tool and the tele scoping tube.

The telescoping tube, which is used to extract

spent fuel assemblies frorn the core, is built with cooling gas flow pass-
ages in its wall and has a closure valve at its bottom end. The closure
valve is used to trap sodium coolant with a fuel assembly that is being
transferred, and the tube wall acts as a sodium-to-gas heat exchanger
to remove decay heat from the element.  In the tube that is used (1) to
transfer spent fuel assemblies from the decay storage cell through the
transfer tube to an area outside the reactor building or (2) to handle non-
irradiated assemblies, the cooling or heating gas enters at the top end
of the tube, flows downward through the assernbly, and exits at its lower
end.

3.6. System Description - Spread-Out Arrangement
With Hot Cell Refueling

3.6. 1. Plant Layout

The primary system is a spread-out arrangement with a
hot cell refueling scheme; it is identical to Concept II.3 The general ar-
rangement of the plant equipment within the containment building is es-
sentially the same as that for the through-the-plug refueling scheme.
Figures 18,  19, and 20 show this arrangement, and Appendix A lists the

major equipment and facilities.

A hot cell is built directly over the reactor core to effect

a hot cell refueling scheme for the spread-out arrangement.  The cell is
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a rectangular concrete structure with a tower located around the reactor

core center line. The structure is above the operating floor level and
protrudes from the' reactor building geometric plan center southward
toward the steam generating building. The concrete hot cell structure

is 85 feet long, 28 feet wide, and 38 feet high; it has a tower that is 36
feet across and rises to a height of 81 feet above the operating floor.
The walls of the cell are approximately 4 feet thick and are constructed
of medium-density concrete to meet biological shielding requirements.
The inside surface of the hot cell is steel lined, and there is insulation
between the concrete and the steel liner.

Within the hot cell are the top of the reactor vessel, the
fuel transfer machines,  the fuel storage cell,  the plug hoisting equipment
for the reactor cover, the reactivity control rod actuators, miscella-
neous tools, and the fuel transfer tube.  All of this equipment is operated
remotely, but five leaded glass windows are provided in the walls of the
cell for direct viewing of fuel handling and associated operations.

3.6.2. Reactor Vessel

The reactor vessel for the spread-out arrangennent with
hot cell refueling has general configuration features that match those of
the through-the-plug refueling scheme (see 3.5.2). The major differ-
ences are that the reactor vessel for hot cell refueling is 17.75 feet in
diameter instead of 30 feet, and that a removable refueling plug is used

in place of rotating refueling plugs. Elimination of the rotating plugs
enables the decrease in the size of the vessel.

3.6.3. Reactivity Control

The reactivity controls for the hot cell are generally the
same as those used for the nonhot cell (see section 3.3.3). The major
differences are that all disconnects and lifting lugs are designed for re-
mote manipulation, and all units will operate in an inert atmosphere that
may contain sodium vapor.

3.6.4. Reactor Shielding

The shielding described for the under-the-plug refueling
system is essentially the same as that for the hot cell refueling system
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(see section 3.5.4). The additional shielding required is the 4 feet of
concrete surrounding the hot cell.

3.6.5. Reactor Auxiliary Systems

The reactor auxiliary systems for the spread-out arrange-

ment with hot cell refueling are identical to those for the pot arrange-
ment with hot cell refueling. Brief functional descriptions of these sys-
tems are given in section 3.4.5.

3.6.6. Fuel Handling System

This handling procedure requires a hot cell directly over
the reactor core. Figures 18, 19, and 20 give the general shape and
size of the hot cell and illustrate the reactor system as it applies to fuel

handling.
The fuel handling system requires operations in three

major areas:  the hot cell, the fuel stprage cell, and the fuel transfer

tube. To perform the necessary functions, four major pieces of equip-
ment are required: the hot cell crane, the fuel handling machine, the

fuel transfer machine, and the fuel transfer tube.  Some of these compo-

nents are described in more detail in subsequent paragraphs.

The general fuel handling scheme centers on utilizing the
hot cell crane to raise the reactor shield plug completely clear of the re-

actor pressure vessel. This requires unlatching of all control assem-

blies that penetrate the plug and extend into the reactor core.  Thus, all
plug-mounted drives and extensions are removed as a unit with the shield

plug, leaving the reactor vessel completely open for fuel handling access.

The fuel handling machine is then placed over the reactor and the lower
portion is telescoped into the sodium to grapple the spent fuel assembly.
The assembly is raised into the machine and a valve is closed to capture
sodium with the assembly.  The next step is retraction of the telescoped
tube clear of the reactor vessel, and, with inert gas cooling, movement

to the adjacent fuel storage cell where the spent assembly is deposited
and a fresh assembly is picked up. After reactor startup and a suitable
decay time, the fuel transfer machine is used to move the decayed as-
semblies from the storage cell to an area outside the hot cell and the re-
actor building by way of the fuel transfer tube.
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Sodium is used as the cooling medium in the reactor, in
the decay storage pool, and in the fuel handling machine. Since the so-
dium is opaque and therefore precludes visual observation, and because
both the sodium and the fuel assemblies are highly radioactive, complete
remote handling has been selected for this design.

The system selected follows "hot cell" techniques for
handling radioactive materials; the methods are semi-automatic.  The
operator must supply the intelligence by initiating instructions.    He  is
constantly supplied with information through interlock circuits that indi-

cate  progress and next-step  data.      He must initiate the operation,    how -
ever, and preventive control precludes him from initiating the wrong

operation. Machine movements are visually observed through shielded
windows and by the use of shielded television cameras,  but all operations
will be traced primarily by position indicators. Bench marks are pro-
vided at several points within cells where visual sightings can be made;
these serve as alignment points to check the automatic motions of the

handling machines.

The overall fuel handling system utilizes conventional
hardware and proven methods wherever possible. The system has rugged,
long-lived components and generous clearances on moving parts.  Ma-
chine handling motions are vertical, and the mechanisms in sodium are
limited to the pickup grapple tool and a hinged valve.  (See Fuel Handling
Machine in this section. ) Horizontal movements are performed by the
cell cranes on an X-Y basis to minimize problems of "finding" operations
and to simplify automation of the motions. Problems of orienting assem-
blies are eliminated by this system, and, in fact, rotation of assemblies
is always restricted mechanically.

The prime function of the fuel handling system is removal

of a spent fuel assembly from the reactor core and installation of a new

assembly in its place. The equipment, however, must be capable of

handling all assemblies that are to be loaded into the reactor grid.  Fig-
ure 21 is a flow diagram of the fuel handling operations, which are as

follows:

1. Replace spent fuel assemblies in the reactor
core with new fuel assemblies.

2.  Shuffle fuel assemblies from one position to
another in the core.
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3. Move spent fuel assemblies to a storage pool,
and pick up new assemblies.

4. Move spent fuel assemblies out of the hot cell
to a cleanup, disassennbly, packaging, or
shipment station.

5. Replace spent blanket assemblies in the reac-
tor core with new blanket assemblies.

6.  Move new fuel and blanket assemblies into the
hot cell and into the storage pool in prepara-
tion for core loading.

7.  Remove and replace spent control, safety, or
special assemblies in the reactor core and
move the assemblies out of the hot cell.

All these handling functions must be performed with max-

imum safety and reliability. The prime function of fuel replacement is

effected with the reactor in the off-load condition and must be completed

as quickly as possible to minimize reactor downtime.  Each step of each

function has sufficient cooling, instrumentation, and backup systems to

prevent damage or propagation of damage.
Item 7 covers the handling, removal, and replacement

of control or miscellaneous assemblies that may be inserted in the core.

These assemblies have lifting adapters that are identical to those of the

fuel assemblies, and their size, length, and configuration are compati-

ble with the equipment described for fuel handling.

3.6.6.1. Fuel Transfer Tube

The fuel transfer tube is identical to the one

used for the pot arrangement with under-the-plug refueling except that

it is inside the hot cell (see section 3.3.6).

3.6.6.2. Fuel Storage Cell

The fuel storage cell is inside the hot cell adja-

cent to the reactor (see Figure 20). The proximity to the reactor mini-

mizes equipment travel during refueling and hence reduces reactor shut-

down time. The shutdown time is also kept low by providing access to

the storage cell through a large plug opening where no seating or sealing

is required.
The fuel storage cell provides intermediate

storage for both new and spent fuel assemblies. New assemblies are

-  41  -



loaded into storage positions during reactor operation by the fuel trans-

fer rnachine and are subsequently transferred into the reactor during the

refueling procedure. Spent assemblies are placed in the cell directly
after their removal from the reactor and are held there for about 3

months. This storage period allows the radiation and internal heating
rates to decay to tolerable levels for the next handling procedures.

The fuel storage cell is a steel-lined pit ap-

proxirnately 20.5 feet square by 41 feet deep.  It is closed at the oper-

ating floor level by a 17-foot-diameter, 5-foot-thick, stepped shield plug
which provides radiation shielding to the hot cell area above. The shield

plug is fitted with static 0-ring seals to complete the gas-tight closure
of the pit.  It has 14 smaller access openings, each of which contains a

stepped shielding and sealing plug when not in use. The first opening is
60 inches in diameter and gives access to all storage positions within the

cell during the refueling procedure with the telescoping fuel handling ma-
chine.  Each of the remaining 13 openings is 10 inches in diameter and

is located to give access to all the storage positions on a particular radius.
These openings are used during fuel transfer into and out of the hot cell
while the reactor is on-line.  In each of the 13 openings is a fixed guide
tube extending down to within 2 feet of the storage positions.  The stor-

age positions within the cell are formed by a lattice structure of hexa-

gonal stainless-steel tubes which are supported 36 feet below the operat-

ing floor on a grid structure.

This assembly is contained within a double-

walled, stainless-steel vessel. The inside diameter of the inner vessel

is 14 feet; it is 29.5 feet deep and is filled with sodium coolant (approxi-

mately 29,000 gallons). This vessel-within-a-vessel design is used to

prevent inner vessel leakage from voiding the storage positions.  The
structure between the vessels gives vertical stability, and the space
contains detectors to warn of inner vessel leakage. The entire vessel
assembly is mounted on commercial roller bearings from the floor of
the cell.  A ring gear is mounted on the periphery of the bottom of the

vessel, and the assembly is rotated through a worm gear arrangment
which eliminates backlash and overtravel. An electric motor outside

the cell, with its shaft extending through the seals in the wall, provides
the driving force.
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The top of the vessel is about 1.5 feet below
the large shield plug,  and the outer vessel wall is flanged outward to

provide a seal face. Controlled-leakage seals are mounted on a skirt

assembly which extends into the cell from the 17-foot-diameter plug
liner. This forms a gas area between the top of the sodium coolant and

the shield plug. Argon gas is used to inert both the cell around the Ator-

age vessel and the space between the double storage vessels.

The sodium coolant in the storage vessel is cir-

culated through its own loop system. The inlet to the vessel enters

through the skirt wall above the vessel and down a 1-foot-diameter pipe
on the center line into a bottom plenum.  The flow is then directed up

through the assembly positions,   out  the   exit  pipe,   and  back  to  the  pump.
Baffles  and flow deflectors positioned  in the bottom plenum equalize  flow.
The vessel, supply and return piping, and the heat exchanger are heated

electrically to maintain a minimum sodium temperature of 350 F during
any periods when spent assemblies are not stored in the cell.

3.6.6.3. Fuel Handling Machine

The fuel handling machine is used exclusively

for operations between the reactor and the fuel storage cell. It accom-

plishes all the loading and unloading of fuel assemblies in the core.

The fuel handling machine (see Figure 22) is

assembled on a trolley which operates on rails about 20 feet above the

operating floor. The trolley also contains the auxiliary hoist, which has
a 10-ton capacity and is used to handle storage cell plugs. This hoist

has a latching adapter to permit remote attachment. The trolley per-

forrns all lateral movements on an X-Y basis to maintain orientation of

the machine at all times; this eliminates the need for all rotary motions

and simplifies programming of the machine's movernents. Viewing win-

dows and TV cameras in the hot cell allow observation of the machine's

motions, and proper positioning of the machine is checked constantly

against scribed rail markings.
The operating principle of the fuel handling ma-

chine is to capture a volume of sodium coolant along with the fuel assem-

bly and, accompanied by external gas cooling, to move the assembly frorn

one location to the other. To accomplish this, the machine must extend
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into the reactor or the fuel storage cell, grapple the desired fuel assem-

bly, raise the assembly into a tube, valve off the required coolant, and
then retract so that movement to another position can be completed.
The machine comprises three tube sections of different diameters, which

telescope vertically to extend into the reactor and the fuel storage cell.
Guide rollers between overlapping sections of the tubes maintain rigidity
of the assembly and prevent rotation. The upper (largest) tube is
mounted on the trolley structure and provides the operating base for the
mechanism.  The two inner sections are raised and lowered within this
fixed tube to provide a total stroke of approximately 25 feet. The fully
retracted position results in a 1-foot minimum clearance above the oper-

ating floor level, and the fully extended tube is mechanically stopped
about 2.5 feet above the reactor core.

The drive system for the entire machine, con-
tained within the closed housing on the trolley, is cooled by the argon

gas flow. Argon gas under high pressure continually flows from the

closed drive housing (which encloses the upper fixed tube on the trolley)
down the center of the telescoping tubes and out around the lower tele-

scoping tube; it is controlled by limited-leakage seals.
The cable hoist unit has a horizontally mounted

winding drum which is automatically traversed to ensure that the cable

is always directly above the center of the tubes.  This unit is driven by
a variable-speed electric motor and is synchronously geared to an argon

cylinder hose reel which is likewise traversed automatically to ensure

hose position.  This hose provides argon to actuate the fuel assembly

grapple tool. The cable and hose for these systems are trailed behind

the trolley along with the cooling gas line.
The innermost tube in the telescoping assembly

contains the fuel grapple tool which "reaches" the remaining 2.5 feet to
latch with the fuel assembly and provides the anchor point for the hoist-

ing cable. The grapple tool is basically an 8-inch-diameter tube with a

top fitting to which the hoisting cable is attached, and a finger mecha-
nism  at the bottom.    With the tubes fully extended, raising the grapple
tool against a fixed stop in the lowest tube starts the nesting of the tubes.
Retraction continues as the grapple tool is raised further, and each suc-

cessive tube reaches a fixed stop and starts the nesting of that tube.  In
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reverse, lowering the grapple tool allows the tubes to telescope down-
ward.

The fuel assembly is latched by a finger mech-
anism on the bottom end of the grapple tool. The 8-inch grapple tool
tube is reduced at this end by a hexagonal adapter section which is split
into six individual fingers at its corners. These fingers are machined

with a hook shape to provide positive latching with the assembly.  Two

distinct operations are required to unlatch the fingers, and accidental

unlatching is impossible as long as the weight of the assembly is on the

fingers. A tapered surface machined on the inside of the fingers acts
as  a fulcrum against which an actuating piston works to open the fingers.
The piston that actuates the grapple fingers is suspended just above this

tapered surface on the end of an argon-actuated cylinder. This cylinder
is mounted on a fixed platform just below the cable connection at the top

of the tool; this position keeps the cylinder above the sodium coolant at

all times.

Movement of the grapple tool within the lowest

telescoping tube also operates the coolant flapper valve at the bottom of

the tube.  As the tool is raised the last 10 inches (before it begins to

raise the lowest telescoping tube), it strikes a spring-loaded shoulder.
This shoulder is connected to two connecting rods which extend down the

annulus between the grapple tool and the tube and are hinged to the flap-
per valve. Completion of the stroke captures the sodium coolant.

Continued upward movement of the grapple tool
starts the nesting of the lowest tube section into the next section.  This

accomplishes about 9.5 feet of the total 25-foot retraction stroke before

it encounters the next stop and starts movement of the next tube section.

Maintenance of the fuel handling machine is ex-

pected to be minimal because of the simplicity of the system; however,
the grapple tool can be lowered completely out of the telescoping tube

assembly. The hoist cable and cylinder gas hose can then be remotely

disconnected from the top of the tool and the tool can be replaced.  Main-

tenance of the drive requires removal of the gas housing. Normal ser-

vicing can be accomplished with the housing in place and will be coordi-

nated with servicing on the trolley.
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3.6.6.4. Fuel Transfer Machine

The fuel transfer machine is used only for oper-
ations between the fuel storage cell and the fuel transfer tube.  It is de-
signed for safe and reliable handling of both new and spent fuel assem-
blies between the fuel storage cell and the cleanup area outside the hot
cell.  It is assembled on the same trolley as the fuel handling machine,
and similar programmed X-Y motions of the trolley position the machine
over the desired access positions. Argon gas is supplied to the machine

i to cool the decayed spent fue] assemblies.

The transfer machine consists primarily of a
system of two telescoping tubes and a fuel grapple tool. The grapple
tool is identical to that used in the fuel handling machine.  It does not
actuate the telescoping tube, however, but operates vertically within
the lower tube and within the fixed guide tube in the fuel storage cell
access port or in the transfer tube. Vertical movements of the grapple
tool are controlled by the hoist cable, and grapple finger actuation is

again controlled by the argon-operated cylinder mounted on the tool.

The stroke of the telescoping tubes (1 foot) in
this machine is governed by argon pneumatic cylinders mounted on the
upper tube section, which is fixed in the trolley structure. The motion
is required only for mating with the fuel transfer tube. The lower tele-
scoping tube is terminated with an electrically operated gas valve and
an adapter that connects with a similar arrangement on the transfer tube.
No mating is required above the fuel storage cell. The overlapping tube
section has guide rollers to maintain the rigidity of the assembly and
prevent rotation.

The hoist cable and the cylinder gas hose are
routed up the center of the tubes and are wound on drums that automati-
cally traverse to ensure a correct path down the tubes. The cable drum
is driven by a variable-speed electric motor and is geared to the hose
drum to sychronize their movements. The supply cable and hose for
these systems are trailed behind the trolley.

The complete drive system is enclosed in a
housing to which high-pressure argon gas is supplied.  The gas cools
the drive and is channeled down the tubes to cool the fuel assembly.
Normal gas cooling flow is directly down the tubes and out through the
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gas valve. 'The connection with the fuel transfer tube requires closure

of the bottom gas .valve. Pressure buildup inside the assembly is con-
trolled by limited-leakage seals at the telescoping joint.

Maintenance of the fuel transfer machine is ex-

pected to be minimal because of the simplicity of the system; however,
the grapple tool can be lowered completely out of the telescoping tube

assembly. The hoist cable and cylinder hose can be disconnected re-

motely from the top of the tool and the tool can be replaced. Maintenance
of the drive requires removal of the gas housing; normal servicing can
be accomplished with the housing in place and will be coordinated with
servicing on the trolley.

,¢ -
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Figure 2. Pot Arrangement With
Under-the-Plug Refueling
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--- Figure 3. Pot Arrangement With
5....:  I : -/-                        1 Under-the-Plug Refueling --

\
z                                                                                                         Se ction   Z-Z

(B&W Drawing A31066E-1)
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Figure 4. LMFBR Fuel Element Diagram for
Under-the-Plug Refueling
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Figure 5. LMFBR Under-the-Plug Refueling Mechanism
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Figure 6. LMFBR Under-the-Plug Fuel
Assembly Grapple Tool
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Figure 7. LMFBR Fuel Transfer Machine
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Figure 8. LMFBR Fuel Transfer
Machine - Cross
Section Near Base
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Figure 9. Pot Arrangement With Hot
Cell Refueling - Plan View
(B&W Drawing A31076E)
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Figure 10. Pot Arrangement With Hot
Cell Refueling - Section Z-Z
(B&W Drawing A31075E)
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Figure 11. LMFBR Fuel Element in Hot Cell -
Flow Diagram
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Figure 12. Pot-Type Hot Cell Fuel Handling Machine

6               -t

/X
\/
/tJ  1  5 CaANE FUEL TRAN3. , ,

FER CART
 r-i.

C ·HOUSING- \ Z.5'-0' TRAVEL
4  ,

101

Up.

l/
r   1, 0

A   » A   O"

CHARGE FACE       i                         .3           4 
  3'-9" 7-RAVEL

8'-0" -564(ELD PLUG

I 1 7    '
GAS SPACE

=

WIPER SEAL -

500 IUM
/6,-Q

PICK-UP TOOL

TOP OF CORE

--b
-  59 -

L -



„

Figure 13. Pot-Type Hot Cell Fuel Handling Machine -
Cross Sections

5ECTION A-A
SCALE:     1"=   /  '-0*

INDEX MECHANISM

RAcji  *   PIN  ION

.--

300--,8RENTATION» h                      / .
1/ 3 '<    ,        AOLLER GU

eE
*.---e -

30° °RENTATION
'

<21         i  4          4./

#I.i  1
- -1  <

/

GUIOE TUBE
OR,% Mo=R-   1   1                  3=11

SCREVg EXTENSION
MECHANISM

*--

1 :=0          '
--/ LATCHING

MECHAN(SM

3ECTION  -8
SCALE.: 1"= /LO

-  60 -



Figure 14. Spread-Out Arrangement With
Y- Through-the-Plug Refueling -

Plan View
(B&W Drawing A31063E-2)
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Figure 15. Spread-Out Arrangement With
Through-the-Plug Refueling -

0 ------ Section Y-Yi (B&W Drawing A31064E- 1)
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Figure 16. Spread-Out Arrangement With
  Through-the-Plug Refueling -

Section Z-Z
(B&W Drawing A31065E-2)
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Figure 17. Fuel Element Flow Diagram - LMFBR
Spread-Out Concept With Through-the-
Plug Refueling
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Figure 18. Spread-Out Arrangement With
y.+1                                                                                                 Hot Cell Refueling - Plan View

(B&W Drawing A31017E)
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[)    -                                                                   Figure 19. Spread-Out Arrangement With Hot
/., Cell Refueling - Section Y-Y

(B&W Drawing A31018E)
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Figure 20. Spread-Out Arrangement With
Hot Cell Refueling - Section

-»Y- r-=== Z-Z (B&W Drawing A31016E)
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Figure 21. LMFBR Fuel Element Flow Diagram -
Spread-Out Concept With Hot Cell
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Figure 22. LMFBR Spread-Out-Type Hot Cell Fuel
Handling and Fuel Transfer Machine
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4. RESULTS

4.1. General

The four concepts described in section 3 have been evaluated using
quantitative estimates of refueling times and capital costs (shown in the

appendixes) as well as qualitative conclusions derived from studying the
construction, operation, and maintenance aspects of each plant.

The pot arrangements are evaluated in section 4.2, and the spread-
out arrangements are evaluated in section 4.3. Section 4.4 discusses
the relative merits  of the "optimum" pot arrangement versus the "optimum"

spread-out arrangement to arrive at the selection of the most desirable re-
actor system.

The following abbreviations are used throughout this section:

PUP - Pot Arrangement With Under-the-Plug Refueling
PHC - Pot Arrangement With Hot Cell Refueling

SOTP - Spread-Out Arrangement With Through-the-Plug Refueling
SOHC - Spread-Out Arrangement With Hot Cell Refueling

4.2. Evaluation of Pot Arrangements

This evaluation applies to the PUP and PHC plants described in sec-
tions  3.3  and  3.4. The comparative advantages  of the two plants  are   sum -
marized in Table 1.

Itcan be seen in Appendix C, Table C-1, that usinga PHC scheme

results in higher capital costs.  This is due primarily to the factors listed
below.

1.  The cost of the hot cell.

2.  The cost associated with the larger-diameter
reactor vessel needed to accommodate the hot
cell.

3.  The cost of a taller reactor building to ac-
commodate the hot cell.

4.  The cost of remotely operated manipulators
to perform handling and maintenance proce-
dure s within the  hot  cell.
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Additional operating costs are also incurred with the hot cell since 13%
more downtime is required for one-third of a core refueling (see Appen-
dix B, Table B-1). Although no numerical estimates were made, addi-
tional operating costs will probably be incurred with the hot cell because

of the necessity for performing remote maintenance procedures inside
the hot cell.

The PUP systern is especially adaptable to partial refueling or
fuel shuffling programs, since it requires less extensive reactor shut-

down and startup times than does the PHC system. This occurs pri-

marily because, with under-the-plug refueling, the core coolant outlet

temperature need not be reduced below approxirnately 800 F to perform
a fuel handling function;  but  with hot cell rdfueling,   a fuel handling  func -
tion cannot be accomplished until the core coolant outlet temperature has
been reduced to approximately 400 F.

The 800 F refueling temperature for the PUP system was estab-

lished by considering the cooling requirements of an irradiated, decay-

-            heat-producing fuel assembly. The results of the analysis of the ther-
mal and hydraulic characteristics of the reference fuel assembly show
that adequate cooling can be achieved with natural convection, so that the
maximum cladding surface temperature does not exceed 975 F, assum-

ing an 800 F fuel assembly inlet temperature.

The refueling temperature for the PHC system was established at

400 F by considering the melting temperature and vapor release charac-
teristics of the sodium coolant. The minimum ternperature of 400 F

should be sufficiently above the solidification temperature to prevent any
portion of the coolant system from cooling to the point where any of the

coolant could freeze.  When the sodium coolant temperature is reduced
to the lowest point that is safely possible without danger of solidification,
there is a corresponding reduction in the mass of sodium vapor available
for deposition on the walls and equipment of the hot cell. For instance,

when the sodium temperature is lowered from 800 to 400 F, the mass of
sodium vapor per cubic foot is reduced by a factor of approximately 3000.

In addition to the shorter shutdown and startup times, the PUP

method requires less refueling preparation time and less actual refueling

time. Further proof that the PUF' system is more efficient than the PHC

system is presented in Appendix B, Tables B- 1 through B-5.
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The PUP system allows plant maintenance personnel to use con-
tact methods toremove, service, replace, orrepair equipment that is
on or above the operating floor level. Since the operating floor level is

a man-access area, the reactivity control rods and the fuel handling
mechanisms can be actuated manually if need be; and manual bolting and

unbolting of the rotating shield plugs and refueling access ports are pos-
sible. However,  with the PHC system, the equipment within the  hot  cell

will require completely remote removal and operating and maintenance

procedures, since radioactive contaminants and sodium vapor will enter

the hot cell during a refueling cycle.
To effect these remote procedures requires that special remotely

operated tools be installed in the hot cell and that all equipment to be

maintained, removed, or replaced be designed with bolts, nuts, quick
disconnects and power input connectors that can be manipulated by these

tools. Manual actuation of the reactivity control rods or the fuel handling
-                   machine is virtually impossible,  and even if accomplished it would be by

remote means.

The ability to perform all the maintenance required in a PHC sys-
tem remotely appears to be questionable. Indications are that provisions
will have to be made for man access into the hot cell to assist in certain

maintenance functions. However, when the refueling cell is opened to
the primary sodium pool, it will inevitably become contaminated by some
of the primary coolant and some of the fission products contained in the

coolant plus some of the fission products from the cover gas.  As a re-

sult, the radiation background of this type of cell may not be able to be
reduced low enough to give sufficient time for a man to do a reasonable
amount of work without receiving an unacceptable radiation dose.  This

dictates that some means must be devised whereby the exposed surfaces

of the refueling cell and all exposed equipment can be decontaminated to

allow the maintenance to be accomplished without significant mechanical,
radiation, or contamination problems.

The problems associated with the cleanup of a hot cell are formid-

able even without being compounded by having to perform the operations
in a cell that is sitting above a huge mass of hot, radioactive liquid so-
dium. Normal cleaning procedures, such as reactive and nonreactive

cleaning methods, cannot be used here, since both methods require
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flushing as a final step, which presents the possibility of introducing
foreign matter into the primary coolant via inleakage of the flushing

agent.  It has been demonstrated that sodium can be cleaned from sur-

faces by vacuum distillation; however, this requires temperatures in

the 900 to 1000 F range and pressures below 1 mm Hg absolute.  The

temperature is objectionable from the standpoint of equipment within

the cell, and the vacuum is intolerable because it would tend to pull
more fission products and sodium vapor from the reactor sodium pool.

In the area of stuck core component removal, the PHC scheme has
an advantage over the PUP scheme, since full access to the core is real-
ized when the removable plug is lifted; however, the rotary plugs of the

under-the-plug refueling scheme are adaptable to the removal of such

components since they, too, can be lifted by incorporating a valve box
into the lifting procedure.

The fact that full access to the core is realized when using the PHC
scheme creates three conditions that are reduced or eliminated by the
PUP scheme. First, if the heavy plug or any other object were dropped
onto the unprotected core, it could wreck the core arrangement. Second,
if the hot cell must be designed to withstand a DBA during refueling, ad-
ditional cost is imposed on the PHC system because the present hot cell
is not designed for this condition.  The PUP system provides protection

against a DBA during refueling as well as during operation. Third, the            „
total surface area exposed to contamination is increased considerably.          .4

Since the hot cell does not cover the reactor shield plug in its en-
tirety, and since the IHXs, cold traps, primary pumps, and emergency
cooling units penetrate the shield plug external to the hot cell, the cell
was considered to be of minimal value in sodium fire prevention and
missile protection. This observation is based on the assumption that
it appears feasible and mandatory to incorporate a DBA-resistant de-

sign  into the cover structure   of the primary tank, regardless   of  whe the r
or not a hot cell is incorporated to accomplish refueling.

The sealing of penetrations into a space that is contaminated by
radioactive fission products is a problem experienced by both systems.

It appears that the PUP scheme has an advantage if one considers the

extra penetrations required to install the viewing ports, equipment ac-
cess hatches, electrical lines, instrumentation lines, and cooling lines

in the hot cell walls.
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By weighing all the foregoing factors as objectively as possible,
it appears that the PUP scheme is superior to the PHC scheme.

4.3.  Evaluation of Spread-Out Arrangements

This evaluation applies to the SOTP and SOHC plants described in

sections 3.5 and 3.6. The comparative advantages of the two plants are
summarized in Table 2.

Ascan be seen in Appendix C, Table C-3, an SOHC scheme re-

sults in slightly higher capital costs than does the SOTP method.   The

cost differential is small because of offsetting costs of major equipment
in the two plants. The offsetting effects are (1) the SOTP requires ro-
tating plugs, which increase the size of the reactor vessel and cover

structure; and (2) the SOHC requires a hot cell and more fuel handling

equipment.

Refueling costs tend to be higher for the SOTP, since about  11%
more downtime is required for one-third core refueling (see Appendix

B, Table B-1). Although nonumericalestimates were made, these

costs will probably be offset by added costs associated with remote main-

tenance procedures required for the SOHC plant. More downtime is re-

quired for the SOTP system, because the cask refueling machine requires
make-and-break seal connections every time it is rnoved to a different

location.  The SOHC system does not have this requirement.
The SOTP system is especially adaptable to partial refueling or

fuel shuffling of 1/6 of a core or less, since it requires less extensive

reactor shutdown and startup times and less refueling preparation time
than does the SOHC system. This occurs primarily because, with through-
the-plug refueling, the core coolant outlet temperature need not be reduced
below about 800 F to perform a fuel handling function; but with hot cell re-

fueling, a fuel halndling function cannot be accomplished until the core cool-

ant outlet temperature has been reduced to about 400 F.

A discussion of these sodium temperature conditions was given in
section 4.2, and the requirements given for the PUP system also apply
to the SOTP system. Similarly, the requirements given for the PHC

apply to the SOHC. Also directly applicable are the discussions that were

given for operation and maintenance.

It is difficult to select the best refueling method for the spread-out

arrangement. Although the study shows the difference to be very small,
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the SOTP system was chosen on the basis of our assessment of hot cell
operating expenses, the difficulties that would be encountered with elec-
trical components operating in an argon environment, and the capital
expenditure to design and build the hot cell for DBA conditions,  if this
becomes a requirement.

4.4.   Selection of Most Desirable Reactor System

The evaluations of sections 4.2 and 4.3 indicate that the PUP is
the best pot-refueling arrangement and that the SOTP is the best spread-
out-refueling arrangement. This section compares these two plants to
select the most desirable reactor system.

The PUP system is briefly described in section 3.3, and the SOTP

plant is described in section 3.5. The advantages of these two plants are
compared in Table 3.

From Appendix C, Tables C- 1 and C-3, it appears that the differ-
ential capital cost of the SOTP scheme is about 2% more than that of the
PUP. Also, asnoted in Appendix C, the extracost associated with ad-
ditional piping and a pump in the hot leg for the SOTP combined pump-
IHX units is not included in these estimates. This increases the cost
differential and favors the PUP system even more. Because the PUP
has a larger reactor vessel and cover structure and the requirement for
two fuel handling mechanisms instead of one, these items cost more than
for the SOTP. These costs are more than offset in the SOTP by the larger
reactor building and the extra cost attached to the separate fuel storage
vessel.

Refueling time is much less for a PUP than for a SOTP.  From
Table B- 1,  it can be seen that the SOTP system requires about 36%

more refueling time than does the PUP system. Although a small
amount of additional time (about 3%) is required to prepare the   PU P

plant for refueling, this is completely overshadowed by the extra time

(about 130%) required by the SOTP plant for actual refueling.

The long SOTP refueling time is directly attributable to the neces-
sity of moving the fuel handling rnachine from the fuel storage cell to the
reactor and back to the fuel storage cell for each fuel assembly replace-
ment cycle.  Also, each time the fuel handling machine is relocated,

gas-tight seals between the machine and its mating surface (either the
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reactor vessel cover structure or the fuel storage cell cover structure)
have to be made or broken.

During the PUP refueling, the fuel assemblies being transfe rred

remain completely immersed in the circulating sodium pool.  This pro-
vides greater assurance against  the   loss of cooling during spent  fue 1
transfer. Although the fuel assembly is also immersed in sodium in

the SOTP refueling machine, the main coolant is inert gas. The conse-
quences of losing gas cooling during transfer, as discussed in refer-
ence 4, require that immediate action be taken to provide backup cooling
to the fuel assembly.

Having under-the-plug refueling with spent fuel storage provided
in the reactor vessel, along with having all the primary system equip-
ment inside the reactor vessel, requires that the reactor vessel for the

PUP system be considerably larger than that for the SOTP system.  The

large reactor vessel dictates at least partial,  if not complete, field fab-

rication, ·whereas the SOTP reactor vessel is amenable to shop fabrica-

tion. Even though the reactor vessel is larger, a smaller reactor build-

ing (110 feet versus 150 feet diameter) is possible in the PUP plant be-
cause of a greater concentration of primary equipment closer to the re-
actor center  line.

In the pool concept, the entire primary sodium inventory is con-
tained in the reactor vessel instead of being dispersed in many separate

vessels and associated piping having a larger combined wetted surface.

Hence, the possibility of a leak occurring inthe primary system is

greatly reduced, and the plant safety and reliability are enhanced.  The

PUP system also reduces the leak-tightriess requirements on piping,
IHXs, and other equipment, since  a leak means only slightly lower ef-

ficiency and not a breach of the primary system boundaries. Without

relaxing the ASME Code requirements, this results in less stringent

tolerances during fabrication and an associated reduction in the cost of
these components. Credit for this cost reduction was not taken in this

comparison.
The large sodiurn pool in the PUP plant is more capable of reduc-

ing  any the rmal shocks that might arise.     This is possible because there

is more sodium that must absorb or give up heat for any change in tem-
perature to occur. A reduction in thermal shock tends to lead to longer
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service life of primary system components by reducing the cyclic stress-
es for which the unit must be designed.

The requirements for neutron activation protection of the reactor

vessel are much less stringent than for the protection of secondary so-
diurn. Therefore, the spread-out plant has less neutron shielding than
does the pot plant. Also, because of the biological shielding between the

reactor vessel of the SOTP and the IHXs, there is less potential to acti-
vate the secondary sodium. This decreases the possibility of having
contaminated secondary components and the associated maintenance

pr oblem s.
The pot concept using the combined pump-IHX is as compact a con-

cept as could be conceived, and thus it is considered that a more conven-

tional piped spread-out system would, by the very nature of its spread-
out characteristics, cost more. In addition, the conventional spread-out

system has a much larger sodium-wetted surface,  and the possibility of
accidental sodium drainage below the fuel level is increased.

Utilizing the information available at this time, the results of this

trade-off strongly indicate that the pot arrangement with under-the-plug

refueling is the prime candidate for the most desirable LMFBR system.
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Table 1. Pot Arrangement Cornparative Advantages

PUP PHC

1. Contact maintenance proce- 1. Full access to core for removal
dures. of stuck core components.

2. Greater protection to core 2. Better access for removal of re-
from accidental droppage of actor internals.
tools, etc.

3.  Less surface area exposed 3. Greater protection against DBA
to contamination. during operation.

4. Greater protecti6n against 4.  Some core component inspection
DBA during refueling. capability.

5. Shorter refueling tirrle.

6. Lower capital costs.

7. Smaller reactor building.
8. Fewer sealing problems

during operation and refuel-
ing.

9. Under normal conditions,
most of the electrical com-
ponents operate in an air
environment.

Table 2. Spread-Out Arrangement Corhparative Advantages

SOTP SOHC

1. Contact maintenance proce- 1. Full access to core for removal
dures. of stuck core components.

2. Greater protection to core 2. Shorter refueling time.
from accidental droppage of
tools, etc.

3.  Less surface area exposed 3. Better access for removal of re-
to contamination. actor internals.

4.  Greater protection against 4. Greater protection against DBA
DBA during refueling. during operation.

5. Fewer sealing problems 5.  Fewer make and break connec-
during operation and refuel- tions during refueling.

ing.

6. Lower capital costs. 6.  Some core component inspection
capability.
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Table 3. Comparative Advantages

PUP SOTP

1. Primary coolant entirely con- 1. Smaller reactor vessel and
tained in one vessel. cover structure.

2. Shorter refueling time. 2. Less neutron shielding re-
quired.

3.  Reduced leak tightness require- 3. Shop built reactor vessel.
ments for primary system com-
ne nt s.

4. Lower thermal shock potential. 4. Less potential to activate
secondary sodium in IHX.

5. Fewer make-and-break connec- 5.   Easier to install and remove
tions during refueling. primary system components.

6. Smaller reactor building.

7. Greater assurance against loss
of cooling during fuel transfer.

8. Less wetted surface contami-
nated by primary sodium.

9. Lower capital costs.
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Equipment and Facilities List
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Included in this appendix are Tables A-1 and A-2 itemizing the

major equipment and facilities for the pot and spreadout arrangements.
Each table shows where major differences exist in an arrangement as
a result of a different refueling scheme.  Most of these variations are

reflected in the capital cost estimates included in Appendix C.

Table A-1. Pot Arrangement-Equipment and Facilities List

No. of units

Unit Under the plug Hot cell

Pump - IHX 6                     6

Cold traps                                2                 2

Emergency core coolers                    1                   1

Rotatable fuel storage racks              2                2

Rotatable plugs (refueling)               3                0
Removable plugs (refueling) 0                    1

Fuel Transfer Tubes                     1                1

Equipment entry door                      1                  1

Personnelentry door                    1                1

Blast door                               1                1

Pump storage pit                          1                 1

IHX storage pit                             1                  1

Reactivity control rods 25             25

General purpose crane                     1                  1

Fuel transfer mechanism                  1                 0
Fuel transfer cask                         1                  0
Fuel transfer machine                    0                 1
Fuel handling machine                      0                   1

Removable plug hoist                      0                  1

Remote maintenance equipment None As required
Remote viewing equipment. None As required

Equipment well                              1                   1
Access ports (refueling)                  4                2

Primary sodium dump tanks                 2                   2
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Table A- 1. (Cont'd)

Size, ft-in.

Unit Under the plug Hot cell'

Reactor vessel (dia) 50-9 62-0

Top head (dia) 60-3 72-0

Reactor vessel pit (dia) 55-9 67-0

Outer rotatable plug (dia) 29-3          --

Intermediate rotatable plug (dia) 21-8          --

Snnall rotatable plug (dia) 6-5           --

Removable plug (dia)                       --              24-0
Cold trap (dia) 8-0 8-0

Emergency core cooler (dia) 4-0 4-0

Pump - IHX flange (dia) 10-8 10-8

Rotatable fuel storage rack (dia) 15-8 15-8

Core vessel (dia) 12-6 12-6

Reactor building (dia) 110-0 110-0

Location, ft-in.

Unit Under the plug Hot cell

Pump - IHX (radius) 20-0 25-6

Cold traps (radius) 21-3 25-9

Emergency core cooler (radius) 23-2 25-6

Weight or capacity, tons
Unit Under the plug Hot cell

General purpose crane (capacity) 200 100

Removable plug hoist (capacity)              --                200
Primary sodium inventory 1750 2625
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Table A-2. Spread-Out Arrangement - Equiprnent and
Facilities List

No. of units
Through

Unit the plug Hot cell

1.   Pump - IHX                                                                6                         6
2. Cold traps                                                                               2                             2

3.  Emergency core coolers                        1               1
4.  Decay fuel storage cell                            1                1

5. Rotatable plugs (refueling)
a. Over reactor                          2             0
b.  Over fuel storage cell                   1              0

6. Removable plugs (refueling)
a. Over reactor                         0             1
b.  Over fuel storage cell                   0               1

7. Fuel transfer tubes                              1               1
8. Equipment entry door                                              1                         1

9. Personnel entry door                              1                1

10. Blast door                                       1               1

11. Pump storage  pit                                                           1                            1
12. IHX storage pit                                1              1
13. Reactivity control rod                         25             25
14. General purpose crane                             1                1
15. Fuel handling machine                                             0                         1
16. Fuel trans fer machine                                                0                           1
17. Fuel handling machine (shielded cask)          1               0
18.   Removable plug hoists                                             0                         1
19.    Equipment well                                                                    1                              1

20. Access ports (refueling)
a.  Reactor                                1             1

(this is the
same unit
as Itern 6a)

b.  Fuel storage cell                      6            13

(including
Itern 6b)

21. Primary sodium dump tanks                     2               2
22. Refueling equipment and control rod

extension nnaintenance and storage pit        1             0

23. Remote maintenance equipment None As required

24. Remote viewing equipment None As required
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Table A-2. (Cont'd)

Size, ft-in.

Through
Unit the plug Hot cell

Reactor vessel (dia) 30-0 17-9

Top head (dia) 37-4 27-6

Reactor vessel pit (dia) 34-0 21-9

Rotatable plugs (reactor head)

a.  Concentric plug (dia) 29-3
b.  Eccentric plug (dia) 21-8

Rotatable pluts (fuel storage cell) 15-6

Removable plugs
a.  Reactor head (dia) 18-2
b. Fuel storage cell (dia) 5-0

Cold trap (dia) 8-0 8-0

Emergency core cooler (dia) 4-0 4-0

Pump - IHX flange (dia) 10-8 10-8

Fuel storage vessel (dia) 15-6 14-0

Reactor building (dia) 150-0 150-0
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Basis for Refueling Time Estirnates

The refueling times for each of the arrangement-refueling method

combinations considered in this tradeoff were estimated. Eight basic

operations were identified for each combination:

1. Reactor shutdown.
2. Physics testing before refueling.
3. Refueling preparation.
4.  Refueling procedure.
5. Physics testing during refueling.
6.  Preparation of reactor for startup.
7. Physics testing before startup.
8. Startup procedure (to 50% of full power).

The refueling times for the eight basic operations are summarized in

Table B-1. These refueling times represent the best estirnates possible
consistent with the level of detail that was achievable in this study.  Al-

though some absolute quantities may be questionable, the relative values
between the concepts appear realistic.

The estimating basis for each of the eight major operations is pre-
sented below. Except as indicated, the estimates are shown in Table

B-1.

Operation 1 - Reactor Shutdown

Reactor shutdown as used here refers to cooldown of the core
outlet sodium  from an operating temperature  of  1100 F to the appropriate
refueling temperature. For under-the-plug or through-the-plug refuel-
ing, a primary sodium coolant temperature of 800 F was established.
For hot cell refueling, a primary sodiurn coolant temperature of 400 F
was established.  The rate at which these temperature changes can take

place was established at an average value of 50 degrees per hour for the

main body of sodium coolant (800 to 400 F) and at approximately 100 de-

grees per hour for the core outlet coolant (1100 to 800 F). The slower

rate of temperature change for the main body of sodium coolant was

deemed necessary to reduce the thermal racking of the primary vessel

and top shield plug and thereby enhance their structural integrity and

leaktightness. The higher rate of temperature change for the core out-
let coolant was considered acceptable since the thermal shields or the

core vessel containing this flow are internal to the primary vessel and
are subjected to a very small pressure differential.
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Operations 2, 5, and 7 - Physics Testing

No sound basis exists for the physics testing times assumed

in these operations. However, they Appear to be adequate  for the ex-

pected testing.

Operation 3 - Refueling Preparation

Details of these estimates for all the arrangement-refueling
method combinations are listed in Tables B-2, B-4, B-6, and B-8.

Operation 4 - Refueling Procedure

Details of these estimates for all the arrangement-refueling
method combinations are listed in Tables B-3, B-5, B-7, and B-9.

These refueling estimates assume batch refueling of 1/3 of the core.
Since there are 375 fuel and blanket assemblies inthe core, 125 assem-

blies are replaced at each refueling.

Operation 6 - Preparation of Reactor for Startup

This operation is the reverse of operation 3, and therefore

the time estimate is identical to that for operation 3.

Operation 8 - Startup Procedure to 50% Full Power                             ·.6

The return to power assumes that the rate for increasing
sodium coolant temperature is the same as that for decreasing sodiurn

temperature as described in operation 1. Fifty percent full power, as
used here, refers to attaining a core outlet coolant temperature  of 950 F

(100% = 1100 F). This corresponds to slightly less than 20% of the max-
imum power generation.

The percentage refueling times in Table B- 1 are based on a

cycle of reactor operation of 350 full power days and a 90% plant load
factor. These percentages were calculated as follows:

(Total Refueling Time in Days)
% Refueling Time (1.111)(350 Full Power Days) + (Total Refueling Time in Days)

RT
% Refueling Time 388.85 + RT
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Table B- 1. Summary - Refueling Time Estimates  (hrs)

Pot arrangement Spread-out arrangement
Operation Under-the-plug Hot cell Through-the-plug Hot cell

1. Reactor shutdown                  3             11               3              11

2. Physics testing before
refueling 24            24 24 24

3. Refueling preparation 7.9 10.9 7.7 11.3

4. Refueling procedure 60.8                      66 141 87.7

M 5.  Physics testing during
refueling 24 24 24 244

6.  Preparation of reactor
for startup (reverse of
item 3) 7.9 10.9 7.7 11.3

7.  Physics testing before

startup 100 100 100 100

8. Startup procedure to 50%
full power 1.5 9.5 1.5 9.5

9. Total estirnated refueling
time

Hours 229.1 256.3 308.9 278.8
Days 9.5 10.7 12.9 11.6
% 2.4 2.7 3.2 2.9



Table  B- 2. Pot Arrangement Under-the- Plug Refueling
(Basis for Estimate)

Operation 3 - Refueling Preparation After 3-Hour Shutdown

Step Time, min

1. Disengage drive extensions from regulating
colurnn 25.0

2. Raise drive extension 3 in. at 0.25 in. /min
(25 total) 300.0

3. Release locks on rotatable shield plugs andraise plugs 6 in. to lift upper grid plate'clear
of core assemblies 30.0

4. Install refueling mechanism (this is concur-
rent with steps 1 through 3)                                    --

5. Rotate plugs to check motion and drive opera-
tion, position refueling mechanism over one
fuel storage rack access plug 30.0

6.  Lower the refueling mechanism grapple 8.5 ft
at 0 - 60 fpm 0.28

7.  Actuate the grapple cylinder - opens fingers 0.25

8. Lower grapple tool 6 in. at 0-5 fpm 0.20

9. Deactivate grapple c.ylinder - closes fingers
(latches storage rack access plug) 0.25

10.    Raise plug  1 8 in.  at 0  -  5 fpm 0.6

11.  Rotate shield plugs to access plug over stor-
age bracket 1.0

12.  Lower plug 12 in. at 0-5 fpm 0.4

13. Deactivate grapple fingers - opens fingers 0.25
14. Raise grapple tool 12 in. at 0-5 fpm 0.4

15. Rotate shield plugs to position refueling mech-
anism over second fuel storage rotor access
plug 2.0

16. Lower grapple tool 18 in. at 0-5 fpm 0.6

17. Repeat steps 9 through 14 to remove and store
second plug 2.9

18. Rotate shield plugs to position the refueling
mechanism over the first spent assembly to be
removed 2.0

19. Rotate refueling mechanism to orient 0.5

-20.  Lower 9 in. at 0-5 fpm 0.3

Total 396.9
(6.6 hr)

Total time for operation 3 at 80% efficiency 7.9 hr
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Table B- 3. Pot Arrangement Under-the-Plug Refueling

(Basis for Estimate)

Operation 4 - Refueling Procedure

Step Time,   min

1. Lower grapple tool 9 in. at 0-5 fpm 0.6

2. Deactivate grapple cylinder - closes fingers
(latches spent fuel assembly) 0.25

3. Raise assembly 8 f t-9 in.  at 0- 5 fpm 3.5

4. Rotate shield plugs to position assembly over
storage rack access 2.0

5. Rotate refueling mechanism to orient 0.25

6. Lower assembly 9 ft-9 in. at O - 5 fpm 3.9

7. Actuate grapple cylinder - opens fingers 0.25

8. Raise grapple tool 9 in. at 0-5 fpm 0.30

9.  Rotate fuel storage rotor to position new
assembly 0.5

10. Lower grapple tool 9 in. at 0-5 fpm 0.30

11. Deactivate grapple cylinder - closes fingers 0.25

12.  Raise new assembly 9 f t-9 in. at 0-5 fpm 3.90
13. Rotate shield plugs to position new assembly

over empty core position 2.0

14. Rotate refueling mechanism to orient 0.25

15. Lower assembly 8 f t-9 in.  at 0-  5 fpm 3.50

16. Actuate grapple cylinder - opens fingers 0.25

17. Raise grapple tool 9 in. at 0-5 fpm 0.3

18. Rotate shield plugs to position refueling
mechanism over next spent assembly to be
removed 2.0

Total time per assembly                              24.3
Total time per 1/3 core loading
(125 assemblies) 3037.5

(50.6 hr)

Total time per 1/3 core loading for
operation 4 at 80% efficiency 60.8 hr
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Table B-4. Pot Arrangement Hot Cell Refueling
(Basis for Estimate)

Operation 3 - Refueling Preparation After 11-Hour Shutdown

Step Tinne, rnin

1. Disengage drive extension from regulating column 25.0
2. Raise drive extension 3 in. at 1/4 in. /min (25 total) 300.0

3. Unbolt shield plug 150.0

4.  Break gas seal 15.0

5. Raise shield plug 8 ft at 1 fpm 8.0

6. Raise shield plug 59 ft at 0-8 fpm 14.8

7. Raise shield plug 2 ft - 9 in.  at 1 fpm 2.8

8. Actuate mechanical locks and check 5.0

9. Lower shield plug to seat 1 ft at 1 fpm 1.0

10.  Make gas seal and pressurize 5.0

11.    Move fuel handling machine over one storage  rack
access plug and check position 2.0

12. Lower guide tube 24 ft at 0 - 60 fpm 0.8

1 3.     Lowe r guide  tube   1  ft  at  0  -   5 fpm 0.3

14. Lower pickup tool 8 ft at 0 - 60 fpm 0.8

15. Lower pickup tool 9 in. at 0-5 fpm 0.3

16. Rotate pickup tool to lock 0.2

17.  Raise plug 9 in. at 0-5 fpm 0.3

18. Raise guide tube 18 in. at 0-5 fpm 0.6

19. Move handling machine over plug storage position
and check correct position 2.0

20. Lower guide tube 6 in. at 0-5 fpm 0.2

21.  Lower plug 9 in. at 0-5 fpm 0.3

22. Rotate pickup tool to unlock 0.2

23. Raise pickup tool 9 in. at 0-5 fpm 0.3

24. Raise guide tube 6 in. at 0-5 fpm 0.6

25. Move handling machine over second storage rack
access plug and check correct position 2.0

26. Lower guide tube 18 in. at 0-5 fpm 0.6

27. Repeat steps 15 through 24 to store second plug 5.0

Total 543.1
(9.1 hr)

Total time for operation 3 at 80% efficiency 10.9 hr
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Table B-5. Pot Arrangement Hot Cell Refueling
(Basis for Estimate)

Operation 4 - Refueling Procedure

Step Time,   min

1. Move handling machine over spent fuel assembly
position and check correct positioning 2.0

2. Lower guide tube 18 in. at 0-5 fpm 0.6

3. Lower pickup tool 9 in. at 0-5 fpm 0.3

4. Rotate pickup tool to lock . 0.2

5. Raise assembly 8 f t-9 in.  at 0- 5 fpm 3.5

6. Raise guide tube 1 f t a t O-5 fpm 0.4

7. Move handling machine over storage cell access
port and check correct positioning 2.0

8. Lower guide tube 1 f t a t O-5 fpm 0.4

9. Lower assembly 9 ft-9 in. at O - 5 fpm 3.9

10. Rotate pickup tool to unlock 0.2

11. Raise pickup tool 9 in. at 0-5 fpm 0.3

12. Rotate storage cell to position new assembly
beneath storage cell access port 1.0

13. Lower pickup tool 9 in. at 0-5 fpm 0.3

14. Rotate pickup tool to lock 0.2

15. Raise assembly 9 f t-9 in.  at 0- 5 fpm 3.9

16. Raise guide tube 1 f t a t O-5 fpm 0.4

17. Move handling machine over position from which
spent assembly was removed and check correct
positioning 2.0

18. Lower guide tube 1 f t a t O-5 fpm 0.4

19. Lower assembly 8 f t-9 in.  at 0- 5 fpm 3.5

20. Rotate pickup tool to unlock 0.2

21.  Raise pickup tool 9 in. at 0-5 fprn 0.3

22. Raise guide tube 1 f t a t O-5 fpm 0.4

Total time per assembly 26.4
Total time per 1/3 core loading
(125 assemblies) 3300.0

(55 hr)
Total time per 1/3 core loading for
operation 4 at 80% efficiency

66 hr
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Table B-6. Spread-Out Arrangement Through-the-Plug Refueling

(Basis for Estimate)

Operation 3 - Refueling Preparation After 3-Hour Shutdown

Step Time,   min

1. Disengage drive extensions from regulating column 25

2. Raise drive extension 3 in. at 0.25 in. /min
(25 total) 300

3. Release locks on rotatable reactor shield plug and
raise plug 6 in. to lift upper grid plate clear of
core assemblies 30

4. Rotate reactor plug to check drive operation and
position access port over first spent assembly                30

Total 385
(6.4 hr)

Total time for operation 3 at 80% efficiency 7.7 hr
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Table B-7. Spread-Out Arrangement Through-the-Plug Refueling
(Basis for Estimate)

Operation 4 - Refueling Procedure

The fuel handling machine (FHM) and storage cell have been
prepared for the refueling operation during the reactor on-

line period or during the reactor shutdown period. During
this same period, the first new fuel assembly has been loaded
into the fuel handling machine.

Step Time,  min

1.  Move FHM from its position over fuel storage cell
to reactor access port 31 ft - 6 in. at 0 - 150 fpm 0.4

2.  Actuate FHM to reactor plug seal and shielding
mechanism, purge interspace 5.0

3. Rotate access port to unlock 1.0

4.  Raise plug into FHM 14 ft - 0 in. at 0 - 60 fpm 0.5

5.   Rotate FHM indexing table to position handling
mechanism over access port 1.0

6. Lower telescoping tube 26 ft - 5 in. at 0 - 60 fpm 0.9

7. Lower grapple tool 9 ft - 0 in. at 0 - 60 fpm 0.3

8. Lower telescoping tube O f t-6 in. at 0-5 fpm to
open closure valve 0.2

9. Lower grapple tool O f t-6 in. at 0-5 fpm to
open gripper finger 0.2

1 0.        L owe r   te le s c oping   tube   0  ft   -   8   in.    at   0   -   5 fpm 0.3

11. Raise grapple tool O f t-4 in. at 0-5 fpm to
close gripper finger 0.2

12. Lower telescoping tube O f t-5 in. at 0-5 fpm to
seat it against adjacent assemblies 0.2

13. Raise assembly 8 f t-2 in. at 0-5 fpm 0.3

14. Raise telescoping tube 1 f t-7 in. at 0-5 fprn 0.6

15. Raise grapple tool with assembly 1 ft - 0 in. at
0 - 5 fprn to close valve 0.4

16. Start cooling gas 1.0

17. Raise telescoping tube 26 ft - 5 in. at 0 - 60 fpm 0.9
18.  Rotate FHM indexing table to position new assembly

for insertion into core 1.0

19. Lower telescoping tube 28 ft - 0 in. at 0 - 60 fpm 0.9
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Table B-7. (Cont'd)

Step Tim e,   m i n

20. Lower grapple tool with assembly 9 ft - 2 in. at
0 - 5 fprn 3.6

21. Raise telescoping tube O f t-5 in. at 0-5 fpm 0.2

22. Lower grapple tool O f t-4 in. at 0-5 fpm to
open gripper fingers 0.2

23. Raise telescoping tube O f t-8 in. at 0-5 fpm 0.3

24. Raise grapple tool O f t-6 in. at 0-5 fpm 0.2

25. Raise telescoping tube 26 ft - 11 in. at 0 - 60 fpm 0.9

26. Rotate FHM indexing·table to position access port
plug   ove r  por t 1.0

27. Lower plug 14 ft - 0 in. at 0 - 60 fprn 0.5

28. Rotate plug to lock 1.0

29. Purge interspace and check for leakage 4.0

30. Actuate FHM to reactor plug seal and shielding
mechanism 1.0

31. Move FHM to storage cell and position over access
port 0.4

32. Repeat steps 2 through 5 7.5

33. Lower telescoping tube 26 ft - 11 in. at 0 - 60 fpm 0.9

34. Lower grapple tool O f t-6 in. at 0-5 fpm 0.2

35. Lower telescoping tube O f t-8 in. at 0-5 fpm 0.3

36. Raise grapple tool O f t-4 in. at 0-5 fpm 0.2

37. Lower telescoping tube O f t-5 in. at 0-5 fprn 0.2

38. Raise grapple tool with assembly 9 ft - 2 in. at
0 - 5 fprn 3.6

39. Raise telescoping tube 28 ft - 0 in. at 0 - 60 fpm 0.9

40. Rotate FHM indexing table to position spent
assembly handling mechanism over access port 1.0

41. Reverse steps 6 through 17 5.5

42. Repeat 26 through 30 7.5

Total time per assembly 56.4

Total time per 1/3 core loading
(125 assemblies) 7050.0

(117.5 hr)

Total time per 1/3 core loading for
operation 4 at 80% efficiency 141.Ohr
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Table B-8. Spread-Out Arrangement Hot Cell Refueling

(Basis for Estimate)

Operation 3 - Refueling Preparation After 11-Hour Shutdown

Step Time,  min

1. Disengage drive extensions from regulating
column 25.0

2. Raise drive extension 3 in. at 1/4 in. /min
(25 total) 300.0

3. Lower reactor coolant level 4 feet 30.0

4. Unbolt shield plug 150.0

5.  Break gas seal 15.0

6. Raise shield plug 6 ft at 1 fprn 8.0

7. Raise shield plug 55 ft at 0-8 fpm 14.0

8. Raise shield plug 2 ft at 1 fpm 2.0

9. Actuate mechanical locks and check 5.0

10. Lower shield plug 1 ft at 1 fpm 1.0

11.  Make gas seal and pressurize 5.0

12. Actuate handling trolley (aux hoist over 60-in.
plug )   avg   3 0  ft  at   0   -    1 5 0 fpm 0.4

13.  Lower plug adapter 18 ft at 0 - 60 fpm 0.6

, 14. Make plug-adapter connection 2.0

15. Lift plug 7 ft at 2 fpm 3.5

16.  Move to storage hole 25 ft at 0 - 150 fpm 0.4

17.  Lower into storage hole 7 ft at 2 fpm 3.5

18.  Raise plug adapter 18 ft at 0 - 60 fpm 0.6

19. Move handling trolley (handling machine) over
spent assembly avg 52 ft at 0 - 150 fpm 0.7

T otal 566.7
(9.4 hr)

Total time for operation 3 at 80% efficiency 11.3 hr
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Table B-9. Spread-Out Arrangement Hot Cell Refueling
(Basis for Estimate)

Operation 4 - Refueling Procedure

At the start of this operation, the handling machine is as-

sumed to be in position over a fuel assembly in the reactor

and is ready to be activated.

Step Time,  min

1. Lower grapple tool 35 ft at 0 - 60 fprn (telescopes
tube s) 1.17

2. Lower grapple tool 2.5 ft at 0-5 fpm 1.00

3. Actuate grapple cylinder - opens fingers 0.25

4. Lower grapple tool 6 in. at 0-5 fprn (complete
extension) 0.20

5. Deactivate grapple cylinder - closes fingers 0.25

6.  Raise fuel assernbly 12.5 ft at 0-5 fpm 5.00

7.  Raise fuel assembly 25.5 ft at 0 - 60 fpm
(retraction) 0.85

8. Move handling machine to storage cell 32 ft at
0   -    1 5 0 fprn 0.43

9. Actuate storage rotor (motion concurrent with
steps  1 through 8)                                                                            - -

10.   Lower fuel assembly into cell 25.5 ft at 0 - 60 fpm 0.85
11.  Lower fuel assembly 12 ft at 0-5 fpm 4.80
12. Lower grapple tool 6 in. at 0-5 fprn (complete

extension) 0.20

13. Actuate grapple cylinder - opens fingers 0.25

14. Raise grapple tool 6 in. at 0-5 fprn 0.20

15. Deactivate grapple cylinder - closes fingers 0.25

16. Raise grapple tool 12 ft at 0 - 60 fpm 0.40
17. Raise grapple tool 25.5 ft at 0 - 60 fpm (complete

retraction) 0.85
18. Actuate rotor to position new assembly (avg time

1 min) 1.00

19. Actuate handling trolley 4 ft at 0 - 150 fpm 0.05

20. Repeat steps 1 through 7 (complete retraction) 8.72
21. Move handling machine to reactor avg 32 ft at0 - 150 gpm 0.43
22. Lower fuel assembly into reactor 25.5 ft at

0 - 60 fpm 0.85
23. Repeat steps  11 through 17 (complete retraction) 6.95

24. Move handling rnachine to next spent assembly
avg 8 ft at 0 - 150 fpnn 0.12

Total time per assembly 35.07
Total time per 1/3 core loading
(125 assemblies) 4383.8

(73.1 hr)

Total time per 1/3 core loading for
operation 4 at 80% efficiency 87.7 hr
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Basis for Pot and Spread-Out Arrangement Capital
Cost Estimates

Different refueling methods imposed on the same basic reactor

arrangement cause variations in plant equipment which affect the capital

cost of the plant. Under subcontract to Babcock & Wilcox, Sargent &

Lundy Engineers prepared cost estimates for a pot arrangement with

both under-the-plug and hot cell refueling, and for a spread-out arrange-

ment with both through-the-plug and hot cell refueling. S&L provided

estimates for equipment outside the reactor which is norrnally supplied

by an A-E. B&W estimated other pertinent equipment costs.

The majority of the estimates are based on previous nuclear plant

experience with similar components or materials of construction. Where

no such precedent existed, attempts were made to arrive at realistic or

slightly pessirnistic estimates. Accuracy in the absolute costs was

strived for to the extent possible. However, because  of the nature  of

the design effort involved in this trade-off and the preliminary nature

of the effort, some of the absolute costs rnay be questioned. Neverthe-

less, the accuracy in the differential costs between the two methods of

refueling is considered quite good.
Labor costs are based on a 40-hour week with no premium paid

for overtime or transportation. The construction costs are the estimated

total direct construction costs and include all costs related to the pur-

chasing, manufacturing, shipping, and erection of the material. These

I costs do not contain such items as engineering services, insurance, in-

terest, administrative and general overhead, taxes, personnel training,

miscellaneous construction, or contingency on plant material, equipment,

or  labor.

The construction site used is the Atomic Energy Commission's

-hypothetical site in western Massachusetts as specified in the AEC Guide

to Nuclear Power Cost Evaluation.

Since the same basic pot and spread-out reactor concepts are uti-

lized with both types of refueling, items of equipment or systems that

were identical in, or exhibited no apparent differences between, the four

plants were not estimated. Equipment and systems falling in this cate-

gory  are as follows:
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1.    The reactor building heating and ventilation system.
2.  The reactor building lighting and electrical system.
3.  The reactor building fire protection system.
4.  The closed-loop argon system.
5.  The emergency shutdown cooling system.
6.  The primary coolant and secondary coolant purification

and storage system.
7.  The nuclear fuel handling and storage system external

to the reactor building.
8.  Combined IHXs and pumps (some extra cost is involved

for concentric piping and for having the pumps in the hotleg for the spread-out concepts, but noestimates were
prepared).

9.  Control rods.

10. Instrumentation.

11. Reactor internals-lower grid plate, meltdown pan, and
top holddown structure.

The pertinent cost estimates are shown in Tables C-1 and C-2 for

the pot arrangement with under-the-plug refueling versus the pot arrange-
ment with hot cell refueling, and in Tables C-3 and C-4 for the spread-
out arrangement with through-the-plug refueling versus the spread-out

arrangement with hot cell refueling. The costs are summarized in six

main categories: reactor building, reactor vessel cover structure,  re-
actor vessel, hot cell, fuel handling system, and fuel storage.

Table C- 1. Pot Arrangement Differential Capital
Costs - Summary

Capital costs, $ X 103
Category Under-the-plug Hot cell Differential

A. Reactor building 5,093.0 5,467.8 374.8

B. Reactor vessel cover structure 1,163.0 1,015.0 148.0 (a)

C. Reactor vessel 7,077.6 7,947.6 870.0

D.  Hot cell -- 1,687.7 1,687.7

E. Fuel handling system 835.0 725.0 110.0(a)

F. Fuel storage 198.0 198.0         --

Total 14,366.6 17,041.1 2,674.5

(a)Areas where under-the-plug refueling costs more than hot cell refueling.
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Table C-2. Pot Arrangement Differential Capital
Costs - Details

Capital costs, $ x 103
Under-the-plug Hot cell Differential

A. Reactor Building
1. Excavation, backfill and disposal 410.0 410.0         --
2. Concrete 853.9 916.7 62.8
3. Reinforcing steel 790.5 877.5 87.0
4.   Form work 1,055.1 1,098.1 43.0
5. Exterior waterproofing (below grade) 9.0 9.0         __
6. Structural steel 116.0 151.0 35.0
7. Steel liner-reactor building 1,420.0 1,700.0 280.0
8. Steel liner-reactor vessel pit 70.5 94.5 24.0
9. Miscellaneous steel (stairs, ladders,

rails, etc.) 25.6 29.0 3.4
10. Exterior painting 11.0 14.0 3.0

11. Polar crane-100 tons                            -- 168.0 168.0
12. Polar crane-200 tons

'

218.0          --           218.0(a)
13. Refueling equipment and control rod

extension storage and maintenance pit 113.4           --           113.4(a)

Total 5,093.0 5,467.8 374.8

B. Reactor Vessel Cover Structure
1. Serpentine concrete 142.0 206.0 64.0

2. Plugs-rotatable 500.0             --              500.0(a)
3. Plugs- fixed 446.0 646.0 200.0

4. Plugs-removable          -- 100.0 100.0

5. Plugs-fuel transfer access 60.0 45.0 15.0 (a)

6. Insulation 15.0 18.0 3.0

Total 1,163.0 1,015.0 148.0(a)

C.  Reactor Vessel

1.   Primary tank 1,892.0 2,420.0 528.0
2. Insulation 56.0 83.0 27.0
3. Primary sodium inventory 630.0 945.0 315.0
4. Core vessel and skirts 645.2 645.2

5. Internal thermal shields 3,445.0 3,445.0         --
6. Core vessel support ring 326.4 326.4

7. Core vessel tension support'members 83.0 83.0

Total 7,077.6 7,947.6 870.0

(a)Areas where under-the-plug refueling costs more than hot cell refueling.
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Table C-2. (Cont'd)

Capital costs, $ X 103
Under-the-plug Hot cell Differential

D.  Hot Cell

1. Concrete 77.0 77.0

2. Reinforcing steel 29.0 29.0

3.   Form work 93.0 93.0
4.   Steelliner                                       -- 832.0 832.0

5.   Cover plug hoist-250 tons 94.0 94.0
6.   Jib crane-2 tons                                     -- 5.0 5.0

7. Insulation 79.7 79.7

8. Heating system 50.0 50.0

9. Television monitoring system 60.0 60.0

10.  Leaded glas windows                                 -- 48.0 48.0

11. Remotely operated tools and equipment             -- 300.0 300.0

12.  Maintenance plug 20.0 20.0

Total -- 1,687.7 1,687.7

E. Fuel Handling System
1.   Cask type fuel transfer machine 535.0           --            535.0(a)

2. Plug mounted refueling mechanism 300.0           --            300.0(a)
'..

3. Monorail mounted fuel handling
rnachine (including crane) 375.0 375.0

4.   Jib crane mounted fuel transfer
machine (including crane) 350.0 350.0

Total 835.0 725.0 110.0 (a)

F. Fuel Storage                                                                                                                    '
1. Rotating storage drums and drives 198.0 198.0         --

Total 198.0 198.0                    --

Grand Total 14,366.6 17,041.1 2,674.5

(a)Areas where under-the-plug refueling costs more than hot cell refueling.
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Table C-3. Spread-Out Arrangement Differential
Capital Costs - Summary

Capital costs, $ X 103
Category Through-the-plug Hot cell Differential

A. Reactor building 6,692.1 6,447.4 244.7(a)

B. Reactor vessel cover structure 755.9 383.8 372.1(a)

C. Reactor vessel 5,332.5 3,227.2 2,105.3(a)

D.  Hot cell -- 2,545.1 2,545.1

E. Fuel handling system 535.0 810.0 275.0

F. Fuel storage 1,267.2 1,267.2

Total 14,582.7 14,680.7 98.0

(a)Areas where through-the-plug refueling costs more than hot cell refueling.
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Table C-4. Spread-Out Arrangement Differential
Capital Costs - Details

Capital costs, $ X 103
Through-the-plug Hot cell Differential

A. Reactor Building
1. Excavation, backfill, and disposal 609.0 609.0         --

2. Concrete 992.5 1,010.5 18.0

3.   Reinforcing steel 1,101.0 1,115.5 14.5

4.   Form work 912.9 960.9 48.0

5. Exterior waterproofing (below grade) 11.0 11.0         --

6. Structural steel 150.0 165.0 15.0

7. Steel liner- reactor building 2,050.0 2,050.0         --

8. Steel liner-reactor vessel pit 37.4 22.6 14.8(a)

9. Steel liner-IHX pits 197.0 197.0         --

10. Steel liner-fuel storage cell pit 136.0 136.0         --

11. Miscellaneous steel (stairs, ladders,
rails, etc.) 30.9 38.9 8.0

12. Exterior painting 16.0 16.0         --

13. Polar crane-250 tons 325.0             --            325.0(a)

14. Bridge crane-75 tons                            -- .115.0 115.0

15. Refueling equipment and control rod
extension storage and maintenance pit 123.4 123.4(a)

Total 6,692.1 6,447.4 244.7 ('a)

B. Reactor Vessel Cover Structure

1. Serpentine concrete 56.9 41.8 15.1(a)

2. Plugs-rotatable 495.0              --             495.0(a)
3. Plugs-fixed 174.0 104.0 70.0(a)

4. Plugs- remogable          -- 223.0 223.0

5. Plugs-fuel transfer access 15.0 15.0(a)

6. Insulation 15.0 15.0         --

Total 755.9 383.8 372.1 (a)

C. Reactor Vessel

1.   Primary tank 1,093.2 601.2 492.0(a)

2. Flow dividers 373.4 198.2 175.2(a)

3. Thermal shields 2,474.9 1,237.6 1,237.3(a)

4. Insulation-reactor vessel 42.0 16.4 25.6(a)

5. Insulation-IHXs 55.0 55.0         --

6. Primary sodium inventory 364.0 188.8 175.2(a)

7.   IHX outer shell (6) 930.0 930.0         __

Total 5,332.5 3,227.2 2,105.3(a)

(a)Areas where through-the-plug refueling costs more than hot cell refueling.
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Table C-4. (Cont'd)

Capital Costs, $ X 103
Through-the-plug Hot cell -Differential

D.  Hot Cell

1.   Concrete                                         -- 74.7 74.7
2. Reinforcing steel 28.0 28.0
3.   Form work 77.0 77.0
4. Steel liner

1,608.8 1,608.8
5.   Cover plug hoist-250 tons 94.0 94.0
6.   Jib crane-2 tons                                        -- 5.0 5.0
7. Insulation             -- 141.7 141.7
8. Heating system                                          -- 87.9 87.9
9. Television monitoring system 60.0 60.0
10. Leaded glass windows 48.0 48.0
11. Remotely operated tools and equipment             -- 300.0 300.0
12.  Maintenance plug                                   -- 20.0 20.0

Total           -- 2,545.1 2,545.1

E. Fuel Handling System
1. Fuel handling machine (shielded) 535.0 535.0(a)
2. Fuel handling machine (nonshielded)

including crane 435.0 435.0
3. Fuel transfer machine including crane              -- 375.0 375.0

Total 535.0 810.0 275.0

F. Fuel Storage
1. Vessel 306.0 306.0         --
Z. Flow dividers 130.0 130.0         --
3. Insulation (vessel and cover) 21.2 21.2        --
4. Cover plugs 144.0 144.0         --
5. Internal racks and drives 103.0 103.0         --
6. Sodiurn inventory 63.0 63.0         --
7. Sodium circulating system 500.0 500.0         --

Total 1,267.2 1,267.2

Grand Total 14,582.7 14,680.7 98.0

(a)Areas where through-the-plug refueling costs more than hot cell refueling.

.
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