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ABSTRACT

The once-through fuel cycle has been analyzed to see if there are
substantial prospects for improved uranium ore utilization in current
light water reactors, with a specific focus on pressurized water reactors.
The types of changes which have been examined are: (1) re-optimization of
fuel pin diameter and lattice pitch, (2) Axial power shaping by enrichment
gradation in fresh fuel, (3) Use of 6-batch cores with semi-annual refuel-
ing, (4) Use of 6-batch cores with annual refueling, hence greater extended
(~doubled) burnup, (5) Use of radial reflector assemblies, (6) Use of
internally heterogeneous cores (simple seed/blanket configurations), (7) Use
of power/temperature coastdown at the end of life to extend burnup, (8) Use
of metal or diluted oxide fuel, (9) Use of thorium, and (10) Use of isotopi-
cally separated low 0 cladding material.

State-of-the-art LWR computational methods, LEOPARD/PDQ-7/FLARE-G-, were
used to investigate these modifications. The most effective way found to
improve uranium ore utilization is to increase the discharge burnup. Ore
savings on the order of 20% can be realized if greatly extended burnup (-
double that of current practice) is combined with an increase in the number
of batches in the core from 3 to 6. The major conclusion of this study
is that cumulative reductions in ore usage of on the order of 30% are fore-
seeable relative to a current PWR operating on the once-through fuel cycle,
which is comparable to that expected for the same cores operated in the
recycle mode.
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CHAPTER 1

INTRODUCTION

1.1 FOREWORD

Until recently, it was envisioned that LWR reactors would serve

an interim role, as precursors to Fast Breeder Reactors (FBR). The

LWRs would remain the mainstay of commercial nuclear power development

only until the breeder concept was shown to be commercially feasible and

sufficient plutonium reserves were bred to permit their widespread

deployment. This transition has not taken place, and it is not in

prospect, particularly in the United States, for several decades; hence

the role of LWRs in less transitory scenarios merits reassessment.

The present commercial attractiveness and useful lifetime of the

LWR will depend upon the amount and price of available uranium resources;

a breakeven yellowcake price of approximately $150/lb U 308 (compared to

today's price of less than $50/lb U3308) is currently estimated for

current LWRs competing with LMFBR or coal-fired units. The current

restriction to a once through fuel cycle in the United States imposes an

added burden. Therefore, a prime, long range, concern of the industry

today must be on better utilization of uranium by optimizing both reactor

core design and fuel management strategy. Evaluation of these prospects

is the central objective of the present investigation.

Generally speaking, there are two divergent approaches being pursued

today to optimize LWR ore utilization: (1) development of fundamentally

altered LWR concepts (e.g. the LWBR E- 1] and spectral shift reactors

[E- 2]) (2) use of conventional LWR designs, with a minimum of reactor
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and fuel cycle changes. The present work is of the latter genre; and,

more importantly, only non-recycle concepts will be considered. These

ground rules were established from the outset on quite pragmatic grounds:

the United States nuclear industry is currently in a non-recycle mode

of indefinite duration; and the less severe the changes proposed, the

more rapidly they can be implemented and their benefits realized.

However, it should be noted that some of the avenues to improvement

would also benefit LWR cores operated in the recycle mode. Similarly we

will limit our analysis to PWRs, which represent approximately two-thirds

of the current United States and World LWR market; but, BWRs could profit

equally well from many of the same changes.

1.2 BACKGROUND AND PREVIOUS WORK

In this section, a selective review of prior work pertinent to

the present research will be presented. It is assumed that the reactor

physics of current PWR designs is familiar to the reader so that only a

brief summary of the once-through fuel cycle is given below.

The large PWRs in commercial service today have a three-batch-core

and use a modified out-in-scatter fuel management program. In this scheme,

one-third of the fuel assemblies are replaced by fresh fuel assemblies

each year; the fresh fuel is loaded at the periphery of the core while the

once-burned and twice-burned fuel is scattered in the interior of the core.

In the initial core, the enrichments for each lot of fuel are

chosen such that the composition of the three initial fuel lots simulates

twice-burned, once-burned, and fresh fuel in the steady state (e.g.

following fission product build-up, U235 depletion, etc.). For example,
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the initial core may contain enrichments of 2.25 w/o, 2.8 w/o, and 3.3 w/o,

with the reload enrichment being 3.2 w/o. In addition, the enrichments

are graded (arranged spatially) such that an undesirable power distribution

(high power peaking, which is associated with uniformly loaded cores) does

not result. Burnable poisons are also incorporated into the fuel

assemblies to reduce power peaking.

The steady state cycle burnup and discharge burnupare approximately

11,000 MWD/MTU and 33,000 MWD/MTU, respectively; but the burnups in the

initial transient cycles deviate significantly from the steady state

values. For example, the average burnup for the first cycle is typically

17,000 MWD/MTU. This first cycle is usually followed by two short cycles

(average cycle burnups 119,000 MWD/MTU). This transient behavior then

dies out since in subsequent cycles the reactor is fueled in an identical

fashion such that its performance in each cycle attains a repetitive,

steady-state behavior.

The steady state uranium ore requirement for PWRs operating on the

once-through fuel cycle is approximately 200ST U3 0 8/GWe (rated)-yr [S-1 ]

(based on a 75% capacity factor and 0.2 w/o enrichment plant tails).

In addition, a one time initial ore investment (initial startup requirements)

is required, which is approximately two times the steady state annual

batch requirement. On the other hand, end-of-reactor life batches can

be tailored to match the lower burnups asked of these batches, with

resulting lower ore usage. Therefore, the 30-year uranium requirement

for the reference PWR (once-through) is on the order of thirty annual

batch reloads or 6,000 ST U3 08 /GWe.

In one sense the entire history of reactor development in general,

and LWR systems in particular, is germane to the present work. As several
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authors have noted, many improvements in LWR performance characteristics

have been realized over the past twenty years, many of which contribute

to better ore utilization [D- 1], [P-1 ] and [R- 1]. Furthermore, some

of the suggestions made to improve ore utilization have rekindled the interest

in previously examined (and by-passed) concepts, such as spectral shift

control [E-2 ]. However in another sense, very little has been done, or

at least published, of specific use for present purposes, since, as has

already been noted, the LWR era was viewed as a prelude to the age of the

breeder, and efforts to prolong the former did not have a high priority.

Illustrative of this frame of mind is the fact that few, if any, long

range studies of the nuclear electric economy featured "advanced" LWR

designs as one of the competitors.

Priorities have shifted rapidly in the past two years. At present

there are many pertinent studies being conducted in parallel with the work

discussed here. It is not the purpose of the present work, nor does the

schedule permit us, to prepare a running summary of work in progress

elsewhere. However, it will be quite useful to cite a few selected

recent references to help establish the motivation and the framework of

the present study.

Previous work of interest in this regard can be summarized by

referring to two major studies, the first of which was recently completed

by Argonne National Laboratory [T- 1]. The primary effort in the ANL

study was to evaluate the fuel utilization characteristics of once-through

fuel cycles, in particular the LWR once-through fuel cycle.

ANL identified five avenues for improvement, they are: (1) increase

the discharge burnup of spent fuel, (2) reduce the metal/water ratio in
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current lattices, (3) replace reactivity control using poisons by spectral-

shift.control, (4) reduce the irradiation period, and (5) employ thermal

coastdown. They have found that increased burnup is the most straight-

forward and promising option for once-through fuel cycle improvement; the

other options resulted in modest ore savings (5% to 10%).

The Atomic Industrial Forum [AIF] has recently completed a study [A- 1]

which debated the pros and cons of closing the back end of the fuel cycle

via reprocessing and recycling of plutonium and uranium. Although the

primary effort in the AIF study was to clarify the subject of reprocessing-

recycle economics, considerable emphasis was also placed on the throwaway

alternative. The AIF study is of interest here because of the benchmark

economics data it has compiled, which can serve as the basis upon which

the economic analyses performed in the present research can be founded.

AIF selected nine studies on the economics of reprocessing-recycle; each

study was sufficiently detailed and comprehensive to allow comparison with

other studies. An arithmetic average of product or service unit costs for

each fuel cycle transaction was calculated and reported by AIF for the

data reported in the nine studies they examined.

The cost basis developed by AIF will be used as a data base when the

economics of the once-through fuel cycle is analyzed. However, it

should be recognized that many of the back end costs (e.g. interim storage,

whole-assembly disposal, etc.) are not well defined. Front-end costs are

also subject to considerable uncertainty. The resource grade/size/cost

picture for U308 is widely debated, and the impact of technological

breakthroughs in the area of isotope separation may well be profound.

For that reason we have centered on ore utilization as the primary criterion,
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and recommend the economic analyses only as qualitative and relative

indicators.

1.3 RESEARCH OBJECTIVES

The main objective of this present work is to determine whether there

are substantial prospects for improving the ore utilization performance

of light water reactors by optimizing the reactor core and fuel cycle.

As previously mentioned, the approach that will be taken to optimize LWR

ore utilization will be use of conventional PWR designs, with a minimum of

reactor core and fuel cycle changes; more importantly, only non-recycle

concepts will be considered.

Generally speaking, there are three distinct approaches being

pursued today to optimize LWR ore utilization: (1) increase the discharge

burnup of the spent fuel, (2) reduce control poison requirements, and

(3) reduce critical mass requirements at BOC. These general approaches

can be embodied, singly or in combination in various specific design and/or

operating procedures. Although some attention is given to establishing

ultimate theoretical limits, the present work concentrated primarily

on specifics. For example the following methods were investigated to

increase the discharge burnup: (1) axial power flattening, (2) operating

the reactor in coastdown scenarios at EOC, (3) increasing the number of

batches in the core, and (4) increasing the refueling interval. Each of

the above will be discussed in greater detail in the body of this report.

Ore utilization can be improved by reducing the control poison

requirements since control poisons degrade the neutron economy by wasting

neutrons on parasitic captures. There are two divergent approaches to

reduce control poison requirements: (1) use of control materials that
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will benefit from parasitic captures (e.g. fertile materials) and (2) reduce

the amount of BOC reactivity needed to be held down by the control

poisons. One obvious way to reduce the BOC reactivity is to reduce the

reload enrichment, but a shorter irradiation period results. One possible

way to avoid shorter cycle lengths would be to increase the conversion

ratio of the reactor. This would reduce equilibrium enrichments and annual

ore requirement by increased fissile production during the cycle.

Unfortunately the improved conversion ratio is coupled to a penalty in

the initial startup requirements, as will be shown later. In view of the

above, the following compromise scenarios will be investigated: (1) axial

seed/blanket-cores, (2) movable-fertile-fuel reactivity control, and (3)

enhanced reflector designs.

The initial objective will be to assemble the analytic and numerical

models needed to analyze the reactor core and fuel cycle design changes.

Once this is done, a cursory review of lattice design will be performed to

put the significance of key independent design variables such as fuel

pin diameter and pin-to-pin spacing into perspective. Finally, a

neutronic and economic analysis will be performed of each of the options

outlined above to see if there is improvement in ore usage.

1.4 OUTLINE OF PRESENT WORK

The work reported here is organized as follows. Chapter 2 will

be concerned with developing the calculational methodology for analyzing

the proposed design changes in the once-through fuel cycle; a discussion

of the computer codes and analytical models used in this work will be

given. Chapter 2 will also serve a preliminary screening function,
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eliminating certain design changes as avenues for improving ore

requirements in PWRs operating on the once-through fuel cycle.

In Chapter 3, various heterogeneous core configurations will be

examined to see if the annual ore requirement is substantially reduced.

A brief economic study (fuel cycle cost) is also given for each of the

heterogeneous core configurations.

In Chapter 4, the six-batch high burnup core will be analyzed. The

results of neutronic (power distribution, reload enrichment, etc.),

economic (fuel cycle cost) and ore utilization studies will be presented

and discussed.

In Chapter 5, various coastdown scenarios for PWRs will be examined

with regard to the potential ore savings and reduced fuel cycle cost

when reactors are operated in this manner. The application of simple models

to analyze coastdown will be strongly emphasized.

Finally, in Chapter 6, the results and conclusions of the study will

be summarized, together with recommendations for future work. Several

appendices are included containing subsidiary analyses and data supporting

the work reported in the main text.
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CHAPTER 2

ANALYTICAL AND NUMERICAL METHODS

2.1 INTRODUCTION

A primary objective of reactor physics analysis is to provide the

reactor designer or operator with information needed to make appropriate

management decisions concerning the design, operation, safety and

economics of the reactor plant. The starting point of any analysis is a

well defined problem and a postulated set of reactor design characteristics,

such as material compositions, dimensions, temperatures and thermal-hydraulic

parameters. One is then prepared to devise a scheme to obtain the solution

to the problem.

Over the past two decades, large investments in terms of research

dollars and manpower have been made to establish computational algorithms

to carry outsuch analyses. The state-of-the-art computer programs used in

this present research have been tested and used by national laboratories,

vendors, and utilities for fuel management analyses [A-1]. A brief

description of these codes will be given in this chapter; the rationale

for using these codes will be developed in subsequent chapters.

Computer codes are useful, but computational time and cost constraints

may set practical limits on the number of solutions which can be investigated.

Thus, the need for "simple" analytical methods for scoping calculations is

evident; such methods can be used to scope out problems so that the analyst

can concentrate on the most promising range of solutions. In this spirit

the last section of this chapter will describe a simple model for evaluating

uranium ore usage as a function of various governing parameters.
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2.2 COMPUTER METHODS

In the sections which follow, a brief description of each computer

code used in the present work will be given. The reader is directed

to reference [A- 2 1 for a general discussion of computer methods for

reactor analysis. This reference describes each of these codes in

more detail, and it also describes other codes which perform the same

functions. Detailed manuals for each code are also referenced, in

which step-by-step instructions for implementation of the programs can

be found. In what follows, only information relevant to current

applications will be presented since the codes in question were neither

modified nor used in a unique manner in the present research.

2.2.1 The LEOPARD Code [B- 1]

LEOPARD is a computer code which determines fast and thermal cross

sections for square and hexagonal lattices. A neutron spectrum calculation

(which is based on a modified MUFT [B- 2] - SOFOCATE [A- 3 ] model) is done

for an "equivalent" unit cell. The unit cell (see Figure 2.1) consists

of a cylindrical fuel rod, a metallic clad around the fuel rod, a

moderator region surrounding the clad, and an extra region. The code

can be used to calculate depletion effects for an infinite reactor; and the

spectrum before each depletion time step is recomputed.

The LEOPARD code was written to perform spectrum calculations on

fuel pin cells and supercells typical of PWR fuel assemblies presently

in commercial use. The fuel pin geometry consists of the fuel and

moderator regions as shown in Figure 2.1. When a supercell calculation is

performed, a region (denoted the "extra" region) is introduced to

account for water holes, water gaps between assemblies, control rod sheaths,
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spacer grids and structural material.

An EPRI version of LEOPARD [B-l] was used in the present work together

with its microscopic cross section library derived from ENDF/B-IV

(using a code called SPOTS [B-1]). Thus, the user need only supply region

dimensions, material compositions, region temperatures and burnup time-

steps.

As previously mentioned, the LEOPARD spectrum calculations are based

on a modified MUFT-SOFOCATE model, The MUFT subprogram solves the Fourier

transformed (with respect to space) Boltzmann equation using the B1

approximation, to obtain the first two components of the flux and the

slowing down densities. The spectrum is first calculated for 54 energy

groups (.625 eV - 10 MeV) and then used to collapse the microscopic cross

sections to 1 or 3 energy groups. The Grueling-Goertzel approximation is

used to calculate the slowing down densities. The L(U 238) factor used

in LEOPARD corrects for fertile resonance self-shielding, (incorporating

the Dancoff effect and Doppler broadening) by normalizing to an

experimental resonance integral correlation [S-2].

The SOFOCATE subprogram calculates the thermal spectrum (for 172

energy groups) by using the Wigner-Wilkins treatment. Both MUFT and

SOFOCATE perform homogeneous unit cell calculations. This approximation

is valid for epithermal calculations since the mean free path of a fast

neutron is much greater than the dimensions of the unit cell. For thermal

calculations the heterogeneity of the lattice must be taken into account.

The SOFOCATE code includes the calculation of an energy dependent

disadvantage factor using an approach similar to the ABH [A-4 I method.

The microscopic cross sections are then modified by the disadvantage

factors, a conventional spectrum calculation is performed for a homogeneous
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medium, and spectrum-averaged one-group thermal cross sections are

computed. LEOPARD also corrects first group cross sections using a

flux advantage factor.

One option of the LEOPARD code utilizes the Mixed Number Density

(MND) thermal activation model [B- 3]. This model uses a Boundary

condition of neutron activation continuity rather than flux continuity

over an energy interval. The MND boundary condition corrects for the

discontinuity of thermal reaction rates due to a discontinuity in

microscopic cross sections at material interfaces (fuel cell next to a

water gap). The values of Ea and VEf are averaged over a Wigner Wilkins

spectrum, but the values of D are averaged over a Maxwellian spectrum

LEOPARD also performs zero dimensional depletion calculations.

Spatial effects are neglected, but the user may input a buckling value

to account for leakage. The spectrum is calculated at the beginning of

each depletion time-step; the spectrum averaged cross sections and the

group fluxes are then used to solve the depletion equations (which

determines the new isotopic concentration). This process is repeated

for all depletion time steps.

2.2.2 CHIMP

The CHIMP code [C-1 ] was written by YAEC to handle the numerous data

manipulation and input preparations associated with fuel management studies.

CHIMP is composed of six sections, and performs the following operations:

1. Prepares two group macroscopic cross sections for the

fueled region in the PDQ-7 program. The user must

input macroscopic cross sections for all possible
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combinations of boron concentration and burnup. CHIMP

fits a spline curve through the data, allowing the

user to obtain macroscopic cross sections at the

desired burnups and boron concentrations.

2. Prepares two group macroscopic cross sections for

unfueled regions of PDQ-7. The user must input -

macroscopic cross sections as a function of boron

concentration. CHIMP fits a spline curve through

the data, allowing the user to obtain macroscopic

cross sections at different boron concentrations.

3. Prepares complete sets of input, including two-group

macroscopic cross sections, for the FOG [F-1] code

(not available at MIT and not used in the present

work). The user must input macroscopic cross sections

for all combinations of boron concentration and

moderator temperature. CHIMP fits a spline curve

through the data, allowing the user to obtain

macroscopic cross sections at the desired moderator

temperature and boron concentration.

4. Prepares complete sets of input for LEOPARD (fueled

and unfueled cases). This program requires number

densities as punched by LEOPARD for all possible

combinations of burnups, boron concentrations,

resonance temperatures, moderator temperatures, and

moderator pressures. CHIP fits a spline curve
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through the data, allowing the user to obtain LEOPARD

input decks at the desired burnup, boron concentration,

resonance temperature, moderator temperature, and

moderator pressure.

5. Prepares microscopic and macroscopic cross section table

sets for HARMONY [B-41. The code accepts microscopic

cross section as punched by LEOPARD for each isotope

contained in the LEOPARD cross section library. CHIMP

then punches, for each isotope, microscopic and macro-

scopic table sets. These table sets can be either

Master table sets (independent of burnup) or Interpolating

table sets (function of burnup).

6. Prepares the polynomial fit constants for the two-

group macroscopic cross sections used in the SIMULATE

[V- 1] program. This part of the code performs two

different types of calculations. First, the code

calculates a polynomial fit for an arbitrary array of

x and y data points. Second, the code calculates the

"B" constants needed in SIMULATE for each fuel type.

The inputs required for B constant calculations are the

macroscopic cross sections at selected burnups.

2.2.3 The PDQ-7 Code

The PDQ-7 code [C- 21 solves the diffusion depletion equations

in one, two, or three dimensions for rectangular, cylindrical, spherical,

and hexagonal geometries. This code allows up to 5 energy groups, with
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the thermal group represented by a single group or a pair of overlapping

thermal groups [B- 5]. In addition to the standard eigenvalue solution

to the diffusion equations, adjoint, boundary value, and fixed source

calculations may be performed.

The depletion calculations and data management of the cross section

data are handled by the HARMONY [B-4] system. This system provides a

flexible representation of the time dependent depletion equation for

any nuclide chain; the user inputs into the code the depletion equations

that he wants the code to solve. HARMONY also provides a flexible

representation of time-dependent macroscopic and microscopic cross

sections. The user may input up to a fifth order polynomial cross

section fit as a function of number density.

The code solves the diffusion equation by discretizing the energy

variable and finite differencing (central) the equation in space. The

one dimensional equations are solved by Gauss elimination and the two

dimensional equations are solved using a single-line cyclic semi-iterative

technique [V- 2]. For three dimensional problems, a block Gauss-Seidel

procedure is used (each block represents a single plane). The equations

for each plane are then solved by the same technique as used in two

dimensions. A more detailed description of the solution scheme can be

found in Reference [H- 1].

2.2.4 The FLARE-G Code

The FLARE-G [ D-2 ] Code can be used to calculate a power distribution

for a three-dimensional rectangular (XYZ) reactor. This nodal code is

based on a modified one-group diffusion theory model in which the

2
infinite medium multiplication factor k, and the migration area M are
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employed. The core reflector interface is treated by a modified albedo

boundary condition. (This modified albedo boundary condition is not

similar to the more familiar definition of albedo as the ratio of the

partial "in" current divided the partial "out" current.)

The power density or neutron source at each node is a function of k,

at that node, the source at the six neighboring nodes, and the transport

kernel. The approximate transport kernel used in FLARE is a simple

2
function of the migration area M and the mesh spacing. FLARE-G

calculates the kco for each node, accounting for the effects of neighboring

control rods, local moderator density, power dependent equilibrium Xe and

Sm, and local fuel exposure. The reactivity loss due to burnup is included

by a simple fit of kco vs. exposure, exposure-weighted voids, and exposure-

weighted local control. The reactivity effect due to changes in soluble

poison concentration is accounted for by the partial fuel factors. (This

is a multiplier on ko,, only X-Y dependent.)

2.2.5 The BAHAR Code

The BAHAR Code [N- 1 ] analyzes the thermodynamic characteristics of a

PWR power plant. The user must input the component layout of the secondary

cycle and the thermodynamic and mechanical data for each component. This

program calculates the efficiency of the power plant, flowrates, pressure

drops, and temperature drops for each component. The components of the

primary cycle are: the reactor, steam generator (boiler) and the

circulation pump. The components of the secondary cycle are: steam

generator, high and low pressure turbine, feedwater heaters, coolers,

condenser, pumps, and degasifier. The number of steam bleeds from the

low pressure turbine is variable and there is an option to allow for
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superheating of the steam.

2.2.6 MITCOST-II

The MITCOST-II Code [C- 3] is a nuclear fuel cycle economics code

which can be used to analyze a series of nuclear fuel histories, each

history spanning the entire life of a reactor. The user must specify

the energy generation (burnup, electricity or heat), masses of individual

isotopes charged and discharged, unit costs for individual materials and

services, and the lag or lead time at which each fuel cycle transaction

occurs. In addition, the user must specify the tax schedule and the

depreciation method used for the analysis. The primary result calculated

is the levelized unit nuclear fuel cost per batch. In addition, the code

calculates additional indices of the economic performance of the nuclear

fuel. They are: the revenue requirement per batch, the levelized unit

fuel cost and the revenue requirement per period, and the revenue

requirement and levelized nuclear fuel cost for those batches of nuclear

fuel which are not being discharged at the end of the present irrradiation

period.

2.2.7 ECON Code [A-5 ]

The ECON Code is a simple fuel cycle economics code. Basically, the

model used in this code represents a simplification of the more exact

treatment used in MITCOST. This model assumes a single cash flow at the

mid-point of the irradiation interval instead of continuous cash flows

over an interval and the model assumes steady state conditions (reload,

enrichment and burnup are the same for each cycle) for the life of the

reactor. The user must specify the energy generated by a batch of fuel,
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the unit cost of each transaction (e.g. cost of ore, enrichment, etc.) the

mass flow for each transaction, the economic parameters defining the discount

factor, and the lead and lag times for each transaction. The primary result

calculated is the levelized unit nuclear fuel cycle cost.

2.3 ORE USAGE MODEL

A prime, long range concern of the reactor industry today is better

utilization of uranium resources. Many design and operating changes have

been proposed to better utilize uranium ore in current Pressurized Water

Reactors. Such changes must be evaluated in a consistent manner,

considering both the ore investment needed to place a reactor system into

operation and the ore needed to operate it for a certain period of years.

Different reactor systems should be compared after some years of

post-startup operation. After this transient period, the annual demand

for ore has settled down since the reactor has reached equilibrium

conditions. When equilibrium occurs, the annual system uranium ore demand per

GWe-yr,F's s 7 can be represented by a simple linear combination of average

annual ore usage and startup requirements:

F's = F + rF (2.1)

where

F = annual makeup ore usage requirement, U308 /GWe-yr

F = initial startup requirement, U308/GWe

r = growth rate of the nuclear electric system, r% per year/100



-30-

This function could be used to evaluate fuel utilization in different

cycles and systems.

It should be noted that separately optimizing the annual ore usage

component or the initial ore requirement will not necessarily optimize

the F's function. It is generally true that changes in LWR core design

which reduce one of the components, generally increase the other. For

example, increasing the conversion ratio, C, will reduce the annual makeup

requirements since F= (1 - C). On the other hand, the initial enrichment

needed to start the core up is increased, hence the initial ore requirement

is increased; thus a trade-off is involved in minimizing the overall system

function.

2.3.1 Ore Usage as a Function of Reactor Characteristics

If we are to evaluate different reactor strategies the parameters F and

F should be related to the appropriate characteristics (lattice pitch,

batch size, reload enrichment, etc.) of each system. The functional

dependence of P and F on these reactor characteristics will be examined

in this section and in Appendix A.

For neutronically similar large PWR cores, the ratio of the annual

ore usage by a system of reactorsof a given design [F' 2] to the annual ore

usage of a reference case [F' S can be shown to be (see Appendix A for

derivation):

F1S 1 + -- N T X -X n nX X n T E
2  100 2 2 1 0 1 2+1 0 w 1 1 1 (2.2)

F'S 1 +- N1T X -1 X 11+ K Xw 2.H2E2l
1 L i
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where

T = refueling interval, years

N = equivalent number of reload batches in the initial startup

core in terms of ore usage

X = BOL enrichment of a reload batch at steady state

X0 = BOL enrichment at which k=1 with saturated Xe and Sm

X = enrichment plant tails compositionw

n = number of fuel batches in the core

This equation provides the capability of computing ore savings as

a function of changes in core design and fuel management strategy. The

effects of changing the average burnup of a discharged batch, B, the

refueling interval, T, or batch heavy fietal loading, P, can he studied using

Equation 2.2 since:

B T n T P2 2 22= 2i1
-- n TB(2.3)
S 11 12

Equation (2.2) can also be used to study the effect of changing the

linear power rating or the power density of the fuel since:

rd2 A

P=T-d Ac P LMTHM (2.4)
4 2 n

p

B =0.365 4q'nT =0.365 W (2.5)
2rd 2 pPT'MTHM

A
E = n-c- =L -=Bn p q'n p (2.6)

2 1000 365 T 1000 p
p
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where

q' = average linear power, kw/ft

q"'= average power density, kw/ft 3

p = fuel density, MTHM/ft

d = fuel pin diameter, ft

p = lattice pitch, ft

L = active length of fuel pins, ft

A = cross-sectional area of core, ft2

Equation (2.2) is simple to evaluate, but still quite versatile.

This function will be used to evaluate ore savings as a function of

changes in core design and fuel management strategy.

2.3. 2 Identification of Key Characteristics

The reactor designer at the start of any analysis must postulate

a set of reactor characteristics; this set includes the reactor character-

istics that are to be kept constant and the characteristics the designer

wishes to change. This work from the outset eliminated two possible

design changes, namely variation of lattice design and use of a different

fuel type (e.g. oxide vs. metal fuel). As discussed below, it has been

found that current PWR lattices (for a once-through fuel cycle) were

already very nearly optimum for ore and separative work requirements and

that use of metal fuel in current design LWRs offers no neutronic advantages

over oxide fuels (as will be discussed in more detail shortly).

A study of the effect of unit cell size on ore and SWU utilization

for the once-through fuel cycle (and also for different recycle scenarios)

was performed by Garel [G- 1]. In his investigation, the fuel-to-coolant

volume ratio, V f/Vm, was kept constant, but the cell dimensions were changed.
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He has calculated, using LEOPARD, the ore requirements, STU 308 /GW(e)-yr,

and theseparative work requirements, MTSWU/GW(e)-yr, as a function of unit

cell volume for current design PWR's. His results for the once through

fuel cycle are shown in Table 2.1. Also shown in Table 2.1 is the

levelized nuclear fuel cycle cost for each cell volume. The fuel .cycle

cost was calculated using the ECON code and the economic data shown in

Table 2.2 and Reference [A- 1]. The results show that varying the unit cell

size (fuel pin diameter at a constant V /Vm ratio) has a negligible effect

on ore and SWU requirements and nuclear fuel cycle costs. Thus, in effect,

the fuel pin diameter in use today has already been optimized with regard

to ore and SWU requirements.

Garel also studied the effect of fuel to coolant volume ratio on the

ore and separative work requirements of PWR systems. In this investigation,

the fuel-to-coolant volume ratio (lattice pitch) was varied, but the fuel

pin diameter was kept constant. His results are summarized in Table 2.3.

One of the pertinent observations is that the optimum V /Vm occurs near

V f/Vm =0.482, which is representative of fuel-to-coolant volume ratios used

in current PWR lattices. Thus, the current PWR lattice pitch is also optimum

with respect to ore and SWU requirements.

We did not restrict ourselves to oxide fuels in our design studies.

Advantages have often been claimed regarding the use of metal fuels, thorium

in particular, in LWRs [Z- 1]. This contention has been examined, with an

emphasis on core neutronics and it was concluded that the use of metal

fuel in current design LWRs offers no evident fuel cycle advantages over

continued reliance upon oxide fuels.

Metal-fueled lattices are not neutronically superior to oxide fueled

lattices for the following reasons:
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TABLE 2.1

ORE AND SEPARATIVE WORK REQUIREMENTS AS A

FUNCTION OF FUEL TO COOLANT VOLUME RATIO VF /VM

V /V

Annual Makeup
Requirements*
STU308 /Gw(e)-yr

Separative Work
Requirements*
MTSWU /GW(e)-yr

Levelized Fuel
Cycle Cost
mills/kw-hr(e)

0.338

191.0

117.4

8.934

0.4816**

182.0

109.4

8.490

0.9161

256.5

175.0

12.155

1.497

403.6

310.2

19.501

* basis of per GW(e)-yr (rated) at a 75% capacity factor and 0.2% tails

** representative of current PWR lattices

A polynomial fit to the data gives the following optima:

Annual makeup requirements

Separative Work requirements

Fuel cycle cost

(V /V )f.8opt.

0.4684

0.4694

0.4687

Minimum
Requirements

181.88

109.34

8.486
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TABLE 2.2

NUCLEAR FUEL CYCLE COST DATA

Income Tax fraction

Bond fraction

Stock fraction

= 0.50

= 0.50

= 0.50

Rate of return to Bondholders = 0.08 yr1

Rate of return to Stockholders = 0.16 yr~l

Thermal power

Efficiency

Capacity factor

Discharge Burnup

= 2440. MW

= 0.325

= 0.75

= 33,000 MWD/MTU

Unit Cost [A-i] Escalation Rate (yr l)

Uranium value
$/lb U308

UF6 Conversion Value
$/lb. U

Enrichment Value
$/SWU

U02 Fuel Fabrication
$/kg HM

Throwaway Expenses*
$/kg HM

38.92

1.95

94.00

99.00

103.00

0.10

0.06

0.06

0.06

0.06

*includes spent fuel storage, transportation, and disposal for
throwaway alternative
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TABLE 2.3

ORE AND SEPARATIVE WORK REQUIREMENTS

AS A FUNCTION OF UNIT CELL VOLUME

V /2
0

Annual Makeup
Requirements*
STU30 8/GW(e)yr

Separative Work
Requirements*
MTSWU /GW (e) yr

Levelized Fuel
Cycle Cost
mills/kw-hr (e)

184.6

111.7

8.617

*basis of per GW(e)yr (rated) at a 75% capacity factor and 0.2% tails

V
0

182.0

109.4

8.490

1.5 V0

181.4
&

108.8

8.461
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a. Oxygen in UO2  (or ThO 2) absorbs only about 0.15% of the

neutrons in a PWR core. Hence, use of even pure U or Th metal would

result in a negligible improvement in the neutron economy. Alloying

constituents which would almost certainly be required, would cause the

metal fuel to waste considerably more neutrons in parasitic captures.

b. One can always vary fuel pin diameter and lattice pitch to find

an oxide fueled lattice which is neutronically equivalent to a metal-

fueled lattice. That is, the two lattices would have essentially

identical isotopic compositions over a given burnup history. A simple

thought experiment supports the above contention; first change the fuel pin

diameter to match resonance integrals; then vary the pitch-to-diameter ratio

(fuel to moderator ratio) to match the ratio of epithermal to thermal

reaction rates. We have verified this assertion using the LEOPARD code

for both uranium and thorium fuels, as summarized in Table 2.4; note that

the key parameters of U-233 and U-235 consumption differ by less than 0.3%.

Given neutronic eq-uivalence, the charge and discharge fuel composition

is the same for the same burnup. If one fuel can sustain a higher power

density, then it will log the burnup in a shorter calendar interval;

conversely more core reloads will be required over the same calendar

interval; and to first order the fissile mass required per year will be

the same. For example, if metal fuel could be run at twice the power

density of oxide fuel, the metal core will contain half as much heavy

metal as the oxide core; if the oxide assemblies reach design burnup in

three years the metal assemblies will do so in 1.5 years, and twice as many

metal assemblies must be purchased each year. This equivalence is exact

for once-through fuel cycles: for full recycle, faster turnover provides
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TABLE 2.4

EQUIVALENT METAL AND OXIDE CORES*

A. THORIUM FUELED (U-233/Th-232)

Metal

BOL U-233 enrichment
Fuel pellet diameter
Power density
Moderator to fuel ratio
Fuel density
BOL k,
EOL k~, (@ 35,000 MWD/MT)
BOL resonance integral, Th
BOL fast/thermal flux ratio
Net U-233 consumption (KG/TONNE)

B. URANIUM FUELED (U-235/U-238)

2.9 w%
0.26 in
75 kw/Z
2.084
11.71 g/cc
1.25578
0.86774
18.4026
5.64131
12.3625

Metal

BOL U-235 enrichment
Fuel pellet diameter
Power density
Moderator to fuel ratio
Fuel density
BOL k
EOL k, (@ 35,000 MWD/MT)
BOL resonance integral, U-238
Fast/thermal flux ratio
Net U-235 consumption (KG/TONNE)
Net Pu-239 production (KG/TONNE)

3.0 w%
0.14 in
80.9 kw/Z
3.85
19.1 g/cc
1.27567
0.88166
22.1439
4.99947
24.4476
4.7665

2.9 w%
0.37 in
75 kw/Z
1.722
10.03 g/cc
1.24829
0.86274
18.4032
5.59926
12.3456

Oxide

3.0 w%
0.37 in
80.9 kw/Z
1.66
10.04 g/cc
1.27328
0.88354
22.1906
5.00125
24.3818
4.8689

*All calculations using EPRI-LEOPARD with its ENDF-IV a-Set

Oxide
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a small second order benefit - similar to the effect of increasing the

frequency of compounding interest in financial calculations.

If the mass flow is the same over a given time interval, the

fissile mass flow in particular, then the fuel cycle cost will be

very nearly the same for the oxide and metal fueled cores. Under these

circumstances metal fuel would have an advantage over oxide fuel only

if:

a. fabrication costs were substantially lower, but even here,

since fabrication costs account for only 10 to 15% of

the total fuel cycle cost, the advantage could only be

a small one;

b. the use of metal fuel would somehow permit operation in a

superior neutronic regime denied to oxide fuel; ultra tight

pitch lattices for example. Since oxide fuel is already used

in the very tight lattices of LMFBR's, there appears to be

little room for excluding oxide in comparable LWR uses.

Moreover in the once-through cores of this present study,

current lattice pitches are pear optimum;

c. metal fuels can be used in high burnup regimes. Uranium

metals in particular have had swelling problems [G-2],

which has limited uranium metal fuels to low discharge

burnups (8000 MWD/MTU); on the other hand thorium metal

has exhibited better stability under irradiation than

uranium metal;
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d. if metal fuel would allow a smaller capital cost, that

is, if metal fuels could operate at a higher power density

and a lower heavy metal inventory, then the capital cost

of the plant would be smaller.

In the absence of convincing arguments to the contrary, metal fuel

does not appear attractive for conventional LWRs. Use in other reactors,

such as LMFBRs or LWRs with ultra-tight pitch lattices, where beneficial

spectral hardening can be achieved, is still an open question [C- 4].

The calculations were extended to examine the effect of power

level on isotopic composition at the same burnup (using current LWR

lattice design as the basis). Table 2.4 compares key parameters for

lattices described in Table 2.5 at 35,000 MWD/MT.

As can be seen, for fuel cycle ore usage calculations it may be

assumed to first order that isotopic composition is a function of burnup

only. This is an excellent assumption in uranium fueled lattices; in

the thorium fueled lattices the agreement is not as good because Pa

captures are reduced at lower power levels.

These calculations were extended to examine the use of diluents in

oxide fuel pins. As used in the present context diluents are chemically

stable materials having low neutron cross sections (such as ZrO 2 , BeO,

CeO) mixed into the UO2 fuel pellet, thus making the fuel less dense.

The reduction in density effectively reduces the cross section of the

fertile U-238 which in turn, results in lower fissile loadings to support

criticality. For this reason advantages have sometimes been claimed

regarding the use of diluents in LWRs [S- 3 ].
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TABLE 2.5

EFFECT OF POWER LEVEL ON DISCHARGE COMPOSITION*

A. THORIUM FUELED (U-233/Th-232)

Net U-233
Consumption (kg/T) Metal Fuel Oxide Fuel

@ 50% Power

@ 100% Power

B. URANIUM FUELED (U-235/U-238)

U-235
Consumption (kg/T) Metal Fuel Oxide Fuel

@ 50% Power

@ 100% Power

Net Pu-239
Production (kg/T) Metal Fuel Oxide Fuel

4.7400

4.7665

4.8425

4.8689

*all cases have equal discharge burnup, 35,000 MWD/MTU

12.0250

12.3625

11.9805

12.3456

24.4907

24.4476

@ 50% Power

@ 100% Power

24.4236

24.3818
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The same thought experiment which tested the neutronic advantages of

using metal fuels in LWRs was used to test the above contention; namely

the fuel pin diameter and the lattice pitch were varied to find an

oxide-fueled lattice which is neutronically equivalent to a diluent-

containing-oxide-fueled lattice. Two diluent-plus-oxide fueled lattices

were compared to a current design oxide fueled lattice, as shown in

Table 2.6. One lattice contained 2O% voids in the UO2 pellets (i.e. 80%

T.D.), which simulated ideal limiting conditions for a diluent material

(no parasitic captures) while the other lattice contained ZrO2 (20% by

volume) in the UO2 pellets, a more realistic situation. As shown,the

key parameters of U-235 consumption and Pu-239 production differ. by less

than a few percent. Further iterative adjustments could undoubtably

improve the agreement. Hence, in the absence of convincing arguments to

the contrary diluent-containing-fuels do not appear attractive for

conventional LWRs unless the use of diluent-containing fuel would somehow

permit operation in a superior neutronic regime denied to current oxide

fuel designs.

Recently a study has been completed at MIT which studied the effect

of the Th-232/U-238 ratio on the Conversion Ratio of PWRs [C-5 ]. Although

the main emphasis was on various recycle modes, a brief investigation of

non-recycle fuel cycles was carried out. Figure 2.2 shows the annual

ore consumption (STU308/GWe-yr) versus the initial atom fraction of

Th-232 in the fertile fuel for a 3-zone PWR in which the fuel is discharged

at 33,000 MWD/MTU. As shown the ore consumption rises as the Th-232

fraction increases (for the non-recycle case). For recycle cases the

annual ore consumption decreases as the atom fraction of Th-232 increases.

Also shown in Figure 2.2 is a sharp discontinuity at 50% atom fraction
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TABLE 2.6

EQUIVALENT U-235/U-238 OXIDE FUEL LATTICES;

WITH AND WITHOUT DILUENT

Ref. Oxide Oxide Lattice Oxide Lattice
Lattice Fuel 80% T.D. Diluent in Fuel

BOL U-235 enrichment, w/o 3.0 3.0 3.0

Fuel pellet diameter, in. 0.370 0.424 0.460

Power density, kw/liter 80.9 80.9 80.9

Moderator to fuel ratio 1.66 1.40 1.41

Fuel density, g/cc 10.04 8.76 8.76

BOL k, 1.27328 1.27146 1.26195

EOL k, (35,000 MWD/MT) 0.88354 0.88576 0.87935

BOL resonance integral, U-238 22.1906 22.2035 22.2875

Fast/thermal flux ratio 5.00125 5.12399 5.03070

Diluent Zr2 *

Net U-235 consumption (KG/TONNE) 24.3818 24.3076 24.3119

Net Pu-239 production (KG/TONNE) 4.8689 4.96160 4.97812

*20% by volume of the fuel region
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of Th-232. This is due toLEOPARD's treatment of the spatial self-shielding

for the heavy nuclides. LEOPARD only self-shields the most abundant

fertile isotope (Th-232 or U-238) and assumes there is no self-shielding for

the other heavy nuclides. Therefore a discontinuity exists when the self-

shielding factors for the fertile isotope changes.

From these results it was concluded that ThO2 should not be used in

PWRs operating on the once-through fuel cycle. Consequently,this study

will not pursue this area (mixed oxide fuels) any further.

For the reasons given above, we have eliminated lattice (pitch, diameter)

optimization studies and fuel optimization studies (metal, diluent-containing

fueled lattices, and mixed oxide fuels) as avenues for improving ore and

separative work requirements in PWRs operating on the once-through fuel

cycle. In the subsequent chapters we will discuss the more promising

categories of design changes.
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CHAPTER 3

HETEROGENEOUS CORES

3.1 INTRODUCTION

The large PWRs in commercial operation today operate on a three

batch cycle and use a modified out-in scatter fuel management program

(see Figure 3.1). In this scheme, the fresh-fuel assemblies are

generally located at the periphery of the core, and the once and twice

burned fuel is placed in the interior of the core. The most reactive

of the once or twice burned fuel assemblies are placed in areas which

would otherwise tend to exhibit a depression in the power density,and

the more highly depleted assemblies are placed in areas of high power

density. In this way, coupling is improved among the once and twice

burned fuel assemblies. This fuel cycling program gives favorable

peak-to-average radial power distributions, both at beginning-of-cycle

(generally the limiting state) and over the burnup cycle.

The modified out-in scatter fuel management program takes advantage

of the heterogeneous composition of individual assemblies to flatten

the power distribution. This suggests that other heterogeneous core

configurations may exist which will further improve the power shape,

and of greater current interest, reduce uranium ore consumption. We

have briefly investigated four such heterogeneous core designs: (1)

enrichment gradation in the axial direction, (2) a seed-blanket core,

(3) movable fuel-reactivity control, and (4) enhanced reflector designs.

A substantial reduction of the peak-to-average power ratio can be

attained by charging fuel of different enrichments to different zones

in the reactor, or by using a different concentration of poison in
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different parts of the reactor. This is generally associated with radial

power shaping. However the same techniques can be used to change the

axial power distribution from the usual chopped cosine distribution

(associated with uniform loading) to a power distribution in which more

of the reactor operates at the maximum permissible power density. The

rearrangement of materials to improve the axial power shape will be

called "zone loading" here.

One type of zone loaded arrangement, which is close to optimum for

a reactor in which the fuel linear power limits thermal output, is a

reactor designed to have uniform power density over a substantial portion

of the core. The uniform power density may be achieved by providing fuel

in a central region of lower enrichment than in the peripheral regi6ns

of the reactor. In addition to providing a more uniform power density,

zone loading provides a more uniform burnup (i.e. time-integrated power

density).

Another method of reducing the annual reload requirements of PWRs is

to increase the conversion ratio, C, since the reload requirements are

proportional to (1-C). One attractive possibility is the seed (fissile

material) blanket (fertile material) reactor concept which achieves

improved breeding by reducing reactivity control poison requirements and

by increasing the uranium to structure ratio (R-1). One way to achieve

the seed/blanket geometry in a PWR would be to segregate the seed and

blanket material in a PWR fuel pin (i.e. an extreme version of graded axial

enrichment zone loading. Alternate layers of enriched fuel and blankets

pellets would be stacked in a fuel pin. During the life of the core, the

enriched fuel would be depleted, but fissile material will be produced in

the blanket zones, which would compensate for some of the reactivity loss
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due to burnup and fission product poisoning. In addition, the control

poison requirement is reduced since the reactivity swing from BOL to EOL

is reduced; therefore fewer parasitic absorptions occur and the reload

enrichment decreases.

Approximately 5% of cycle-average fission neutrons are lost to the

control poison in a typical PWR; hence if the control poison could be

eliminated a modest, but not insignificant, ore savings could be achieved.

The use of fertile material as control elements may replace the need for

control poison. Various "movable" configurations of fertile and fissile

material were investigated to see if control poisons could be replaced by

movable fertile control rods. The results for the chosen configurations

were not promising, but worth reporting.

It is usual to surround the core of a thermal reactor with a reflector

region. In this way, many neutrons that would otherwise leak from the

core, instead have elastic collisions with the reflector and are returned

to the core. This leads to a reduction in critical mass requirements.

Presently, PWR cores are reflected by light water (containing soluble

control poison) closely backed by a core shroud and barrel (materials

with high absorption cross sections). The motivation for investigating

enhanced reflector designs can be explained by the concept of reflector

savings. (Reflector savings is defined as the decrease in the critical

dimensions of a reactor when the core is surrounded by a reflector).

For an effectively infinitely thick reflector (thickness of reflector is

greater than one or two diffusion lengths), the reflector savings, 6, is

shown to be (L-1:

c% LT(3.1)
D r
r
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where

c = average core diffusion coefficient, 
cm

r = average reflector diffusion coefficient, 
cm

LT = thermal diffusion length (reflector),cm
r

1l/2
= (D r/E ar)1/

-(r ar

If one notes that the diffusion length varies inversely with the square

root of the absorption cross section, it follows from Equation (3.1) that

the reflector savings increases as the absorption cross section of the

reflector decreases. Thus the critical dimensions of the core tend to be

smaller when the material used for the reflector has a low absorption

cross section.

Beryllium oxide has an absorption cross section which is one order

of magnitude lower than the absorption cross section of light water.

Hence, by using beryllium oxide reflectors in PWRs modest ore savings should

be achievable. Depleted UO2 (0.2 w/o U 235) can also be considered for use

as the reflector material. In this arrangement neutrons leaking from

the core would be absorbed by fertile 238U atoms and transformed into

fissile plutonium. The buildup of plutonium atoms in the reflector should

offset some of the reactivity loss due to the burnup process; hence the

fissile loading required at BOL will be lower.

The reader will recognize that many of the above ideas have received

extensive prior (and continuing) examination in the LWBR program [E-A.

The reason this limited re-evaluation is worthwhile lies in the concern of

the present work with the once-through fuel cycle, as opposed to the

LWBR, for which recycle is a necessity.
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3.2 PREVIOUS WORK

A literature search has revealed that little work has been done

in the area of axial zone loading to achieve power shape improvements

and ore utilization in PWRs. But axial zoning has been used to some

degree in other reactor types. Ducat [D-3 ] has found that internal

blanket regions (parfait cores) in LMFBRs could be used to flatten the

flux and power distribution in the plutonium-loaded zones of the core,

particularly in the axial direction. The core designs of HTGR and CANDU

reactors involve partial length fuel assemblies, which makes it possible

to apply axial fuel management principles to flatten the power distribution.

Hoppes [H- 2] has found for HTGRs that an axial push-through fuel scheme,

with the proper choice of fuel composition, will result in an improved

power shape. CANDU reactors employ bidirectional refueling [P- 2 ]; the

bundles are pushed through the core in opposite directions in adjacent

channels in order to smoothen and symmetrize the axial power shape. Until

recently, LWR fuel rods were loaded with uniform enrichment in the axial

direction; however it is understood that GE [P- 3] has recently proposed

an axial zone loaded assembly for the BWR-6 which has four different axial

enrichments and a non-uniform distribution of burnable poison.

While the neutronics of zone loaded PWR cores has not been studied,

the thermal-hydraulic effects of changes in the axial power distribution

has been examined. Boyd [B-6 ],for examplehas investigated a variety of

power shapes; our interest here is in his results for the flat power

distribution and cosine power distribution; namely, that if the power

distribution is changed from the cosine distribution to the flat distribution,

the linear heat generation rating may be increased in such a way as to
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preserve current thermal margins set for PWRs. For example, in a zone

loaded core the peak-to-average power ratio is lower than for a uniformly

loaded core; thus the peak linear heat generation rate is lower in a zone

loaded core. The average linear heat generation rate can be increased

in the zone loaded core such that the peak linear heat generation in the

zone loaded and uniformly loaded core are identical; hence the zone

loaded core may operate closer to the current thermal margins set for

PWRs. In addition, Boyd used a single-channel thermal hydraulic code,

which tends to give inherently conservative answers. From the above

observations, we can postulate that zone loading to achieve a flatter

axial power distribution and a higher power density core can be done in

such a way as to preserve current thermal-hydraulic margins set for PWRs.

Previous work has shown that the cost incentive for increasing specific

power is small; Gallagher [G- 3], for example has shown this for a PWR with

a 10% higher specific power. This lack of sensitivity is due to the fact

that isotopic compositions to first order are a function of burnup only and

not the power level that the nuclear fuel was operated at (Section 2.3.2).

For example, if a reactor can sustain a higher power density, then

it will log the burnup in a shorter calendar interval; conversely more

reloads will be required over the same interval; and to first order the

fissile mass required per year will be the same; hence fuel cycle cost

incentives are small.

The movable radial seed/blanket core has been developed at Bettis for

the LWBR [E- 1]. A typical module contains a central seed which is

movable and a stationary annular axial blanket. The position of the

movable seed fuel assembly is changed relative to the stationary blanket
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assembly to achieve criticality throughout the life of the core. Since

the reactivity is controlled by varying the leakage of neutrons from high

importance regions (seed) into low importance regions (blanket), control

poisons (e.g. boron or gadolinium) can be eliminated; and this improves

the neutron economy. We have briefly examined incorporation of a

rudimentary movable axial seed/blanket concept into current PWRs. These

design changes will be discussed in subsequent sections.

3.3 DEPLETION MODEL

The use of the LEOPARD point depletion model is adequate for estimating

fissile loading requirements, cycle lengths, and isotopic mass balances,

but the determination of power distributions and core operating characteristics

require that spatial calculations be performed. The few group PDQ-7

spatial diffusion depletion model used for this purpose will be described

below.

3.3.1 Cross-Section Generation

The LEOPARD Code was used to calculate diffusion theory parameters

for "pincells" and "supercells". The "pincell" consists of a cylindrical

fuel region which is surrounded by annular regions of clad and moderator.

this geometric model is equivalent to one fuel pin in a water gap pin in

a typical PWR assembly (Figure 3. 2). The "supercell" has the same geometry

as the pincell, but an additional annular region surrounds the clad.

This region is called the "extra" region. The "extra" region accounts

for that portion of a reactor core containing water gaps, control rod

sheaths, and structural material. Hence, the supercell is LEOPARDs's

geometrical model of a typical PWR fuel assembly.
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The calculations of diffusion theory parameters for pincells

requires minimal input (region dimensions, material compositions and

region temperatures), but the assembly-averaged diffusion theory

parameters can not be calculated (at least not accurately) by the

LEOPARD supercell model unless a diffusion theory spatial calculation

for the fuel assembly is performed in parallel. A PDQ-7 spatial

solution for one fuel assembly is performed first.so that the fast-to-

thermal flux ratio, # /42, and the k of the assembly may be found.

The supercell calculations are then performed iteratively, that is,

the non-lattice peaking factor required by LEOPARD for each supercell

run is varied until the # /$2 ratio and the kC, of the LEOPARD supercell

calculation match the results of the PDQ spatial calculation. When the

$ /$2 ratios and the k 's match, the group constants calculated by the

PDQ flux weighting procedure and the LEOPARD supercell calculations are

equivalent.

Depletion studies require group constants as a function of burnup

since the energy spectrum of a reactor core changes significantly when

the fuel materials are depleted. The group constants needed for the

depletion studies are obtained using the LEOPARD supercell depletion

model.

As previously mentioned, this study used the EPRI-version of

LEOPARD and its companion ENDF/B-IV cross section library. Garel [G- 1]

tested this code against 63 slightly enriched uranium (U-235/U-238) light

water lattices (as well as 42 plutonium-enriched uranium oxide light water

lattices and 5 233U enriched thorium oxide light water lattices). He found

that the EPRI-LEOPARD code is suitable for cross section generation for

conventional slightly enriched (U 235-U 238) light water lattices: the average

k for the 63 cases was 1.00257.



-56-

3.3.2 Power Distributions

The PDQ-7 code, described in Section 2.2.3 was used to calculate

a power distribution for the reactor core. The power distribution

was calculated at the beginning-of-cycle (BOC) and at various times

during the life of the core. The calculation of the power distribution

at various times during the life of the core requires a two step process.

First, for an initial description of the reactor (geometry and compo-

sition known), the neutron flux distribution is found by PDQ for two

energy groups and for all spatial mesh point locations. The spatial

flux is combined with the nuclear cross sections (K~f) to obtain the

power distribution. Next, using the power distribution from the spatial

calculation, the differential equations describing the buildup and loss

of nuclide concentrations are solved for that time interval. The

solution of the depletion equations yields new nuclide concentrations

which are used in the generation of two-group sections for the next

spatial calculation.

3.3.3 Depletion Chains

The LEOPARD code uses a "simplified" fuel depletion and fission

product chain structure to account for fission product poisoning and

the buildup and burnout of isotopes. This same fuel depletion and

fission product chain structure was implemented in the PDQ-7 depletion

model (see Figure 3.3 and Table 3.1). A more elaborate chain structure

was not used in the depletion model since the conclusions to be drawn
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TABLE 3.1

FISSION YIELDS AND DECAY CONSTANTS

Sm-149

0

0

0

0

0

0

0

A,sec

0

0

0

1-135

0.062

0.062

0.062

0.070

0.070

0.063

0.063

Element

U-235

U-236

U-238

Pu-239

Pu-240

Pu-241

Pu-242

1-135

Xe-135

Pr-149

Sm-149

Xe-135

0.002

0.002

0.002

0.002

0.002

0.002

0.002

Pr-149

0.0113

0.0113

0.02

0.0189

0.0189

0.02

0.02

0

0

0.17 x 10~8

0

0. 288 x 10 ~4

0.211 x 10~4

0.385 x 10-5

0
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from the present work do not depend upon an extremely accurate descrip-

tion of the nuclear properties of a PWR. In addition, the use of a

detailed chain structure in PDQ-7 would significantly increase computer

running time and memory requirements.

3.3.4 Calculational Procedures for Depletion Studies

The PDQ-7 diffusion-depletion model is summarized below and in

Figure 3.4.

1. The LEOPARD code is used to calculate diffusion theory

constants for all types of pincells: different

enrichments and water cells.

2. The PDQ-7 code is then used to calculate a spatial solution

for each type of assembly. The pincell cross-sections are

flux weighted so that a homogenized set of cross sections

is found for each type of assembly. The $ /$2 ratio and

kg for each assembly is also determined.
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Figure 3.4 DIFFUSION-DEPLETION MODEL
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3. LEOPARD supercell calculations are then performed until the

PDQ $ 12 and k , found in step 2, match the supercell

results.

4. LEOPARD supercell depletion calculations are performed

to obtain diffusion theory constants as a function of

burnup.

5. The CHIMP code is used to manipulate the output from

step 4 so that the data is suitable for PDQ-7 input.

6. PDQ-7 is used to calculate the power distribution for

the entire core.

7. HARMONY uses the power distribution calculated in step 6

in the depletion equations to find the buildup or loss

of each isotope.

8. Steps 6 and 7 are repeated until reactivity limited

burnup is reached.

3.4 REACTORS INVESTIGATED

3.4.1 Zone Loaded Core

The C-E PWR system shown in Figure (3.5) was used as the design basis

for this study. The assembly consists of a 14 x 14 array of fuel cells

and five large control rod channels. The design characteristics for the

assembly and reactor are shown in Table 3.2. This system was

chosen to be the design basis since it is typical of a large PWR in
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TABLE 3.2

MECHANICAL DESIGN FEATURES

Fuel Assembly:

Overall Length, in. 156.718

Spacer Grid Size (in) 8.115

No. Zircaloy Grids 8

No. Inconel Grids 1

Fuel rod growth clearance, in. 1.021

Fuel Rod:

Active Fuel Length, in. 136.7

Plenum Length, in. 8.575

Clad OD, in. 0.440

Clad ID, in. 0.384

Clad Wall Thickness, in. 0.028

Pellet OD, in. 0.3765

Pellet Length, in. 0.450

Dish Depth, in. 0.023

Clad Material Zr-4

Pellet Density 95%
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TABLE 3.2 (CONT'D)

THERMAL-HYDRAULIC PARAMETERS AT FULL POWER

Characteristics

Total Heat Output

Fraction of Heat Generated in
Fuel Rod

Nominal Pressure

Design Inlet Temperature
(Steady State)

Total Reactor Coolant Flow
(Design)

Coolant Flow Through Core
(Design)

Hydraulic Diameter (Nominal
Channel)

Average Mass Velocity

Pressure Drop Across Core
(Design Flow)

Total Pressure Drop Across Vessel
(Based on Nominal Dimensions and
Design Flow)

Core Average Heat Flux

Total Heat Transfer Area

Film Coefficient at Average
Conditions

Maximum Clad Surface Temperature

Average Film Temperature Difference

Average Linear Heat Rate of Rod

Average Core Enthalpy Rise

MWT
106 Btu/hr

2,440
8,328

0.975

psig

*F

2,085

546

106 lb/hr

106 lb/hr

ft

106

psi

136.0

132.1

0.044

2.47lb/hr-ft 2

psi

Btu/hr-ft 2

ft2

2
Btu/hr-ft -*F

*F

*F

kw/ft

Btu/lb

9.9

33.1

165,830

48,978

5,660

646

29.3

5.60

63.1
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actual commercial operation.

The PDQ-7 model used for assembly calculations represented each

fuel cell explicitly, with a mesh point in each cell. The PDQ-7 model

used for core calculations employed a one-dimensional coarse mesh

representation of the reactor. A DB2 correction to the absorption cross

section accounted for radial leakage.

3.4.2 Seed-Blanket Cores

The slab configuration shown in Figure 3.6 was used as the design

basis for this study. The blanket region contained depleted UO2 (0.2 w/o
235

U 235) and the seed region contained slightly enriched UO2 fuel. As shown

in Figure 3.6, the seed-blanket geometry is obtained by segregating the

seed and blanket material in a fuel pin; alternate layers of enriched

fuel and blanket pellets were stacked in the fuel pin. We analyzed three

cases; for each case the thickness of each region was varied. However, the

thickness of the blanket, tB, and the thickness of the seed, ts, were kept

equal to each other (tB = t) for each case. The nuclear and mechanical

properties for this seed-blanket configuration are shown in Table 3.2.

In this study, we analyzed one segment of the fuel assembly, in other words

an infinite medium calculation (region enclosed by the dashed lines as

shown in Figure 3.6 ). The PDQ-7 model represented this "sectioned" region

as a one-dimensional slab. Similarly, we analyzed one segment of a fuel

assembly in which the enrichment was kept constant axially. A buckling

value was used to account for leakage. The BOL fissile inventory for

the seed/blanket core and reference core were the same.
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3.4.3 Movable Fuel Reactivity Control

A nina assembly module shown in Figure 3.7 was used as the

design basis for this study. The geometric characteristics of these

assemblies is shown in Table 3.2. Two different configurations were

analyzed: Figure 3.7 and 3.8. As one can see, the blanket and fuel

materials are stacked differently in each fuel assembly. In both cases,

the central assembly is movable, while the eight outer assemblies are

stationary. A coarse mesh, r-z geometry was employed in PDQ-7 to analyze

these 9-assembly module configurations.

3.4.4 Enhanced Reflector Design

The C-E PWR system as described in Section 3.4.1 wa's used as the

design basis for this study. Additional design characteristics used in

this study are shown in Figure 3.9 and Table 3.3. The PDQ-7 model used for

core depletion calculations employed a one-dimensional cylindrical coarse

mesh representation of the reactor. A DB2 correction to the absorption

cross section accounted for axial leakage.

Three cases were analyzed, a standard 3 zone PWR with: (1) a borated

H20 reflector, (2) a pure BeO reflector, and (3) a depleted UO2 (0.2%)

reflector; the fissile loading of the core remained constant,only the

reflector material was changed. For case (2), a pure BeO reflector was used,

no attempt was made to include the structural material, which will clad

the BeO or the borated water, which will cool the reflector. For case (3)

it was assumed that the UO2 (0.2 w/o) pellets were loaded into standard

design fuel assemblies (Table 3.2).
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TABLE 3.3

ENHANCED REFLECTOR STUDIES: DESIGN PARAMETERS

Three Batch Core

Equivalent Core Diameter, in.

Equivalent Core Height, in.

Power Level, Mw(th)

Pressure, Psi

Enrichments w/o

A Assembly*

B Assembly*

C Assembly*

= 136

= 136.7

= 2440

= 2100

= 1.95

= 2.52

= 2.90

Zone Number Assembly Type

1

2

3

4

5

6

7

8

Outer Radius (in.)

A

B

A

B

A

B

A

B

4.62

12.01

19.70

26.79

34.18

71.57

49.96

56.35

9 C

10 Reflector

11 Baffle

Reflector Materials: Borated H 20, BeO, Depleted U (.2 w/o)

Baffle Material: S.S. 316 + H20

*Mechanical Data for assembly given in Table 3.2

68

72

74
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3.5 RESULTS

3.5.1 Zone Loading

In this section, the results of employing enrichment gradation in the

axial direction to improve the power distribution will be reported. The

following points will be discussed: (1) the effect of zone loading on )re

usage (2) representative cases of zone loading, in which the use of two

axial enrichments has been employed to reduce the central power peak in

BOL cores, (3) the possible safety consequences associated with zone

loading.

3.5.1.1 Ore Usage Model

The ore usage model developed in section 2.3.2 will be used to

analyze the benefits (ore savings) accrued when power flattening

improvements are made. The relative annual ore usage by a system of

reactors of a given design [F' ] STU 3O8 /GWe-yr, compared to a reference

system [F' ] was found to be:
si

F' r
s 2 1 + 100 N 2 T2 X1 X0 n, n2 + 1 XO X w n 1T IE1F- -N= 7  - - +2 (2 2)_

F1 + N T 1 n. n + 1 + Xy X n2 2E2 ( .2
1 100 21 1 1 1 1 (2.2)

(The parameters have been defined in section 2.3.2) For an individual

reactor in the steady state mode, r - 0%.

The above equation can be used to study the effect of power shape

improvements (i.e. holding peak conditions fixed and increasing the

average and total core thermal power rating), since the discharge burnup, B, is
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8) 766 ET
B = ' -- MWD/MTHM (3.2)

24 P

or

B E2T2 P11 = 22(3.3)
B2 E1T1P2

where

E = capacity-factor-weighted power level, MW(th)

T = period between refuelings, yrs

P = batch heavy metal loading, MTHM

Equation 3.2 shows that in order to increase the burnup for a given heavy

metal loading either the irradiation time or the total core thermal power

output (over the same time period) must be increased. However, if the

burnup is increased the feed enrichment must also be increased to compensate

for the increased 235U depletion and fission product poisoning.

It will be shown in subsequent sections that increasing the burnup

of spent fuel is the most promising option for achieving appreciable ore

savings. Zone loaded cores must be operated in such a way as to maximize

the discharge burnup in order to reduce specific ore usage (ST U308/GWe-yr)

that is, for a given reactor operating on a fixed refueling schedule

the improvement in the power shape (lower power peaking) must ultimately

lead to an increased thermal power output to achieve a higher burnup (as

shown in Equation 3.3). Power shape improvements which lead only to a

higher specific power (with constant total thermal power output) in PWRs;

in particular, cores with a lower heavy metal loading will not reduce the

ore consumption. As shown in Section 2.3.2 a high power density core (having
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a constant total power output will log the burnup in a shorter calendar

time than a low power density core, thus more reloads per year are

required; but the fissile mass flows are identical on a calendar time

basis (when yearly energy output is held constant). On the other hand,

if the thermal power level is increased (instead of decreasing the heavy

metal inventory) and the irradiation time is held constant then Equation

3.2 shows that the discharge burnup of the spent fuel increases; as

previously mentioned, increasing the burnup ultimately leads to improved

ore usage.

There are problems associated with changing the thermal performance:

in most cases the plant would have to be relicensed; and while the nuclear

steam supply system may not be able to handle arbitrarily large thermal

power increases, there are often modest margins built-in for moderate changes

[S- 4].

Using a representative set of parameters for current PWRs, Table 3.4,

in Equation 2.2 and Equation 3.2 it is found that (case 3) power shaping

improvements (here translated into increased total thermal power) lead

to modest ore savings over the life of the reactor. Case 3 has a total

thermal power increase of 33%; also shown is the increased reload

enrichment requirement , since increasing the thermal power by 33%

increases the discharge burnup by 33% so that additional fissile mass is

needed to offset the additional fission product poisoning and U235 depletion

associated with the higher burnups. It should be obvious that case 1 and

case 2 do not result in ore savings; in case 2 the reactor operated at the

same power level as for the reference reactor , therefore, both attained

the same discharge burnup. In case 1 the reactor operated at a power level

33% below that for the reference reactor, therefore, the discharge burnup

was 33% below that for the reference reactor.
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TABLE 3.4

ORE SAVINGS DUE TO POWER SHAPE IMPROVEMENT (THERMAL POWER UPRATING)

n,=

X =
0

X =
w

1

N =

B-

n2 = 3, batches in core

235
1.0 w/o U, enrichment at which k = 1 with saturated Xe and Sm

235
0.2 w/o U, enrichment plant tails

3.2 w/o 235U, reload enrichment for reference core

N2 = 2.25, equivalent number of reload batches in startup core

33,000 MWD/MTU, discharge burnup of reference case

Reload Enrichment
Zone Loaded Case

2.71 w/o

3.20 w/o

3.93 w/o

Discharge Burnup
Zone Loaded Case

(MWD/MTU)

21,478

33,000

43,989

Relative Ore Usage
F' /F' @ r = 0%
s2 si

1.13

1.0

0.93

*Changing the thermal power level (at constant irradiation time) is
equivalent to changing the irradiation time (at constant thermal
power level); if peak power limits core performance then this
column also represents the factor by which the peak-to-average
power ratio is decreased.

Case

1

2 (Ref)

3

E 2/E *

0.666

1.000

1.333
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3.5.1.2 One Group Model

In order to clarify some key effects of axial power flattening on

LWR core neutronics, a simple one group model in slab geometry will be

examined, in which the fissile concentration is varied continuously

to achieve uniform power density. The governing equation in diffusion

theory is

D - 2 (x) + [vE (x) - E (x) - DBr2 ]$(x) = 0 (3.4)

(The small variation of D is neglected.) Rearranging and solving Equation 3.4

in several steps, described in Appendix B, one finally obtains the ratio of

the average enrichment for'an axially power-flattened core to the

enrichment for the uniformly loaded core to be (at BOL)

E = K [1 - L (1 - e-d/t)] (3.5)
E(uniform) H

where E28 + Ep + DBr2

K = a a (3.6)
DB2 + E28 + EP

a a

L = D 2(3.7)
L 28 + E + DBr2

a a

H = the half-height of the core

d = linear extrapolation distance
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Using typical one-group parameters for a PWR, Table 3.5 and Equation

3.5, the ratio of the critical enrichment for an axially power-flattened

core to uniformly-loaded cores having the same core volume is approximately

=1.06
e(uniform)

This ratio shows that a 6% critical mass penalty is incurred when

reactors are zone loaded to achieve a flat power distribution. The

reader should note that the above example is the extreme case; obviously

reactor cores will not be loaded such that the power distribution is

completely flat, therefore this mass penalty is not fully incurred. Also

the reactor normally burns toward a power flattened condition, therefore

the largest mass penalty will occur at the BOL of cycle 1; in subsequent

cycles, two-thirds of the core have already been power-flattened so that the

reload mass penalty is extremely small. Hence mass penalty effects will

not appreciably offset ore savings obtained by zone loading.

3.5.1.3 Representative Zone Loaded Cores

Three different zone loaded core configurations have been compared

to a reference core to study the changes in the core power shape and burnup

limits. These zone loaded cores used only two axial enrichment zones to

reduce the central power peak in the fresh fuel, while the reference core

was uniformly loaded. For these three cases, the volume of the enrichment

zones and the enrichments within each zone were varied, as summarized in

Figures 3.10 and Table 3.6. As one can see, the central peaking is

reduced, as much as 20% (case 2). The reader should not infer that the

20% reduction in peaking is necessarily the most one can achieve when
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TABLE 3.5

MASS PENALTY DUE TO POWER FLATTENING

Equivalent Core Diameter, in.

Active Core Height, in.

28 -1
a

E , cm
a

D, cm

d, cm

, w/o 235U

= 1.06
E (uniform)

136

136.7

0.00751

0.00608

1.24461

2.65103

3.03

.8
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Fraction
of core

1.0

0.5256

0.6571

0.5913

TABLE 3.6

ZONE LOADED CORE CHARACTERISTICS

Enrichment Fraction Enrichment

w/o of core w/o

3.03

3.03

2.9

2.9

0.0

0.4744

0.3429

0.4087

0.0

3.1

3.1

3.2

Relative Relative*
Fissile Loading Cycle Length

1.0

1.011

0.980

0.998

1.0

1.010

0.977

0.991

cx
0

*Calculated using PDQ-7 at a constant thermal power level of 2440 MW

Case

REF.

1

2

3

q"'1 p/q'
(BOL)

1.505

1.426

1.368

1.200
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reactor cores are zone loaded since more zones could be used, and the

dimensions and enrichments of the various zones can be fine-tuned to

an extent greater than achieved here.

In developing the ore usage model in Section 2.3.1, we assumed that

for large PWR cores, the reactivity-limited burnup of discharged fuel at

steady state can be correlated as a linear function of reload enrichment.

Table 3.6 shows that this assumption is quite valid; as one can see the

agreement between the relative fissile loading and relative cycle length

is good. (Enrichment is proportional to Burnup.) The reasons that the

correspondence is not exact are: (1) the small mass penalty incurred

when cores are made more heterogeneous (section 3.5.1.2) and (2) increased

leakage of zone loaded cores ( a consequence of higher enrichment at the

periphery of the core). These calculations show that to the first order,

the assumptions used in deriving the ore usage model are valid and that

zone loaded cores do not offer an appreciable fissile mass penalty.

3.5.1.4 The Fuel Cycle Cost of Zone Loaded Cores

In this section, the fuel cycle cost of representative zone loaded

cores will be presented. For each of the zone loaded cores described in

the previous section, the levelized nuclear fuel cycle cost was calculated

for the reactor operating at: (1) constant capacity factor and a 0.125 yr

refueling shutdown and (2) constant availability-based capacity factor and

a 0.125 yr refueling shutdown (see Figure 3.11). In addition to the above

constraints, four different operational scenarios were defined for zone

loaded cores. They are:
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I. The power level of the reactor was maintained equal

to that for the reference reactor. The core was

depleted until reactivity-limited burnup was reached.

2. The thermal output of the reactor was increased but

the irradiation period was decreased such that the

electrical energy generated per cycle (and burnup)

remained constant.

3. The reactor power level was maintained at the

reference reactor's rated power level, but the heavy

metal loading was decreased (increased specific

power). The irradiation period was decreased so

that the electrical energy generated per cycle

(and burnup) remained constant.

4. The power level of the reactor was increased while the

irradiation time was maintained equal to that for the

reference reactor. The reload enrichment was

increased to attain the higher burnups.

From the discussion in the previous section, the reader should

realize that ore savings can only be attained by extending the burnup

life of the fuel. Scenario (4) is the only way (from the four defined

here) zone loaded cores can achieve an ore savings (defined as tons of

U308 per MWe yr of energy delivered). In the second and third scenarios

the reactor operates at a higher specific power than the reference

reactor (since the discharge burnup was held fixed, operating the zone

loaded reactor by scenarios (2) and (3) will not improve ore utilization).
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In the first scenario the reactor was operated at the same power-level

as the reference reactor; and this scenario is the least attractive way

to operate zone loaded reactors. The first three scenarios are presented

to show that zone loaded cores operating at higher specific power will not

obtain ore savings but they may result in economic benefits (e.g. lower

fuel cycle cost or lower capital cost).

For the scenarios which required increased thermal power output, it

was assumed that an improvement in the power shape (reduction in the power

peak) directly leads to an increased thermal power rating. For example, if

zone loading the core reduced the peak-to-average power by 10% then a

10% increase in the total thermal power rating of the core was assumed.

This assumption is highly optimistic, but Boyd's [B- 6] study showed

that, up to a point, increasing the thermal rating can be done in such

a way as to preserve current thermal hydraulic margins set for PWRs.

The levelized nuclear fuel cycle cost was calculated by the ECON

code for each of the zone loaded cores described in the previous section.

Table 3.7 summarizes the mass flows for each scenario and Table 2.2

summarizes the nuclear cost data used in the present study. As previously

mentioned (Section 3.4.1.3) the irradiation times for the three zone loaded

cores and the reference core were not equal; this is due to the fact that

the four cores did not have the same fissile loading. This should not

affect the final conclusions since the figure of merit is the levelized

fuel cycle cost, a quantity which is the sum of all (present worth weighted)

direct costs of the fuel divided by the (present worth of the value of)

electricity generated.



TABLE 3.7

MASS FLOWS FOR ZONE LOADED CORES

U308
Requirements

STU3 0

210.90

Scenario (1)

213.37
205.00
209.16

Scenario (2)

213.37
205.00
209.16

Scenario (3)

202.17
186.34
166.77

Scenario (4)

222.47
223.40
251.60

Separative
Work Requirements

(MTSWU)

128.07

Heavy Metal
Loading (MTHM)

29

Relative
Thermal

Power

1.0

Relative
Irradiation

Time

1.0

(Constant P)

130.21
124.15
124.49

29
29
29

1.0
1.0
1.0

1.010
0.977
0.991

(Constant Burnup, increased P, and decreased T)

130.21
124.15
124.99

29
29
29

1.055
1.100
1.254

0.957
0.888
0.790

(Constant power, decreased T, and decreased HM)

123.37
112.85
99.66

27.5
26.4
23.1

1.0
1.0
1.0

0.957
0.888
0.790

(Constant T, increased P, increased B, and increased enrichment)

138.09
138.91
163.63

29
29
29

1.055
1.100
1.257

1.010
0.977
0.991

*Geometry of each case described in Table 3.6

Case*

Ref.

1
2
3

1
2
3

1
2
3

1
2
3

Relative
Burnup

1.0

1.010
0.977
0.991

1.010
0.977
0.991

I,

1.010
0.977
0.991

1.066
1.075
1.254
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As previously mentioned, the levelized fuel cycle cost was calculated

for (1) constant capacity factor and (2) constant availability based

capacity factor; both maintained a refueling shutdown interval of 0.125

years. These calculations are summarized in Tables 3.8 through 3.10. As

shown, the levelized fuel cycle cost for the zone leaded cores compares

favorably with the reference case for all four scenarios. It is interesting

to note that in cases where the fissile loading is the same but the

irradiation period is shortened (e.g. scenario (1) vs. scenario (2)) the

fuel cycle cost is reduced. This is due to the fact the same energy is

produced by both reactors but one generates it in a shorter time interval

so that revenue from the sale of electricity is received sooner, and

therefore has a higher present worth (see Appendix E). For this reason

there is a slight economic incentive for PWR cores to operate at

higher specific powers even though the reactor is not operating in an ore

saving mode (e.g. scenario 4).

Scenario (4)(or similar extended burnup schemes)is the most attractive

way to operate a zone loaded PWR. These zone-loaded cores do not suffer

an economic penalty for operating in this mode, but the zone loaded cores

improve the ore utilization modestly, as shown in Table 3.11 and 3.12.

As one can see, the ore savings increase as the burnup and (as defined by

scenario (4)) thermal power output are increased, but these ore savings

are small. Zone loading the core and increasing the power rating is one

way to save ore by extending the burnup; in the next chapter other and

potentially better ways to extend the burnup will be examined.
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TABLE 3.8

LEVELIZED FUEL CYCLE COST AT A

CONSTANT CAPACITY FACTOR OF 75%

Fuel Cycle Cost (mills/kwhr)

Case*/Scenario**

1

2

3

(1)

8.766

8.561

8.641

(2)

8.506

8.139

7.701

(3)

8.507

8.140

7.701

(4)

8.676

8.495

8.385

Ref. Core = 8.707 mills/kwhr

* Representative zone loaded cores as described in Table 3.6

** Heavy metal loading, relative thermal power, and irradiation
time given in Table 3.7

Key

Case 1 Slightly Flattened
Case 2 Moderately Flattened
Case 3 Heavily Flattened

Scenario 1 Constant P
2 Constant Burnup, increased P and decreased T
3 Constant P, decreased T, and decreased HM
4 Constant T, increased P, increased B and increased enrichment
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TABLE 3.9

LEVELIZED FUEL CYCLE COST AT A CONSTANT AVAILABILITY

BASED CAPACITY FACTOR OF 90%

Fuel Cycle Cost (mills/kwhr)

Case*/Scenario**

1

2

3

(1)

8.387

8.199

8.265

(2)

8.176

7.860

7.500

(3) (4)

8.137

7.783

7.325

8.343

8.216

8.213

* Representative zone loaded cores as described in Table 3.6

** Heavy metal loading, relative thermal power, and irradiation time
given in Table 3.7

Key

Case 1 Slightly Flattened
Case 2 Moderately Flattened
Case 3 Heavily Flattened

Scenario 1 Constant P
2 Constant Burnup, increased P and decreased T
3 Constant P, decreased T and decreased HM
4 Constant T, increased P, increased B and increased enrichment
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TABLE 3.10

LEVELIZED FUEL CYCLE COST AT A CONSTANT AVAILABILITY

BASED CAPACITY FACTOR OF 80%

Fuel Cycle Cost (mills/kwhr)

Case*/Scenario**

1

2

3

(1)

8.830

8.622

8.696

(2)

8.652

8.288

7.867

(3)

8.547

8.153

7.673

(4)

8.848

8.696

8.686

*Representative zone loaded cores as described in Table 3.6

**Heavy metal loading, relative thermal power, and irradiation
time given in Table 3.7

Key

Case 1 Slightly Flattened
Case 2 Moderately Flattened
Case 3 Heavily Flattened

Scenario 1 Constant P
2 Constant Burnup, increased P and decreased T
3 Constant P, decreased T and decreased HM
4 Constant T, increased P, increased B and increased enrichment
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TABLE 3.11

ORE USAGE (STU308 /GW(e)yr) FOR ZONE LOADED CORES:

SCENARIO (4)

(1)

L = 75

186.5

184.0

183.8

179.0

(2)

L' = 90

202.5

200.6

199.2

194.2

(2)

L' = 80

181.9

180.2

179.0

174.5

Relative Thermal
Power and

Extended Burnup

1.0

1.055

1.100

1.254

(1) constant capacity factor

(2) constant availability based capacity factor

Case

Ref.

1

2

3



-91-

TABLE 3.12

RELATIVE* ORE USAGE AND FUEL CYCLE COST

Relative
Ore Usage

1.000

0.987

0.986

0.960

Relative
Fuel Cycle Cost

1.000

. 0.996

0.976

0.963

* For a constant capacity factor of 75%

** Representative zone loaded core (Scenario 4) as described in
Table 3.7

Case**

Ref.

1

2

3
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3.5.1.5 Xenon Oscillations

In large PWRs the coupling between distant parts of the reactor

is weak, so that power peaking can occur in any one of several core

regions. This makes the power distribution of large PWRs very sensitive

to small local reactivity effects such as xenon-induced spatial oscillations.

The instability of large cores can be explained mathematically; the

eigenvalues associated with the various power peaks in large cores are

almost identical. In addition, if the power distribution is relatively

flat, the higher harmonic flux modes become quite important and the

eigenvalues associated with these higher order modes may be as large as

that for the fundamental mode. The excitation of these higher order modes

.(large eigenvalues) causes unstable oscillations.

The effect of power-flattening is crucial in our study since the

probability of xenon oscillation is increased when the power distribution

(BOL) is changed from a chopped cosine distribution to a flatter power

distribution. For example, Randall and St. John[R-2]showed that with a

flat axial flux, the core height for sustained Xe oscillations is a

factor of Vfsmaller than a core with a cosine flux distribution.

Xenon oscillations can only occur above a certain threshold flux

level. This threshold flux level mainly depends upon the size of the

reactor, the magnitude of the temperature coefficient, and the power shape

within the reactor. Since it may be desirable to reduce the core size when

power shaping improvements are applied (extracting the same energy from

a lower heavy metal mass); we calculated the threshold flux level for

xenon oscillations as a function of axial core height. The method developed

by Randall and St. John[R-2]was used; these results are summarized in Table 3.13.
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TABLE 3.13

AVERAGE $'s FOR UNDAMPED XENON OSCILLATION

(ZERO TEMPERATURE COEFFICIENT)

Height of
Core (ft.)

6.90

7.97

8.91

(cosine) (flat)

1.5 x 1013

1.2 x 1013

1.1 x 1013

6 x 1013

10 14

3 x 1013

1.3 x 101312.6

FOR STABILITY

H (FLAT) = H (Cosine)
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As shown, the stability increases as core height decreases for both the

cosine and flat distributions. This stability gained by decreasing the

core height will be offset somewhat by the increase in the flux level

when the power density is increased. It should be stated that these

calculations are for the limiting case; that is, the flux distribution

is flat (not the power distribution) and the calculations did not include

the effect of the temperature coefficient. As shown in Figure 3.12 a

flat power core still has an appreciably buckled flux. In addition the

stability increases significantly when temperature coefficients are

included.

Until further evidence is available to the contrary one should assume

that xenon oscillations can occur in zone loaded cores. However, this

does not affect the basic feasibility of this design, since reactors have

previously been operated successfully in the presence of xenon oscillations.

Furthermore, current large PWR reactors are susceptible to xenon oscillations

at EOL; their technical specifications[Y-1]do not require PWRs to be

stable with regard to Xe oscillations.

3.5.2 Seed/Blanket Cores

Three similar axial seed and blanket cores were analyzed as described

in Section 3.5.2. The seed region contained slightly enriched UO2 and

the blanket region contained depleted UO2 (0.2 w/o U 235). Infinite

medium calculations were performed for three different thicknesses of the

blanket and seed region; however, the fissile loading for the three cases

and the reference core was kept constant. The results are summarized

in Figure 3.13 and Table 3.14. As shown, the seed/blanket cores have

slightly, but not significantly, longer irradiation times (burnup) than
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Power Flattened
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Figure 3.12 COSINE FLUX DISTRIBUTION vs POWER-FLATTENED FLUX DISTRIBUTION

H
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Figure 3.13 REACTIVITY vs BURNUP FOR SEED/BLANKET CORES
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TABLE 3.14

SEED-BLANKET CORES EXAMINED IN THE PRESENT WORK

Thickness
of Seed and

Blanket Regions (cm)

Reactivity-Limited
Irradiation

Lifetime (hrs.)

U3 08 Requirements*

STU 308 /GW(e) yr.

1

2

3

Ref. Case

*at a constant capacity factor of 75%

4.0

8.0

12.0

7943

7677

7388

7132

172.34

177.13

183.94

184.71
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the reference case. A larger reactivity contribution from fissile

material production in the blanket was hoped for to offset some of the

reactivity loss due to burnup and fission product poisoning, but our

results do not show this.

The calculations show that modest ore savings can be attained when PWR

cores are loaded in a seed/blanket configuration. Since the simple

seed/blanket cores did not yield significant reductions in enrichment

requirements further analysis of this concept was dropped, and effort was

focused on the more attractive prospects. It is quite possible, however,

that other seed/blanket designs, in particular the radial seed/blanket

configuration of the Shippingport PWR, might prove to have some attractive

benefits for the once-through fuel cycle. Additional work in this area

may be of some interest.

3.5.3 Movable Fuel Reactivity Control

As previously mentioned, the use of fertile material as control

elements was tested. Two simple different nine-assembly-module configurations,

as described in section 3.4.3 were analyzed. In both cases the central

assembly is movable, while the eight outer assemblies are stationary. We

have calculated the change in reactivity when the central assembly is

withdrawn from the fully inserted position to the fully withdrawn position.

A static eigenvalue problem was performed for each configuration and each

control position (full in or full out); the results are summarized in

Table 3.15. As shown, the reactivity change is quite small for both

cases (case 2 is slightly better). It is concluded that fertile materials

can not replace control materials in the simple manner studied since

the worth of relatively small axial movement of fertile material is small;
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TABLE 3.15

REACTIVITY CALCULATION FOR MOVABLE FUEL-REACTIVITY CONTROL

K
eff

Assembly-in Assembly-out

Configuration #1

Configuration #2

1.252189

1.236386

1.252477 2.3 x 10-2

1.238392 0.162

K' - K
K'

Ap%
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more sophisticated designs would have to be implemented (LWBR) if control

poisons are to be replaced by fertile materials

3.5.4 Enhanced Reflector Designs

As previously mentioned, two enhanced reflector designs were

studied; the borated water reflector used in current PWRs was replaced by

BeO and depleted UO2 (0.2 w/o) reflectors. The design basis for this study A

is described in Section 3.4.4.

The PDQ-7 code was used to calculate the reactivity-limited burnup

for the reference reactor (H20 reflector) and the two improved reflectors.

As shown in Figure 3.14 the BOC reactivity for the reactor with BeO

reflectors is greater than the reference case. In addition the burnup

slopes(k/T) for all three cases are approximately equal. The difference

in reactivity between the BeO reflector case and the reference case can

be attributed to reduced parasitic absorptions in the reflector, and to

spatial effects. In current PWRs the core is reflected by light water

(containing soluble control poison) closely backed by a core shroud and

barrel. These materials have high absorption cross sections which lead

to large.parasitic captures in the reflector, thus degrading the neutron

economy. Table 3.16 summarizes the thermal absorption properties of these

reflector materials; as shown the macroscopic absorption cross section

of water and boron is significantly greater than BeO. Thus with the BeO reflec-

tor the neutron economy is improved modestly (the improvement is small

since leakage effects are small, approximately 4% of the fission neutrons

are lost to leakage).

As previously mentioned spatial effects may contribute modestly to the

increase in reactivity when borated-H 20 is replaced by BeO. It was found

that the power peaks occurred closer to the reflector when BeO was used,
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1.20

1.16

1.12

1.08

.BeO

1.04 

UO2 (0.2w/o)

H20

1.00

0.96
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TIME ( x103 hrs)

FIGURE 3.14 ENHANCED REFLECTOR STUDIES: KEFF VS. TIME
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TABLE 3.16

THERMAL ABSORPTION PROPERTIES* OF BeO, H20 and Boron

a a

Microscopic Absorption
Cross Section (barns)

0.007

H20 (pure) 0.184

2131.378

Macroscopic Absorption
Cross Section (cm-1)

0.00045

0.00889

0.00679

* Typical value at the middle of burnup cycle (16,000 MWD/MTU)

** Mid-cycle value of 400 ppm in H 20.

BeO

Boron**
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thus increasing the importance for neutrons near the reflector and giving a

slight increase in the reactivity.

Also shown in Figure 3.14 is the case when the water reflector is

replaced by depleted UO2 fuel assemblies. As shown, this case is almost

indistinguishable from the reference case.

The ore savings was found for both cases (BeO reflector and depleted

UO2 reflector) by reducing the reload enrichment such that the multiplication

factor, K eff of the two changed cases was equal to that of the reference

case at BOC. Since the burnup slope was approximately the same for all three

case the cycle lengths are also equal. These results are summarized in

Table 3.17. As shown the ore requirements for the BeO reflected reactor

is reduced by 5.0% (relative to the H20 + Boron reflected reactor). The

ore requirements for the depleted UO2 reflected reactor is not significantly

lowered.

The 5% savings in ore (BeO case) should be interpreted as an upper

bound since no attempt was made to include in the analysis the structural

material, which will clad the BeO or the borated water which will cool the

reflector. In addition, the BeO reflected reactor may have severe power

peaking problems near the reflector-core interface such that the fuel

management strategy (fuel loading) may have to be changed. Aside from

these problems, the ore utilizationof PWRs may be modestly improved if

BeO is used for the reflector.
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TABLE 3.17

ORE SAVINGS: ENHANCED REFLECTOR STUDIES

CYCLE BURNUP, MWD/MTU

TOTAL CORE HEAVY METAL LOADING, MTHM

REFERENCE CORE RELOAD ENRICHMENT, w/o

AVERAGE BORON CONCENTRATION, ppm in H20

11,000

87

3.0

400.0

Reflector
Material

Relative* Annual
Ore Usage

BeO 0.952

UO
2

0.990

Reload Enrichment
(w/o)

2.87

2.97

*Relative to Reference Reactor (H20 Reflected)
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3.6 Conclusions

In this chapter several types of heterogeneous core designs have

been considered, namely (1) enrichment gradation in the axial direction

(zone loaded core), (2) seed/blanket cores, (3) movable fuel-reactivity

control, and (4) enhanced reflector designs. The main emphasis of this

present study was to focus attention on core designs that reduce

uranium ore consumption in current PWRs and still maintain current

thermal-hydraulic margins.

Three different zone loaded core configurations have been compared

to a reference core to study the changes in the core power shape and

burnup limits. From these studies the following was concluded:

(1) Two different axial enrichment zones can reduce the

central power peak in the fresh fuel; in some cases

as much as 20%. This 20% reduction in peaking is not

necessarily the most one can achieve when reactor cores

are zone loaded since more zones could be used, and

the dimensions and enrichments of the various zones

can be fine-tuned to an extent greater than achieved

here.

(2) In order to clarify some key effects of axial power-

flattening on LWR core neutronics, a simple one-group

model was developed. It was found that a 6% critical

mass penalty is incurred when reactors are zone

loaded to achieve a flat distribution. This was

found to be the extreme case; the reactor will not be
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loaded such that the power distribution is completely

flat and the reactor normally burns toward a power

flattened conditiongtherefore the largest mass

penalty will occur at the BOL of cycle 1.

(3) Zone loaded cores must be operated in such a way

as to maximize the discharge burnup in order to

reduce ore usage, that is, the improvement in the

power shape (lower power peaking) can ultimately

lead to an improved total thermal power rating

and/or a higher burnup. Power shape improvements

which lead to a higher specific power (with the

same system thermal output but a lower heavy

metal loading) will not reduce ore consumption.

(4) An ore usage model was developed to analyze the

benefits (ore savings) accrued when power flattening

improvements are made. The simple ore usage model

predicted only modest ore savings.

(5) The state-of-the-art PDQ-7 calculations verified

the results of the simple ore usage model, namely

that power shape improvements inPWRs can only achieve

modest ore savings. These calculations show that

to the first order, the assumptions used in

deriving the ore usage model are valid (the reactivity-

limited burnup of discharged fuel at steady state can

be correlated as a linear function of reload enrichment).
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(6) The fuel cycle cost was calculated for the three

representative zone loaded cores and reference

core. The calculations show that the fuel cycle

costs of zone loaded cores do not differ significantly

from the reference case. These calculations also

showed that the use of cores having higher specific

powers reduce the fuel cycle cost slightly.

(7) It is recognized that more exact thermal-hydraulic

analyses must be performed. In addition, calculations

must be performed to check the operational characteristics

of the zone loaded PWRs (e.g. xenon stability, LOCA

analysis).

(8) The reader should be careful when totaling up the

ore savings when power shape improvements are used.

The amount of ore savings depends upon the amount of

extended burnup and one should be careful not to

double-count the advantages of several schemes to

improve burnup. Power flattening may be an advantageous

adjunct to other methods if peak local burnup limits

useful assembly life (i.e. a materials limited design)

as opposed to ones which are average burnup limited

(reactivity limited designs).

Three similar axial seed/blanket cores were analyzed to see if a

large reactivity contribution from fissile material production in the

blanket can be achieved to offset some of the reactivity loss due to
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burnup and fission product poisoning, but our results did not show this.

It is recommended that other designs be investigated, in particular the

radial seed/blanket configuration of the Shippingport PWR which might

prove to have some attractive benefits for the once-through fuel cycle.

Substitution of thorium for uranium in the blanket zones might be

advantageous even if recycle is not contemplated.

The use of fertile material as control elements was tested. From

the results it was concluded that fertile materials can not replace

control materials in the manner shown; more sophisticated designs would

have to be implemented (LWBR) if control poisons are to be replaced by

fertile materials.

The use of different reflector materials in current PWRs was tested.

From the results it was concluded that PWRs reflected by BeO may improve

the ore utilization by 5%; the results for the depleted UO2 reflected

reactor were less promising. Thus BeO appears to be a better reflector than

H 20 in terms of ore utilization. However, the BeO reflected reactors

may have severe power peaking problems near the core-reflector interface

such that the fuel management strategy may have to be changed.

Summarizing, in this chapter several types of heterogeneous core

designs were considered, namely (1) enrichment gradation in the axial

direction (zone loaded core), (2) seed/blanket cores, (3) movable fuel-

reactivity control, and (4) enhanced reflector designs. Modest ore

savings was predicted to be possible. In order to implement these ore

savings a significant Research and Development program would need to

be carried out to make the fuel and core design changes in PWRs.
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CHAPTER 4

SIX-BATCH HIGH BURNUP CORE

4.1. Introduction

The optimum cycle length and batch size are determined by considering

fuel cycle economics, the availability of the plant, unit maintenance

requirements, and the cyclic nature of the electric demand on the utility.

Most LWRs are currently refueled annually, although 6 and 18 month sched-

ules have also been proposed [A-6]. The refueling interval has been

established in part by the need to schedule the refueling outage during

periods of low electrical demand. Although annual refueling may be the

best strategy for currently operating plants, this should be re-examined

with respect to ore utilization since the commercial attractiveness and

useful lifetime of the LWR will depend upon the amount and price of

available uranium resources.

It has been long recognized that ore utilization can be improved by

extending the burnup of the fuel. But to exploit this advantage, the number

of batches in the core must be increased (to increase reactivity lifetime)

and/or the irradiation interval must be extended (by increasing reload

enrichment). In subsequent sections, it will be shown that with a six-

month equilibrium fuel cycle and with a constant discharge burnup, the

reload enrichment is reduced by approximately 0.3 %. The reduction in feed

enrichment results in an ore savings of about 10%. But to exploit the

benefits from increasing the number of batches, the time require to execute

refueling operations must be reduced. Otherwise, the savings could be

offset by increased downtime. Westinghouse has proposed a quick refueling
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scheme [A-6] which reduces the refueling outage from 6 weeks to 3 weeks,

such that the six-batch core semi-annual-refueling fuel management scheme

will not be severely penalized by refueling outages. But a significant

number of utilities have not purchased this fuel managment scheme, and its

prospects do not appear to be promising. If anything, utilities may be more

interested in an 18 month cycle. As previously mentioned, the burnup of

the fuel can be extended by increasing the length of the irradiation cycle.

Higher reload enrichment is required to extend the burnup, but one obtains

an ore savings nevertheless, since one extracts the same energy from a

smaller heavy metal mass. It will be shown that extending the burnup of

the fuel by a factor of two will result in an ore savings of 10%.

In this chapter, a six-batch core with a semi-annual fuel management

scheme will be examined to see if there is a large potential for ore savings.

Next, the refueling interval of the six-batch core will be extended to one

year. Thus dual ore savings are expected; namely, through a (relative)

reduction of reload enrichment requirements (due to the increased number of

batches); and through higher discharge burnups (the same energy output from

a smaller heavy metal mass). The analyses of these individual and combined

cases will be developed in subsequent sections.

4.2. Motivation

4.2.1. Ore Usage Model

The motivation for analyzing a six batch core fuel management scheme

can best be explained by the ore usage model introduced previously. As

shown in Appendix A, the relative annual ore usage by a system of reactors

of a given design [F s ] compared to a reference system [F S ] was found to

2  1
be:
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F1 + N2T X X n n2 +1 x -x n T E2 - 100 2 2 1 0 1 2 +- owl[ 11[.1

F 1 + N T x -x n n +1 x -x n T Es 100 1 1 1 w 2 1 1 w 2 2 2

where the parameters have been defined in Appendix A.

Using a typical set of parameters (Table 4.1) in Equation [4.1], rela-

tive ore usage plots can be obtained for the following two cases: (1) fix

the number of batches in the core and vary the burnup (refueling interval)

and (2) fix the discharge burnup and vary the number of batches in the core.

As shown in Figure 4.1, changing the discharge burnup can effect a modest

improvement in ore usage; in fact, a savings of 10% may be obtained if the

discharge burnup is doubled (relative to the reference case). Also shown

in Figure 4.1 is the case for fixed discharge burnup (i.e., n =3, n2 varied).

As can be seen, one can achieve ore savings of on the order of 10% by going

to semi-annual refueling (i.e., a 6-batch core in place of a 3-batch core).

By combining the two improvements, a six-batch core with annual refueling

should achieve an ore savings on the order of 20% or more.

4.2.2. DOE Extended Burnup Studies

The key technical question associated with high discharge burnup is

fuel performance reliability. As shown in the previous section, signifi-

cant ore savings are obtained when the discharge burnup of the fuel is doubled

(relative to current PWR practice). Extending burnup by so large an

increment would require a substantial research and development effort.

Nevertheless, extending the burnup lifetime of the fuel is the most

promising way of obtaining ore savings.

Currently, DOE has embarked on a research and development program to

extend the PWR fuel burnup design limit. Their primary emphasis is to
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TABLE 4.1

DATA BASE FOR COMPUTING RELATIVE ORE USAGE FOR 6-BATCH CORES

n = 3, number of batches in the reference core

P, = P2, core heavy metal loading
235

X = 1.0% U, enrichment at which k = 1 with saturated
0 Xe and Sm

X = 0.2% 23 5U, enrichment plant tails

X = 3.2% 23 5U, reload enrichment for reference case

N 1 N2 = 2.25, equivalent number of reload batches
in startup core

T = 1 yr., refueling interval

r = 0%, reactor system growth rate (i.e., results
here apply to a single reactor).
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extend the burnup life of the fuel such that the demand for U308 in current

PWRs is reduced. Aspects of interest are development and demonstration

of high burnup fuel designs for PWRs; in particular, the targeted discharge

burnup of 70 assemblies in OCONEE (880 MWe PWR) is- 38000 MWD/MTU and is

45000 MWD/MTU in ANO 1 (880 MWe PWR). Figure 4.2 summarizes the above

programs and the expected reduction

The points to be made here are

is recognized, and improvements are

fuel having an average burnup of 66

this is an assured accomplishment.

clear that solutions will be found

internal chemical attack by fission

Furthermore, reversion to stainless

ment penalty which offsets at least

in U308 demand in current PWRs.

that the utility of high burnup fuel

in prospect. Our decision to examine

,000 MWD/MTU does not inply, however, that

While low by FBR standards, it is not

to Zircaloy PCI interaction problems,

products or corrosion induced hydriding.

steel clad on LWR fuel incurs an enrich-

part of the burnup gain. Correa [C-41

*

has shown that reversion to stainless steel clad incurs a 20% penalty in

enrichment, that is, the enrichment must be increased by 20% relative to

current PWRs.

4.3.3. Use of Isotopically Separated Improved Clad

The use of Laser Isotope Separation (LIS) processes to separate out

the more highly absorbing isotopes in Zircaloy and stainless steel cladding

can improve the ore utilization by a small amount. In addition, stainless

steel cladding prepared by this process might conceivably be used in high

burnup core applications since the mechanical integrity of S.S. clad fuel

rods is better than for Zircaloy clad fuel rods. This option is a long

range option and commercial prospects are quite uncertain at this time. Re-

ductions in U308 requirements resulting from this option are expected to be
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5% or less. This 5% value was calculated by using LEOPARD assuming a 100%

reduction in C a, while reductions of 50% are probably all that would be

achieved in practice. Some pertinent details are as follows: (1) The

LEOPARD code was used to calculate the reactivity-limited burnup for the

reference reactor (see Table 3.2) and the changed case (zero a cross section).

(2) The ore saving was found by reducing the reload enrichment (changed

case) such that the discharge burnup of both cases were equal.

4.3. Depletion Model

In order to investigate the six-batch core a consistent method for

evaluation of the fuel depletion process in a reactor was needed. In the

subsequent sections the spatial diffusion-depletion model used for this

purpose will be described.

4.3.1. Cross Section Generation and BOC Power Distributions

The same method developed in Section 3.3.1., which relies primarily

upon the LEOPARD code, was used to calculate the appropriate diffusion

theory parameters needed for this study. In addition LEOPARD point

depletion calculations were performed to determine the fitted constants

required for the FLARE-G code (e.g., kc, vs. burnup).

The PDQ-7 code was used to calculate a power distribution for the

reactor core, in particular, two dimensional X-Y and r-z power distributions

were calculated at the beginning of each cycle. Since the fuel loading

patterns for a 6 zone core were not established prior to this work, a trial

and error process was used to determine the BOC power distribution in which

the power-peaking factors were acceptable. Different patterns were tried

until the maximum peak-assembly-to-average power ratio was less than 1.40.

An exhaustive search was not performed to find the optimum power distribu-
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tion (lowest power peaking factors) since the time and computational costs

are prohibitive. In addition, pin power peaking factors were not determined

since our primary goal was to determine ore saving benefits, but it is

recognized that this is important in assuring the safe operation of the

reactor and hence further work is recommended in this area.

4.3.2. Nodal Depletion

The FLARE-G code described in Section 2.2.4. was used to calculate

the burnup history for the reactor core for each cycle. Initially the

FLARE-G code is used to calculate a three dimensional BOC power distribu-

tion. The horizontal and vertical albedos are varied so that the three

dimensional power distribution calculated by the FLARE-G code matches the

power distribution calculated by PDQ-7 (X-Y and R-Z power distribution).

Once the BOC power distribution is normalized, the FLARE-G code is used

to calculate the burnup distribution for the reactor. The reactor is

depleted until reactivity limited burnup is reached.

4.3.3. Reload Analysis

The diffusion-depletion model is summarized below.

(1) The cross section generation method developed in Section 3.3.1.

was used to calculate the diffusion theory constants needed for this study.

(2) The PDQ-7 code was used to calculate the X-Y power distributions

for various fuel loading patterns. This procedure was continued until the

maximum assembly peak-to-average power ratio was less than 1.40.

(3) The PDQ-7 code was used to calculate an R-Z power distribution

for the reactor (for the X-Y loading pattern which has acceptable peaking).

(4) The FLARE-G code was used to calculate a three-dimensional BOC
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power distribution. The albedo boundary conditions were varied such that

the power distribution calculated by FLARE-G is in good agreement with

the power distributions calculated in steps 2 and 3.

(5) LEOPARD supercell depletion calculations were performed to obtain

diffusion theory constants as a function of burnup. These constants were

input to FLARE-G for the nodal depletion calculations.

(6) The FLARE-G code was used to calculate the burnup history of the

reactor. These depletion calculations were performed until reactivity-limited-

burnup was reached.

(7) The isotopic concentration for each heavy isotope was determined

by interpolating and extrapolating the results of the point depletion

calculation (step 5). Thus the EOC compositions for each assembly are

determined.

(8) Steps 1 through 8 were repeated for each cycle for the lifetime

of the reactor.

4.4. Reactor Investigated

The Westinghouse PWR system shown in Figure 4o3. was used as the

design basis for this study. The fuel assembly is 8.5 inches square and

12 ft. in height. The assembly consists of a 15 x 15 array of fuel cells;

204 of these positions contain the fuel rods of enriched uranium while

twenty of these positions contain control rod guide tubes and one position

contains an instrumentation tube. The major design characteristics for

the reactor are shown in Table 4.2. This system was chosen to be the design

basis since it is typical of a large PWR in actual commercial operation

(ZlON), and a substantial amount of supplementary information, which

expedited the present study was available from prior work at MIT on the
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TABLE 4.2

ZION REACTOR CORE DESIGN DATA

Fuel Rod Characteristics

Fuel Rod Diameter, Cold (in.)
Clad Material
Diametral Gap, cold (in.)
UO Pellet Diameter, Cold (.in.)
Active Fuel Length, Cold (in.)

0.422
Zircaloy-4
0.0085
0.3649
142.3

Fuel Assembly Characteristics

Lattice Configuration
Lattice Pitch, Cold (in.)
Number of Fuel Rods/Assembly

Coolant Temperatures, OF
Design Inlet, Hot Full Power
Initial Inlet, Hot Full Power
Design Core Average, Hot Full Power
Initial Core Average, Hot Full Power

Operating Pressure, psia
Heat Output, MWth
Average Linear Heat Generation Rate, kw/ft
Power Density, kw/liter

15x15
0.563

204

527.2
524.9
559.4
557.1

2250
3250
6.70
99.5
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reference core for this reactor [R-3].

In the analysis of this reactor the PDQ-7 model for core calculations

employed a coarse mesh 2 dimensional representation of the reactor. Each

fuel assembly was explicitly represented by 25 mesh points (5x5). In addi-

tion, the core baffle and reflector were represented by a coarse mesh (approx-

imately 2 cm.). The Flare-G model for core calculations employed a 3 dimen-

sional coarse mesh representation of the reactor. Each fuel assembly con-

tained one radial node with 12 planar regions. The reflector and baffle

were represented by albedo boundary conditions.

4.5. Results

4.5.1. Ore Savings

As previously mentioned, two six batch core fuel management schemes

were analyzed; namely, (1) a six-batch core with semi-annual refueling and

(2)a six-batch core with annual refueling. These two cases were compared

to a typical 3-batch core refueled annually, in particular, the Westing-

house designed ZION PWR [R-3]. In all of the above cases, a 90% availability

based capacity factor and a refueling shutdown of 0.125 yrs. were assumed.

The depletion model described in Section 4.3 was used to analyze the

6-batch cases. As previously mentioned the fuel loading patterns for a

6 zone core were not established prior to this work; a trial and error

procedure was used to determine the BOC power distribution in which the

power peaking factors were acceptable. Different patterns were tried until

the maximum peak-assembly-to-average power ratio was less than 1.40 (this was

the same maximum allowable peaking factor used by Rieck [R-3] for his 3-

batch studies in the burnup range <33000 MWD/MT on the same reactor).

The initial fuel loading for the first core and subsequent cares is
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summarized in Table 4.3. As shown, the 3-batch core fuel loading is slightly

smaller than the equilibrium fuel loading; this is done to reduce the

relative density of UO2 and cross section of fertile U-238 which in turn,

results in lower fissile loadings to support criticality. This refinement

was not incorporated for the 6-batch core since our primary interest is

the ore savings when the reactor has reached equilibrium conditions, but the

results of this present.work could later be refined for the initial transient

cycles.

The burnup and electric energy generation history is summarized in

Tables [4.41 thru [4.6]. The results for the 3 batch core were generated

by Rieck [R-3] and the results for the 6-batch core were calculated using

the depletion model developed in Section 4.3. A condensed version of the

above three tables is shown in Table [4.7]. As shown, the 6-batch core with

semi-annual refueling uses a lower equilibrium reload enrichment than the

3-batch core; hence an ore savings of approximately 10% is obtained. For

the 6 batch case with annual refueling the equilibrium reload enrichment

is significantly higher than the 3 batch core. This is due to the fact

that a higher enrichment is needed to compensate for the additional burnup

(nearly doubled) but an ore savings is obtained since greater energy is

extracted from the fuel (6 batch core) from the same heavy metal mass

(relative to 3 batch core). Thus an ore savings of approximately 20% is

obtained when the current fuel management scheme (3 batch core) is changed to

a fuel management scheme involving a 6 batch core refueled annually.

Some comments are in order on the above comparisons. The diffusion

depletion models and their cross section base library used by Rieck [R-3],

LEOPARD/CITATION/SIMULATE, were similar but not identical to those used in

the present work: LEOPARD/PDQ/FLARE. This should not have any appreciable
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TABLE 4.3

INITIAL FUEL LOADING FOR 3-BATCH AND 6-BATCH CORES

Mass of Uranium Per
Assembly (kg)

Enrichment
(w/o)

Fuel lots

1

2

3

4

5

6

7

3-Batch
Core*

455.8

447.2

436.5

460.9

460.9

460.9

460.9

6-Batch.
Core 1/2

6-Batch 3-Batch 6-Batch
Core Core* Core 1/2

yr** 1 yr* **

460.9

460.9

460.9

460.9

460.9

460.9

460.9

460.9

460.9

460.9

460.9

460.9

460.9

460.9

2.25

2.80

3.30

3.20

3.20

3.20

3.20

6-Batch
Core

yr** 1 yr***

1.30

1.60

1.90

2.20

2.50

3.00

3.00

2.25

2.80

3.20

3.60

4.20

5.00

5.20

* From Ref. [R-3]

** 6-Batch Core with Semi-annual Refueling

*** 6-Batch Core with Annual Refueling
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2 1 13-as9.5 0.dj4 0.01.t000.ed) 2.6594r57E,01 0.900
2 14.111)9 0.189.41.09i4034 3.95 331 .01E 0.94)

2 .1 t7I754 0.O1"# P."l2i.C Me003 3.20L,2'44*01 0.900
2 146.1390 0. 144 + d.15b000L.al 2.94201 4".l7 0.9J3

2
2
2
4

2
2
2
2

1 44.A101 60.494 8l!. 50815ddIe .89115IL607 0.900
2 15.7754 0.d594 1.U9.94041t 009 1.4"13)7so0l 0.90

j ' 1 I.t1 J.4519 ,i.Of .'1i !.% J . J- 14 '0 J 015 .9J4
4 17-704) - 14 -i15.60btL.C 2.94202101 0.900

1 5.115 4 .0)0 8- )45008L0 3 2.841157001 0.930
2 16.1a9#4 d.s 4 1 .. 0'I5400Ld41O I,SI41 1101 0.190

3 11.7085 0.8j00 8. 4780401001 3. 202'.4t6j 0.900
4 d 1.6d a .1.194d ,.I5t0000503 2.9420441:807 0.40

2 1 16.13915 0.8539 1U.04I5a000t053 1.9&1k9I 1f'07 0.900
2 2 1.7043 0.41.94 1. u9,5480e.604 1.95131420E07 0.940

2 3 IA.n4.61 0.'1 hi s.5724100t 0 3.2004101 0.900
* 9 41.03314 0.0J194 U.15b0000.eO3 2.9420244007 0.90

I I 41.1JqJU.04 J'q9ft 5.0100001 2.114191170*c 7 0.90a
2 2 it.#biu7 0.l094 1.0951A00E*04*- '951312t3t 0.9)0
4 3 11.6311 0.5194 .1725040Lf0 3.200294el01 0.900
2 it 20.57 !C.0354 I. 45CCCt O3 2.942021E801 0.900

I 4 48.6'7 0.1J94 .015300F401 2.4911571*01 .900
2 2 I1.6314 0. 8l 4 1.0154 00se001 3.9.1112E 007 0.100
2 J 20.515 0.6194 U.d7?2003IL,)3 3. 204294..'11 0.90)
2 4 21.5620 0.415 .V.160u8)L03 2.942021E01 0.900

j 1 19.61.1 0.8194 U.0l05V000003 2.861111*01 0.900
2 2 20.59)5 0. .t 985 1.049540444014 3.951312JE01 0.900

2 3 21.5620 0.A )It%4 . 72CGt103 3.20021914[01 0.900
.2 4 22.5264 8.I394 U.156004*03 2.94221E'01 0.930

a 2.5975 8.45981is.05710UL.04 2.40140L#.09 0.930 24 4 2.97415 0.49146 "..015001403 2.4Il1915E 0 0.900
2 1.5'20 V.bV41. 01.581041 2.4)140609 0.90 24 2 2 21.5190 0.Uj5154 .09,400L6004 3.95131E50-0.900

3 44.5264 0.6i s8iso.)6)80.LeJ3 j.90491JJ4.P9 0.94)j 44 2 3 22.526b4 0.01,94 8.02004.403 3.200214#!07 0.900
4 13.1901 J.#4194 0.0 0.0 0.940 24 2 4 23.901 0.4VA . l500103 2.942021EZ01 0.900

1 21.5u2u 0.dj91 1.057140A 04 4. 4u 44472649 '.91) 2 2 4 21.56lk %.6194 a.0150001:801 2.891157107 0.900
2 22.5264 8.81V9 1.U7,500E#044.43541704'd 81.900 2 A 2 22.5284 0.4394 1.0954001& 04 3.951312Eo01 0.900
3 23. wu0s4 a.u5098# 9.011.600t &01 2.085)049044014E 0.9181 2 2 3 2).905 0. 984 1.857100tE0i ).2002941001 0.10#

4~14



0.0 0.9J0 25 2 4 24.4553 0.8394 l.VbO0003 2.942021E.0l 0.900

26 1 1 22.5241, 0. U194 1.057100L04 2. 4024l#7U+9 0.900 26 2 1 22.5264 0.0394 8.O1SOI0FO0i 2.8911571007 0.900
26 1 2 23.4Ju %.d3.'4 1.) 72500exu)U 4 2. 4314u7L+09 0.943 26 2 2 2J.4908 .. 0394 1.095400L#4 3.951312E#07 0.90Q
26 1 3 24.4553 0. 94 'I.JAbOUL43 2. 0 h49Off 39 U .&J# Is 2 3 24.4!53 0.JP314 4 P.1120ZC0O 3 3.20-3294E.07 0.900
26 1 4 25.4191 0.uJJ94 0.0 0.0 0.900 26 2 4 25.4197 0.0394 6.156003E.03 2.944021E&07 0.900

21 1 1 23.490) 0. 9194 1.05 100+04 2. 402447'0 0.900 27 2 1 23.490t 0.of39#4 51.015000L03 2.51157 E07 0.900
217 1 2 24.4553 0.U394 1.715JUE*0t4 2.4T1'ru)1..#.9 0.900 27 2 2 24.45"A 0.83'4 1.0 5403L.144 3.951312Ei07 0.900
21 1 3 25..191 0.u194 9.

4
i1603uz'0- 2. U 4:13d409 0.900 27 2 3 25.4197 0.t394 U.87200010..3 J.200294E07 0.930

27 1 4 26.33441 0.IA4'14 0.0 0.0 J.AJ0 27 2 4 26.3i441 O.U394 8.1b000Ee03 2.942021E.07 0.900

2d 1 1 24. 5.) .U394 1.0510;4.04 2. 4)247L.td- 0.90) 28 2 1 24.4553 0.U194 6.015004E.03 2.89 1157E *07 0.900
2d I 2 25. 4191 0.03A4 1.02500t+04 2.4 114P7 0h 0.400 28 2 2 25.41V)7 0. 134,4 1.0'654001+04 3.9513122#07 0.900
2d 1 1 2b.3-ta41 0.83e194 9, 016000ELf0J 2.04Au0oi:E09 0.900 28 2 3 26.b4I1 0.l3 i4 6.072003Lb03 3.20029E07 0.900
2d I 4 21.344. 3 0. U 0J44 1.') 0.0 0.943 2H 2 4 21.346 0.6194 U. 14000E03 2.942021Ei'07 0.900

29 1 1 25. 4 197 0.It 144 1.0lIuuta04 2.402487L*09 U'.900 29 2 1 25.4197 0.8394 6. 015000E03 2.891157F+07 0.910
29 I 2 26 . Jo41 t).0394 1. 72 . a3 4 2.41)4Ic* 09 0.930 29 2 2 26.A841 0.6s394 1.095400E &04 3.951312L#01 0.900
29 1 1 21.3it46 U.'3394 'I .0 11IjtE#03 2.0490100b 09 (1.500 29 2 3 27. 34146 0. It1)4 5P.R472000k03 3.2C0294i4601 0.900
29 1 . 4 2'.3130 4l.014 0.u 0.0 0.900 29 2 4 20.3110 0.394 U.156000t103 2.942021E01 0.900

30 1 1 26.3041 0.h39S4 1.0571JLh04 2.402417.4#09 0.400 30 2 1 26.341 0.1'394 it.01000U03 2.1911517E007 0.900
3. 1 2 21.34fA4 0.8314 1.07 50 t*04 2.4314 Ule09 0.900 JO 2 2 21.14846 0.a394 1.095400t+04 3.951312+t01 0.900
33 1 3 2j.333u 0. d8 £4 9.II.300E03 2.)4900z*0Q9 0.930 30 2 3 2'.3130 0.8394 0.472000L403 3.200294E.01 0.900
30 1 4 291.2774 0,819- 0.0 0.0 0.90u 30 2 R4 29.2174 0.0394 8.150000L*03 2. 942021E07 0.900

31 1 1 21.3405. 0.U394 1.3)5100*04 2.444161099 9).9)9 31 2 1 27.34db 0.0d314 6.015000E#0) 2.89115V7E+O7 0.900
31 1 2 26.31.3 0.4394 1.J0750u.to4 2.4174 7r.s09 0.900 31 2 2 28..3130 0.It394 1.095400tC4 3.951312,07 0.900
31 1 3 29.2714 0.d.194 9).01hi00kf03 2.04900t09 0.900 31 2 3 29.2714 0.0394 d U. d7 2-0'"3 3. 20294E.01 3.930
31 1 4 0. 4.0 4.0 0.0 0.0 31 2 4 0.0 0.0 0.0 0.0 0.900 n

32 1 1 2.J(J 4 J.)1394 1.u5 10.J U 4+4 2. '402481k.+u9 0.930 32 2 1 28.3130 ().d194 it.015000E.03 2.s91157E#07 0.900
32 1 2 29.2114 0.83914 1.025,0t0* 4 2.4 11401a0'I 0.900 32 2 2 29.2774 0.0s3914 1.05400k#4 3.951312EF07 0.qUO
12 1 3 3.u 0.0 J.4) 0.0 0.900 32 2 3 0.0 0.0 0.0 0.0 0.930
32 1 4 ).0 0.0 3.0 0.0 J.0 32 2 4 0.0 0.0 0.0 0.0 0.900

33 1 1 29.214 0.d394 1.057100E+U04 2.401487k.09 0.900 33 2 1 29.2774 0.034 U.OISOOOE*03 2.691157Et07 0.900
33 2 3.) 0.0 0.') 0.0 0.904) 33 2 2 0.0 0.0 0.0 0.0 0.900
33 1 3 0.0 0.0 0.0 0.0 0.930 i 2 3 0.0 0.0 0.0 0.0 0.900
33 1 4 -0.0 0.0 0.0 0.0 0.0 33 2 4 0.0 0.0 0.0 0.0 0.930

25 1 4 24 .4t553 O.U394 0.0



TABLE 4.5 BURNUP AND ELECTRIC ENERGY GENERATION HISTORY: 6-BATCH CORE, SEMI-ANNUAL REFUELING

LOT SUB PER- START IRI DURNUP
TI1E TIJE
UR TR lUD/TOMNE HN

0.0 0.7818 9.q46000E*03 1
0.9068 0.3121 0.0 0
1.3439 0.3162 0.0 0
1.7851 3.3719 0.0 0
2.2320 0.4331 0.0 0
2.8401 0.14711 0.0 0
3.4362 0.5155 0.0 0

ELECTRICITY CAPAC LOT SUB PER- START Ilu BURKUP ELECTR
FACTOR LOT IOD TIME TIME

KwE is Ti NUD/TOIRK N KUlE
.140160E#09 0.900 1 2 1 0.0 0.0 0.0 0.0
.0 0.900 1 2 2 0.9068 0.0 0.0 0.0
.0 0.900 1 2 3 1.34)9 0.0 0.0 0.0
.0 0.900 1 2 4 1.lul 0.0 0.0 0.0
.0 0.900 1 2 5 2.2820 0.0 0.0 0.0
.0 0.900 1 2 6 2.8431 0.0 . 0.0 0.0
.0 0.900 1 2 7 3.4362 0.0 0.0 0.0

1

1

8 1 1 1.3439 0.3162 3.1730001.03 3.5484341108 0.900 8

ICITT CAPAC
FACTOR

0.0
0.0
0.0
0.0
0.0
0.0
0.0

LOT 100

1 1
1 2
1 3
1 4
1 5
1 6

1 1

1 5
1 2
1 3
1 1
1 5
1 6
1 7

1 1
1 2
1 3
1 11
1 5
1 6
1 7

1 1
1 2
1 3
1 4
1 5
1 6
1 7

1 1
1 2
1 3
1 41
1 5
1 6
1 7

1 1
1 2
1 3
1 4
1 5
1 6
1 71

1 1
1 2
1 3
1 4
1 5
1 6
1 71

1 0.0 0.7018 7.546000E#03 2.721981E07 0.900
2 0.9068 0.3121 3.324u00E03 1.199029E+07 0.900
3 1.3439 0.3162 4.0316000E03 1.455860E+07 0.930
4 1.7851 0.3719 0.0 0.0 0.900
5 2.2820 0.4331 0.0 0.0 0.900
6 2.84J1 0.4711 0.0 0.0 0.900
7 3.4362 0.5155 0.0 0.0 0.900

1 0.0 0.7818 9.338000E03 3.368390E.07 0.900
2 0.9068 0.3121 3.832000E.03 1.382274E.07 0.900
3 1.3419 0.3162 .433000E#03 1.238347E+07 0.900
4 1.7851 0.3719 4.354000E603 1.570569E#07 0.900
5 2.2820 0.41331 0.0 0.0 0.900
6 2.8431 0.4711 0.0 0.0 0.900
7 3.4362 0.5155 0.0 0.0 0.900

1 0.0 0.7418 1.065600E#04 3.8445388+07 0.900
2 0.9068 0.3121 3.892000E*03 1.403917E#07 0.900
3 1.3439 0.3162 4.954000E#03 1.187000E.07 0.900
4 1.7851 0.3719 4.023000E03 1.451171E.07 0.900
5 2.2020 0.4331 5.282000E03 1.905315E#07 0.900
6 2.8401 0.4711 0.0 0.0 0.900
7 3.4362 0.5155 0.0 0.)' 0.900

1 0.0 0.7818 4.247000E*03 1.531972E07 0.900
2 0.9068 0.3121 4.1840008*03 1.509247E+07 0.900
3 1.3449 0.3162 4.593000E+03 1.b56781E+07 0.900
4 1.7851 0.3719 4.6J1000103 1.670188E07 0.900
5 2.2820 0.4331 5.226000Ef03 1.0u5837E#07 0.900
6 2.8401 0.4711 5.684000E*03 2.050325E+07 0.900
7 3.4362 0.5155 0.0 0.0 0.900

1 0.0 0.7818 4.2390001*03 1.5290861.07 0.900
2 0.9068 0.3121 2.6684006#03 9.623973E.06 0.900
3 1.3439 0.3162 4.577000E*03 1.651009E+07 0.900
4 1.7851 0.3719 4.941000E*03 1.782310E.07 0.900
5 2.2820 0.4331 6.197000E003 2.235373E07 0.900
6 2.8401- 0.4711 5.481000E.03 1.9770981*07 0.900
7 J.4342 0.5155 0.0 0.0 0.900

1 0.9068 0.3121 2.8110002#03 1.013980E07 0.900
2 1.3439 0.3162 2.369000E*03 8.545417E+06 0.900
3 1.7851 0.3719 4.911000E#03 1.77146iE*07 0.900
4 2.2820 0.4331 6.172000E+03 2.226355L+07 0.900
5 2.8401 0.4711 6.381000E#03 2.301746E+07 0.900
6 3.4362 0.5155 6.201000E.03 2.236816E07 0.900
7 4.07u7 0.4479 5.440000E#03 1.962309E#07 0.900

1 1.3439 0.3162 2.114000E*03 7.625592E.06 0.900

0.0 0.7818 9.646000E#03 1.113528E.09 0.900 2
0.9068 0.3121 3.340000E+03 3.855675Et08 0.900 2
1.3439 0.316t2 0.0 0.0 0.900 2
1.7851 0.3719 0.0 0.0 0.900 1
2.2820 0.4331 0.0 0.0 0.900 2
2.8401 0.711 0.0 0.0 0.900 2
3.4362 0.5155 0.0 0.0 0.900 2

0.0 0.7818 1.05800E04 1.191908E*09 0.900 3
0.9068 0.3121 3.770000F.+03 4.225016E.08 0.900 3
1.3439 0.3162 3.720000E*03 4.160156E.08 0.900 3.
1.7851 0.3719 0.0 0.0 0.900 3
2.2820 0.4331 0.0 0.0 0.900 3
2.8401 0.4711 0.0 0.0 0.900 3
3.41362 0.5155 0.0 0.0 0.900 3

0.0 0.7818 1.281000E*04 1.4314006Et09 0.900 4
0.9068 0.3121 3.002000E#03 4.2518508E08 0.900 4
1.3439 0.3162 3.662000E.03 4.095293E+0t 0.900 4
1.7851 0.3719 4.126000E*03 4.614193E08 0.900 4
2.2820 0.4331 0.0 0.0 0.900 4
2.8401 0.4711 0.0 0.0 0.900 4
3.4362 0.5155 0.0 0.0 0.900 4

0.0 0.7018 7.353000E#03 8.223022E08 0.900 5
0.9068 0.3121 4.216000E+03 4.714844E*08 0.900 5
1.3439 0.3162 4.012000E+03 4.406705E+08 0.900 5
1.7851 0.3719 4.492000E#03 5.02314988#08 0.900 5
2.2020 0.4311 4.862000E+03 5.437279ge08 0.900 5
2.8401 0.4711 0.0 0.0 0.900 5
3.4362 0.5155 0.0 0.0 0.900 5

0.0 0.781U 6.228000c*03 6.964900E08 0.900 6
0.9068 0.3121 3.722000E+03 4.162394E*0 0.900 6
1.3439 0.3162 4.594000E+03 5.137569L.0 0.900 6
1.7451 0.3719 5.126000E+03 5.732516E.0d 0.900 6
2.2820 0.4331 5.201000E#03 5.816389E*08 0.900 6
2.8401 0.4711 5.177000E+03 5.789553E08 0.900 6
3.4362 0.5155 0.0 0.0 0.900 6

0.9068 0.3121 3.701000E.03 4.138908E.08 0.900 7
1.3439 0.3162 3.636000E01 4.066217E+0 0.900 7
1.7351 0.3719 5.000000E03 5.59160)1E.08 0.900 7
2.2820 0.4331 6.3610004.03 7.113646E*08 0.900 7
2.8401 0.4711 5.909000E+03 6.6976281*08 0.900 7
3.4362 0.5155 6.045000E.03 6.760253E08 0.900 7
4.0767 0.4479 0.0 0.0 0.900 7

I-A



a 1 2 1.1851 0.3119 4.329000Er0) 4.0412160.0i 0.900 2 2 1.105 0.1119 2.110001 9.6121.9606 J.900

8 1 3 2.2020 0.41311 6.3U1000Jo03 1.00d..409il 0.900 a 2 3 2.20A0 0.41u1 6.24000.&03 J.253110..1 0.900

a 1 4 2.8401 0.41.11 6.13601004.01 1.0U560(.C04 0.910 a 2 4 2.0441 0.4111 6. )1300L0 J 2.29daIis..e? 0.500
a 1 5 3.4362 0.5155 6.110001)0.01 1.0566091..0I 0.900 a 2 5 3.41402 0.5155 6. N1400.o0 2.3i99010#07 0.940

8 1 6 4.0161 0.4419 5.1200004O0) 5.125d0'1404 0.100 8 2 6 4.0161 .4u19 5. J2.000601 1.92219EL41 0.900
o 1 1 4.6496 0.4202 0.0 0.0 0.900 8 2 1 4.6496 0.4202 4.0 .500L0E O I.65Istli'0 0.900

9 1 1 1.1851 0.3119 3.80#10006.0) %.2511E.L#0.l 0.410 9 2 I 1.74 1 0.J119 I.0biaJ0Jk03 1.It 149 E01 G.900
9 . 2 2.2920 0.4111 4. 33900uL0 4.652 06004 3.9J0 9 2 2 2.2U20 0.41JI 3.13590) 1..111000,31 0.930'

9 1 3 2.1401 0.4111 6.644110F0OO) 1.4 1011 tWik 0.'10 9 2 1 2.6431 4.4191 6. 21300E103 .311699c,01 0.930

9 1 4 3.4162 0.515f) 6..550400F03 1.15407'o) 0.900 9 2 4 3.41.2 0.5155 6.1 2b01)u01 2.41 3551101 0.933
9 1 5 4.0161 0.%4419 5.540.106 01 6. IS 02 .&0.1 0. '40 9 2 5 4.0161 0.4419 5.16iuO44L'0) 2.06501126101 .930
9 9 6 4.6496 0.4202 4.65..00044.0) 5.201,404Etad 0.900 9 2 b 4.6406 0.4202 4..Uii1)0001 0 7.14299.te01 0.900
9 1 1 5.1-9 1.419 0.0 0.0 0.900 9 2 1 5.1969 0.9119 5. Ii".)03i03 . db500-1001 0.90.)

10 1 1 2.2420 0.4311 4.1 35000:.01 4.624259091 0.900 90 2 V' 2.2o20 0.4111 3. J59400.4.03 1.212960 1 0.10
to 9 2 2.8401 0.91 5. 104100.01 5.1.919404 0.900 10 2 2. 2.8411 0.9111 3.12,300dt0i .36423 001 0 C.533

t0 1 3 3.1 162 9.515S 6.119C0.0l 1.5.0%051.led 0.940 10 2 3 1.3.2 0.555 6. a5.l~304l0 2.a5I1 2).6 .01 0.910
10 1 4 4.0161 0.14419 5.99301),C.01 4).561W902,;004 0.906 10 2 4 4.011 0.94#9 6.0 1OU ad 01 2. .. 1 1169001 0.900

10 1 5 4.6496 0.424)2 5. 10E.003&..01 5.19.119E+'ita 0.900 10 2 5 4.6446 0.4202 5. 390C100.0)1 .915414i041 J.900

10 1 6 5.1949 0.4119 4.913000c.0i 5. 4 9413E04 0.900 10 2 6 5.1949 0.4119 S. 08000I,01 1. 6bJ5o.6#dI 0.9J0
10 1 1 5.1510 0.4111 0.0 0.0 0.900 10 2 - 1 5.1596 0.4111 4. 1 .140%;.0 9.92240 J1 0.900

1 1 9 2.0409 0.4111 '. 01100l.s01 5.411142E 00 0.900 I 2 1 2.u491 0.4111 4.226000*0)+ 1.524396E*01 0.vJ0
11 1 2 3. 161.2 0..5955 6.0420031:0) 6.1 (.1\9'lll5e0 0.900 II 2 2 ).41 )u2 0.5155 4.1400006+03 1.109805E01 0.100
1 1 1 4.0161 0.44191 5.9115'00L.0. 6.691l53e.30 0.940 It 2 3 4.0161 0.4419 5.9960006*0 2.162868.+01 0.900

11 1 4 f. 4.V)6 0.4202 5.425000.0 1 4.. 09,4'015 0.900 t I 4 4.6416 0.4202 S.5880001:+03 2.015694+01 0.404
19 1 5 5.1949 0.439 S. 5 12004*0 6.109919010 0.900 1 2 5 5.1949 0.4)19 5.119000E+03 2.09423M101 0.904

It 1 6 5.151 0.4111 4.801009Ee03 5.369060e0 0.900 II 2 6 5.1590 0.4311 4.852000L*03 1.1502066*01 4.9U44
11 1 1 6.1145 0.9394 0.0 0.0 0.00 II 1 6.344S 0.4394 4.2570001'03 1.535576E*01 0.900

12 1 1 3.4)62' 0.5155 5.011000001 6. 565021C014 0.900 12 2 1 3.4362 0.5155 5. 9020006.0) 1.1140336L#41 0.900 00
12 1 2 4.0161 0.4419 5.0O';: 009 5.6191541.ed1 0.100 92 2 2 4.01,1 0.4419 1. d0 400060 09 1.J1I5%.L.0 0.900
12 1 1 4.616 0.4202 6. 23100.. 00 6 .96d264;'o:e1lf 0.90 12 2 3 4.64-6 0.4202 5.SdO0003.0i 2.01.2536.0 0.'30
12 1 4 5.15949 0.41119 5. 300::i.01 5.9 P12.I4f. #.4d 0.,940 12 2 4 5.1919 0.4 111 6. 23uo10o j 2.2311I6e01 0.930
12 1 5 5.158 0.4)11 S.10..a00:0Es 5.1101.000 0.900 12 2 5 5.1510 0.1 1 5.1Iuoj.tOi l1.b611E10 0.I00
12 1 6 6.3145 0.49)1D4 4.t.4100000) 5.19)95IL#00.0.900 12 2 6 6.1145 0.4114 '1.66140CF01 I.69112t.01 J.900
12 1 1 6.0109 0.4214 0.0 0.0 0.900 12 2 1 6. 19 0.4214 4. JISJ 06Lt 3 J.55654 11teI 0.900

13 1 1 4.0161 0.4419 4.002000LOi 5..596.51.38 0.900 13 2 1 4.016U1 0.4419 4.22600001 I.521439E901 0.900

13 1 2 4.696 0.41202 4.60a0001:.0) 5. 14 15 E01 0.900 1) 2 2 4.6496 0.4202 1.20600E603 1.151055#01 0.930
11 1 3 5.119 0.439 6.101.000E.03 6.9191 7601 0.900 II 2 3 5.1949 0.4119 6.Id5000Ee03 2.231041.01 0.900
11 1 4 5.159t 0.4111 5. 11640041: 0) 6.0120199Eo08 0.900 11 2 4 5.1518 0.4)11 5.94.50006.03 1.9185916.01 0.900
11 1 5 6.3145 0.4914 4.9060001:40 5.515950'08 0.900 11 2 5 6.1145 0.1J94 5.01900.16.0) 1.8320903101 0.900
I1 1 6 6.0119 0.4219 4.651000o010 5.209916.tl0u 0.900 ) 2 6 6.6149 0.4214 4.1250005*03 '..7I4951E01 0.900
13 1 1 1.4111 0.4,165 0.0 0.0 0.940 13 2 1 1.4311 0. 4365 1.206000i03 1.5460405601 0.900

14 1 1 4.6496 0.4202 4.5130000.0) 5.0916162 00 0.900 19 2 1 4.6496 0.4202 3.661000E03 1.322155K.01 0.9Oo0
19 a 2 5.1991 0.4119 9.150ooo0.0) 5. 4 2491 AJ1E 0.900 14 2 2 5.199 0.4319 2.9390036*03 1 .04101525031 0.908

1 1 3 5.1518 4.4111 S.5510004.0) 6.2145130.)4 0.910 19 2 3 5.1518 0.6111 5.59)10u1.e 6 j. 014995#01 0.900
14 1 - 9 6.3145 0.4349 6.20.1006.0) 6.940)0 10.08 0.900 14 2 4 6.)145 0.4 I99 5. 106006e03 1.911911.0)1 0.900
14 1 5 6.0109 0.4214 4.4'51000&..01 5.500255 08 0.900 14 2 5 6.81U9 0.4214 5.11t0000O3 1.0526509601 (.900

1t 1 6 .1431) 0.4165 4.8490041*0) 5.4225406011 0.900 14 2 6 1.4113 0.415 4.694.40000 .69393)L0d1 0.900
19 1 1 1.1928 0.4165 0.0 0.0 0.900 14 2 1 1.9926 0.4365 4.21)J00L.03 1.5460436.01 0.900

15 9 1 5.1949 0.4319 4.S11000000 5.12)0)te0U 0.900 15 2 1 5.1949 0.4319 ).596000E0i 1.26700115001 0.900
15 I 2 5.1598 0.4111 5. 13500060) 5.9 662460 U 0.900 IS 2 2 5.1590 0.4111 3.62000E0J 9.1336d1E.01 0.900

15 1 3 6.1145 0.419 5.126000c*0) 5.9611001:0i 0.9(00 15 2 3 . 6.31%5 0.9)It 5.4JoI00.01 .9015d119601 0.9J0
15 1 4 6.8109 0.4214 5. Iu)000E.03 5.002912V6041 0.'100 95 2 1 6.619 0.4214 5.2J110001E*0 1.9049545.00 0.900

Is 1 5 1.431 0.1.365 5.425001.01 6.0661195teed 0.900 95 2 5 1.939) 0.9)65 5.0u0001.03 S.892550E.01 0.900
15 1 6 1.9928 0.4365 4.649000001 5.4221P0e0UG 0.900 15 2 6 1.9926 0.9165 4.6960006.03 1.69)9)1E.01 0.900
95 1. 1 6.5541 0.14345 0.0 0.0 0.900 15 2 1 8.5543 0.4365 4.2160004E03 9.5960906.01 0.900

16 1 1 5.1510 0.4111 5'.6330000.03 6.2995056.08 0.900 16 2 I 5.1516 0.4311 %.1420000L* 03 1.591262te01 0.900
16 1 2 6.3145 0.43914 5.192000.03 5.006326E606 0.900 16 2 2 6.3145 0.4394 1.9030005.03 1.9018056.01 0.900
16 1 3 6.61149 0.4214 5.353000103 5.90616600 0.900 16 2 3 6.6149 0.4214 5.440009.03 1.9631525.01 0.900



16 1 4 1.4313 0.4165 5.440009*03 6.009260bo400 0.0o 16
16 1 S 7.9920 0.41165 5.41250001.03 6.06695004 0.'o0 16
16 1 6 G.5541 0.4165 4.049000C.01 5.442214N01ta,) 0.9410 16
16 1 1 9.1150 0.4365 0.0 0.0 0.900 16

17 1 1 6.3145 0.4194 5.5550001.0 I6.212210i4.0 0.S440 11
1 2 6.I7t09 0.41741 5.220000001 5.11.31644008 0.904 11

17 I 3 7.4111 0.4365 5.164040,:.Q 4.*441024 *k 0.9l00 4'V
17 I 4 7.9924 0.4165 5.4450000*0) 6..011,111. 600cou 0.930 If
17 1 5 0.5543 0.4165 5.4250004)0) 6.06.11h'6000 0.900 1

17 1 6 9.1%5d 0.4165 4.04'1,:03: 01 5.412254)E00 0.$40 11
11 1 7 9.6177 0.4165 0.0 0.0 0.900 17

10 1 1 6.11091 0.42141 5.414,100L6E0) 6.1141945004 0.910 0
10 1 2 71.4111 0.4165 4.924.1041640 5.50.61f.6#34 0.900 16
to I 3 1.9920 91. .4165 5...040.)Or*01 6.44624 14041 0.9u0 11

to 1 4 8.55413 0.4145 S.414%I30Et4) 6.0io260 L 1 0.900 145
I a I S 9.1156 0.4 1165 '.4250441:&.031 6.066945Ee43 0.9J0 1
10 I 9.6771 0.4165 4.U49'00'F.01 5.4122430040 0.94J 0 1

10 1 7 10.214d 0.415 0.0 41.0 0.910 III

19 I 1 7.4 1t1 0.4165 5. 1413L0E40) 5.752169406 0.9u0 19
19 1 2 7.952 1.41365 4.9 00.01 5.506616.j04 0.500 1)9
19 I 3 0.5541) 0.41165 5.7640000 6I b.44424t Ir0#a 0.94J0 19
19 1 .41 9.158 9.4 6 5.44530I 03 6.0 '2604eda 0.900 19

Is 1 5 9.617 0.41)5 5. 42'0041;601 6.066 491'5E *04 0.930 t1
19 1 6 10.231 1 0.4365 4. 049J4000)00 5.42214I0.4,014 0.900 19

19 1 1 10.8003 0.43165 0.0 0.0 0.500 19

20 1 1 7.9920 0.4165 5.1490006S01 5.7150236Etu4 0.900 20
20 1 a 8.5S43 0.41o5 41.241i0401 5.5064 16tco i 0.1430 20
20 1 3 9. 1 50 0.4165 5.174.6161-4601 6.44112411EC14e 0.144 20
20 1 4 9.6711 1.4165 5.441510i)1:01 6.0592f460.idu 0.910 20
20 1 5 10.294 0.4165 5.425100I10) 6.0610,..60400 0.544.) 24

20 1 6 10.0001 0.4165 4.41930,401 ! 5.422340L04 0.900 20
20 1 7 11.3b1 0.4 165 0.0 0.0 0.900 24)

21 I 1 8.5541 0.4365 5.1490004'0) 5.15023f6i0t0 0.900 21
21 1 2 9.1154 0.41165 4.924000:01 5.50661I.0 as 0.900 21
21 1 3 9.6713 0.4165 5.7661000 6.4 44 24u3t0 0.100 21
21 1 4 10.2)0 0.4165 5.4 45000103 6.00932606,34 0.100 21
21 1 5 10.8301 0.4)65 i.4250004*01 6.066349504ol 0.900 21
21 I 6 11.3610 0.41)(.5 4.04 9033401 5.4227406040 0.900 21
21 1 7 11.921)) 0.41645 0.0 0.0 0.900 21

22 1 1 9.1450 0.4365 5. 149'030E640 5.753'236.100 0.900 22
22 1 2 9.6173 0.41365 4.924003.003 5.504.664.E.00 0.100 22
22 1 3 10.23V48 0.4165 5.7IM, 000Ze0) 6.44N 24)Ee,0n 0.100 22
22 1 4 10.8003 0.41365 5.445.05LE01 6.0042.Ul0.Et 0.900 22
22 1 5 11.1610 8.4165 5.4250001 6.06609561 ff 0.900 22
22 1 6 11.923) 0.4165 4.450030F.0 5.412214000 0.900 22
22 1 7 32.40448 0.4.365 0.0 0.0 0.900 22

2 4 1.40t 0.4065 5.25410040103 1.90964 1.01 0.900
2 5 1.9928 0.4365 5.Iud0 .00) t..442553Z401 d.930
2 & 0.5543 0.41)65 4.6i..044E103 1.64J9334.401 0.900
2 1 9.1150 0.4365 4.2U6300EIf03 1.546040007 0.900

2 1 6.31415 0.4194 41.1414006403 1.710l1L*U7 0.900
2 2 6.049 0.41264 .4%ul006.0) 1.J99227610 0.9.0
2 3 1..ui3 o.4865 5.441300.31.03 i.926..54.01 0.5.30
2 41 .9928 0.4S365 5.2941q33!0) 1.9J9644if-1 0.900
2 5 i.S5A3 0.1416S5 5.1udd00L01 1.442550:II41 0.900

2 6 .1158 4.4365 4.69603gM03) 1.693U33 601 0.900
2 1 9.61) 0.4165 4.1600uL.O) 1.5416040Ee01 0.900

2 1 6.0749 0.41214 4.612000103 .d5277E:0l 0.900
2 2 1.431) 0.4165 3.6.91300.0) 1.4103556O101 0.400

2 3. 1.9121 0.4).45. 5.44 10406.03 1.f)266 01 .30
2 .5541 0.416%5 5.294004t4411.913964I0*7 0.9140

2 5 9.1lid i.4 65 s.boUJJ01a) 1.142550U0' 0..0
2 6 9.617) 0.4165 4.656400E 0) 1. 6943.5iCJrt7 0.900

2 1 10.23du 4.4365 41.a20100E0) 1.5464401001 0.930

2 . I 1.4111 0.4 U65 4.1(4)03J60* 1.61159414601 0..90
2 2 1.9921 .415 ). W9WtOLte)'1.441556I? 0.900

2 3 0.554 10.935 5.4 41004E)t0) 1.9616609f.07 0.940
2 4 9.1150 41.4 3t5 .29,41000JEj 1.564. 07 0.504
2 S A-6713 0.4l465 5. 146403 1.6-25Ste4 0.90

2 6 10.23 4dd 0.41165 4.61)J06 03 1..6u39 1J I411. 9J0
2 7 10.0001 0.4365 4.J600060J I.4 .0400;#01 0.900

2
2
2
2
2
2
2

2
2
2
2
2
2
2

2
2.
2
2
2
2
2

1 9.6113 0.41365 5.14.9000.E0) 5.7541216L.00 0.900 2) 2
2 10.21148 0.41365 4.924000.E0) 5.5016 169OoU 0.900 23 2
3 10.6363 0.41165 5.766000r0 1 1 6.41402414E:60 0. 100 2) 2
4 11.36.10) 0.4365 S.445000E*03 6.0U5260!.)04 a.900 23 2

5 11.923) 0.4165 5.4125400.01 b.0614.95 0400 0.1100 23 2
6 12.4641 0.4165 4.049000003 5.4221410600 0.900 23 2
7 13.046) 0.43#65 0.0 0.0 0.1100 23 2

1 10.2100 0.43)65 5.14.9000E.0) 5.354113600 0.900 24 2
2 10.4003 0.4365 4.924000r.03 S.S46461tad 0.900 241 2

3 11.361I 0.41365 5.766000E#03 6.44d214J9E0 1 0.900 24 2
41 11.9233 0.4165 5.41450006#01 6.04921.0E00 0.9100 24 2

5 12.4U46 0.4365 5.4250001e03 6.064uR95ESr#Ol 0.9%10 24. 2

I 7.9920 0.4165 4.7010001.0) 1.697901 1ol 0.930
2 .55413 0.435 J.U9l410O0)t3 1. 64.4 .155 10? 4.94a

3 9.1154 0.414.5 5.44t10000)a I.962669I)0 1 0.90C
4 9.6151 46.410.5 5. 254103 03 1.9J9,4 *.0 0.931

5 10.23.d0 0.41365 5.134U0004..03 1.04.155J4IJ1 0.900
6 10.003J 0.4165 4.6)300 0 1.65 4933te J.930
1 11.3610 0.4165 4.2o6JMUO0) 1.5.4b04106407 0.900

I 4.5543 0.4135 4.701000.E0) .691904 07 0.900
2 9.1id 0.4145 .49 U00L* 0) 1. 40355 ,*07 0.9)

3 9.6111 0.413.5 5.441J0090) 1.)UI20900 4.900
4 10.2330 0.4165 5. 294004203 I.939646ae07 0.900
$ 10.400) 0.4165 5.1041300 01 1.342556437 4.900

6 11.3618 0.4145 4.4.960006.03 l.J9IiSJ j607 41.900
7 11.921) 0.4)65 4.2464100L#0J 1. 546040E*01 0.900

1 9.1154 0.41)65 4. 70140t630 .'.b11941bE001 0.930
2 9.6713 0.4)65 3.09 1000003 1.44035510Eu7 0.900
3 10.2308 0.41)65 5.44100044.01 1.5I2669Ee1 4.504
4 10.d03 0.43)4.5 5.29400.003 1.90564)3.01 0.900
5 I11l.d 0.41365 5. 1to'0J.4en)J 1.841550..01 0.900
6 1.923) 0.41365 4.6940JE 31 J .693933 07 0.900
1 12.44d 0.465 4. 2u6.0003 1.541.40E0d? 0.900

1 9.6713 0.4365 4.741000030) 1.697901E007 0.900
2 10.2314 0.4b% 3.Uw1ll00.0[J 1.4015569001 0.900
3 10.0003 0.465 5.441WOOL.0) 1.912)9.07 0.90
4 11.3614 0.4365 S.294000.0.0 1.909b416.07 0.900
5 .41.9233 0.4134.5 5.10004OL&03 1. d 4 I2554150.00 0.900
6 12.4044 0.43)4.5 4.696V,004t#03 1.65J9JVJJL07 0.500

7 13.04.. 0.4365 4.2dud.1u&e03 1.54 0400160 0.900

1 10.2)08 0.4365 .M.107000001 1.6579016007 0.900
2 10.6031 0.41)65 3.149100460 03 1.40355bt1$0 0.900
3 11.3618 0.41J)a5 5.4141010E403 1.9626691E01 0.900
4 41.921 0.41)65 5.25400411*03 1.90564117.ed 0.900
5 12.44 0.4S365 5.10000EO0) 1.8412550*L01 0.900

Ha



24.
28.

25
25
25
25
25
25
25

26
26
26
26

26
26

27
21
21
21
2)
21
21

2

20
211
283
2a3
2d
213

29
29
29
29
29
29
29

30
30
10
30
10
30
30

33

JII

3
13
33

13
11

12
32
32
32
32
32

1 6 11.0463 0.4165 4.49000E001 5.4122741093001 0.900 14
1 1 13.6070 0.4365 0.0 0.0 0.900 24

3 I 10.8003 0.84365 5.149000E#03 5.75'3216r600 0.900 25
1 2 11.1610 0.45 4.9#2118)00E#0) 5.50Itl6.6013 0.904 25
1 3 11.12)I 0..4165 5.66000: a CA 6.8.82 18 0e 0.10 25

1 8 12. 433i.e 0.4365 5..445000E:403 b.04123.8)E#08a 0.400 25
5 W1.01 0. 465 5S. J5000*101 6.066095d.0Gd 0.930 25

1 6 13. 600 0.8.365 8. 8349i000..#) 5. 42218.408a .800 25
I 1 14.169) 0.4365 0.0 - 0.0 0.1100 25

1 1 13.3618 0.4165 5.14900'C401 S.151321..011 0.900 26
1 2 11.9233 0.8.4165 4. 92400 )L'0I 5. 5416616er00 0.100 26

1 3 12.48411 0..413.5 5. 16.60003..01 4. .4124C0eof 0.900 26
1 4 11.04861 0.4165 5. 4453001:0) 6.0O926..L01 0.-)40 26

3 5 1.63110 0.4161 .01 25100::.03 6.E 4455.e3 0.180 26
1 6 14. 3633 0.4165 4.49A8.'800..01 5.4221401:08 0.900 26
1 1 14.1100 0.4365 0.0 0.0 0.5330 26

1 1 11.9133 0.8%365 5. 141000n*01 5.151323.ucle64 0.900 27
1 2 12.4040 0.4165 4. 9214,001.6 00 5. 5041 1S.1:00.1 0.900 21
1 3 11.0461 0.416.5 5., 1)6900.01 6.4.4612 l,:881 0.940 21

1 8 113.6070 0.4.165 5.44510381 6.0 2 0'14 0.130 21
1 5 14.6'93 3. .165 5. 4825'1000.'001 f..06418I11'e8t3e 0.900 21
1 . 6 14.J100 0.84 3o5 4.04.-.)03,:.01 5 .42214.3r.0 0.900 21
1 1 15.2)21 0. 4165 0.0 0.0 0.900 27

1 1 12.4040 0.8465 5.1149000Ee0) 5.750216..000 0.900 20
3 2 11.04t. 0.84 165 4. 924 000k: # 5.50 636 16 Et0 0.9UO 28

1 3 1.611? 0.81.5 5. 161,008.03 6.41026 3t83d 0.900 2#
S 4 14.693 0..14.65 5. 8445000:.01 b.03124or. fl.1 0.900 26

1 5 14.1300 0.4165 5.8.250006.03 6.06899508 0.900 26
I 6 15.2921 0.4.3.5 4. 645338000Ee0a 5.4 2271 l)'401 0.9I0( 241

1 1 15.5113 0.4165 0.0 0.0 0.900 20

1 1 11.046) 0.4165 5.31499(018S0) 5.)'b3ll6E600 0.990 29I
1 2 13. b011 0.4165 01.9240009601 5.5046 E 0t 0.900 29

1 3 14. 1693 8.4165 5. 76JOOL403 6.44. v24d SE43' 0.900 29
1 4 114.1106 0.4165 5.44%5J00E00 6.0092l.r.l800 0.900 29
1 5 15.2923 0.4.65 5.4250001:801 6.016645E041 0.400 29

3 6 15.8518 0.4165 4.49000E303 5. 4221894O838 0.900 21)
1 1 16.4151 0.4165 0.0 0.0 0.900 29

1 1 13.6.11 0.4165 5. .1490003L01 S. 75el236F'0& 0.900 10
1 2 14.1461 0.465 4.1'2400W401ES 5.50666t1409 0.900 30

1 3 14.1100 0.4365 5. 3600 01 6.844924.140 0.900 30
1 4 15.2123 0.4t165 5.4450001 03 6.09260110A 0.900 30

1 5 15.3351 4.8465 5.48250031:801 6.066105645801 0.900 10
1 6 16.415 0.4165 4. 0491003.01 5. 421740c6d4 0.900 10

1 161.91610 0.4 65 0.0 0.0 0.900 30

1 1 14.1693 0.4365 5:.1490001:400 5.150216c08 0.900 31
1 2 14.7100 0.8.165 14.9240001.#03 5.5066.i.raAl 0.500 JI

1 3 15.2921 0.4165 5. 761.40+001 6.44W2411.08 0.900 31
I 8 15.8510 0.8.165 5..445000.E0] 6.0491019640 0.900 31

1 5 16.415A 0.4165 5.425000E*01 6.066495E6011 0.900 31
1 6 16.9760 0.4365 4.419000L603 5.8422 1406.00 0.900 31

1 1 17.5381 0.4365 0.0 0.0 0.900 31

1 1 14.1.300 0.413.5 5.149000+.60 5.1532361.00 0.900 12
1 2 15.2723 0.4165 4.9243001;401 5.50661460d 0.900 32

I 3 15.3510 0.4365 5.746000E01 6.444243&.00 0.900 12
1 I 16.4 153 0.4305 5.4450004801 6.009260Ee0d 0.900 32
1 5 16.9749 0.465 S. 425000E 001 6.0668956.041 0.500 12

3 6 11.5341 0.4165 4.041000E#0 5.422740Et0 0.900 12
I 1 10.0990 0.4365 0.0 0.0 0.900 32

2 6 13.0463 0.416.5 '..69b 6 r0000 1.6919.1.001 0.940
2 13.6071 0.43eP5 A.2 000E03 1.5146040i01 0.900

2 I 10.0003 0.0.365 M.1 IOGoff0 1 1.690170I%1 0.900
2 2 11.)610 0.44% 1. Wo1094CL6L.0 1 .40535!56: 0 0.SD)

2 3 11.9213 0.4165 5. 4 41000Ee# 0J 1.9626 91eL07 0.900

2 4 12.%1340 0.4%t5 5.2',04-,0016 1 l.9Ulf941 ut() 0.100
2 1 J.0.3..u 0.4u45 5. Ioa'0.)1:*0I 1.1455)0 veu1 0.900

2 6 1.60)* 0.84.5 It.'s i 01. .6939 31i.JJ 0.900
2 1 l4.161) 0.8l65 8.20s4,000L601 1.56804010 0.900

1 I1.161* 0.4365 4. 1J3014Jta] I.3 14) f0u 0.100
2 2 11.9211 0.8.1U5 1.89J-J1 s03 1.8.441155E01 0. '00

2 1 12.444 0.48U5 5.466laduE.0) I.4b26b69x07 0.90

2 4 11.04.,) 1.4115 '.2.
0
44-0,1 

3 
A 8.9(4C4 IL #01 1. 00

2 5 11.6010 0.46.5 5. 3o103:.60I .a2 50,07 0.900
2 6 14.1613 0.416%5 4. 69J3JL 03 1.614131i.07 o. 900

2 7 14.J3jG 0.is16 5 04.2Id6003L*03 1.54604oOl1 0.9"4

2 I I1.9233 0.8.165 4.J700JtE10 1.a'170I +01 0.903
2 2 12..8# a 0.v11.' .V 10003 .4J 1. .)355.e-00) 0. 'O0
I 3 11.0146) 0.414.5 5.144301:.01 1.962:94.01 0.'800

2 13.6401a 0.4 -'s 5. 414-a00i803 11'.9.'43b4J.401 0.100
2 5 14 .191 0.84145 5.10-00L01 1 .6425%0i:.31 0.104

2 6 14.17 3J8 0.81.5 %."4.")00:0 j I .6"J9l118"0al 0.9j0
2 .1 5-2912 0.. 4145 4.2,t.JOIJL.03 1.54604J 1 0. W100

2 1 - 32.884.40 0.41365 4. 7411000Ee03 1.691910tL01 0.900
2 2 11.04863 0.1.365 1. 41 000[t J al.4.0556(801 0.1003
2 3 11.68816 0.4 .5 5..41 J&8or0 t I .962*tWs:.0a1 0.900
2 4 14.1619 0.413.' 5.2i l4d00Ee).1 3v1.94 .l0l 0.A00
2 5 14.7300 0. 4 kb5 5. J 00 60 0 1 l.d825581#..0 1 0.900

2 6 15.;9j1 4.46. . 4. 6 96,10J 1 .69115.1 0.900
2 1 15. I530 181.43145 8.. 4.10600L.03 1.58..400E.01 0.400

4 I 11.0413 0.48.65 1.70 luO0 et 03 1.6910t1..07 0.900
2 2 1..60,0 0.4)65 J. d-90(00Er03 1 .8.0155.e101 0.900

2 3 14.1611 0.48.15 5.44 300Jt.3 1.26.9Ee.7 0.900
2 4 14.11(16 0.41.l5 5.294000L3 3.909b4jEq01 0.900

2 5 15.2913 0.8465 5. 160t0003 1.1142553207 0.1iJc
2 6 15.0518 0.4165 4.6-164001S01 1.6931119E07 0.930
2 7 16.4153 0.of165 4.2d0004Et03 .54.6040180 0.900
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TABLE 4.6 BURNUP AND ELECTRIC ENERGY GENERATION HISTORY: 6-BATCH CORE, ANNUAL REFUELING
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TABLE 4.7

RELATIVE ORE SAVINGS FOR 3-BATCH AND 6-BATCH PWR CORES

Equilibrium Equilibrium Total
Reload Enrich- Cycle Average Heavy
ment (w/o) Burnup (MWD/ Metal

MTU) (And Loading
fuel discharge (MT)
burnup) .

Relative*
Ore
Usage

3-Batch Core**
Annual Refueling

6-Batch Core
Semi-Annual
Refueling

6-Batch Core
Annual
Refueling

3.2

3.0

5.2

10083
(30312)

5250
(31588)

10808
(65043)

89

89

89

1.00

0.896

0.790

*ST/GWe-yr (delivered) relative to 3-batch core, based on a
90% availability based capacity factor, 0.2% enrichment
plant tails.

** From Ref. [R-3]
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effect on the comparison, however, as the following argument shows. Garel

[G-1] has found that a bias of approximately + 0.3% in the multiplication

factor results from use of the version of LEOPARD employed in the present

work (Rieck's results should be of comparable accuracy). This result

was obtained by benchmarking LEOPARD against 63 uranium critical experiments.

Overprediction of the effective multiplication factor results in an under-

prediction of the critical enrichment according to the approximate relation

AX ~ AK--- -2-- [4.2]X- K

where X is the enrichment and K the multiplication factor. Using the

above prescription, a + 0.3% bias in K leads to a -0.6% bias in fissile

enrichment (i.e., 3.00 % U235 would be computed as 2.98% U235); this

corresponds to a reduction in ore usage by a factor of 0.993. Discrepan-

cies of this magnitude are well within the precision required of scoping

studies of the present type.

4.5.2 Fuel Cycle Cost

The MITCOST-II code was used to calculate the levelized nuclear fuel

cycle cost for each of the 3 cases. The use of this code and its simpler

counterpart, ECON, for this and similar applications is being documented

by Abbaspour [A-5]. The nuclear fuel cycle data are given in Table 2.2.

The results are summarized in Tables [4.8] and [4.9]. As shown, the

levelized fuel cost per period is approximately equal for all three

cases throughout the lifetime of the core but the 6 batch cores are

penalized at the end of life. This is due to the fact that the last

few fuel batches are only partially burned; for example, the last fuel
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TABLE 4.8

LEVELIZED NUCLEAR FUEL COST PER PERIOD FOR 3-BATCH AND 6-BATCH CORES,
ANNUAL REFUELING

3-Batch. Core 6-Batch. Core

PERIOD * . P ER IO D AGGRLGATES
LEV COST REV REQ

M/KWH S
1 6.8597 6.633707E+07
2 6.9386 3.731320E+07
3 7.4157 3. 777486"+07
4 8.0095 3.922267E+07
5 8.6383 3.747509E+07
6 9.3146 3.690720E+07
7 10.0469 3.618336E+07
8 10.8415 3.549643E+07
9 11.7065 3.484707E+07

10 12.6460 3.422262E+07
11 13.6642 3.361914E+07
12 14.7648 3. 30258 6 E+07
13 15.9544 3.244306E+07
14 17.2454 3.188341E+07
15 18.6488 3.134448E+07
16 20. 1796 3.083662E+07
17 21.8451 3.3349045+07
18 23.6535 2.987653E+07
19 25.6124 2.941072E+07
20 27.7335 2.895174 E+07
21 30.0392 2.851067E+07
22 32.5498 2.808576E+07
23 35.2924 2.768635E+07
24 38.2819 2.730230E+07
25 41.5327 2.693024E+07
26 45.0598 2.656205E+07
27 48.88 48 2. 6 19766E+07
28 53.0486 2.584710E+07
29 57.6383 2.553104-+07
30 70.4215 2.836019E+07
31 113.6657 4.162272Z+07

OVERALL TOTALS
14.7160 1.020151-+09

PERIOD
LEV COS T

v/KWHE
6. 1926
6.4442
6.9128
7.4512
7.e429
8.9589
9.7319

10. 5378
11.4231
12.4222
13.4505
14.6030
15.8592
17.2225
18.7097
20.3330
22.1053
24.0379
26. 1489
28.4524
30.9692
33.7251
36.7372
40.0341
43.6436
47.4239
52.5285
59.8486
71.4448
92.4623
141.7975

A GGREGATES
HEV REQ

8. 134838E+07
3 .482774E+ C7
2. 881211E+07
3.575562E+07
4.018195E+07
3.774640E+07
3.569370E+07
3. 294323 E+07
3. 282648E+07
3.241584E+07
3.167186E+07
3. 1140 21E +0 7
3.058594E+07
3.0 7287E+C7
2.947128E+07
2.894490E+07
2.843526E+07
2.793970E+07
2.7.47365E+07
2.701504E+07
2.656952E+07
2.615379E+07
2.574667E+07
2.535221E+07
2.498246"+07
2.453126E+07
2. 455339E+07
2.527776 E+07
2. 727664 +07
3.190154E+07
4.420637"+07

OVERALL TOTALS
134.3257 9.917990E+08

* Each period corresponds to one interval between refuelings (here 'lyr)
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TABLE 4.9

LEVELIZED NUCLEAR FUEL COST PER PERIOD FOR 6-BATCH CORE SEMI-ANNUAL REFUELING

PERIOD
Period* LEV COST

1/K W HIP

1 5.9459
2 6. 1421
3 6.2682
4 6.5669
5 6.9648
6 7.2231
7 7. 4762
8 7.8074
9 8.1749

10 8.5968
11 9.0236
12 9. 4269
13 9.8812
14 10.2564
15 10.6846
16 11.1304
17 11. 6669
18 12.2479
19 12.8324
20 13.4230
21 14.0441
22 14.6957
23 15.3771
24 16.0916
25 16.8430
26 17.6318
27 18.4566
28 19. 3221
29 20.2325
30 21. 1878

AGGREGATES ..
BV RZEQ Period*

3.664062E+07 31
1.413565E+07 32
1 .39957 1E+07 33
1.646914E+07 34
1930749E+07 35
2.057018E+07 36
2.192006Z+07 37
1.873194E+07 38
1.741368E+07 39
1.7824462+07 40
1.793754E+07 41
1.779797E+07 42
1.717186E+07 43
1.722667Z+07 44
1.697838E+07 45
1.673490E+07 46
1.659368E+07 47
1.6 47850E+07 48
1.633526E+07 49
1.616644E+07 50
1.600038E+07 51
i.583795E+07 52
1.568111Z+07 53
1.552441z+07 54
1.537121Z+07 55
1.522142E+07 56
1.507789E+07 57
1.493213-E+07 58
1. 479 12 0 E+07 59
1.465280E+07 60

61

PERIOD AGGREGATES
L V COST IiEV R EQ

11/KW HE$
22.1882 1.452025E+07
23.2378 1.438537E+07
24.3425 1. 4 2547 9E+ 07
25.5019 1.412820E+07
26.7166 1.400502E+07
27.9921 1.388066E+07
29.3337 1.375985E+07
30.7424 1.364385E+07
32.2192 1.352912E+07
33.7701 1.341405r+07
35. LO 16 1.330216E+07
37.1154 1.319588E+07
38.9130 1.308886E+07
40. 80 10 1.298228E+07
42.7874 1-287857E+07
44.8748 1..278121E+07
47.0653 1.268121E+07
49.3663 1.258241E+07
51.7876 1.2'48616E+07
54.3326 1.239650E+07
57.0047 1.230336E+07
59.8122 1.221167Z+07
62.7637 1.212269E+07
65.8702 1.203874E+07
69.1329 1.195226E+07
72.3404 1.183090E+07
77.6128 1.200906E+07
36.2668 1.262955E+07

101. 3484 1.403572E+07
131.0188 1.716418E+07
199.5887 2.473982E+07

****** ************

OVERALL TOTALS
14. 9431 9.404434E+08

*Each period corresponds to one interval
(here ~6 months.)

between refuelings
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batch is discharged with only one-sixth of normal discharge burnup.

Thus further studies are needed to reduce this economic penalty, such as

use of the last fuel lot in other similar reactors.

Table 4.10 summarizes- the levelized nuclear fuel cycle cost as

calculated by MITCOST-II. As shown, the 6 batch core with annual refueling

is the most attractive fuel management scheme; in addition to its lower

levelized nuclear fuel cycle cost, this scheme has the largest ore

savings.

The 6 batch core with semi-annual refueling is heavily penalized when

a 6 week refueling shutdown time is used. If the refueling interval is

reduced by a factor of 2 then this fuel management scheme becomes more

attractive (as shown in Table 4.10).

4.6. Conclusions

In this chapter we have looked at different fuel management strategies

to extend the burnup life of the fuel. The following can be concluded:

(1) One of the most straightforward ways of improving uranium

ore utilization is to increase the discharge burnup of the fuel.

(2) The discharge burnup of the fuel may be increased by increasing

the reload enrichment of the fuel and the irradiation period and/or increas-

ing the number of batches in the core.

(3) Of the three cases we testedthe 6-batch core with annual

refueling showed the best potential for ore savings. In addition the

6-batch core with annual refueling had a smaller fuel cycle cost than

a typical 3-batch core with annual refueling.

(4) The reload enrichements for batches near the end of life

condition should be optimized since these batches are discharged far
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TABLE 4.10

LEVELIZED NUCLEAR FUEL-CYCLE COST FOR 3-BATCH AND 6-BATCH PWR CORES

Fuel Cycle
Cost (Mills/kwhr)

3-Batch Core
Annual refueling

6-Batch Core
Semi-Annual refueling

6-Batch Core
Annual Refueling

14.7185

14.9430
(14.4232)

14.0257

Key Assumptions:

(1) Same refueling shutdown each refueling all cases
(6 weeks) note that this penalized semi-annual
refueling: value in parenthesis assumed downtime
per refueling is cut in half.

(2) Same availability-based capacity factor (90%)
when not shutdown for refueling.

NOTE: These costs higher than those in Chapter 3 because the
price of electricity is not escalated here (this can
be done in ECON but not MITCOST).
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below their nominal discharge burnup and harsh economic penalties may be

incurred. It may also be possible to use these fuel lots in new reactors

(for initial startup cores).

(5) In this analysis, burnable poisons were not used to flatten the

power distribution or to hold down the excess reactivity. The NRC General

Design Criteria specify the moderator temperature to be non-positive

through the cycle. Thus, further study is needed to determine the balance

of soluble poison and burnable poison in the core such that: the temper-

ature coefficient is non-positive throughout the cycle, the control worth

is sufficient to hold down the excess reactivity during normal power opera-

tion, and power peaking factors are not excessive.

(6) Large research and development programs are needed in the area

of fuel modeling behavior analysis. It is not clear that solutions will

be found to Zircaloy PCI interaction problems, internal chemical attack by

fission products, or corrosion induced hydriding problems. Furthermore,

reversion to stainless steel clad or a thicker zircaloy clad may incur

an enrichment penalty which offsets, at least in part, the burnup gain.

It should be noted, however, that a savings of 0.5 mills/kwhr in the

fuel cycle cost will generate on the order of 4 billion dollars if applied

to 100 reactors over a 10 year period; this should certainly more than out-

weigh the costs needed to develop and license high burnup fuel.
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CHAPTER 5

COASTDOWN

5.1 Introduction

Current PWR's produce electric energy at their full rated power level

until reactivity-limited burnup is reached (the point in time at which the

reactor cannot be made critical at the full rated steady state power level);

when this occurs the reactor can either be shut down for refueling, or the

reactor can still produce power but at less than optimum conditions.

The reactor can still be made critical after full power end of life

has been reached by utilizing the positive reactivity insertions from re-

duced fuel and coolant temperature (due to their negative temperature/

power coefficients) and from the reduced xenon poisoning at lower power

levels.

By reducing the fuel temperature, the parasitic absorptions in U-238

resonances are reduced and a positive reactivity insertion results.

Similarly, a reduction in the moderator temperature results in a positive

reactivity insertion since the water density increases as the temperature

of the moderator decreases. If the reactor-is operated at lower power

levels the equilibrium xenon concentration is lower, since the steady state

xenon concentration is a function of the flux level; hence the neutron

economy is improved and a positive reactivity insertion results. The term

coastdown or stretchout is used when the reactor utilizes any or all of the

above reactivity mechanisms to maintain power operation after reactivity

limited burnup at full power is reached.

From an operational standpoint, coastdown can be achieved by two

different methods in a PWR: (1) The average core moderator temperature can
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be reduced below its nominal value (usually by a reduction in the coolant

inlet temperature). The thermal power is kept at its rated value by fully

opening the governing valves to the high pressure turbine and allowing the

steam pressure and electrical energy output to coast down. This procedure

allows full thermal power to be maintained, but the electrical energy output

is reduced since there is a reduction in plant efficiency when the steam

supply system is operated in the above mode. (2) The average core

moderator and fuel temperatures are reduced below their nominal values;

that is, the thermal power of the reactor is gradually reduced which inserts

positive reactivity.

The objective of planned coastdown is to minimize fuel cycle cost

and uranium ore usage by stretching the reactivity lifetime of nuclear

fuels. The coastdown duration is usually determined byeconomic and

engineering considerations, along with the specific needs of each utility

system. Coastdown will reduce plant capacity factor and requires re-

scheduling the refueling shutdown,but modest ore savings can be attained

along with a reduction in fuel cycle cost. Utilities must weigh the above

alternatives (ore savings due to extended burnup versus replacement power

cost) to fit their own needs, but most prior analyses have shown that coast-

down is an economically desirable strategy.

5.2 Previous Work

Previous work in the area of present interest for the most part deals

with the economic considerations of coastdown [W-2] and [K-1], with some

concurrent attention to neutronic and engineering limits [B-7]. Until

recently, interest has not been shown in using coastdown primarily as a

means of reducing uranium consumption [S-5]. In this study, our primary
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objective is to shown that coastdown operation results in a modest ore

savings.

Banister [B-7] studied the neutronics of extending the irradiation

period of a PWR past the full power end of life by coastdown, and the

effects on the subsequent core operations. He has found that the core

power distribution at BOL following coastdown is affected; but his results

indicate that radial power sharing limits will not be exceeded in the cycle

following coastdown unless the average core burnup extension due to coast-

down exceeds 3100 MWD/MTU. Also, with regard to the neutronics, Martin

[M- 1] showed that the reactivity effects of a coastdown equivalent to

two full power months had damped out almost completely within three cycles

following the coastdown, with the greatest effect coming during the cycle

immediately following coastdown. These studies show that coastdown is a

viable way of increasing the discharge burnup (increase ore savings) without

severely compromising any neutronic or thermal-hydraulic constraints.

The economic advantage of coastdown in PWR's has been discussed fre-

quently. Most of the studies have investigated the economic benefits for

an isolated cycle of coastdown, without including the economic penalty in

subsequent cycles (shorter cycle length) or the high replacement energy

cost. Economic studies of repetitive coastdown at the end of each full

power cycle have been performed by Kusner [K- 1] and Watt [W- 2 ]. They

both showed that the average energy cost first decreases (relative to a

core with the same loading and no coastdown) as the duration of coastdown

increases, then reaches a broad minimum, and finally increases. This

broad minimum affords the operator some flexibility as to when the coastdown

is terminated, without adversely affecting the economics.
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A study has recently been completed at MIT in which the additional

burnup gain as a function of coastdown power level for the thorium and

uranium fuel cycles in PWR's has been computed. It was found that a re-

duction in the average moderator temperature of 30 0F coupled with a reduc-

tion in the power level to 40% below rated power results in a burnup gain of

around 3000 MWD/MTU for uranium systems; larger burnup gains were found

for the thorium systems (around 4500 MWD/MTU). In the present work, these

results will be used as a data base for input to a simple model developed

to analyze coastdown scenarios.

Advantages have been claimed regarding the use of coastdown in thorium-

uranium-fueled HTGR's [D-4]. This coastdown capability comes from reduced

xenon poisoning, the negative temperature/power coefficient and reduced

Pa-233 poisoning. A typical coastdown scenario, comparing HTGR and PWR

systems is shown in Table 5.1. As shown, the possible additional operation

down to 50% power is greater for the HTGR system. by 40 days. Also shown

is that the reduced Pa-233 poisoning is the dominant positive reactivity

addition mechanism in coastdown operation of HTGR's while in PWR's, operating

on the uranium fuel cycle, the temperature/power coefficient effects dominate.

Inviewof these findings a brief study has been conducted to see if PWR's

operating in the thorium cycle can achieve substantial positive reactivity

from reduced Pa-233 poisoning during coastdown operation.

5.3 Coastdown Model Development

The phenomenon of coastdown is relatively complex; not only are the neu-

tronic (e.g., additional burnup) and economic (e.g., fuel cycle cost and re-

placement power cost) performance affected during the coastdown cycle, but

the effects of coastdown are felt up to 3 cycles following coastdown, with

the greatest effect coming during the cycle immediately following coastdown.

As one can infer, coastdown is quite complex, and its analysis may require
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TABLE 5.1

COMPARATIVE COASTDOWN CAPABILITY FOR HTGR's AND PWR's [D-4]

A

Possible Additional Operation
at 50% Power (days)

HTGR
(Thorium Cycle)

PWR
(Uranium Cycle)

From Reduced Xenon Poisoning

From Temperature Coefficient

From Reduced Pa-233 Poisoning

TOTAL

35

30

45

90

110

175 135
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sophisticated techniques. The use of state-of-the-art methods generally re-

quires significant computational time and money, and may set practical limits

on the number of solutions which can be investigated. Thus, the need for

"simple" analytical methods for scoping calculations is evident; such methods

can be used to evaluate many different coastdown scenarios so that one can

concentrate on the more promising solutions. This study will demonstrate

that coastdown can be analyzed accurately by simple physics and economics

models. In addition, the simplicity of these models facilitates updating of

the results which is especially useful in today's rapidly changing economic

environment.

5.3.1 Xenon Model

The most important fission product poison is Xe-135, whose thermal (0.025eV)

absorption cross section is 2.7 x 106 barns. Xe-135 is formed from the decay

of 1-135 and is also produced directly in fission. It is part of the fission

product chain shown in Figure 3.3; the appropriate decay constants, X, and

fission yield fractions have already been provided in Table 3.1. None of the

other isotopes in this chain have appreciable absorption cross sections.

Because the half lives of 1-135 and Xe-135 are so short and the absorption

cross section of xenon is so large, the concentrations of these isotopes quickly

rise to their equilibrium values. In a typical PWR, the xenon concentration

attains its equilibrium value within 100 hours, so that a significant amount of

poison is inserted into the core in a short period of time. In a current PWR

the (full power) equilibrium xenon worth is approximately 3% Ap. This value

stays fairly constant throughout the life of the core, rising slightly over

the burnup cycle. Therefore, a significant amount of neutrons and reactivity

are lost to this fission product poison.

During coastdown operation the power level (and flux) of the reactor are

reduced, which results in a lower xenon concentration (since the Xe concentration
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is dependent upon the flux level): hence, the neutron economy is improved and

a positive reactivity insertion results. As shown in Appendix C, the fractional

change in reactivity due to coastdown (reduction in power level) is

42 Xe/1OO% AP [5.1]

100% Xe + XeP' P

100% P

where

e = decay constant of Xe, sec

a - spectrum-averaged microscopic absorption cross section for Xe-135, cm2

P',P = reduced power level and rated power level, respectively, MW(th); AP=P-P'

2
N00 - flux level at rated power level, #/cm -sec

0100% = full power equilibrium Xe worth, %Ap

The above equation can be used to calculate the positive reactivity insertions,

AR when the reactor is coasted down. In addition, the duration of coastdown per-

mitted by reduced Xe. levels may be inferred from AP; hence, one can easily inter-

polate and extrapolate coastdown scenarios.

5.3.2 Protactinium Model

When neutrons are absorbed by fertile Th-232, an intermediate precursor

is formed (Pa-233) before it is converted to fissile U-233. The half-life of Pa-233

is 27 days, and the thermal absorption cross section and the infinitely-dilute

resonance integral are 41.46b and 857.0b, respectively. Hence, there is a non-

negligible probability that a neutron will be absorbed by Pa-233 (parasitic capture)

and thereby eliminate a potential fissile atom in addition to losing the neutron.

While this U-233 loss may be significant, it is not totally deleterious since neu-

trons absorbed by Pa-233 form the fertile material U-234 which upon capture of

another neutron produces fissile U-235.

The parasitic capture of Pa-233 may be reduced by operating the reactor in a

well thermalized spectrum (low epithermal flux) or at a low flux level. The latter
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strategy adds positive reactivity when the reactor is coasted down since there

are fewer parasitic captures by Pa-233, and an increased production of U-233.

This insertion rate is relatively slow since the half life is 27 days.

As shown in Appendix C, the positive reactivity insertion, Ap, due to

reduced Pa burnout is

N aa Pf f a0

where

N N = atom density of Pa-233 and total core fissile material,
13 respectively, #/cm

3

a1 3 = spectrum-averaged microscopic capture cross section of Pa-233, cm2

af = spectrum-averaged microscopic absorption cross section of core
fissile material, cm2

P100% = rated thermal power level, MW(th)

AP = change in thermal power level, MW(th).

The above equation can be used to calculate the positive reactivity

insertion (as a function of power level) due to reduced Pa burnout when

ThO 2 /UO2 fueled reactors are coasted down at EOC. The inventory of Pa-233

in an operating core is quite high, typically 8 to 10% of the total fissile

inventory, so the reactivity insertion can be as large as 1.5 to 4.0% Ap.

In deriving the above equation it was assumed that the positive reactivity

from reduced Pa233 burnout is inserted instantaneously. This is obviously

not true since Pa has a 27 day half-life. Thus, ThO2 reactors which are

coasted must rely on reduced Xenon poisoning and reduced temperatures to

keep the reactor critical in the initial stages of coastdown. Afterwards,

positive reactivity from reduced Pa233 burnout can help keep the reactor

critical.
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5.3.3 Temperature/Power Coefficient Model

In order to evaluate the coastdown capability of a PWR, the tempera-

ture/power coefficients must be known, in particular, the amount of

reactivity (%Ap) available as a function of load. In this section a

simple model is proposed which calculates the temperature/power coefficients

and the amount of additional burnup days due to coastdown as a function of

load.

In any study similar to the present where many options are available,

the calculational methodology has to be based on a relatively simple

reactor model in order to reduce the cost of, and time required for the

analysis. In the present work, the LEOPARD code was used for evaluating

coastdown scenarios. This code was chosen because it satisfied the require-

ment that the methodology be simple, quick, and accurate. It has been

shown by Garel [G-1] and others that the LEOPARD code calculates average

parameters (i.e., reload enrichment, discharge burnup, etc.) quite

accurately (in good agreement with more sophisticated spatial diffusion-

depletion models). Thus, calculation of reactivity coefficients and

coastdown burnup histories should also be well within the precision required

for scoping studies of the present type.

In general, when large PWR's are coasted down the power is reduced

steadily, such that the reactor is continuously critical (typically a

reactor may coast at a rate of 0.25% power/day). In calculating the

various parameters of current interest (e.g., additional burnup), it was

assumed that the power level is reduced in a stepwise fashion, in parti-

cular, the data base generated by Bamdad-Haghighi [B-8] for this study

assumed a power reduction in increments of 20%. This assumption is valid

if the neutron spectrum is not significantly changed when reducing the

power level in a stepwise fashion since the nuclide concentrations would
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be the same for the continuous coastdown and the stepwise-coasted case.

It was found that the spectrum did change, and that calculated nuclide

concentrations did depend upon the size of the power reduction, but the

errors are small (see Section 2.3.2). The error can be reduced by

reducing the size of the increment but as shown in Section 2.3.2, the

change in the isotopics is less than 1% even when there is a reduction of

50% in power; thus the error is quite tolerable.

In calculating the additional burnup due to coastdown, the positive

reactivity effects from reduced moderator temperature and fuel temperature

should be evaluated separately. This is due to the fact that the average

moderator temperature does not vary linearly with load during coastdown

operation. (During normal operation, the average moderator temperature

varies linearly from hot-zero-power, HZP, to hot-full-power, HFP.) The

reactor is coasted at a constant rate, and the average moderator temperature

is adjusted to keep the reactor critical. Thus fuel and moderator feed-

back effects should be determined separately.

The following procedure was used to determine the reactivity co-

efficients at EOC. LEOPARD runs were performed with different fuel tempera-

tures and the moderator temperature held constant; this determined the

fuel temperature coefficient. Likewise, the moderator temperature coeffi-

cient was found by fixing the fuel temperatures and varying the moderator

temperature. To find the additional burnup due to coastdown, LEOPARD

point depletion runs were made with the fuel temperature corresponding

to reduced power levels and the moderator temperature held constant.

Similarly, depletion runs were made with the fuel temperature held fixed

and the moderator temperature changed.
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5.3.4 Additional Burnup Gain Due To Coastdown

It is possible to show (see Appendix D) that if one starts with a

steady-state fuel cycle and keeps the reload composition fixed, use of

coastdown to extend burnup an increment, AB , (either for a single cycle,

or forever thereafter) results in a net ultimate burnup gain of
N 2 c

AB n = -l AB [5.3
Bnet 11n+l i

where

n = number of fuel batches in the core

N = number of coastdown cycles.

The above relation shows that net burnup gain in a multi-batch core

c c
is not AB , but rather some fraction of ABc. This is due to the fact that

n-i
in the cycle following coastdown (--) of the fuel is more depleted than

n

it would have been had refueling occurred when full power end-of-life

was reached. Because of this the burnup histories of subsequent cycles

are affected (shorted full-power cycle lengths are experienced, assuming

of course that reload fuel enrichment and batch size are held constant.)

As shown in Appendix D, the linear reactivity model can predict the

burnup behavior of cycles following the coastdown. For example, Equation

[D.6] shows that for a two-batch core the burnup increment for the cycle

following coastdown is

c
AB2 = 2/3 B - 1/2 AB [5.4]

where

AB = burnup increment for the cycle, MWD/MTU

B = reactivity limited discharge burnup of a one-batch core having
the same reload enrichment as the multi-batch core.
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Further application of this model shows that a convergent oscillatory

behavior is observed between under and over-reactive subsequent cycles

(for either a single coastdown or for coastdown after each cycle).

5.3.5 Coastdown Economics Model

The duration of coastdown not only depends upon neutronic and

thermal-hydraulic considerations but also upon economic considerations.

In the past, economic analysis of coastdown considered only direct and

indirect nuclear fuel cycle costs. However, the cost of replacement

power during coastdown is high, so that the total energy cost must include

the cost of replacement energy.

It can be shown [S-5 ] that the total energy cost per unit energy,

C T'is
CT'

=C E C E
C c c + R R [5.5

T E c+ ERc R

where

Cc = levelized nuclear fuel cycle cost, mills/kwhr(e)

CR = levelized replacement energy cost, mills/kwhr(e)

E = total energy produced by nuclear fuel during a burnup
c cycle, kwhr(e)

ER = total replacement energy during coastdown, kwhr(e)
(includes energy replacement for coastdown, refueling, and
forced outages).

The above equation shows that the total fuel cycle cost can be found

if the replacement energy cost, the duration of coastdown (energy generated

by the coasted reactor), and the levelized nuclear fuel cycle cost are known.

The duration of coastdown can be found from the reactivity models developed

in the previous sections. The nuclear fuel cycle cost can be determined
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using typical present-day cost assumptions [A-1] in the ECON code. The

determination of replacement energy cost is system and time dependent and,

therefore, subject to uncertainty. However, a replacement energy cost

of 25 mills/kwhr appears to be typical of the numbers quoted today [W-2].

Therefore, Equation 5.5 can be used to calculate the total fuel cycle cost

for different coastdown scenarios.

5.4 Reactor Investigated

The C-E PWR system described in Section 3.4.1 was used as the design

basis for this study. The assembly consists of a 14 x 14 array of fuel

cells and five large control rod channels. The design characteristics

for the assembly and reactor are shown in Tables 3.2 and 3.3. This system

was chosen to be the design basis since it is typical of a large PWR in

actual commercial operation.

The same reactor and assembly design were used as the design basis

for evaluating coastdown operation in PWR's operating on the thorium

fuel cycle. Garel [G-1] has found equilibrium mass and burnup parameters

for reactor types and fissile species (e.g. U-235, Pu-239, U-233); in

particular, for a UO2 (93% enriched U-235) reactor recycling uranium-233

(and small amounts of bred plutonium) to itself, and recycling bred U-233

to a 233UO 2/ThO2 PWR reactor. Garel's results (mass flows) for the
2332
UO2/ThO2 PWR reactor (see Table 5.2) will be used as a data base

(e.g., isotopic composition input into LEOPARD) in the current analysis

of coastdown in 233UO 2/ThO2 PWR reactors.
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TABLE 5.2

CHARGE AND DISCHARGED MASSES FOR A 233UO 2/Th02 FUELED
PWR REACTOR* [G-1]

INITIAL INVENTORIES
(kg/INITIAL MT HM)

30.378

2.691

0.418

966.513

DISCHARGED INVENTORIES
(kg/INITIAL MT HM)

18.079

5.052

1.145

0.205

940.222

1.086

* LATTICE parameters have been defined in Table 3.2.

ISOTOPE

U-233

U-234

U-235

U-236

Th-232

Pa-233
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5.5 Results

5.5.1 Reactor Efficiency

As previously mentioned, coastdown scenarios require that the

reactor and the steam supply system operate at less than ideal conditions

(e.g., lower thermal power, lower average coolant temperature, etc.),

and operating at these conditions reduces the overall efficiency of

the plant. The reduction in the average coolant temperature, TAVE'

is handled by the standard T-Average Reference Controller which pro-

vides a pre-programmed coastdown policy. During normal operation,

the average moderator temperature is varied linearly from hot zero

power to hot full power. The advantage of changing TAVE linearly

is that the turbine plant pressure change is minimized as load is changed.

In some plants the TAVE Reference Controller is programmed to keep the

average coolant temperature constant as function of power level

(as shown in Figure 5.1). Constant average coolant temperature

results in a constant inventory of water in the reactor coolant system;

thus a smaller pressurizer is needed for plants designed for constant

TAVE since the need to bleed or add water to maintain a constant pressurizer

level with changing load is eliminated. In coastdown situations, it is

more advantageous to operate with a reduced TAVE, since there is a concurrent
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positive reactivity insertion because of the coolant temperature change

(negative moderator temperature coefficient).

The overall efficiency of the plant as a function of load was calcu-

lated using the BAHAR code [N- 1]. The design basis used in this study

is the C-E PWR as described in Section 3.4.1. The plant layout of the

nuclear steam supply system is shown in Figure 5.2 and the nomenclature

is described in Table 5.3. Using the plant characteristics shown in

Table 5.4, the BAHAR code was used to calculate the overall efficiency

of the plant as a function of load (see Figure 5.3). As one can see, the

efficiency decreases as the load decreases; however, the curve shows that

the efficiency is not degraded significantly when the load is reduced.

This is due to the fact that when the load is reduced, the average

moderator temperature is reduced such that turbine plant pressure change

is minimized and the temperature of the steam remains constant. This

analysis shows that the efficiency of the plant is reduced when the reactor

is operated in a coastdown mode but the drop in efficiency is quite small

so that harsh economic penalties (replacement power costs) are not felt.

5.5.2 Reactivity Models

The accuracy of the coastdown reactivity models was tested by com-

paring the results of the simple models against more exact calculations,

in particular, the results from the Maine Yankee Cycle 3 Design Report [S-6 ].

The accuracy of the Xenon reactivity model was first tested. As

shown in Section 5.3.1, the fractional change in reactivity (due to reduced
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TABLE 5.3

NOMENCLATURE FOR NUCLEAR STEAM SUPPLY SYSTEM: FIGURE 5.2

R : Reactor

P Pump in Primary Loop

G Generator

HP-T : High Pressure Turbine

LP-T Low Pressure Turbine

DE : Steam Generator

Al.. .A5 : Bleeds

B Dehydration

ENTG : Degasifier

HD-VW : High Pressure - Preheater

ND-VW1...3: Low Pressure - Preheater

VK-VW : Vacuum Cooler

ND-KU : Low Pressure - Cooler

VK-KU : Vacuum Cooler

MFP-PPE : Main Feedwater Pump

HK-PPE : Condensate Pump

KO : Condenser

WA : Water Separator

By-Condensate PumpNK-PPE
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TABLE 5.4

STEAM SUPPLY SYSTEM DATA

TOTAL HEAT OUTPUT

REACTOR COOLANT FLOW

PRESSURE DROP ACROSS CORE

REACTOR PRESSURE

TOTAL PRESSURE DROP ACROSS VESSEL

AVERAGE CORE ENTHALPY RISE

STEAM GENERATOR STEAM PRESSURE

PRESSURE DROP IN STEAM GENERATOR

STEAM CONTENT

INLET TEMPERATURE (STEAM GENERATOR)

OUTLET TEMPERATURE (STEAM GENERATOR)

NUMBER OF BLEEDS

COOLING WATER INLET TEMPERATURE

COOLING WATER TEMPERATURE RISE

MECHANICAL POWER LOSSES

INTERNAL POWER CONSUMPTION

2440 MWE

136.0 x 106 lb/hr

9.9 psi

2100 psi

33.1 psi

63.1 BTU/lb

900 psi

51 psi

0.9975

432 0 F

5650F

5

72 0F

18 0 F

1.0 MW

1.0 MW
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FIGURE 5.3 REPRESENTATIVE PLANT EFFICIENCY VS. LOAD FOR A TYPICAL PWR
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Xe poisoning) is

Ap -Axe /$ AP0-P = x/ 100% -P [5.5]A100% xe + axeP' [

100% P

(The parameters are defined in Section 5.3.1). Using the nuclear parameters

calculated by the LEOPARD code (Table 5.5) in Equation [5.1] one finds

the fractional change in Xe reactivity as a function of load (Figure 5.4).

As shown, there is good agreement with the more exact calculations. Thus

the simple Xe reactivity model can accurately predict the Xenon worth

as a function of load during coastdown. Also shown in this figure is

that most of the reactivity contribution from Xe occurs below 40% of full

power; hence, one cannot take full advantage of the Xenon worth (since

reactors are rarely coasted below 40% of full power). Moderator and fuel

reactivity effects were calculated using the LEOPARD code, as discussed

in Section 5.3.3. Using the design base discussed in Section 5.4, the

moderator and fuel temperature coefficient were calculated for the hot

full power EOC conditions (i.e., no soluble boron and a core average

burnup of 22,000 MWD/MTU). The results are summarized in Table 5.6. As

shown there is good agreement between the exact calculations and the LEOPARD

results; thus the accuracy of this method is acceptable for the present

study.

As previously mentioned, Bamdad-Haghighi [B- 8 ] generated a data

base (additional burnup as a function of fuel and moderator temperature

decrease) for this study. Using his results, the accuracy of the simple

model was tested against Maine Yankee Cycle 3 values. The comparison

is shown in Figures 5.5 and 5.6. As shown in Figure 5.5, there is good

agreement between the LEOPARD calculations and the more exact calculation

for predicting the additional burnup from load reduction. Figure 5.6 shows
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TABLE 5.5

NUCLEAR PARAMETERS FOR XENON MODEL

135 -5
Xxe, DECAY CONSTANT OF Xe = 2.09 x 10 sec

-1

axe, MICROSCOPIC ABSORPTION CROSS SECTION OF Xel35 = 1. 724 x 106 BARNS*

FLUX LEVEL AT 100% POWER = 4.884 x 1013 neutrons*
100%' m e

* Thermal Flux and Thermal Absorption Cross Section
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FIGURE 5.4 FRACTIONAL CHANGE IN Xel35 WORTH VERSUS LOAD
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TABLE 5.6

COMPARISON OF LEOPARD AND MORE EXACT
TEMPERATURE COEFFICIENT VALUES

Moderator* Fuel*
Temperature Coefficient Temperature Coefficient

(10~4 APF) (10-5 0

LEOPARD

MORE EXACT**

-2.18

-2.24

* EOC, Hot Full Power, and Equilibrium Xe

** From Reference [S- 6 ]

-1.20

-1.33
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that LEOPARD over-preducts the additional burnup when the average moderator

temperature is reduced, but the agreement is fairly good for small tempera-

ture reductions.

The above analysis has shown the LEOPARD code and supplementary simple

models can be used to predict the additional burnup when the reactor is

coasted; this is especially true for xenon and fuel temperature reactivity

effects. For the case of the moderator temperature effects, the errors

are tolerable. The overprediction of the additional burnup by the

moderator temperature model will overpredict the total coastdown capability

of the reactor. Since the reactor is coasted at a constant rate (the

power is reduced X% per day) and the average moderator temperature is

reduced such that the reactor is kept critical; the simple model will pre-

dict the correct coastdown rate, but the average moderator temperature will

be slightly higher than in the real core. Thus, this model can analyze

different coastdown scenarios, but it will slightly overpredict the total

coastdown capability of the reactor.

5.5.3 Ore Savings and Fuel Cycle Cost

As previously shown, in Section 5.3.4, the net burnup gain, ABnet'

due to coastdown is

AB = ABc [5.61
net n+l

where

n = number of fuel batches in the core

ABc = coastdown burnup increment, MWD/MTU.

It was shown that this relation is valid for a single coastdown or for

coastdown forever thereafter. In addition, it was shown in Appendix D

that if one starts with a steady-state fuel cycle and keeps the reload

composition and coastdown burnup increment fixed, a convergent oscillatory
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behavior is observed between under and over-reactive subsequent cycles,

that is, a new equilibrium state is reached. As shown in Appendix D,

the new equilibrium full power cycle burnup length, X, is

X [2 ]B- (E)ABc [5.7]
n+l n+l

where

B = EOC single batch burnup.

The total cycle burnup length is just the sum of Equations [5.6] and [5.7].

The equations and the simple models developed in the previous section

will be used to evaluate a typical coastdown scenario, in particular,

the coastdown scenario used by the Maine Yankee Reactor will be investigated.

In general, when the Maine Yankee Reactor has reached its full power end-of-

cycle burnup the reactor is coasted at a rate of 0.604% power/day. Using

this coastdown rate the ore savings was calculated as a function of coast-

down burnup length (Table 5.7). As shown modest ore savings can be obtained

as the coastdown burnup interval is increased, but as the coastdown interval

is increased, the full power cycle burnup length and cycle-average capacity

factor decrease.

The previous analysis showed that modest ore savings can be attained.

However, the duration of coastdown is selected by a utility based primarily

on overall economic considerations. In the past, economic analyses of

coastdown considered only direct and indirect nuclear fuel cycle costs.

However, the replacement cost of power is high in today's economic environment

so that the total energy cost must include the cost of replacement energy.

As shown in Section 5.3.5, the total energy cost per unit energy, CT'

is

C = C E + C E [5.8]
T E cc R R

E +E
c R

(The parameters have been defined in Section 5.3.5.)
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TABLE 5.7

ORE SAVING FROM COASTDOWN OPERATION

COASTDOWN FULL-POWER (1)
BURNUP LENGTH CYCLE BURNUP
(MWD/MTU) LENGTH (MWD/MTU)

0
250
500
750

1000
1250
1500

11000
10875
10750
10625
10500
10375
10250

TOTAL
CYCLE
BURNUP (MWD/MTU)

11000
11125
11250
11375
11500
11675
11750

COASTDOWN (2)
DURATION
(DAYS)

0
8.68

18.02
27.88
38.50
50.04
63.07

RELATIVE (3)
ORE USAGE

1.000
0.989
0.978
0.967
0.957
0.946
0.936

Rated Full-Power Level = 2440 MWt

Heavy Metal Loading - 83 MTHM

(1) Found using Equation 5.7; this is burnup logged at rated power
prior to start of coastdown. For repetitive burnup, the discharged
batch's burnup is 3 times the cycle burnup.

(2) Found by simple model Section 5.5.2.

(3) Ore usage in ST U3 0 8/GWe-yr relative to the non-coastdown case.
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For the coastdown scenario defined in Table 5.7, the total nuclear

fuel cycle cost was calculated using Equation [5.8]. The cost basis used

is found in Table 2.2 and the mass flows and other pertinent data are

found in Table 5.8. The results of these calculations are shown in Figure

5.7. As shown, the relative fuel cycle cost (relative to a core with the

same loading and no coastdown) decreases, passes through a broad minimum

and finally increases. From an economic standpoint the optimum coastdown

duration is approximately 35 to 45 days, but it could be extended to 60

days without penalizing the customer.

In the above analysis, it was shown that the use of coastdown to

extend the burnup life of the fuel will lead to modest ore savings (5%).

In addition, the nuclear fuel cycle cost can be reduced, and is shown

to have a broad minimum: thus the operator has some flexibility as to

when the coastdown is terminated without adversely affecting the economics.

Utilities must weigh all of the alternatives before selecting a planned

coastdown scenario, since in addition to the advantages just cited,

coastdown will reduce the plant capacity factor and will require rescheduling

of the refueling shutdown if it is not made a part of routine operations.

The preceding analysis has been done in conformance with the methods

ascribed to various utility planners [W- 2 ], [K- 1 1, and [S- 5 ]. There

are, however, some points requiring clarification with respect to the treat-

ment of average plant capacity factor in the presence of coastdown; they

do not have an important effect on the results, as discussed in Appendix F.

5.5.4 Reactivity Addition from Reduced Pa Burnout

As previously mentioned, a study has been performed which compared

the coastdown capability in HTGR and PWR systems [D-4 ]. It was found that
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TABLE 5.8

PARAMETERS FOR THE COASTDOWN SCENARIO

*

U308
Conversion to UF6
Separative Work

Fabrication
*

Throwaway

Number of Batches

Power Level (100%)

Replacement Energy

Availability Based
Capacity Factor

Refueling Downtime

Cost

5
3.98137 x 10 lb

3.37612 x 105 lb

1.20463 x 105 kg SWU

2.76667 x 104 kg
4

2.76667 x 10 kg

30

2440 MWt

25 mills/kwhr(e)

0.90

0.125 yrs.

* All masses shown are for one batch of fuel in a three-batch core.

** Includes spent fuel storage, transportation, and disposal for
throwaway alternative.
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in233
in 2UO 2/ThO2 fueled HTGR systems a large positive reactivity insertion

(due to reduced Pa-233 poisoning) occurs when the reactor is coasted down

(see Table 5.1). In the present work coastdown in 233UOiThO2 fueled

PWR systems was examined to see if there are comparable gains due to

reduced Pa233 burnout. It was recognized that a once through system of

this type would be impractical, but nevertheless the results should be

a useful indicator as to whether this phenomenon would be worth exploiting

in other modifications.

The simple model developed in Section 5.3.2 was used to calculate

the positive reactivity from reduced Pa-233 burnout. As shown in Section

5.3.2, the positive reactivity, Ap, due to reduced Pa burnout is

Ap = N13 13 AP [5.8]

N aN fa f P100%
f f

(The parameters have been defined in Section 5.3.2). The above equation

shows that the reactivity is a function of the ratio of Pa-233 atoms to the

total fissile atoms in a reactor core; and the ratio is a function of its

previous operating history (i.e., fuel composition and power level). This

ratio will be the highest in thorium cores with high neutron flux levels

(as shown in Appendix C the equilibrium concentration of Pa-233 is directly

proportional to the neutron flux level; however, as the flux level increases,

so do the parasitic captures in Pa-233).

Using the results (mass balances) generated by Garel [G-1 ] (Table

5.2) and the spectrum-averaged cross sections generated using the LEOPARD

code (Table 5.9) for a UO 2/ThO2 PWR, in Equation 5.8, the maximum additional

reactivity, Ap, (corresponding to a coastdown from full to zero power) was

found to be 1.74% Ap. This corresponds to an additional burnup increment

of approximately 2000 MWD/MTU. This reactivity insertion is not incurred

instantaneously since Pa223 has a long half-life (27 days). Thus the
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TABLE 5.9

SPECTRUM AVERAGED CROSS SECTIONS FOR A TYPICAL UO 2/ThO 2-
FUELED PWR SYSTEM

GROUP 1
ISOTOPE MICROSCOPIC ABSORPTION*

CROSS-SECTION (BARNS)

Pa 24.0 (capture only)

U-233

U-235

27.6

14.1

GROUP 2
MICROSCOPIC ABSORPTION
CROSS SECTION (BARNS)

19.2 (capture only)

291.0

318.7

**
SPECTRUM
AVERAGED
(BARNS)

23.13

75.49

69.48

fast-to-thermal flux

$/$ 2 = 4.50 (thermal

ratio, <
group - 0.625eV)

Ap = 1.74%

* Calculated using the LEOPARD code for representative current
PWR lattice defined by Garel (see Table 5.2)

a 1$1 + 22
** One-group spectrum averaged constant given by - + $
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ThO2 reactors which are coasted must rely on reduced Xenon poisoning

and reduced fuel and/or coolant temperatures to keep the reactor critical

in the initial stages of coastdown. Afterwards, positive reactivity from

reduced Pa233 burnout can help keep the reactor critical.

The additional burnup gain from reduced Pa233 is substantial but

it is highly dependent on the ratio of Pa atoms to fissile atoms.

A recent study completed by Combustion Engineering [S- 1] showed that in

a -yia PRfeewihTOte 233a typical PWR fueled with Th02 the Pa inventory can be as high as

8 to 10% of the total fissile inventory, in which case the reactivity in-

sertion can be large (1.5 to 4.0% Ap). Thus the above analysis shows

that there is an additional reactivity mechanism (reduced Pa 233) which

can permit a significant amount of additional burnup when 233UO 2/ThO2

reactors are coasted down. For example, a power coastdown to 50% power

would permit 3500 MWD/MTU extra burnup in our example: about 1.2 times

the power defect increment in a similarly coasted reactor fueled with

235 U/238U.

5.6 Conclusions

In this chapter we have looked at the use of coastdown in current

large PWR's to extend the burnup life of the fuel. The following can be

concluded: 1) Simple models (analytical and computer) can be used to

analyze the relatively complex phenomena of coastdown. These models were

compared with more exact calculations and the agreement was found to be

good. 2) It was found that if one starts with a steady-state fuel cycle

and keeps the reload composition fixed, use of coastdown to extend burnup

an increment, AB c, (either for a single cycle, or forever thereafter)

2 c
results in a net ultimate burnup gain of ( n ) AB for every coastdown,

n+n

where n = number of fuel batches. Thus a three-batch PWR could gain 1/2 AB
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for each cycle in which coastdown was applied. One cannot realize 100%

of ABc except for the batch reload case (n=1). 3) The net burnup gain

relation shows that for cores with a large number of batches (n), the

net burnup gain due to coastdown is small. Thus the stratagem of increas-

ing core batch number, shown to be advantageous in Chapter 4 will negate

much of the incentive for coastdown. For example, one should be careful

not to ascribe the advantages of coastdown with a 3-batch core to the case

of a 6-batch core; nor should the advantages of extended burnup be double

counted. 4) If one coasts an amount ABc for every cycle and keeps the re-

load enrichment the same, a convergent oscillatory behavior is observed

between under and over-reactive subsequent cycles. This oscillatory be-

havior eventually damps out and leads to a new equilibrium state. 5) The

simple reactivity models derived in this chapter were used to analyze a

typical coastdown scenario. It was found that modest ore savings can be

obtained (~5%). 6) An economic analysis of coastdown showed that a broad

optimum coastdown duration exists. This relatively broad minimum implies

that considerable operational flexibility exists (i.e., when to terminate

the coastdown) without adversely affecting the economics. 7) The use of

coastdown in PWR's is determined by the individual needs of the utility

in question, and ore savings are only one input factor. 8) A simple model

was developed to calculate the additional burnup from reduced Pa-233

burnout when UO2 /Th0 -fueled PWR's are coasted down. This model showed

that reactivity depends on Pa233 inventory (relative to the total fissile

inventory). In addition, the reactivity insertion was found to be a

linear function of power reduction. 9) Using typical numbers for a UO2/ThO2

fueled PWR, it was found that an additional burnup of 3500 MWD/MTU can be
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obtained (coasted to 50% power). 10) UO2 /Th0 2-fueled reactors which

are coasted must rely on reduced xenon poisoning and reduced fuel and

moderator temperatures to keep the reactor critical in the initial

stages of coastdown -(since the half-life of Pa is long). Afterwards,

positive reactivity from reduced Pa burnout can help keep the reactor

critical.
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CHAPTER 6

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

6.1 Introduction

Until recently, it was envisioned that light water reactors (LWR)

would serve an interim role, as precursors to Fast Breeder Reactors

(FBR); a status testified to by the omission of "advanced LWR's" in long

range system studies. The LWR's would remain the mainstay of commercial

nuclear power development only until the breeder concept was shown to

be commercially feasible and sufficient fissile reserves were bred to

permit their widespread deployment. This transition has not taken place,

and it is not in prospect, particularly in the United States, for several

decades; hence, the role of LWR's in less transitory scenarios merits

reassessment.

The present commercial attractiveness and useful lifetime of the LWR

will depend upon the amount and price of available uranium resources. A

breakeven yellowcake price of approximately $150/lb U308 (compared to

today's price of less than $50/lb U308) is currently estimated for current

LWR's competing with LMFBR or coal-fired units. The current restriction

to a once through fuel cycle in the United States imposes an added burden.

Therefore, a prime, long range concern of the industry today must be on

better utilization of uranium by optimizing both reactor core design and

fuel management strategy. Evaluation of these prospects was the central

objective of the present investigation.

Generally speaking, there are two divergent approaches being pursued

today to optimize LWR ore utilization: (1) development of fundamentally

altered LWR concepts (e.g., the LWBR [E-1] and spectral shift reactors
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[E-2]) and (2) use of conventional LWR designs, with a minimum of reactor

and fuel cycle changes. The present work is of the latter genre; and, more

importantly, only non-recycle concepts will be considered. These ground

rules were established from the outset on quite pragmatic grounds: the

United States nuclear industry is currently in a non-recycle mode of

indefinite duration; and the less severe the changes proposed, the more

rapidly they can be implemented and their benefits realized. However, it

should be noted that some of the avenues to improvement would also benefit

LWR cores operated in the recycle mode. Similarly, we will limit our

analysis to PWR's, which represent approximately two-thirds of the current

United States and World LWR reactor population in being,under construction

or on order; but, BWR's could profit equally well from many of the same

changes, as discussed in Reference [W-1].

6.2 Background and Research Objectives

Generally speaking, there are three distinct approaches being pursued

today to optimize LWR ore utilization on the once-through fuel cycle:

(1) increase the discharge burnup of the spent fuel, (2) reduce control

poison requirements, and (3) reduce critical mass requirements at beginning

of cycle (BOC). These general approaches can be embodied, singly or in

combination, in various specific designs and/or operating procedures.

Although some attention has been given to establishing ultimate theoretical

limits, the present work concentrated primarily on specifics. For example,

the following methods were investigated to increase the discharge burnup:

(1) axial power flattening, (2) operating the reactor in coastdown

scenarios at end-of-cycle (EOC), (3) increasing the number of batches in

the core, and (4) increasing the refueling interval.
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Ore utilization can also be improved by reducing the control poison

requirements, since control poisons degrade the neutron economy by wasting

neutrons on parasitic captures. There are two divergent approaches to

reduce control poison requirements: (1) use control materials that will

reap a benefit from parasitic captures (e.g., fertile materials) and (2)

reduce the BOC reactivity to reduce the reload enrichment; but in this

case a shorter irradiation period results. One possible way to avoid shorter

cycle lengths would be to increase the conversion ratio of the reactor.

This would reduce equilibrium enrichments and annual ore requirements

by increasing fissile production during the cycle. Unfortunately, the

improved conversion ratio is coupled to a penalty in the initial startup

requirements. In view of the above, the

following compromise scenarios have been investigated: (1) axial seed/

blanket cores, (2) movable-fertile-fuel reactivity control, and (3)

enhanced reflector designs.

The initial objective was to assemble the analytic and numerical

models needed to analyze the reactor core and fuel cycle design changes.

Once this was completed, a cursory review of lattice design was performed

to put the key independent design variables such as fuel pin diameter

and pin-to-pin spacing into perspective. Finally, a neutronic and economic

analysis was performed of each of the options outlined above to evaluate

the resulting improvement in ore usage.

6.3 Ore Usage Model

Many design and operating changes have been proposed to better utilize

uranium ore in current PWR's. Such changes must be evaluated in a consistent

manner, considering both the ore investment needed to place a reactor system
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into operation and the ore needed to operate it for a certain period

of years. Different reactor systems should be compared after some years

of post-startup operation. After this transient period, the annual demand

for ore has settled down since the reactor has reached equilbrium condi-

tions. When equilibrium occurs, the annual system uranium ore demand

per GWe-yr, F's can be rather accurately approximated by a simple linear

combination of average annual ore usage and startup requirements:

F's = F + rF [6.1]

where

F = annual makeup ore usage requirement, STU3 0 8/GWe-yr

F = initial startup requirement, STU308/GWe

r = growth rate of the nuclear electric system, r% per yr/100

(r=0 when a single reactor is to be examined over its lifetime)

If we are to evaluate different reactor strategies, the parameters F

and F should be related to the appropriate characteristics (lattice

pitch, batch size, reload enrichment, etc.) of each system. For neutron-

ically similar large PWR cores, the ratio of the annual ore usage by a

system of reactors of a given design [F's 2] to the annual ore usage of a

reference case [F s ] can be shown to be:

F's 1+- N T X -X n n+1 X-X n T E
2 100 22 o 1 2 o w 1 1 1

- ]l [(T ~) (-) ( ) (xox) (- (y--)] [6.1+ r N T X -X n. n +1 (X -X n TE
F's 2  1 2 1 2 1w 1 1 w 2 22

where

T = refueling interval, years

N = equivalent number of reload batches in the initial startup core in
terms of ore usage, shown to be roughly 2.25 for a three-batch core

by Garel, who devised a general scheme for estimating this para-

meter [G-1]
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X BOC enrichment of a reload batch at steady state

X = BOC enrichment at which K=1 with saturated Xe and Sm; actually
a parameter extracted by curve-fitting reactivity versus burnup
calculations, typically ~1% for representative PWR cores

X = enrichment plant tails composition, taken to be 0.2% in the present
work

ft = number of fuel batches in the core, 3 for our reference case

E = capacity-factor-weighted electric power rating, MWe.

This equation provides the capability of computing ore savings as a

function of changes in core design and fuel management strategy. For

example, the effects of changing the average burnup of a discharged batch,

B, the refueling interval, T , or batch heavy metal loading, P, can be

studied using Equation 6.2 since:

B2 T2n2 T2 1
-- 2[6.3]

B T n T P2

Equation 6.2 is simple to evaluate, but still quite versatile.

6.4 Reference Reactor Design Basis

The CE PWR system was used as the design basis for this study; in

particular, the Maine Yankee PWR [Y-1] was used for most comparisons. The

reference M.Y. assembly consists of a 14 x 14 array of fuel cells and

five large control rod channels. This system was chosen as the design basis

since it is typical of a large PWR in actual commercial operation, because

the Yankee Organization provided useful support for our effort, and because

CE was also an active participant in NASAP/INFCE related studies in parallel

with the present effort. In this regard it should be noted that the newer

CE System 80 assemblies differ in several aspects: (1) the fuel rod array is

16 x 16, (2) the average power density is 95 kw/liter (compared to M.Y.

value of 75 kw/liter), (3) the active fuel length is 150 in. (versus M.Y.

value of 136 in.), and (4) the assembly fuel-to-moderator ratio is 0.490
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(versus M.Y. value of 0.482).

6.5 Results

In this section the fuel utilization characteristics for the various

fuel cycle and design changes previously mentioned will be quantified.

Table 6.1 summarizes the major options investigated and the primary

results obtained, using state-of-the-art LWR calculational methods (LEOPARD

and PDQ-7). Additional information is discussed on a case-by-case basis

in the subsections which follow.

6.5.1 Use of Alternative Fuel Types

Advantages have often been claimed regarding the use of metal fuels

[Z-1] (thorium in particular) and diluent containing oxide fuel [S-1] in

LWR's. These contentions have been examined, with an emphasis on core

neutronics and it was concluded that the use of alternative fuel types in

current design LWR's offers no evident fuel cycle advantages over continued

reliance upon oxide fuels.

Metal-fueled lattices or diluent containing oxide fueled lattices

are not neutronically superior to oxide fueled lattices for the following

reason. One can always vary fuel pin diameter and lattice pitch to find

an oxide fueled lattice which is neutronically equivalent to a metal or

diluent containing fueled lattice. That is, the two lattices would have

essentially identical isotopic compositions over a given burnup history.

A simple thought experiment supports the above contention: first, change

the fuel pin diameter to match resonance integrals, then vary the pitch-

to-diameter ratio (fuel-to-moderator ratio) to match the ratio of epithermal

to thermal reaction rates. We have verified this assertion using the

LEOPARD code for thorium and uranium metal fuels and diluent containing

oxide fuels. Given neutronic equivalence, the charge and discharge fuel



TABLE 6.1

Ore Savings for the Once-Through PWR Fuel Cycle

Changes in Design/Operating Procedures Ore Savings, Comments

(1) Use metallic fuel, low density, oxide, 0 one can always define a neutronically
or oxide containing a diluent equivalent UO2 core

(2) Re-optimize fuel pin diameter and ~2 Base case for comparison should be kept in
lattice pitch mind; e.g., pre or post LOCA/ECCS induced

assembly re-designs
(3) Axial power shaping by enrichment gra- <7 Effective only in as much as it permits

dation in fresh fuel extended burnup

(4) Use 6-batch core, semi-annual refueling 10 Has been contemplated in past by commer-
cial reactor vendors

(5) Use 6-batch core, annual refueling, 10 more than case (4) 20 total May require use of clad other than zir-
extended burnup (- double) caloy, or an improved alloy, or re-design

of fuel pin internals
(6) Use radial reflector assemblies (a) (a) -1 More work on thermally and mechanically

depleted uranium or (b) BeO (b) <5 practical assemblies needed

(7) Use internally heterogeneous core -2 This option has not been fully explored,
(simple seed/blanket) i.e.,'use of low enriched seed optimized

for once-through fueling
(8) Use power/temperature coastdown at end 5 Net burnup gain - (2/n+l)AB where n -

of life, to extend burnup by an incre- batches in core; hence gain decreases as
ment AB, here 1000 MWD/MTHM per cycle n increases

(9)- Use isotopically separated, low a <5 A very long range option; commercial
cladding material, hence lower a prospects uncertain at present but under
reload enrichment consideration

(10) Use of thorium in uniform lattices negative Some advarktage perhaps in seed/blanket

arrangements or in reflectors, not
studied here

POTENTIAL COMPOSITE SAVINGS 25-35% i.e., about what one could achieve by Pu
+ U recycle in standard lattices

*Relative to base case: 3-batch core, annual refueling, Maine Yankee PWR

H
'.0
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composition was found to be essentially the same for the same burnup, as

shown in Table 6.2. Hence, in the absence of convincing arguments to the

contrary, diluent-containing fuels or metal fuels do not appear attractive

for use in conventional LWR's unless the use of these alternative fuel types

would somehow permit operation in a superior neutronic regime denied to

current oxide fuel designs or permit operation at a higher power density

and a lower heavy metal inventory such that the capital cost of a redesigned

plant would be smaller.

6.5.2 Re-optimize Fuel Pin Diameter and Lattice Pitch

It has been found that current PWR lattices (for a once-through fuel

cycle) were already very nearly optimum for ore and separative work require-

ments and nuclear fuel cycle cost. In this study, we re-analyzed the

results of Garel [G-1] to verify the above assumptions; namely, his study

on: (1) the effect of fuel pin diameter on the ore and separative work

requirements of PWR systems and (2) the effect of fuel-to-coolant volume

ratio on the ore and separative work requirements of PWR systems. In addi-

tion, we performed a fuel cycle economics study for the lattices studied

by Garel. It was found that the optimum V /Vm with respect to ore and

separative work requirements and fuel cycle cost occurs near V /Vm = 0.469,

which is close to the fuel-to-coolant volume ratio used in current PWR

lattices (compare to our reference value of 0.482); and ore savings are

less than 2%. For the reasons given above, we have eliminated lattice (pitch,

diameter) optimization studies as major avenues for improving ore and separa-

tive work requirements in PWR's operating on the once-through fuel cycle.

It should be noted, however, that small improvements are possible, and

one should keep in mind the base case for comparisons of this sort: assemblies
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TABLE 6.2

EQUIVALENT U-235/U-238 OXIDE AND METAL FUELED LATTICES

Ref. -0xide
Lattice

BOL U-235 enrichment, w/o

Fuel pellet diameter, in.

Power density, kw/liter

Moderator to fuel ratio

Fuel density, g/cc

BOL k

EOL km (35,000 MWD/MT)

BOL resonance integral, U-238,barns

Fast/thermal flux ratio

Diluent

Net U-235 consumption (KG/TONNE)

Net Pu-239 production (KG/TONNE)

3.0

0.370

80.9

1.66

10.04

1.27328

0.88354

22.1906

5.00125

24.3818

4.8689

Metal
Lattice

3.0

0.14

80.9

3.85

19.1

1.27567

0.80166

22.1439

4.99947

24.4476

4.7667

Oxide Lattice
Diluent in Fuel

3.0

0.460

80.9

1.41

8.76

1.26195

0.87935

22.2875

5.03070

ZrO 2

24.3119

4.97812

*20% by volume of the fuel region

NOTE: Similar results obtained for U-233/Th-232 Fuel Cycle
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were redesigned after the ECCS controversy of the recent past, and pre-

and post-design lattices have slightly different V /V ratios. In addition,
f m

when quoting a V /V , the distinction between the fueled unit cell value

and the assembly-averaged value should be kept in mind. In the present

work we have cited the latter value. These qualifications are probably

responsible for the range of results quoted by different workers in the

field for the effects of optimizing pin diameter and spacing.

6.5.3 Zone Loaded Cores

A substantial reduction of the peak-to-average power ratio can be

attained by charging fuel of different enrichments to different zones in

the reactor, or by using different concentrations of poison in different

parts of the reactor. This is generally associated with radial power

shaping. However, the same techniques can be used to change the axial

power distribution from the usual cosine distribution (associated with

uniform loading) to a power distribution in which more of the reactor

operates at the maximum permissible power density. The rearrangement of

materials to improve the axial power shape will be called "zone loading"

here.

It will be shown in subsequent sections that increasing the burnup

of spent fuel is the most promising option for achieving appreciable ore

savings. Zone loading is beneficial primarily as it may facilitate

maximizing the discharge burnup (insofar as to reducing specific ore usage

(STU308/GWe-yr) is concerned); that is, for a given reactor operating

on a fixed refueling schedule, the improvement in the power shape (lower

power peaking) must ultimately lead to an increased total reactor thermal

power output, and hence a higher burnup if it is to be worthwhile. Power

shape improvements which lead only to a higher specific power (with constant
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total thermal power output), in particular cores with a lower heavy metal

loading will not reduce the ore consumption. A high power density core

(having a constant total power output) will log the burnup in a shorter

calendar time than a low power density core, thus more reloads per year

are required; but the fissile mass flows are identical on a calendar time

basis (when yearly energy output is held constant). On the other hand,

if the thermal power level is increased (instead of decreasing the heavy

metal inventory) and the irradiation time is held constant then the

discharge burnup of the spent fuel increases; as previously mentioned,

increasing the burnup ultimately leads to improved ore usage.

There are problems associated with changing the thermal performance:

in most cases the plant would have to be relicensed; and the nuclear steam

supply system may not be able to handle arbitrarily large thermal increases,

but there are often modest margins built-in for moderate changes (stretch

capability). It may also be that certain cores are peak-limited on engin-

eering constraints rather than average exposure limited.

Three different zone loaded core configurations have been compared to

a reference core to study the changes achievable in the core power shape

and burnup limits. For these zone loaded cores only two axial enrichment

zones were used to reduce the central power peak in the fresh fuel. For

these three cases, the volume of the enrichment zones and the enrichment

within each zone were varied. A coarse mesh PDQ-7 diffusion-depletion model

was used to calculate the power distribution and nuclide depletion for

the reactor. It was found that the central power peaking was reduced

as much as 20%. The reader should not infer that the 20% reduction in

peaking is necessarily the most one can achieve when reactor cores are zone

loaded since more zones could be used, and the dimensions and enrichments

of the various zones can be fine-tuned to an extent greater than achieved here.
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The ore usage model was used to calculate the ore savings for the zone-

loaded cores (relative to the reference case). The results show that the

power level increases achieved in this manner which lead to extended burnup

life of the fuel, accrue small ore savings. For example, if the thermal

power level of the reactor is increased by 10%, such that the discharge

burnup is increased by 10%, then an ore savings of approximately 2% will

result.

6.5.4 6-Batch High Burnup Core

The motivation for analyzing a six-batch core fuel management scheme

can best be explained with the ore usage model introduced previously.

Using a typical set of parameters in Equation [6.2], relative ore usage

plots can be obtained for the following two cases: (1) fix the number of

batches in the core and vary the burnup and (2) fix the discharge burnup

and vary the number of batches in the core. As shown in Figure 6.1,

changing the discharge burnup can effect modest improvement in ore usage;

in fact, a savings of 10% may be obtained if the discharge burnup is doubled

(relative to the reference case). Also shown in Figure 6.1 is the case for

fixed discharge burnup (i.e., n=3, n2 varied). As can be seen, one can

achieve ore savings of on the order of 10% by going to semi-annual refueling

(i.e., a 6-batch core in place of a 3-batch core). By combining the two

improvements, a six-batch core with annual refueling should achieve an ore

savings on the order of 20%.

Using state-of-the-art techniques (LEOPARD, PDQ-7, and FLARE-G) six-

batch cores with semi-annual and annual fuel management schemes were examined

to see if there is a large potential for ore savings. The calculations

showed that an ore savings on the order of 20% is obtained for the 6-batch

core (annual refueling). The results of the more exact calculations were
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found to be in good agreement with the results of the simple ore usage

model. Thus extending the burnup lifetime of the fuel is the most

straightforward way of obtaining rather sizeable ore savings (-20%);

other design changes yield only modest savings. The utility of high

burnup fuel is recognized and improvements are in prospect. Our decision

to examine fuel having an average burnup of 66000 MWD/MTU does not

imply, however, that this is an assured accomplishment. While low by FBR

standards, it is not clear that solutions will be found to Zircaloy PCI

interaction problems, internal chemical attack by fission products, or

corrosion induced hydriding. Furthermore, reversion to stainless steel

should this be employed, incurs an enrichment penalty which offsets the

burnup gain.

6.5.5 Enhanced Reflector Design

In current PWR's the core is reflected by light water (containing

soluble control poison) closely backed by a core shroud and barrel. These

materials have high absorption cross sections which lead to large parasitic

captures in the reflector, thus degrading the neutron economy. Replacing

borated water by other materials (e.g., BeO) which have a lower absorption

cross section could improve the neutron economy modestly, thus improving

the ore utilization.

Three cases were analyzed, a standard 3 zone PWR with: (1) a borated

H 20 reflector, (2) a pure BeO reflector, and (3) a depleted UO2 (0.2w/o U-235)

reflector. In case (2), a pure BeO reflector was used; no attempt was made

to include the structural material, which will clad the BeO, or the borated

water, which will cool the reflector. For case (3) it was assumed that

the UO2 (0.2w/o U-235) pellets were loaded into standard design fuel assemblies.

The ore savings was found for both cases (BeO reflector and depleted
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UO2 reflector) by reducing the reload enrichment such that the multi-

plication factor, K , of the two changed cases were equal to that of the

reference case at BOC. Depletion calculations were performed and it was

found that the reactivity versus burnup slope was approximately the same

for all three cases and the cycle lengths were also equal. The ore

requirement for the BeO reflected reactor is reduced by 5.5% (relative

to the borated H20 reflected reactor). The ore requirement for the de-

pleted UO2 reflected reactor is not significantly lowered.

The 5% savings in ore (BeO) should be interpreted as an upper bound

since no attempt was made to include in the analysis the structural

material that will house the BeO. In addition, the BeO reflected reactor

may have severe power peaking problems near the reflector-core interface

such that the fuel management strategy may have to be changed. Aside

from these problems, the ore utilization of PWR's may be modestly improved

if BeO is used for the reflector.

6.5.6 Internally Heterogeneous Core (Simple Seed/Blanket)

Three similar axial seed and blanket cores were analyzed. The seed/

blanket arrangement was obtained by segregating the seed and blanket material

in a fuel pin; alternate layers of enriched fuel and blanket pellets were

stacked in the fuel pin. The seed region contained slightly enriched UO2

and the blanket region contained depleted UO2 (0.2 w/o U 235). Infinite

medium calculations were performed for three different thicknesses of the

blanket and seed region; however, the fissile loading for the three cases

and the reference core was kept constant. It was found that the seed/blanket

cores have slightly, but not significantly, longer reactivity-limited

irradiation times (burnup) than the reference case. A larger reactivity

contribution from fissile material production in the blanket was hoped for
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to offset some of the reactivity loss due to burnup and fission product

poisoning, but our results did not show this.

The calculations show that small ore savings result when PWR cores

are loaded in a seed/blanket configuration. Since the simple seed/blanket

cores did not yield significant reductions in enrichment requirements

further analysis of this concept was dropped, and effort was focused on the

more attractive prospects. It is quite possible, however, that other

seed/blanket designs, in particular the radial seed/blanket configuration of

the Shippingport PWR, might prove to have some attractive benefits for

the once through fuel cycle. Additional work in this area may be of some

interest.

6.5.7 Coastdown

We have looked at the use of coastdown in current large PWR's to

extend the burnup life of the fuel. Simple models (analytical and numeri-

cal) were developed to analyze the relatively complex phenomena of coast-

down. These models were compared with more exact calculations and the

agreement was found to be good.

It was found that if one starts with a steady-state fuel cycle and

keeps the reload composition fixed, use of coastdown to extend burnup an

increment, AB, (either for a single cycle, or forever thereafter) results

in a net ultimate burnup gain of ( +1)ABc for every coastdown, where n -
n+l

number of fuel batches. Thus a three-batch PWR could gain 1/2 ABc for each

cycle in which coastdown was applied. One cannot realize 100% of ABc except

for the batch reload case (n=1). The net burnup gain relation also shows

that for cores with a large number of batches, the net burnup gain due to

coastdown is small. Thus the stratagem of increasing core batch number,
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shown to be advantageous in Section 6.5.4,will negate much of the incentive

for coastdown. One should be careful not to ascribe the advantages of

coastdown with a 3-batch core to the case of a 6-batch core, nor should

the advantages of extended burnup be double counted.

The simple reactivity models developed in this work were used to

analyze a typical coastdown scenario, in particular, the Maine Yankee PWR

coasting at a rate of 0.604% of full power per day. It was found that

modest ore savings can be obtained: for example if the reactor is coasted

for 1000 MWD/MTU an ore savings of approximately 5% can be obtained, and

further use of coastdown will increase the ore savings.

An economic analysis of coastdown showed that a broad optimum

coastdown duration exists. This relatively broad minimum implies that

considerable operational flexibility exists (i.e., when to terminate the

coastdown) without adversely affecting the economics. The use of coast-

down in PWR's is determined by the individual needs of the utility in ques-

tion, and ore savings is only one input factor. It is interesting to note,

however, that the duration of the economic optimum coastdown (at minimum

cycle energy cost) can be roughly doubled without increasing the energy

cost over that for the no-coastdown case. A government tax or regulatory

policy might, therefore, be formulated to favor this extension to promote

ore savings.

6.5.8 Use of Isotopically Separated Low a Clad

The use of Laser Isotope Separation (LIS) processes to separate out

the more highly absorbing isotopes in zircaloy and stainless steel cladding

can improve the ore utilization by a small amount. In addition, stainless

steel cladding prepared by this process might conceivably be used in high

burnup core applications since the mechanical integrity of S.S. clad fuel
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rods is better than for zircaloy clad fuel rods. This option is a long

range option and commercial prospects are quite uncertain at this time.

Reductions in U3 0 8 requirements resulting from this option are expected to

be 5% or less: we calculated the 5% figure using LEOPARD assuming 100%

reduction in a , while reductions of 50% are probably all that could be

achieved in practice.

6.5.9 Thorium in Uniform Lattices

A brief investigation was made of the use of Thorium in LWR's operating

in the once-through fuel cycle. It was found by us and others [S-1],

[C-5], and [W-1] that the use of Th02 in current LWR's required more

U308 than current LWR's fueled with UO Furthermore, in uniform lattices

the ore requirement increases monotonically as the Th-232/U-238 ratio

increases. For this reason, it was concluded that ThO2 should not be used

in PWR's operating on the once-through fuel cycle. This study did not

pursue this area (mixed oxide fuels) any further. We have also not

examined the use of Thorium in seed/blanket configurations or in reflectors.

6.6 Conclusions

The major conclusion of this study is that reductions in ore usage

of on the order of 30% (Table 6.1) are foreseeable relative to a current

PWR operating on the once-through fuel cycle. Further points to be made are:

(1) One of the most st-raightforward ways of improving uranium ore utilization

is to increase the discharge burnup; ore savings on the order of 20% can

be realized if this is combined with an increase in the number of batches

in the core. (2) It is important to conduct all comparisons on an equivalent

basis. For example, use of metal alloy fuel could appear to yield (false)

advantages if it was not compared to a neutronically equivalent UO2 lattice.
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(3) It is important not to double count the advantages in summing

individual improvements; for example, several schemes (power flattening,

coastdown) are predicated on increasing burnup; if the ultimate limit

is on time-integrated rather than local effects, then it may be immaterial

as to how increased burnup is achieved, the net advantage depending only

on total burnup. (4) Focusing on ore savings rather than near term fuel

cycle economics may imply contradictory objectives between the individual

utility fuel manager and national policy planners. Our analyses show

a rough correspondence between minimizing ore usage and minimizing

fuel cycle cost (as would be expected since ore usage over life is approaching

50% of projected lifetime fuel cycle costs), but it is important to keep

in mind that individual changes would only be adopted when the economic

incentive is generally perceived. (5) Some of the changes suggested for

the once-through fuel cycle in Table 6.1 (but not increased burnup) would

also save ore if applied to fuel recycle. (6) In order to implement

many of these ore-saving design changes a significant research and development

program would need to be carried out, particularly for high burnup fuel

and isotopically separated cladding.

6.7 Recommendations

Although it is believed that the most promising approaches have now

been scoped out, there is room for additional improvements: (1) Reduction

of control poison requirements could lead to an additional ore savings of

perhaps 15%. Simple fertile fuel reactivity control designs were investi-

gated in this work but further analyses of this concept were dropped

because the results were not promising. More exotic designs could be con-

ceived and tested. (2) More advanced versions of a seed/blanket configura-

tion might help ore usage, in particular, the radial seed/blanket
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configuration of the Shippingport PWR, possibly using thorium in the seed,

might prove to have some attractive benefits for the once-through fuel cycle.

(3) Analyses of each option in Table 6.1 with more attention to all perti-

nent details is in order. For example, attention must be paid to safety

issues for these design changes such as xenon stability, LOCA, void and

temperature coefficients of reactivity, and thermal-hydraulic margins.

(4) Analysis of a composite case incorporating all of the near term options

in Table 6.1 is recommended. This analysis will determine the sensitivity

of one design change to another, and demonstrate the extent to which the

individual improvements are additive. (5) Considerable research and develop-

ment work is needed in the area of the 6-batch high burnup cores; in parti-

cular, fuel behavior modeling is needed. (6) Fuel cycle economics studies

are needed to define the circumstances under which utilities would find it

attractive to adopt the various ore-saving steps studied here, and to show

that the benefits justify the costs of the development programs in each area.

In brief, our basic conclusion is that through a combination of changes

in operating procedures and design, the ore usage by PWR's (and inferentially

for BWR's) operating on a once-through fuel cycle, could be reduced to a

level roughly comparable with that for unmodified designs/practices with

uranium and plutonium recycle. For policy planning purposes it may be

important to know to what extent once-through optimization is a replacement

for or a supplement to fuel recycle. This leads to our final recommendation,

namely that the analysis reported here be repeated using fuel recycle to

determine to what extent the ore savings of these two quite diverse approaches

are additive.
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APPENDIX A

ORE USAGE MODEL

In this appendix, relations useful for estimating the ore usage

per MWe by a system of reactors growing at an annual rate of r% per

year will be derived. An expression relating the system annual ore

usage for a given design to the system annual ore usage for a reference 4

case is developed below.

For large PWR cores with similar neutronic characteristics (same

homogenized composition), the reactivity-limited burnup of discharged

fuel at steady state can be correlated as a linear function of reload

enrichment and the number of fuel batches in the core:

B = A(X - X ) (A.1)

where

B = average burnup, MWD/MTU

X = Empirically determined (e.g. curve fit to LEOPARD output),

approximately equal to BOL enrichment at which k = 1 with

saturated Xe, Sm

X = BOL enrichment of a reload batch in steady state

n = number of fuel batches in the core.

As was shown in Section 3.5.3, Equation A.l is a good approximation

for very large PWR cores since the reactivity is a function of average

fissile and poison concentration, and is insensitive to the moderate

differences in spatial distribution encountered in situations of practical

interest.
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Thus, comparing a given design (2) to a reference case (1)

B2  V2 - X0 n2 n + 1

B X- X n n + 1.

or

B 2 n 1n 2 +1
X =X + (X ) - - (A.3)

1 B l n 2. n I+1

For the once-through fuel cycle, ore usage per MWe is related to

heavy metal inventory in a reload batch by:

P w
F 1.3 -E X ST U3 0 8 /MWe per batch (A.4)

EXf xw38

or

2 2 2 2 w(A5L-] = ~EP]~~](A.5)

where

P = batch heavy metal loading, MTHM

E = Electric power rating, MWe (weighed by the unit capacity

factor)

F = yellowcake mined to fuel reactor, ST U308/MWe

Xw = enrichment plant tails composition

Xf = enrichment plant feed composition
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we also have

P
P = 365 ET = 0

B.r n

where

n= thermal efficiency

T = refueling interval, years

P0 = core heavy metal loading, MT

Combining Equations A.3, A.5 and A.6 yields

F 2

F 1

n x X E T n n + 1 X -X
1 0 w 2 2 1 2 1 0

n2 x1 xw. , 1 T1 n2 n1 + 1 x w

Annual ore usage by the reactor is given by the product of ore per

batch, F, and batches per year, 1/T:

F = F/T (A.7)

Annual ore usage per MWe by a system of reactors growing at an

annual rate of r% per year is:

F' = r FN +F , ST U308 /MWe-yrs 10038

or

F' = 1 + r NT
s T 100

(A.8)

(A.6)

a

(A. 9)
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where

N = equivalent number of reload batches in the initial startup

core, approximately 2.2 for a 3-batch PWR core. Thus, to compare annual

ore usage for two different designs the relative values are given by:

F1 + rs f 1+ NT (RX1 - X) n n+1 + X nHE T ]s2 10-0 N2 T2 (X1 X0 1n 2 +l+ X0 Xw ' n1 'E1 T1
F' r (X - Xo) n n +K - X n E2 T

(A.10)

This equation provides the capability of computing ore savings as a

function of changes in core design and fuel management strategy.

The parameter N can also be determined using the linear reactivity

model. We repeat here without proof the relation derived by Garel [G- ]:

[n+ 1] X + - nxw]n
N 2 p 2 0 ](.1N = ~ ~(A.ll)

X -X
p w

where

n = number of fuel batches in the core

X = BOL enrichment of a reload batch at steady state

X = BOL enrichment at which k = 1 with equilibrium Xe and Sm

X = enrichment plant tails composition



-210-

APPENDIX B

MASS PENALTY DUE TO POWER FLATTENING

In this appendix, relations useful for estimating the mass penalty

incurred when the core is zone loaded to achieve spatially uniform

power profiles will be derived. An expression relating the enrichment

distribution, E(x), to core neutronic properties is developed below.

The one group diffusion equation, for a homogeneous critical one-

region slab core is

-DV2 + E f (B.1)

where

D is the diffusion coefficient,

E is the macroscopic fission cross section,

a is the macroscopic absorption cross section, 
and

v is the neutron yield per fission.

For an axially power-flattened core, one has:

VEz$ = A = constant (B.2)

Defining the fertile-to-fissile fission ratio , 28, as

28

2 - (B.3)
28 25

f

which will be approximated as a spatially invariant constant here,



-211-

one has

25 28 (B.4)
A235

where E(x) is the enrichment of U235 as a function of axial position.

28
Separating the absorption term, Ea, into fertile absorption, Ea , fissile

a a
25 p 2absorption, Za , and non-fuel absorption, Ea, and radial leakage, DBr ,
a a

one has:

E= E 281 - (x)) + Ep + E25 E£(x) + DBr2 (B.5)a a a a

Substituting Equations B.4 and B.5 into Equation B.1,there results,

- = - - (B.6)
dx L

where

2 D
L 28 (B.7)

E + E + DBr2
a a

and

(Z28 _ 25)A
a a

Q = 25 a 28 (B.8)
v (1+ 6 )

The general solution for Equation B.6 is:

2 2

$(x) = C cosh (x/L) + -A+L (B.9)D D
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where C is a constant to be determined from the boundary conditions.

Applying the boundary condition,

$(H + d) = 0 (B.10)

where d is the linear extrapolation distance, one finds the neutron flux

as a function of axial position to be

L 2 (A +c) 1Cosh (x/L)
D cosh H

(B.11)

Substituting Equation B.11 into Equation B.4; the enrichment distribution

for an axially power-flattened core as

E:(x) =
A D

25 (l+28 )L2 (A+Q) cosh (x/L)
f cosh (H+d

SL i

(B.12)

For the case of uniform fuel loading, Equation B.1 can be rearranged

as:

V2$ + B25 = 0 (B.13)

where

2 2 2 f a
B =Br +Bz -D

(B.14)

Substituting Equations B.3, B.4 and B.5 into Equation B.14 and solving

for E(uniform), the U235 enrichment in the homogeneous core is

A
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e(uniform) =
DB2 + E25 + Ep

a a
25 28 25

VE2 (1 + 6 ) + (Z
28
a

The ratio of the enrichment distribution for the zone loaded core

to the enrichment for the uniform core is found by dividing Equation B.15

into Equation B.12.

E28 + E + DBr
e (x) a a

E(uniform) DB + E + cosh (x/L)
a a - c H)cash

(B. 16)

The average enrichment of the zoned loaded core is found by integrating

Equation B.16 over the volume, that is:

-H

=K 1
e(uniform) H l

dx

-(cosh(x/L)/co.sh L~]

E28 + Ep + DBr 2

K a a

DB 2 + E28 + E
a a

Integrating Equation B.17 one gets

S K 2L
E(uniform) I

1-C

arc coth
(1-C) coth

1-2
1-C

where

C -H+d
cosh

(B.15)

where

(B. 17)

(B.18)

(B.19)

(B.20)
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The right hand side (R.H.S.) of Equation B.19 is cumbersome as it

stands. An approximation to Equation B.19 will be derived below. First,

the function C, can be approximated by

H+d

C % 2 e L (B.21)

since the argument of the cosh function is much greater than one. Next,

a Taylor Series expansion is performed on the R.H.S. of Equation B.19;

f(x-h) % f(x) - hf'(x) + - f"(x) - - f"' (x) +

where

f(x) = arc coth(x)

x = coth(1/2 H/L)

h = c coth(1/2 H/L)

(B.22)

(B.23)

(B.24)

(B.25)

Substituting Equation B.21 into Equation B.19, and evaluating Equation B.22

one finds

Eufr K 1 + [e d/L+ 1/2 e
s (unif orm) H

Noting that,

2 3 4
Zn(l-x) = -x - - - - - .. ,

- 2d/L + 1/3 e 3d/L + ... ] (B.26)

(B.27)

Equation B.26 finally becomes:
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un= Kf1 - Ln(l - e-d/L (B.28)
e (uni f o rm) - Hd

The above relation is the equation needed to calculate the mass

penalty incurred when the power distribution is changed from the less

desirable- chopped cosine shape to the more desirable . axially flat

power distribution.

Starting from Equation B.1, an equation similar to Equation B.28

can be derived for a spherical reactor having a radius, R. One finds,

=K 1 4Tr dr (B.29)
c(uniform) 4 3 [1 - C sinh(r/L)/rl

~ 3 [1

where

E28 + Ep
K = a a (B.30)

DB2 + E28 + E
a a

R + 631)
sinh --

SLj

(The diffusion theory parameters in Equation B.30 and B.31 have been

defined previously.) The solution for Equation B.29 must be evaluated

numerically since the integral does not have a closed form solution

like Equation B.17. An equation similar to Equation B.28 for a

cylindrical reactor can be found in Reference [T- 2 ].
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APPENDIX C

Xe AND Pa MODELS TO CALCULATE REACTIVITY EFFECTS DURING COASTDOWN

In this Appendix, relations will be developed which are useful for

estimating the positive reactivity gain from reduced xenon and protactinium

concentrations when power coastdown is used. Expressions relating the

reactivity changes for Xe and for Pa to the power level are developed below.

C.1 Xenon

For a reactor that has been operated at a constant flux level for a

long time, the asymptotic (steady-state) concentration of Xe 35is

Xe = f [C.1]

Xe Xe

y = average fission yield of the 135 fission product chain

-1
X = decay constant of Xe, sec
Xe

E= macroscopic core fission cross section, cm~1

2
a Xe= microscopic absorption cross section for Xe-135, cm

# = flux level, neutrons/cm 2-sec

The xenon poisoning, XP, of a reactor is defined as the ratio of the macro-

scopic Xe absorption cross section, EXe, to the fuel absorption cross

If
section, E , thus

XP= Xe = Xe Y [C.2]
f f

Substituting Equation [C.l] into [C.2]

XP = Xe Y Z IC.3]

Xe + aXe
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The thermal utilization in a reactor without Xe, f, and a reactor with Xe,

f', is

f = E and f' Ef [C.4]

m m Xe

where
-1

Z = macroscopic absorption cross section for the moderator and structure, cm
m

Of the factors (e.g., leakage, etc.) which make up the multiplica-

tion factor, K eff the thermal utilization is essentially the only one

changed by the buildup of Xe; the leakage of neutrons will change to a

small extent, but in most large power reactors the thermal nonleakage

probability is very close to unity. The reactivity due to Xe poisoning is

P = k'-k = f'-f [C.5]

k1 f'

Substituting Equations [C.4] and [C.2] into [C.3] one has

P= [C.6]
1+y

where

y= Z

The fractional change in reactivity due to coastdown (reduction in power

level) is defined as the difference between the Xe reactivity at 100% power

and the Xe reactivity at reduced power devided by the Xe reactivity at full

power, P 100% thus,

AP = XP I-XP [C.7]
P100%'

If the Xe reactivity at full power is known, Equations [C.7] and [C.3] can

calculate the positive reactivity insertion when the reactor is coasted since

XP is defined in terms of the flux, p, and the flux is proportional to the

power level. In addition, the duration of coastdown permitted by reduced
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Xe levels may be inferred fromAp since Equation [C.7] is a simple function

of power decrease, hence one can easily interpolate and extrapolate case

histories.

Substituting Equation [C.3] into [C.7] and noting that the power, P,

is proportional to the flux level, # , one finds
A A

100%= Xe/ 1 0 0  (-) [C.8]

Xe a PT
+ Xe-

100%

where the prime indicates a reduced power level.

If the Xe reactivity at full power is known, Equation [C.8] can cal-

culate the positive reactivity insertion when the reactor is coasted since

Ap is a simple function of power decrease. In addition, the duration of

coastdown permitted by reduced Xe levels may be inferred from Ap, hence

one can easily interpolate and extrapolate coastdown scenarios.

C.2 Protactinium

A positive reactivity insertion occurs when ThO 2/UO2 fueled reactors

that have been operated at full power are coasted down. This is due to the

fact that at low power levels there are less parasitic captures in Pa and

more fissile U233 can be produced. A relationship is developed below to

estimate the positive reactivity insertion as a function of power level.

If a ThO 2/UO2 reactor has been operated for a long time, typically

one year or longer, it can be shown that the rate of production of U233 is

equal to the rate of destruction of U 233; thus,

X13N13 = N23 a23 [C.91
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where

.th -1
X.= decay constant for the j isotop e, sec
J

N = atom density for the j th isotope, atoms/cm3

J
Sjth 2a = microscopic absorption cross section for the j isotope, cm -

$ = neutron flux, neutrons/cm -sec.

Similarly, in the asymptotic limit, the rate of production of Pa3 is

equal to the rate of destruction of Pa 3; thus,

N13 02 02 [C.10]
N02 3+131

Substituting Equation [C.9] into [C.10] and rearranging

23 X 13 r02 1 [C.11]
N0 2  1 3+ y1 3 W 23

a.

or

23 02 1-a )

a 13

If the change in N23 concentration is proportional to the flux level (power

level) of the reactor then

AN23 13  () ( 02
23 _23 [C.12]
02 13 a

AN23 13 AP a
N 0 2 [C.1.21
02 13 23

a

The reactivity, pu, associated with the change in U concentration can be

calculated by

p = Vf = f a)AN 2 3  [C.13]
u

Substituting Equation [C.12] into Equation [C.13]
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(TL-) N 13X) AP '02 [C.14
pu vE N02 X P[

f 13

The reactivity, Pp, associated with the change in Pal3 concentration can be

calculated by
AN13 13 C.15]

or

p ~ a0 2N0 2  A$ '1 3
p

13 f

Taking the ratio of Equation [C.15] to [C.14] one gets

P = (n23-1) [C.16]

Pp

Since the value of q is approximately 2, Equation [C.16] shows that the

reactivity gains due to extra bred U23 and fewer Pa captures are roughly

equal.

Noting that

vEf =z na [C.17]

and

A= AP ,[C.18]

P

Equation [C.15] becomes

.1 N 1 3 1 3 AP [C.19]
p r Na Pp a N afP

where the subscript "f" refers to the fissile isotopes. The total re-

activity change is just the sum of p and p ; thus
p u

p = pP (n-l) + p = ri P [C.20]

Substituting Equation [C.19] into [C.20] one gets

p = N13 13) AP = P100 AP [C.211
N af P P
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where

p = N13 13
N a
f af

The above equation can be used to calculate the positive reactivity insertion

(as a function of power level) due to reduced Pa burnout when ThO 2/UO2 fueled

reactors are coasted at E.O.C., since the extra available reactivity is a

linear function of power decrease; hence one can easily interpolate and

extrapolate case histories.
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APPENDIX D

ADDITIONAL BURNUP GAIN DUE TO COASTDOWN

In this Appendix relations useful for estimating the net incremental

burnup gain during coastdown for each successive cycle will be developed.

For example, in a one-batch core, the nuclear fuel is burned an amount, AB

MWD/MTU, and then is coasted for an amount, Bc MWD/MTU; the net burnup gain

is Bc. However, in a multi-batch core the net burnup gain is not BC but

rather some fraction of B c; this is due to the fact that in the cycle follow-

n- 1
ing coastdown of the fuel is more depleted than it would have been

had refueling occurred when full power end-of-life was reached. Because

of this the burnup histories of subsequent cycles are adversely affected

(shorter full-power cycle lengths are experienced - assuming of course

that reload fuel enrichment and batch size are held constant). An expres-

sion relating the net burnup gain as a function of batch size and the

incremental burnup due to coastdown in each cycle is developed below.

Using the linear reactivity model [G-1 ], the discharge burnup

(steady-state), BDis, is shown to be

B (- ) B[D.]
Dis n+1

where

n = number of fuel batches in the core

B = reactivity limited discharge burnup of a one-batch core having
the same reload enrichment as the multi-batch core.

Assuming that the power sharing among batches is constant (flat power distri-

bution) then the burnup for each batch at EOC is found to be
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2n
B = -) BB1 n B

[D.2]

2 n n-i -
B 2

1 22

B 1 ) (-) B m=1,2.....(n-1)m+l fl+l n

=2n 1-
B =( ) ( ) B

nl n+1 n

In order to simplify the discussion, let us consider a 2-batch core; the

burnup for each batch at EOC is then

B= (2n - 4-BB =(-) B = -Bi
1 n+1 3 [D.3]

n (n-1) _ 4 1
2 n+1 n 3 2

At EOC the reactor is coasted an amount ABc (for this one cycle only),

therefore, the batch burnup after the coastdown is

B = ) + ABc
1 n+1  

[D.4]

B = ( (n-1) + ABc
2 n+l n

Fuel lot number 1 is removed and fresh fuel is loaded into the reactor.

The BOC burnup of each batch is

B = (-2n (n-l) B + ABc
2 n+l n

B3 = 0 [D.5]

and the batch average BOC burnup, B2 (BOC), is

-l ABc
B (BOC) = ) B +

2 nte n

Assuming that the batch average EGG burnup, B, is a constant (see Appendix A)
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then

n-- ABC
B = ( n + B [D.61

or

A 2 - ABc
AB =( -) B- -

2 n+l n

where

AB = burnup increment for the cycle.

The EOL batch burnup is just the BOL batch burnup plus AB

2= 2n - n-i ABC
B=(-) B + (-) c

2 n+1 n

2n n-i ABc [D.7]

B3  n ) B .

Again the reactor is refueled and the batch average BOL burnup is found

to be

n (BOL) B - [D.8]
3 n+1 2

The burnup increment for this cycle is found to be

2 2 c
AB 3= (n+) B + -2 [D.9]

If the above procedure is repeated many times, one finds that the net

burnup gain from coastdown (the sum of all Bc terms from Equations

[D.4], [D.6], D.9], etc.) is

ABnet = ABc (1 - 1 + 1 -1 +- -------) (D.10]

Noting that
CO n

n=o km k+l [D.ll]

Equation [D.10] now becomes

ABnet = ( ) ABC [D.12]
n+l
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or since n=2 for this case, ABnet = Z ABC. If one assumes that the reactor
3

is coasted after each cycle, by using the above assumptions and procedures,

a net ultimate burnup gain of

ABnet = 2 ABc +ABc + 2 AB3 + [D.13]3 1 3 2 3 3

can be achieved.

The above procedures can be extended to cores having more batches but

a simple solution similar to Equation [D.ll] has not been found. Table

[D.l] summarizes the burnup gain as a function of the number of batches in

the core. When each of the series is evaluated, one can empirically find

the relationship between the net burnup gain, the batch size, n, and the

incremental coastdown burnup, ABc, to be

2 c
ABnet - n AB [D.14]n+1

If the reactor is coasted after each cycle, then

ABnet = 2 ABC [D.15].n+l j

Equation [D.15] shows that if one starts with a steady-state fuel cycle

and keeps the reload composition fixed, use of coastdown to extend burnup

by an increment ABc (either for a single cycle, or forever thereafter)

results in a net ultimate burnup gain of ( n ) ABc for every coastdown.
n1+l

Thus a three-batch PWR could gain 1/2 ABc for each cycle in which coastdown

was applied. One cannot realize 100% of ABc (except for the batch reload

case, n=l); and as n-)o no net gain results (e.g., online refueling negates

coastdown - as in CANDU reactors for example).

Equation [D.13] could also have been derived in a more straightforward

manner if one assumed that the coastdown burnup for each cycle is kept fixed.

The simplified derivation is given below. Assume that the power sharing



BATCHES/CORE
(1) (2) (3)

TABLE D.1

NET BURNUP GAIN DUE TO COASTDOWN

CYCLES FOLLOWING COASTDOWN

(4) (5)

n=1 ABc (1)

n=2 ABc (1 - +
n n

1
n35

n=3 ABc n-i + 2 + (1)

n=4 AB (i ) + 2 + ()

c n-1 1 n+1
n=5 AB (1 -( )+ (-n-

n=6 AB c - (n-1) + + n+)
n n n

+ 1
n4

5
n5

- (3n+2) _ (n 2-5n-4),
n n5

+ (n+) 2

+ (n+1) 2
+n +

+ (n+1) 
2

J +

(6n2 +8n+3)

(n+1) 3
n5

(n+1) 3

n5

1+

+ (5n 2-8n- 8)
n6

- (3n 13n 2-22n-9)

- (On 3+20n 2+15n+4)
n6

(n+i) 4

n5
+

+ (n 3-15n2 +12n+16)_

(n 4-19n3 + 24n +60n+27))
n

S (6n 4-26n 3-69n 257n-16))
n7

- (15n +42n 3+73n 2+26n+5)
n7

(6) (7)

"'.3

a.'
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among batches is equal and the reactor is coasted an amount ABC after each

cycle (constant coastdown burnup). Let

X = new equilibrium full power cycle burnup length

B = equilibrium full power batch burnup without coastdown.

The burnupsby batch (n batch core) are found to be

B, = X [D.15]

B2 =2X + ABc

B3 = 3X + 2ABc

B = nX + (n-1) ABC

Noting that

k (n+l)n, [D.16]
E n 2

n=l

the batch average burnup, Ba, is

_1 [X(l+n)n + ABC (1+n-1) (n-1) [D.17]
a n 2 2

But this must be equal to B, the equilibrium full power batch burnup without

coastdown.

B = B . [D.18]

Using Equations [D.17] and [D.18] and rearranging one finds

X = [2 i - (- ) BC [D.19]n+l nl

The total cycle length, BT is

B = X + ABC [D.20]

or

2- 2 c
B = (-)B + (- )AB [D.21]

T n+l n+l
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From Equation [D.21] one finds that the net burnup gain due to coastdown

is

2 c
AB net = ( - ) AB , [D.22]n+1

which is the same as Equation [D.14]. Note that AB is the gain per cycle;

the added burnup in a discharged fuel batch is just n time fB.
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APPENDIX E

THE EFFECT OF CORE POWER DENSITY ON FUEL CYCLE ECONOMICS

As discussed in the main body of the text, for a once-through fuel

cycle, ore utilization is unaffected by core power density so long as

discharge burnup is held constant. There is, however, a slight economic

incentive to log the burnup in the shortest interval possible. The

following simple example illustrates this point.

Consider two cores, one having twice the mean power density, the

same total thermal rating, the same discharge burnup, and half the heavy

metal loading of the other. Let all revenues for a given batch of fuel be

credited at the midpoint of the irradiation period; and front end and

back end transactions will each be represented by a single composite

transaction. A present worth balance can be performed treating the fuel

as an expensed rather than a depreciated entity. None of these simplifications

will compromise the effect to be illustrated.

Figure E.1 shows the cash flow diagrams for representative batches

in the two cores for the specific example of a 4 year irradiation period.

Thus we have for the fuel cycle costs (e.g. mills/kwhr)

low power density

e A + Z (P/F,X,4) (E.1)
e = E(P/F,X,2)

high power density

A[l + (P/F,X,2)] + Z[(P/F,X,2) + (P/F,X,4)] (E.2)
2 E[(P/F,X,l) + (P/F,X,3)]

where
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LOW POWER DENSITY: ONE FUEL BATCH

R (2)= e1E

2
TIME, YRS.

3

HIGH POWER DENSITY:

R = e2E

TWO FUEL BATCHES

R = e2E2 2

2 4

1

1 1'' 1 T

2

(1) Head end transaction

(2) Revenue from sale of electrical energy, E(kwhr), at a levelized

cost of e (mills/hr)

(3) Tail end transaction

FIGURE E.1 CASH FLOW DIAGRAMS: FOR REPRESENTATIVE EXAMPLE

0

A(1)

4

0

1
-A
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(P/F,X,N) = present worth factor

X = discount rate, %/yr

N = number of interest periods, yrs

Substituting the representative discount rate, X = 10% yr, and

evaluating the present worth factors, gives

A Z
e = 1.20999 - + 0.82645 - (E.3)

1 E E

A Z
e = 1.10000 - + 0.90909 - (E.4)

2 E E

Since the head end transactions, A, (ore purchase, enrichment,

fabrication) are larger in magnitude than back end transaction, Z, case 2,

the high power density core, will have the lowest fuel cycle cost.

In general the advantage of high burnup rate (at constant total

burnup) will be small. Even in the extreme examples above in which the

burnup rate was doubled, a maximum advantage of around 10% is achieved. In

practice, when one is likely to be dealing with burnup rate differences on

the order of 10%, and when back end costs are not negligible (particularly

true for the once-through fuel cycle which involves whole-assembly

disposal and no offsetting credits), differences in fuel cycle costs are

likely to be much less than 1%. Indeed, since increasing the burnup rate

at constant total batch burnup requires more refueling shutdowns in the

same calendar interval, the high power density case may actually turn out

to be more expensive in the long run.

For the above reasons we have not assigned any particular merit to

achieving high power densities in the present work except as it may
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facilitate extending total burnup. Conversely, lower power densities, as

might be characteristic, for example, of seed/blanket cores, would not

be a serious economic penalty if total thermal output could be maintained,

and could prove advantageous if their reactivity lifetime were inherently

longer than homogeneous cores.
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APPENDIX F

ALTERNATE ECONOMICS MODEL FOR COASTDOWN

The total cost of electric energy may be expressed as a linear com-

bination of two terms each weighted by their appropriate fractional energy

contribution: corresponding to energy generated by the nuclear reactor,

and replacement energy purchased from another source. Thus the total cost,

eT, is

e eE n ER R [F.1]
T E E

T T

where

e = cost of energy generated by the reactor, mills/kwhr(e)

eR = replacement energy cost, mills/kwhr(e)

ER = replacement energy (includes replacement for coastdown, refueling,
and forced outages), kwhr(e)

E = energy generated by the reactor in one cycle, kwhr(e)

ET = total energy produced by the "utility" (sum of En and ER '
kwhr(e)

The nuclear-electric cost, e , can be further broken down into three cost

components,

e 1000 ) + (0)] + e [F.2]
n 8766L K K f

where

L = capacity factor

K = electric rating of the reactor, kw(e)

= annual fixed charge rate, yr~1

I = initial cost of the plant, $

0 = annual cost for operation, maintenance, and general expenses, $/yr.

ef = levelized nuclear fuel cycle cost, mills/kwhr(e).
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The terms in the bracket in Equation F.2 can be considered to be a fixed

cost ($/kw(e)-yr); hence, Equation F.2 now becomes

C
e =- + e [F.3]

n L f

where

C 1000 ] [F.4]
8766 K K

As shown in Equation F.3 the nuclear-electric cost is a function of the

fixed costs divided by the capacity factor plus the nuclear fuel cycle

cost contribution. The first term is reduced when the capacity factor

increases. Thus it is economically advantageous to operate at high capa-

city factor. If the duration of coastdown is sufficiently long, the overall

capacity factor is reduced and the economics of coastdown will be adversely

affected, particularly since the capital, operation, and maintenance cost

term is approximately four times greater than the nuclear fuel cycle cost

component.

In the previous analysis (Section 5.5.3), it was assumed that the

replacement cost of energy accounts for the cost of purchasing energy from

another utility and the cost of paying off the capital, operation and

maintenance charges of the plant. In other words, the utility assumed

that the capital and operational costs were paid for by the revenue genera-

ted by the sale of electricity produced from the reactor and the sale of

replacement energy. This is a good assumption when the mean capacity factor

does not change significantly when the reactor is coasted down. In most

instances the utility will not coast the reactor below 70% of full power

or for more than about 60 days, such that the cycle-averaged capacity factor

will only change by on the orderof 0.1%. Hence, their simplified economic

analysis of coastdown is not necessarily invalid.
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Before we examine this alternate method, let us define clearly what

is meant by capacity factor. As shown in Figure 1, the capacity factor

is the actual energy production during a given period divided by energy

production during the same period if the reactor operated continuously

at the rated power level. Thus the capacity factor is determined by

the energy production in three time intervals; namely, the energy produc-

tion during full power cycle life weighted by the availability based

capacity factor (to account for forced outages caused by equipment break-

down), the energy production during coastdown, and energy production during

refueling (which is zero). It is also assumed that when coastdown begins

the reactor is able to coast down gradually from the full rated power

level. If any prolonged forced outages occur, it is assumed that the

reactor is shutdown for refueling.

Using this alternative economics model (Equations [F.1] and [F.2]),

the relative cost of electricity was calculated as a function

of coastdown duration for the coastdown scenario analyzed in Section 5.3.3.

In this analysis it was assumed that the capital, operation, and mainte-

nance cost term was 4 times greater than the nuclear fuel cost term for the

reference case (no coastdown). As shown in Figure F.2, the new model

predicts a smaller economic benefit when the reactor is coasted down. In

addition, the optimum coastdown duration is shifted to the left (shortened).

The new optimum is approximately 20 to 30 days instead of the 35 to 45

days predicted by the model in Section 5.5.3. However, benefits are still

predicted, albeit small, and coastdown could still be extended to roughly

60 days without increasing costs to the consumer.
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