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NOTICE

This report was prepared as an account of work
sponsored by the United States Government. Neither
the United States nor the Department of Energy, nor
any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any
warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, com-
pleteness, or usefulness of any information,
apparatus, product or process disclosed or represents
that its use would not infringe privately-owned rights.
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- ABSTRACT

This is the final summary progress report on a research program-
carried out within the MIT Energy Laboratory/Nuclear Engineering Department
under the US Depa:rtrnent of Energy's program to increase the effectiveness of
uranium utilization in light water reactors on the once-through fuel cycle.

Two major themes, methodology and <applications, characterize the
research. A simple but.accurate set of algorithms, designated as ''the linear
reactivity method" were developed to permit self-consistent evaluations of a
broad spectrum ‘of changes in core design and fuel management tactics.

More than a dozen suggested improvements were then evaluated,
focusing primarily on retr'"ofitable modifications and pressurized water
reactors. In common with the findings of many other investigators, high

burnup and routine end-of-cycle coastdown were identified as preferred options.
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1. INTRODUCTION

1.1 Foreword
This is the Final Report timder DOE Contract No. DE-AC02-79ET 34022,
summarizing the results of work carried out at MIT under DOE's LWR
"I"echnology Program for Improved Uranium Utilization.
| The MIT effort under this program focused on pressurized water reactors
operating on a once-through fuel cycle, and on retrofitable changes in assembly
desigﬁ and fuel management strategy which would increase the amount of
energy extracted‘ from a given amount of natural uranium.
| A major element of our work turned out to be the aeveloprnent of a
simple,A but accurate, methodology for the evaluation of modifications on an
all-else-being‘—-equal basis. This was necessitated by the expense of fully-
fledged state-of-the-art neutronics computations, and the difficulty, inherent
in their execution, of isolating the effect of small perturbations. This
formulation,designated the "linear-feactivity model', appears in various guises |
in all of the major topical reports issued to document the project's efforts.
With this modelling method in hand, it is no exaggeration to say that
essentially all ideas advanced by participants in the DOE program were
screened for their uranium-saving potential. For this reason, the specific
findings are somewhat eclectic in nature - as will become apparent

subsequently when the savinés are cataloged.

1.2 Organization of the report

. Because of the central importance of the linear reactivity model, Section 2
presents an abbreviated description of its main features. Much more
elaborate versions, as embodied in a series of computer programs - ALARM,
DISBURN and SPILBAC (by Sefcik, Loh and Kamal, respectively: see

r4

references in Appendix A) - are discussed in topical reports. The results- =
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oriented reader may wish to skip this section.

In Section 3 a compilation of major findings is presented. Here we try
to sort out a vé.st array éf information: the essence of those results which
are mést pertinent to the decision-maker.

In Section 4 the principal investigator has availed himself of the oppor-

- tunity to comment on some of the broader issues. |

This is followed by three appendices which play an important role in this
report:

Appendix A - which lists all publications associated with this project,

: 'and reproduces the abstracts of all major reports and

theses.

Appendix B - a copy of a major paper on thorium utilization which puts
‘ the current project's efforts into perspective with respect
to prior MIT research.

Appendix C - the final report on MIT's precursor work under AEC/ERDA/

DOE's NASAP/INFCE efforts, which evolved directly into
the work reported here. This document was not previously
given widespread circulation, and is quite gefmane to

much of the follow-on effort.

Y3
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2. REACTOR MODELLING

2.1 Introduction

Although appreciable us:e was made of the familiar LEOPARD and PDQ-7
programs in the project's efforts, it became clear early on that the tedious
procedure of burning cores assembly-wise through several cycles to
'equilibrium was not a practical way to assess the uranium-saving potential
of as many as two dozen alternatives. Even given unlimited computer time
and funds the process is fraught with difficulties: it is all too easy to
uninténtionally obscure the effect of interest by introducing other changes in
tiae evaluatory p;'ocess - for example, changing the assembly loading map to |
a configuration which is not comparably optimized versus one's reference
case. 1

Thus an effort was made to develop a simpler app;'oach which retained
sufficient accuracy to assess the effects of changes in rAeload assembly
characteristics and fuel management strategy. In particular, the method
would have to be sophisticated enough to handle all important options of
current interest: out-in/scatter and low leakage loading patterns, burnable..
poison, coastdown, variable batch size, and the like. This framework, under
the rubric of '"the linear reactivity model (LRM)'" was developed piecemeal at
MIT over several years. ‘.

The basic features of the LRM are sketched in the section which follows.
For more detailed treatises, including its embodiment in a variety of computer
programs, see the reports by Sefcik, Loh and Kamal. |
2.2 Discussion

The analytical basis needed to couple fuel neutronic characteristics to
its burnup performance exploits the empirically established observation that

assembly reactivity varies linearly with burnup (once the xenon and samarium

- -
-
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concentrations have achiéved saturation). Table 2.1 summarizes the other
key features qf this approach: a theoretically sound prescription (power
Weighﬁng) to compute core-average reactivity, a radial leakage/peripheral
assembly power correlation, and finally a prescription for estimating batch
power fractions. In referénees (1) through (3), these relations have been
" validated against s’cate-rof-the-a.rt computations. Analytical applications of
this methodology have also been‘ explored in some detail [4].

. Several figures, taken from Ref. [2], are included to illustrate the
power-sharing and radial leakage correlations used in the linear reactivity
. model of core behavior.

Discharge burnup for a steady-state reload batch of fuel is readily

computed from the intercept and slope of the reactivity vs burnup curve under

the approximation of equal power-sharing among in-core batches (equivalent
to a uniform cycle-by-cycle power history for a given batch during its

in-core residence). For an n-batch core:

L 2n (Po
Bio * <n+1> (T) MWD/MT
Under different assumptions (e. g. non-uniform power history) it is

convenient to express this result as a small perturbation:
By = By, /(1+e)

The quantity € can be computed by both analytic and numerical
approaches. It is worth noting that this correction is typically small: for a
S-Eatch core power history as severely skewea as (%, %, %-), the quantity
(1+¢) is only 6% larger than the equal-power-sharing limit (l, %, -é-),.

Table 2.2 presents analytic solutions for € for several core burnﬁp histories

of interest.

NAY3
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Table 2.1

General Features of Model-

Linear (unpoisoned) fuel batch reactivity vs. burnup
p'—'po-AB

Determine using LEOPARD, for example.
Power-weighted reactivity balance

py, = 0 at EOC

Radial leakage—peripheral power correlation

pp, = @} £
periphery

Batch power sharing algorithm

f
fi =
l - e (Oi - OL)
where o = 0 for interior assemblies
8 = ( l*'XTT) = 1+ Ip-h = constant
m
f = core-average batch power fraction

n
can show that setting .2 fi==l.0 using Eg. (4) yields Eqg. (2)

i=l

-~ -
-

o
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Table 2.2

ANALYTICAL RESULTS FOR COMMON REACTIVITY HISTORIES

a~

. 1 : "
2 -
. p = py-AB
1 3 ~ 0 :
P \ P
B
Burnable Poison Iz Shim or Peripheral
in Reload Fuel Leakage in Cycle j
Case* Prescription for ¢ -

1. (no burnable poison)**

2.. (constant p in 1lst
Cyvcle)

3. (zero p at BOL)

4. (shim or leakage in
Cycle 3j)

2 (n-1)
2(8pn)" ——=
0" 3(n+1)?2
(n-1) 2 (n-l)z'”
—(Bpg) ———== + (8p)" ———
n(n+l) 3n(n+l)
' (n-1) 2 (n—l)2
‘ 2n (n+1) én (n+1)
(15.6-n) (6.8+n)R(8p,)
[(38n-25)+(2n-7)3]
: 2 . (n-1)
+ 2(6pn)" ———g
07 3(p+1)2

(shim or leazkage reactivity penalty, Ap)

where R =

Po

*Case number corresponds to those in the figure.

**Factor of 2 -in prescription for € is an empirical normaliza- .

tion.
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With the dischargeAburnup in hand, a front-end material balance
readily yields the natural uranium requirement, and hence the uranium
utilization, commonly expressed as megawatt days thermal (or electric) per
short ton of U3O8 (or its inverse). The only complication to be aware of, as
spelled out in reports by Kamal, is the choice of ground rules for comparing
alternatives: equal burnup, efi)h, natural uranium, or U-VZ 35 commitment -
each of which gives slightly different estimates of the savings.

The LRM, . as outlined above, is used to evaluate alternatives according
to the following g_eneric procedure. First, the lattice design in question is
‘burned over the range of interest using the LEOPARD program. Then the
LEOPARD p(B) output is least:squares curve fit to obtain its slope, A, and

“intercept p_. These values in turn are used in the LRM algorithms to
compufe the steady state discharge burnup, Bd MWD/MT ] which relates
directly to natural uranium usage. |

As noted in the appropriate topical reports, the LRM gives results in
ngood agreement with the more elaborate state-of-the-art results, in the
relatively few instances where useful output (full-burn to steady state) have’
beeﬁ published.

2.3 Comments and Conclusions

The linear reactivity model has proven equal to the task for which it
was devised. It has been applied to all options suggested to us for evaluation.
Variations on the basic model have been implemented to handle special cases
- for example, where reactivity is not a sufficiently linear function of burnup.

' Work is continuing in this area. A fuel-batch-coupling program is
being developed to permit ready assessment of performance under non-
steady-state conditions such as startup and transition cycles, and' a second

program is being developed to optimize assembly reload patterns.

\Y4
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3. APPLICATIONS

3.1 Introduction

In this section the major findings resulting from the project's efforts
are recapitulated. Appendix A contains a complete list of all publications
prepared by workers supported by, or associated with the project. In this.
latter category are several self—supported students who contributed their
efforts to elucidate important is'sues bearing on the main-line subtasks.
Appendix A also contains the abstracts of all reports/theses. The major
findings reflect primarily the research reported in the topical reports/
doctoral theses by Sefcik {1], Loh [2], and Kamal [3]; other important
specific contributions of central interest are in the theses by Malik (on axial
power shaping) [4], and Lobo (on coastdown) [5].

3.2 Discussion

Table 3.1 summarizes the primary options which have been evaluated,
and their projected yellowcake savings. Table 3.2 supplements this inforrﬁa-
fion with results applicable to the selective use of thorium and heterogeneity,
excerpted from the recently published topical report by Kamal.

- Not surprisingly, extended burnup is the most effective means to
improve uranium utilization, although its efficacy is diminished somewhat by
the concurrent move toward 18-month cycles, which (until ultra-high burnup
‘is a reality) precludes increasing the number of staggered reload batches
(from a current 3 to a potential 5). This illustrates an important point:
while USOS consumption is a useful surrogate variable for fuel cycle or,
be;cter yet, system energy cost, it is really thé explicit value of the latter
which serves as the basis for decision-making. Even so, some demonstrably
favorable options, such as routine pre-planned coastdown, have not been

universally adopted, although there appears to be a trend in this direction.

Y

As we found', a very creditable USOS savings (on the order of 8%) can be




‘5.(a)

5. (b)

TABLE 3.1

POTENTIAL'IMPROVEMENTS IN URANIUM UTILIZATION

FOR PWRs ON A ONCE-THROUGH FUEL CYCLE

NAT,

U

SAVINGS
R

OPTION (%)
Extended : 15
Burnup and

Increased

Number of

Batches .

Low-Leakage a3
Fuel Manage-
ment '

Axial N2
Blankets '

Re-Optimiz- 2-3
ing Lattice
Fuel-to-Mod-

erator Ratio

Continuous ' 10-15
Mechanical

Spectral

Shift

D,0 Spect-
ral sShift

-10-15

Mid-Cycle 10
Pin Pulling ,

and Bundle Re-
construction

Routine Pre- LV
planned
Coastdown

. 'COMMENTS

5-batch core with dis-
charge burnup of
55,000 MWD/MT; risk of
premature fuel failure
must be considered

Must cope with power
peaking problem; if
burnable poison is used,
residual poiscn may
negate savings

Aggravates axial power
peaking; may reguire
poison or enrichment
zoning

For high burnup cores;
depends on specifics of
current core design

-May not be practical

from an engineering
standpoint

D,0 is expensive

Potential thermal-~
hydraulic problems;

- reduces plant capacity

factor

If coastdown to econo- -
mic breakeven is con-
sidered instead of to
the optimum, the uran-

+ium savings can be

approximately doubled
(as is the duration of
coastdown)

Y’
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TABLE 3.2 .

Potential Uranium Savings for Selected PWR Fuel

Management Strategies Emphasizing the Use of Thorium

Strategx

1.

Thorium Internal
Blankets

Spent Fuel
Internal Blanket

Thoriudeadial
Blanket_

Natural Uranium’
Radial Blanketd

Low-Leakage Fuel
Management (using

oldest fuel batch)9

Spent Fuel a
Radial Blankets

Thorium Pins
Uniformly Dispersed
within Uranium
Fuel Assemblies

Uraniuma
Savings ' Comments

(CB)b<O.5% The use of blanket assem-
\ C blies having a different
(HB) ""3% Vgp/Vp from driver assem-
blies may be problematic
from a thermal-hydraulic
standpoint.

(EB) 3% In the steady-state this
corresponds to adding one
more reload batch in the
core, in which case cycle
length is shorter, other
things being equal.

(CB)’Cl% Power-peaking in the core
oy interior may force less
(EB) ™ 6% than optimal deployment. .
(See also comments on

strategy #1.)

(CB) Vv 2% Should be possible to get
(HB)’QA% somewhat higher savings
. through blanket lattice
optimization.
(CB)‘V4% Potential power peaking
. problems in core interior;
(EB) ™~ 5% burnable poison reguired.
(CB) v 8% Best radial blanket mate-
(HB) ~ 9% rial. Corresponds to add-

ing one more reload batch
to the core and using old-
est batch on core peri-

‘phery.
(CB) nega- Selective use of thorium
tive pins for power shaping
(HB) ~ 2% within uranium assemblies

should be considered, as
has been proposed for
BWRS.

Ve
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TABLE 3.2 (Cont'd.)

' Uraniuma
Strategy Savings Comments
8. Reconstitution/ (CB) v 5% Assumes exOgenous source
Reinsertion of (HB) ~ 7% of reconstituted assem-
Thorium Assem- ‘ : blies. Uranium utiliza--
blies as Radial tion is fairly insensi-
Blankets . tive to pre-reconstitu-
' tion burnup.
9. Spectral Shift (CB) v 9% "Savings increase as num-
" Control for ber of reload batches is
3-Batch All-f increased (at fixed fuel
Uranium:Core enrichment); mechanical
: or H,0/D,0 spectral
shift 'is difficult to
implement.

10. Spectral Shift (CB) v 14% Spectral shift control
Control for - . is difficult to implement
Cores Containing in practice. Quoted sav-
Thorium ings are an upper limit.

11. Small PWR Fuel (CB) nv 4% Savings comparable to
Assemblies in (HR) ~ 5% those in strategy #5.
Low-Leakage Cores ' Reduced power peaking.
(with oldest
batch on

: e
periphery)

12. Small Fuel Assem- (CB) v 5% Reduced power peaking.
blies with Thorium (HB) ~ 8%

Radial Blanket®

2a11 savings for steady state once-through operation (no re-
cycle).

bCB = Current Burnup FWR (3-batch core, discharge burnup = 36

GWID/MT) .

HB = High Burnup FWR (5-batch core, discharge burnup = 61
GWD/MT) .

dSavings relative to Out—In/Scatter all-uranium reference
cores.

eCompared to reference cores having regular PWR assemblies
and Out-In/Scatter fuel management.

fCompared to all-uranium PWR at fixed VF/VM'

Y3
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achieved by coastdown to the economic optimum duration - a value which cén
be doubled if coastdown to economic breakeven were carried out! Here again
the necessity to focus on syétem energy cost (which includes the cost of
replaéernent energy during reactor outages or shutdown) rather than merely
fuel cycle cost is essential.

Most of the other easily-retrofit changes which were evaluated give much
smaller savings - although they can accumulate if all are implemented. Here
one must be careful not to assume that savings can be linearly combined:
specific composite case histories must be analyzed.

Ther; are other strategies, such as the use of.annular fuel, which
we found to be neutronically neutral in its effect (in that equivalent non-annular
lattices can always be devised), but which may facilitate other desirable
changes, such as increased burnup and an increased moderator-to-fuel ratio,
which do augment uranium utilization. |

Axial [4] .and radial [3] blankfets were given special attention. The
former yielded modest but worthwhile improvements, while the re-use of
spent fuel generally gave' superior results compared to specially fabricated
blanket assemblies of depleted uranium (or of thorium). Amelioration of the
central power peaking increase which accompanies the replacement of
end-of-assembly fuel pellets by depleted uranium blanket pellets was investi-
gated. An optimum axial power profile was devised, and a practical
3-enrichment zone approximation developed. The use of annular pellets in
the zone of higher enrichment between the large central zone and the blanket
was found to give a power profile which held its shape well over the
assembly's burnup lifetime. Since this configuration is no more elaborate
than comparable zoning already implemented in BWRs, it does not appear
that the central peaking problem is an inherent limitation on the use of axial

blankets in PWRs,

\",
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The use of thorium in the once-through fuel cycle was also a major
topic of inquiry [3] - one which also followed naturally from our earlier work
on reqycle-fnode applications-of this fertile material. Appendix B to this
report. summarizes the past decade of thorium-related work at MIT, prepared
as a review paper at the behest of the US National Science Foundation. Hexje
- we need only note that thorium éppears not to offer worthwhile advantages fn
PWRs without recycle. At mos{ we found opportunities for but a few percent
uranium savings, and then only under special circumstances, such as ultra-
high burnup. In general, re-use of "spent" fuel is preferable.

A final méjor topic was the use of burnable poison, because of its réle
in facilitating the implementation of uranium-saving innovations, such as high
burnup and low-leakage fuel management. We studied this option from a
generic‘ point of view, but with an obvious view to the use of gadolinium. It
was found that the flatter power history which BP permits is sufficient to
offset the penalty of residual poison reactivity at and beyond the end of a fuéi
batch's first cycle in core. Thus, while alternatives are still of interest,
the use of burnable poisor; can be contemplated with equanimity.

3.3 Conclusions and Recommendations

A1l of the options examined in the MIT research effort were not
pursued to the full extent which their promise would appear to justify. The
most important bit of unfinished business lies in the area of beginning-of-1life
axial power shaping using enrichment zoning. BOL power peaking near the
assembly midplane is the limiting condition in many instances - for example,
it iimité the benefits achieved through the use ‘of axial blankets of natural or
depleted uranium. It would be of considerable interest to see to what extent
axial enrichment zoning could substitute for the use of burnable poison in

high burnup, low-leakage core loadings. While full substitution is an unlikely

\




-94-

prospect, because burnable poison also benefits the moderator temperature

coefficient, a combined strategy in which both the B.P. and axial enrichment

are zoned might pay dividends.

3.4
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4. COMMENTARY

The work under the current contract was limited to the once-through

fuel cycle. 1t now appear_s that policy, both worldwide and in the US, is

moving back toward a‘ccép’cé.ncé of recycle into thermal reactors. This

being the case, it is worth asking whether the results of the subject effort

are destined to be ephemeral. | The following considerations suggest that

they are not:

l.

W

Improvements which impinge directly on the neutron economy,
such as gxia}, blankets and low-leakage fuel management, are
advantageous whether or not recycle is contemplated.

So long as syéiem energy cost is the objective function, high |
burnup is also optimum in the recycle mode; although uranium
consump’cio.t:u ié 4-optimized (minimized) by low burnup in the
recycle mode (at ~ 15,000 MWD/MT, or even lower 'if
revprocessing losses are reduced).

High burnup gnd low leakage fuel management rnotivéte the use

of burnable'poison in-core, regardless of the out-of-reactor

fate of the fuel.

Coastdown is similarly advantageous, its economic advantage
depending more on the plant capacity factor and the replacement
energy cost than it does on fuel cycle cost considerations.
While the benefits of thorium use are greatly improved when
recycle is permitted, so are its costs, and thus its economic
prospects still do not appear to bé bright enough to alter the
conclusion that incentives for its development are not
compelling for the foreseeable future.

In any event, the improvements in the once-through cycle, once

.\{
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they are fully implemented, and the large uncertainties
associated with back-end fuel cycle costs may well insure
that it will be a long time before recycle in light water
reactors is justified on purely economic grounds.

A1l things considered, the program to increase the burnup and
neutronic efficiency of current LWR cores pays high dividends without
regard to future developments in either the front or back ends of the fuel
cycle.

There is one area, however, where the contemplation of LWR recycle
‘does motivate c'h:ange: tight-pitch plutonium-uranium lattices, which are
not interesting if attention is restricted to the once-through mode, now
merit investigation if uranium utilization remains a high priority objective.
Otherwise their large fissile inventory, difficult retrofitability, and

indifferent economic advantages work against their appeal.
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ANALYSIS OF STRATEGIES FOR IMPROVING URANIUM
UTILIZATION IN PRESSURIZED WATER REACTORS

Joseph A, Sefcik, Michael J. Driscoll and David D, Lanning

'ABSTRACT

Systematic procedures have been devised and applied to evaluate
core design and fuel management strategies for improving uranium util-
ization in Pressurized Water Reactors operated on a once-through fuel
cycle. A principal objective has been the evaluation of suggested im-
. provements on a self-consistent basis, allowing for concurrent changes
in dependent variables such as core leakage and batch power histories,
which might otherwise obscure the sometimes subtle effects of interest.
Two levels of evaluation have been devised: a simple but accurate anal-
ytic model based on the observed linear variations in assembly reactiv-
ity as a function of burnup; and a numerical approach, embodied in a
computer program, which relaxes this assumption and combines it with
empirical prescriptions for assembly (or batch) power as a function
of reactivity, and core leakage as a function of peripheral assembly
power. State-of-the-art physics methods, such as PDQ-7, were used
to verify and supplement these technigques.

These methods have been applied to evaluate several suggested im-
provements: (1) axial blankets of low-enriched or depleted uranium,
and of beryllium metal, (2) radial natural uranium blankets, (3) low-
leakage radial fuel managemént, (4) high burnup fuels, (5) optimized
H/U atom ratio, (6) annular fuel, and (7) mechanical spectral shift
(i.e. variable fuel-to-moderator ratio) concepts such as those involv-
ing pin pulling and bundle reconstitution.

The potential savings in uranium requirements compared to current
practice were found to be as follows: (1) "0-3%, (2) negative, (3)
2~3%; possibly 5%, (4) ~15%, (5) 0-2.5%, (6) no inherent advantage,
(7) n10%. Total savings should not be assumed to be additive; and
thermal/hydraulic or mechanical design restrictions may preclude full
realization of some of the potential improvements.

Ve
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 DOE/ET /34022-2

OPTIMIZATION OF THE AXIAL POWER SHAPE
IN PRESSURIZED WATER REACTORS

M. A. Malik, A. Kamal, M. J. Dris¢oll, D. D. Lanning
' ABSTRACT

Analytical and numerical methods have been applied to
find the optimum axial power profile in a PWR with respect to
uranium utilization. The preferred shape was found to have a
‘large central region of uniform power density, with a roughly
cosinusoidal.profile near the ends of the assembly. Reactiv-
ity and fissile enrichment distributions which yield the
‘optimum profile were determined, and a 3-region design was
. developed which gives essentially the same power proiile as .
the continuously varying optimum composition.

State of the art computational methods, LEOPARD and
PDQ-7, were used to evaluate the beginning-of-life and burnup
history behavior of a series of three-zone assembly designs,
2ll of which had a large central zone followed by a shorter
region of higher enrichment, and with a still thinner blanket
of depleted uranium fuel pellets at the outer periphery. It
was found that if annular fuel pellets were used in the higher
enrichment zone, a design was created which hot only had the
‘best uranium savings (2.8% more energy from the same amount
of natural. uranium, compared to a conventional, uniform, .
unblanketed design), but also had a power shape -with a lower .
peak-to-average power ratio (by 16.5%) than the reference
case, and which held its power shape very nearly constant
~over life. This contrasted with the designs without part
length annular fuel, which tended to burn into an end-peaked
power distribution, and with blanket-only designs, which had
a poorer peak-to-average power ratio than the reference uf-
blanketed case. 3
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THE USE OF BURNABLE POISON TO IMPROVE
' URANIUM UTILIZATION IN PWRs

by
W. T. Loh, M. J. Driscoll, D. D. Lanning

RESTRACT

A methodolocy based on the linear reactivity model of
core behavior has been developed and employed to evaluate fuel
manacement tactics for iﬁprovinc uranium utilizetion in Pres-
surized Water Reactors in a once-through fuel cycle mode on a
ccnsistent basis. A major focus has been on the benefiit of
vsing burneble poison in conjunction with low-leakage fuel
nenzgement schemes. Xey features in the methodology, such as

weighting of batch reactivity values and correlation of
on leakage effects with oerloheral assembly power, were
ied acainst results ceperaged vsing detailed s;age -of-
t compu Ler analyses. A relztion between batch power
n and batch reactivity was derived from a lb@-group
heo*v model, and similarly validated. These pre-
‘have been Lsed in two wavs: to develop analytical
n zllow guick scoping caICLWatﬂons, and, programmed
to facilitate more rigorous applications.
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The methodology has been epplied to evaluate Ifuel manage-
ment schemes Of contemporary interest, such as the use oI
surnable poison to shape the power history proifile, the use of
low-lezkace fuel loading patterns, and extended cvcle 1er*g..\/
burnup, and combinations of these individual schemes.

I+ was founé that shaping of the power_ history proiile in

a4

low-lezkage assembly pattern by means of burnable Doison,
ven after zccounting for the anticipated residuzl poison
ctivity oew:’tv, has the potential of increasing PWR dis-
rce burnup, and hence uvranium utilization bv vouchlv 1%.
o»e:all 1nc*oveﬂen; in ureaniwvm uvitilization for & low-leaX-
loading ower that for the current out-in/scatter scheme,
zbout 3.6% for current cycle lengths (3-batch, discharce
nup ~ 30,000 MWD/MT), and epproximately 11.1% for extended:

le operation (3-batch, éischarge burnup ™~ 50,000 MWD/MT) .
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"THE SELECTIVE USE OF THORIUM AND HETEROGENEITY
IN URANIUM-EFFICIENT PRESSURIZED WATER REACTORS"

by

Altamash Kamal

3 - - . - c - -

ABSTRACT

Systematic procedures have been developed and applied to
assess the wuranium utilization potential of a broad range of
options involving the selective use of thorium in Pressurized
Water Reactors (PWRs) operating on the once-through cycle. The
.. methods used rely on state-of-the-art physics methods coupled

with batch-wise core depletion models based on the

"group-and-one-half" theory.

The possible roles for thorium that were investigated are:
as internal and radial blanket material, as thorium pins
dispersed within wuranium fuel assemblies, 1its use in PWRs
operating on spectral shift control, and its reconstitution
and reinsertion as radial blanket assemblies. The use of

smaller assemblies in PWRs (for <cores with and without

thorium) was also investigated, as well as options which can
be regarded as reasonable'substitutes for employing thorium.
. The analyses were performed for both current (3-batch,
discharge burnup .~ 30 GWD/MT) and high-burnup (5-batch,

discharge burnup~ 50 GWD/MT) PWR cores in their steady-state. .

"It was found that except for special circumstances (dry
lattices and/or high burnup), the use of thorium does not save:

uranium . compared to the conventional all-uranium PWRs. When
savings are achieved (typically 1-3%, but as high as 8% in
special circumstances), they can be, .for the most part,
equalled or exceeded by easier means: in particular, by the
re-use of spent fuel., On the other hand, up to 15 or 20%
thorium could be added into PWRs without significant losses in
uranium utilization, if policies called for the build up of a
U-233 inventory for later use in the recycle mode.

It was also found that, regardless of the déployment of
thorium, the wuse of smaller fuel assemblies with the concur-
rent deployment of radial blankets is an effective uranium

conservation strategy, with accompanying power-shaping advan-
tages.
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COASTDOWN IN LIGHT WATER REACTORS

AS A FUEL MANAGEMENT STRATEGY

by

Leancy Giovanni Lobo

Submitted to the Department of Nuclear Engineering on
December 23, 1880 in partial fulfillment of the
regquirements for the degree of Master of Science in
Nuclear Engineering ‘

ABSTRACT

Improved uranium utilization by means of extended burn-
up via routine end-of-cycle coastdown has been analyzed,
with a specific focus on pressurized water reactors. Both.
computer and simple analytic models have been developed to
determine the optimal coastdown length. Coastdown has
been compared with the use of higher fuel-enrichment to
achieve comparablé burnup values. Temperature and Power
coastdown modes were analyzed and changes in the plant
thermodynamic efficiency determined. Effects on fuel integ-
rity due to coastdown were examined using a fuel reliability
code (SPE2ZR). Finally the effects on coastdown duration
of major parameters involved in characterizing reactor
cperation and the economic environment were examined.

It was found that natural uranium savings up to 7% could
be achieved in a typical application bv the use.of routine
pre-planned coastdown up to the economic optimum. If coast-
down is carried out all the way up to the economic break-
even point yellowcake savings sum up to 16%. Coastdown
is substantially more effective than increasing enrichment
to extend cycle length without coastdown. Thermodynamic
efficiency does not change appreciably during coastdown,

2 circumstance wnhich greatly simplifies modeling. Coastdown
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was found to have no statistically sianificant effect on
predicted fuel failure rates. Finally, simple back-of-the
envelope analytic models were found to give an excellent
estimate of coastdown duration to both the optimum and

breakeven points, and to correctly track the functional
behavior induced by all major variables.

Thesis Supervisor: Michael J. Driscoll

Title: Professor of Nuclear Engineering
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PROBABILISTIC ANALYSIS OF NUCLEAR FUEL CYCLE ECONCMICS
L by
PANAYOTIS ELIAS CAVOULACOS

Submitted to the Department of Nuclear Enginnering
on May 23, 1980 in partial [ulfillment of the
requirements for the Degree of Bachelor of Science and

Master of Science in Nuclear Engincering -
ABSTRACT

The objective of the present work was to evaluate the fuel cycle cost component of
nuc)ear—gcneratgd clectricity under conditions ofv uncertainty, in which cost components
are specified by a range and a probability distribution. In particular, the nuclear fuel
cycle costs for the once-through and the recycle :-10des of a pressurized water reaclor
(PWR) were analyzed. 4

Simple nuclear core and nuclear fuel cycle economics models were used, modified to
account for uncertainty in t:hc input data. The uncertainty in cach input quantity was
represenied by either a beta or a normal probability distribution function (pdf). For the
" beta pdl, it was assumed that the range and the mode were given and that the standard
deviation was a sixth of the range. The same mode and standard deviation were used in
the case of the normal pdf. A comprehensive data base was established after an extensive
literature survey for all transaction unit costs in the fuel cyb!e, in 1980 dollars. A value
for fissile plutonium was cajculated based on the indifference value principle. Linear
statistical uncertainty propagation was used to derive the mean and the variance of the
nuclear electricity fuel cycle cost, assuming that unit costs and the capacity factor were
‘random, independent variables. In addition, a Monte Carlo simulation was performed,
assuming that the discount rate was a random variable as well, using the uniform prob-
ability transformation and standard computer subroutines to invert the beta and normal

pdfs. A computer code, ENUF, was written in Multics Fortran in order Lo implement the

..\f
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uncertainty analysis. The first four central moments were estimated from the empirical
pdfs generated by ENUF using 500 trials.

It was found that the mean nuclear fuel cycle cost of the recycle mode PWR was
slightly smaller, about 2 %, than that of the once-through PWR: an insignificant margin,

in view of the lo value assigned to the nuclear fuel cycle cost difference, which is about

12 % of the means. Nuclear fuel cycle costs were found to be about 11 mills/kWhe in

1980 dollars. Hence, the purely economic advantages of plutonium recycle into thermal

light water rcactors of current design are marginal in the short term. It was found that
lincar uncertainty propagation and Monte Carlo simulation, with beta or normal input
pdfs, both gave substahtially the same results, within 3 %, while standard deviations

were about 10 % of their respective means.

Thesis Supervisor: Michael J. Driscoll
Title: ‘ ' Professor of Nuclear Engineering
Thesis Reader: Elias P. Gyftopoulos

Title: ' Ford Proflessor of Engineering
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CORRELATING ECONOMIC OPTIMUM BURNUP

FOR LIGHT WATER REACTORS
by MARC A. DE FRAITEUR

Submitted to the Department of Nuclear Engineering, December, 1980,
in partial fulfillment of the requirements for the degree of Master of

Science in Nuclear Engineering. -

Abstract

" Large changes in the relative costs of Uranium, separative work,
fabrication and reprocessing have taken place since the basic features
'of 1ight water reactor fuel designs were established many years ago.
" Accordingly, continuing interest exists in the evaluation and optimization
of fuel management schemes.

Furthermoré, it is well known that the nuclear fuel cycle cost as a
function of the irradiation time presents a rather flat minimum. It is
the goal of the designer and the fuel manager to attain this optimum.

The purpose. of this work has been to find a relation between the value
of the optimum irradiation time (or the discharge burnup) and the various
parameters which define the economic environment, such as the cost of ore,
separative work and fabrication, the discount factor, etc.

This task is undertaken for both the once-through and the recycle
fuel cycle modes. Optimization is considered with respect to fuel cycle
cost, busbar cost or system energy cost.

Results are obtained which show the linear dependance of the optimum
irradiation upon a composite economic index that accounts for the various
parameters governing the financial environment and for the nuclear para-
meters. This linear relationship holds for both the once-through and the
recycle fuel cycle modes. Two formulas are then derived that permit the
computation of the optimum irradiation time for the busbar cost and the
system energy cost, given the optimum for the fuel cycle cost.

Thesis Supervisor: Professor Michael J. Driscoll

Thesis Reader: Professor Richard K. Lester
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APPENDIX B

COPY OF PAPER BY M. J. DRISCOLL

for the

US-JAPAN JOINT SEMINAR ON THE

THORIUM FUEL CYCLE

NARA, JAPAN, OCTOBER 1982

The paper which follows was prepared for the NSF, which is

sponsoring the US participants in this seminar. Inasmuch as a portion of-

the MIT work discussed in this paper was done under the subject contract,

and the paper provides value perspective on this contract-related work, it
has been reproduced here, the concern being that it would otherwise not be

readily available to the reader.
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A REVIEW OF THORIUM FUEL CYCLE WORK AT MIT*
M. J. Driscoll
Massachusetts Institute of Technology
Cambridge, MA 02139

Recent results are reviewed showing that in PWRs 10-20% thorium does not signifi-
cantly penzlize uranium utilization in the absence of recycle, and small uranium savings
(1-2%) accrue in selected high-burnup applications, W&gg recycle, tight-pitch PuOg/

VO3 fueling competes favorably in many respects with 2

UO2/ThO2. 1nthe LMFBR,

thorium can be used in the internal and external blankets of heterogeneous core2s3§rithout

significant penzlties to overall performance, providing a substantia)l source of

thermal reactor fueling.

U for

(thorium in PWRs; thorium in LMFBRs; using thorium to save uranfum)

1 Introduction

Interest at MIT in thorium as a nuclear fuel
dztes back to the first days of the Nuclear Engineer-
ing Department in the mjid-1850s and subsequent
efiorts [1-5] parzalleled those of major thorium-
reizted programs on the US national level. Recent
work [6-22), which is the subject of this review
pzper, bas focused on the use of thorium in light
wzter reactors in both the recycle and once-through
modes of fueling, 2nd on its use in the internal and
exiernzl blankets of fast reactors.

I Thorium in PWRs in the Recvcle Mode

As part of the NASAP/INFCE effort, work
sponsored by the U.S, ERDA was carried out to
evzluate the use of thorium in uniform pressurized
water reactor lattices {6, 7). Fuel-to-moderator
rztio was a key varieble in these studies, and the
urznium utilizztion of thorium fueled cores was
compared to that of lattices in which nranium-238
wzs the dominant fertile species.

Ap important result of these studies was the
confirmation of earlier suggestions by Edlund [23)
thzat tight -pitch plutonium-uranium fueled cores
exhibited the potential for operzation in 2 near- .
breeding regime, and the demonstration that such’
cores could compete quite favorzbly with thorium
fueled light water reactors. Work by others has
stheequently strengthened the technical foundation
upon which the design of cores of this genre can be
bzsed [24]). Eence it is now less clear that

therinm based fuel cycles are the preferred option
- for pressurized water reactors.

In this work, most of the calculations were
carried out using the EPRI version of LEOPARD
zn8 its ENXDF /B-IV-derived cross section library.
The code was benchmarked against data reporied on
some 245 critical and subcritical assemblies
culled from the literzture - 21l we could find
icvolving the fissile isotopes U-235, U-233 and
Pu-232, mixed with U-238 or Th-232, and in both
metzl 2nd oxide forms, The results (average
zbsolute error in multiplication factor .of ~0.012)
were considered adeguate for present purposes,
but uncertainties arising from the lack of significant
czta on tight-pitch cores shovld be noted. For this
work, the resonance integral representation for
therivm cdeveloped by Steen was incorporated into
LEOPARD to provide the normzalizzation it requires
fer the rezlization of satisfactory accuracy [7).
‘£lthough LEOPARD is one of the older tools of the
rezctor physicist, a recent evziuation rates it
highly in comperison with newer methods [25]. For

“Work supported by the U.S. AEC/ERDA/DOE.

whole-core calculations on the assembly level,
PDQ-7 was employed.

.The most recent round of thorium-related work
began with exploratory studies [6, 8] comparing the
uranium utilization of a2 number of fuel cycies.
focusing on key variables such as the fuel-to-
moderator ratio (volume ratio of heavy metal
oxide to H20) and the rate of growth of the demand
for nuclear energy, hence nuclear fuel. It was
found that: .

1. Under most circumstances, current lattice
designs zre close to optimum with respect to the
amount of patural uranium (and/or separative work)
needed to generate a given amount of energy;
furthermore, as the rate of demand increases, the
optimum moves closer to today's design point,

and, if fuel cycle cost is the objective function,
current designs are even more strongly favored.
This observation is particularly true of "producer"
(i, e, U-235/0U-238 fueled) cores,

2. State-of-the-art computations confirmed the
theoretical expectation [10) that neutronically
eguivalent oxide and metal-fueled lattices can be
devised, and that their inherently different linear
power capabilities (kw/f) are likewise irrelevant
to ore usage., Hence the vuse of metallic thorium
{fuel in LWRs should be decided on other grounds,
such as LOCA behavior.

3. While the thorium fuel cycle (U-235/Th-232
recycling U-233 in Th-232) is superior with regard
to U3Og utilization, it exhibits higher fuel cycle
costs, and becomes less attractive in both respects
as the growth rate increases (2s it must, particu-
larly for a new fuel cycle during its market pene-
tration phase). The bias in favor of thorium use
inherent in comparing alternztives under zero
growth/steady-state scenarios (or, eguivalently,
on & single-reactor basis) is often left unstated.

4. 1t is important for many reasons to decide
whether U-233 is to be integrated with, or segre-
gated from, the U-235 used to "fire-up" the fuel
cycle; in later work we chose to recycle plutonium
into thorium to produce U-233 for subsequent
recycle into thorjium. This obviates the need for
commercial traffic in highly enriched urznium
(which now zppears to be gaining acceptance as a
szfeguards convention), postpones the need for
reprocessing thorium-containing fuel, and leaves
discharged U-235 free of U-233, and hence accept-
able as feed to a separation plant for re-enrichment,
Segregated recycle zlso permits separate optimiz-
ation of the various lattice designs involved. It is
also importam to decide whether single or multiple
pass recycle is intended - the former {s hardly
worthwhile for thorium systems.

Ve
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-2.
Uranium System Thorium System
"U’l" llTh_l" |lTh-2ll
U-235. U-235 U-235
U-235IU02 f ' U-235’Th02 U-235/U02
Pu U-233 Pu
4 Pu 4 U-233 - Pu
PuIU02 U-233!Thozj I PulTh02
U-233
U-233
U—232/Tb02

Variations Examined:

(2) oncé-through mode (no recycle).
(b)  uranium recycle only and recycle of both U and Pu.
(e}  0-10% system growth rates (0% E single reactor basis).

(d)  both one-pass recycle and recycle to extinction.
(e) both segregated and integrated recycle of U-233/U-235,

Fig. 1

5. This work also demonstrated the importance of
applying practiczl ground rules for concept evalua-
tion. 1ln particular, using the overzll system cost
of electricity mills/kwhre (busbar plus replacement
energy costs), as the primary objective function,
was found to favor burnup as high as 60,000 MWD/
MT, whereas optimization to minimize nuclear fuel
cycle cost alone, or to minimize vranium consump-
tion typically favor much lower burnup. For
example, both uranium and thorium fueled reactor
systems in the recycle mode show.minima in their

natural uranium requirements around 15, 000 MWD/ .

MT, and even lower values would result if reproc-
essing losses could be reduced.

6. TUnder representative economic conditions, the
premium value of U-233 as 2 thermal reactor fuel
was confirmed. Indifference valves of U-233,
fissile plutonium and hightly (23%) enriched U-235
were established in terms of the price of ore,

£/1b T3Og, 2nd the cost of sepzrztive work,

S$/Kg 1’5 (8):

CU-233 = 0.678CU308+ 0.318 CSWU -13.72 &lg
CPuf = 0.578 CU308+ 0.178 CSWU = 13.808/g

C = 0.400C +0.236 C

s
U-235 U404 swy - Sle
These values include cost penalties for fabrication
and reprocessing - aspects in which U-233 ranks

.unfavorably [9].

Figure 1 shows the reactor systems evaluzted,
Tzbie 1 presents selected results from Ref. [8],
and Table 2 compares the fina} reactors in the U-1
and Th-2 svstems, as their fuel-to-moderator
ratio is varied. As can be seen, tight pitch Pu/
UOy cores can surpass (in large part due to U-238

Coupled PWR systems evaluated.

and Pu-240 fast fissjons) the neutronic performance
of their 3U’Th02 counterparts for sufficiently
‘arge fuel-to-moderator ratios. While a high
plutonium inventory is incurred (because the
absorption resonance integral for Pu-238 is 2 factor
of two smaller than that of U-233), this may not be
prohibitive, considering that fast breeder reactors
will apparently not be competing for this fuel in
large numbers for many decades,

Some caveats are to be noted with regard to the
results reported in this and the following section.
Our focus was, for the most part, on fuel assembly
designs and fuel management strategies which would
be retrofittable into current PWR units. In
perticular, we did not re-examine in any detzjl the
seed and blanket concept embodied in the Light
Water Breeder Reactor, zs employed in the recent
core configuration tested in the Shippingport PWR,
Furthermore, in Table 2 the inferior performance
of the thorium system is attributzble to the
mediocre neutronics of the Pu/Th02 lattice, and not
the U-233/ThO, fvel cycle per se.

II1 Once-Through Mode of Operztion

As the NASAP/INFCE programs progressed, it
became clearer that commercial reprocessing might
well be deferred longer than originally anticipated,
and sttention turned more to extended burnup on the
once-through fuel cycle. The projected uranium
savings from high burpup of on the order of 15% in
the near term, and perhaps double thzt in the far
term, clearly reduce the incentive for introducing
thorium and recycling spent fuel - which, as already
noted, achieve maximum Ua0g conservztion at quite
short burnups (~ 15, 000 M%VDBIMT). The fact that
overall svstem energy costs typically decrease
monotonically with burnup 21so mezns that, in some
respects, thorium fueled systems zre being forced
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Table }

. )
Imvportant Results for 0 and 10%/Year

Growth Rates - Full Recycle

A. Zero Percent Per Year Growth Rate (i.e., Single Reactor Case)

Fuel Cvcle

Fuel-to-Coolant

System Ore Usage

% Savings Over

(full recycile)

Volume Ratjofl) ST U0, /GW (e)yr(2) |28y £ Once-
— 378 Through PWK

1. Uranium Present-day lattices. 182.0 -
(Once-Through) :

2. TFully enriched Present-day lattices. e1.¢ 4¢.5
Uranium/Thorivm
(full recycle)

3. Uranium Cycle Present-day lattices. 111.2 38.9
(full recycle) : .

4., Fully enriched Tight lattice (producer). 77.5 57.4
Trenium/Thorium Very tight lattice .
(full recycle) {consumer).

5. Uranium Cycle Tight pitch (producer). 100.8 44,6
(full recycle) Present-day lattices

(consumer).
B. Ten Percent Per Year Growth Rate

1. Uranium Present-day lattices. 222,2 -
(Once-Through)

2., Fully enriched Present-day‘lattices. 154,3 30.6
Uraniem/Thorium
(full recycle)

3. TUranium Cycle Present-day lattices. 152.8 31.2
(full recycle)

4., Fully enriched Present-day lattices 148.6 33.1
Uranium/{Thorium (producer), Tight
(full recycle) lattices (consumer).

5. Uranium Cycle Present-day lattices. 152.8 31.2

(I)Cycles 4 2nd 5 are optimized mixed VI-‘/VM systems - tight lattice refers to VF/VM = 0.9161.
Very tight lattice refers to VF/\’M = 1,497,

@)p,,

GW(e)yr (rated) at 75% capacity factor, 0.2% tails.

,\{

v
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Table 2

Core Chzracteristics as a Function of Fuel-to-Moderator Ratio

Svstem Ore

F/M Reload Enrichmeﬁt Consumption

Conversion Ratio

w/lo Cycle-Average ST U;0,/Gwe - yr
'(3-233/'[‘}102 Pu/U02 U-233[Th02 PuIU02 U-233/Th02 Pu/U02
0.5 2.8 2.7 0,76 0.72 103 106
1.0 3.0 6.2 0.82 0.85 100 90
2.0 4.2 8.4 0. 87 0.84 29 71
3.0 5.4 8.8 i 0.91 0. 988 96 44
BASIS:

(a) 75% capacity factor, 0.2 w/o tails, 1% losses in reprocessing and in fabrica-
tion; successive recycle to extinction with worth-weighting for isotopic com-

position. On the same basis the once-through PWR would require

167 ST U O {Gwe « yT.
(b) Initial xsotopxc compositions:
"yg-233":

9] w/o U-233, 8 w/o U-234, lonU 235,

"Pa": 54 w/o Pu-239, 26 w/o Pu-240, 14 w/o Pu-24], 6 w/o Pu-242

(c) System vranium consumption pertains to use of the subject reactors in com-
plete systems, namely the thorium system U- -235/UOy: Pul/ThOjz: U-233-ThO,

2nd the uranium system. U-235/U05: Pu/UO,.

A1l cores use 3-batch fuel

manzagement, discharge fuel at 33, 000 MWD/MT and (except for the final core

in esch sequence) have F/M = 0.5,

to compete under increasingly unfavorable ground
rules,

Thus an evzluztion was undertaken to ascertzin
whether the selective use of thorium on the once-

through fuel cycle might be attractive in PWRs [12].

Tzble 3 summerizes the potential improvements in
uranium utilization available {rom the various fuel
manzgement schemes analyzed in this work. Note
thzt the szvings from a composite core, employing
some combdinztion of strategies, would, in genersl,
be less then the 2lgebraic sum of tbe savings from
ezch individuzl innovation.

O-. the basis of these results, attention is
czlled to the following points:

1. The imtrodoction of thorivm in PVvRs on the
once-through fuel cycle offers, for the most part,
crzrium savings which can be equaled (and
freguerntly exceeded) by the deployment of op’uons
thzt zre =x-npler to xmplemeﬂt re-use of "spent”
fuel, in pf:ncu\;r.

2. This conclesion must be tempered by the
orservation that in 2 recvcle mode of operation
(which is recommended znd znticipzted by most
fuel cycle engineers), the premium U-233 fuel bred
in the thorium blankets would be z valuable asset.
Vhile urznivm savings Irom using thorium are
sm=ezll, it is 2lso true that up to 15 or 20 percent
therivm cen be introduced into PWR cores without
incurring a l;rge penzlty in uranjum utilization.
Thes'if 2 policy decision were made 1o build up an
irverntory of U- 2233 25 a prelude to future deploy-
tment of the thoriem cytle in the recycle mode, this
coucld be cone if the retultmg core des;gns met 2]l
licezsing margins (2n issue not addressed in the
subject werk, and an obvious priority area requir-
irg znerzﬁicn).

3. Theriem pins strategicelly placed in vranium
fuel zssembdlies (e. g. at essembly corners and

The system growth rate is zero.

next to water holes) deserve investigation in more
detail. Such a scheme has the potentizal to locally
fmprove power peaking, and may be pzrticularly
useful in low-leakage schemes. GE researchers
have already shown this strategy to be advantageous
in BWRs.

4, As the ultimzte burnup capability of LWR fuel
and the fuel management practices of utilities
become better defined, the practicelity of introduc-
ing thorium should be re-evaluated. In general,
the attractiveness of thorium increases 2s the burn-
up and cycle-length are increesed. Thus, if LWR
burnups as high 2s 70 or 80 GWD/MT could ever be
contemplated, 2and if cvcle-lengths 2s long as 18 to
24 months gain favor, thorium might find & place in
the LWR once-through cycle.

5. The smzller fuel assembly option, with the
concurrent deployment of thorium radial blankets
should be evaluated in more detzil and other aspects
related to its eventuzl deployment should be investi-
gated: economics, thermeal-hydraulics, effect on
burnzble poison requirements, effect on refveling
down-time, etc.

All-in-2ll, the use of thorium in PWRs prior to
recycle appezrs to hinge more on policy decisions
than technological incentives or impediments.

IV  Fast Reactors and Thorium

In the area of fast reactor physics, work
involving thorium was carried out in both the
znalytical and experimental areas. On the compu-
tational level, internal 2nd externzl blznkets of
thorium were evzluated for use with conventional
plutonium-uranium driver fuel, and to z lesser
extent, with U-223/Th-232 cores [14). It was
found that thorium could be substituted for depleted
urzniem without substantially degrading overall
performance. Table 4 summarizes some of the

[NRYS
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Table 3
_ Potential Uranium Savings for Selected PWR Fuel Management Strategies
Emphasizing the Use of Thorium in 3 Once-Through Fuvel Cycle

Yo it
Strategy &?_i%&sg‘ Comments R
1. Thorium Internal Blanket (CB)® < 0.5% The use of blanket assemblies having &
“(BB)® ~ 3% different Vg /Vy\ from driver assemblies

may be problematic from a thermal-
hydraulic standpoint,

2, Spent Fuel Internal Blanket {HB) 3% In the steady-state this corresponds to

: adding one more reload batch in the core,
in which case cvcle length is shorter,
other things being equal.

"3, Thorium Radial Blanket® (CB) ~ 1% Power-peaking in the core interior may
: (HB) ~ 6% force less than optimal deployment. (See
) also comments on strategy #1.)
-4, Natural Uranium Radiz) Blanket® (CB) ~ 2% Should be possible to get somewhat higher
. (HB) ~ 4% savings through blanket lattice optimiz-
ation,

5. Low-Leakage Fuel Management (CB) ~ 4% Potential power-peaking problems.in
(using oldest fuel batch) (HB) ~ 5% core interior; burnable poison required.

6. Spent Fuvel Rzdia) Blanket® (CB) ~ % Best radizl blanket materizl, Corres-

’ (HB) ~ % . ponds to adding one more reload batch to
" the core and using oldest batch on core
periphery.

7. Thorium Pins Uniformly Dis- (CB) negative Selective use of thorium pins for power
persed Within Uranium Fuel (HB) o shaping within uranjum assemblies should
Assemblies ~ew be considered, 2s has been proposec for

BWRs. ) .

8. TReconstitution/Reinsertion of (CB) ~ 5% Assumes exogenous source of recon-
Thorium Assemblies as Radial (HB) ~ ™% stituted assemblies. Uranium utilization
Blanket is fairly insensitive to pre-reconstitution

. burnup.
¢, Spectrzl Shift Control for 3-Batch (CB) ~ %% Savings increase 2s number of reload
ANl-Uranium Core batches is increzsed (at fixed fuel enrich-
ment); mechaniczl or H20/D20 spectral . L
, shift is difficult to implement. ’
10, Spectral Shift Con‘trfl for Cores (CB) ~ 14% Spectral shift control is difficult to
Contzining Thorium implement in practice. Quoted savings

: are an upper limit.

11. Smszll PWR Fuel Assemblies in (CB) ~ 4% Savings compzarable to those in strategy
Low-Leakage Cores (with oldest (HB) ~ 5% #5. Reduced power peaking.
bztch on periphery)®

12, Smzll fuel Assemblies with (CB) ~ 5% Reduced power peaking.

' Thorium Radjal Blanket® (HB) ~ 8%

2an szvings for steady state once-through operation (no recycle).

bCB e Current Burnup PWR (3-batéh core, discharge burnup ~30 GWD/MT).

EB = High Bornop PWR (5-batch core, discharge burnup ~50 GWD/MT).

dSavings relztive to Out-In/Scetter all-uranium reference cores.

€Compzred to reference cores having regular PWR zssemblies and Out-In/Scatter fuel management.

IComp:_red to zll-urznivm PWR 2zt fixed VF/VM.




differences identified in this work. The results in
this table apply to external blankets only; in Ref.
[15) internal thorium blankets are shown to reduce
the burnup reactivity swing at the expense of a
slightly higher fissile inventory. The beneficial
svnergism of LWR and LMFBR fuel cycles trading

. plutonium and U-233 was also quantified; Fig. 2
shows the savings in terms of a reduction in FBR
fuel cycle costs [14].

In the overall scoping studies [15), seven com-
binations of reactor design and fuel cycle were
examined: homogeneous cores having PuO2/UO
driver and blanket assemblies, the same core with
thorium external (radial and axial) blankets, and
the latter case but with PuO2/ThO, driver assem-
blies in the core; and heterogeneous cores, includ-
ing PuO2/TO5 driver fuel, first with depleted
uranium internal and external blankets, then with
three variztions - thorium external blankets,
thorivm internal 2nd external blankets, and finally
2 case in which BeO was added to the thorium
internal blanket. All of the internal blankets were
of the axizl parfait type, but most of the system
characteristics are also representative of the more
common heterogeneous cores using radizl internal
blankets.

The use of internzl thorium blankets was found
to increase U-233 production by 2s much as 50% -
z considerable benefit if crossed-progeny fuel
cycles coupling fast 2nd thermal reactors are con-
templated. .

Fast breeder cores vsing Th-232 in both the
core and blankets were found to have such poor per-
formance that one can scarcely recommend them
over thorium cycle light water reactors optimized
for breeding performance.

The experimental work carried out in the
blanket test facility at the MIT Research Reactor,
wzs zimed primarily at quantification of self- -
shielding phenomenz at materjal interfaces, It was
found that at 2 thorium/uranium interface, fertile
czpture rates zre nezrly doubled over those in the

mmediate interior becavse of the scattering source
of unshielded neutrons incident on each of the
cdiecimilar zones [16,17,18). This may pose
specific design problems because of the conseguen-
tizl more rapid fissile accumulzation in interface
pins,

Our most recent work has involved a core
design concept znd fuel management strategy desig-
nzted ""breed/burn', in which thorium internal
blanket 2ssemblies, after U-233 is bred in over
several cycles, are shuffled into a2 zirconium
kycéride moderzted radizl blanket znd/or central
islznd [18). Cores of this genre can reduce core
pictonium inventory by as much zs 30%, fuel cycle
cost by 20-40%, totzl reprocessing requirements by
50%, a2nd the transportztion/reprocessing of
plutocium-bezaring assemblies by 60%. Thus the
breed/burn system is a useful addition to the FBR
designer's repertoire of variations which can be
zccommodated in the same core grid configuration.

V  Thorium Use in HTGRs and
Fusion-rission Hvbrids

Much less work has been done 2t MIT on the use
cf thoriuvm in high temperzture gas-cooled reactors,
except to confirm the well-known particular suit-
zbility of these systems for the U-233/Th-232 fuel
cyele [20,21). However, work is now in the
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planning phase for a project having as a major sub-
task the evaluation of small HTGRs as a candidate
system for meeting future energy needs. 1t is the
current perception of the author that fueling with
low enrichment uranium may be selected for the
reference design, purely on pragmatic grounds.

Some interesting work has been done on the use
of thorium as a2 blanket material for a fusion
reactor used as a source of neutrons to breed fuel
for {ission reactors [22]). It was found that a
molten salt concept offered the best overall com-
bination of characteristics for this class of applica~
tions. While not explicitly investigated, many of
the same considerations should apply to the blanket
zones required by accelerator-driven spallation
source fuel breeding devices,

V1 Comments and Conclusions

Technical disincentives and institutional
barriers to the near term use of thorium in the light
water reactor fuel cycle appear to be more impos-
ing than perceived just a few yvears ago. In
particular, when viewed on the basis of overall dis-
counted system costs, especially during the initial
growth phase, the thorinm fuel cycle is more
expensive than the uranium cycle until U3Og prices
substantially exceed 100 $/1b in today's dollars. 1In
addition, the safeguards prejudice agzinst commer-
cial traffic in fully enriched uranium 2pparently
rules out the most efficacious route to the intro-
duction of thorium (viz U-235/Th-232 fueling). (In
the opinion of the author there appezars to be 2
logical inconsistency in this prohibition, if plutonium
and/or undenatured U-233 recycle is to be permit-
ted.) 1In any event, the recycle of plutonium/
uranium in tight pitch lattices offers breeding per-
formance characteristics which are compezrable.
Given these circumstances, the current surplus of
enrichment capacity, and the orospects of less
expensive future technology (proponents project
coste as low as 40 $/k ‘U for laser-isotope-
separation) also foster perceptions that the all-
uranium fuel cvcle will remain competitive in the
long run, 2s does the emphasis on ever higher
burnup and longer cycles for LWRs.

Of the variations examined in the present work.
the most attractive use of thorium appezars to be in
the internal and external radial blankets of hetero-
geneous LMFBR core designs. Thorium can be
introduced in this manner without penzlizing the
breeding (or other) characteristics of the LMFER to
any significant extent, while crezating a beneficial
synergism between the LWR and LMFER fuel cycles.
Unfortunately, this scenario postpones the extensive
use of thorium for many decades. Given a commit-
ment to the eventuzal use of thorium it would appezr
that the introduction of thecrium into the once-
through LWR to the extent practicable, znd Puf
Th-232 recycle in LWRs, should be encouraged as
the guickest and least onerous zpproach to acquisi-
tion of a technological base upon which to build a
more widespread thorium fuel cycle.
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Table 4
Summary of Differences in Svystem Phvsics Characteristics
Between Uranium and Thorium Blanketed (Radial and Axial)

LMFBRs
. ‘et Beginning-of-Life Ratio
System Characteristic Thorium System/Uranium System
Core fissile loading T 1. 040
Control requirements 1.083
Central core sodium void coefficient 1.028
lsothermal Doppler coefficient 0.910
Doppler power coefficient 0. 838
Adizbatic power coefficient : 0. 958
Delayed neutron fraction, B : 0. 881
Prompt neutron lifetime, A 0. 888
1.6 T T T T 7 T T I L T :
U=~233 Values A R !
3 A -8 8/g
T 1.4 B -10 §/g B .
z : c -12 $/g
S D -14 $/g c .
- - E -16 $/g =
~ T -18 $/g
- D
= 1.2~ —
) = U
% Best
£ 1.0~ F -
=
- - L Th ]
S Best -
§ D.S. ~ b
K - U-238 Blanket -
8 System (Break-Even
0.6 Line) —
(3]
-
)
S L -
© Range of Current(1873) .
T 0.4 Economic Cenditions -
bt
b = -t
°
v
e 0.2~ -
=]
=
-t -~ -
]
g ] | i | | ! | 1 1 1
€ 8 10 12 14 16 18

Value of Fissile Pu ($/g)

Fig. 2 Econemic Comparison of Thorium and Uranium
Blankets for a 1000 MWE LMFBR,
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1. Introduction

This is the final, and final monthly, report under the
subject contract. In addition to summarizing work done since
the last monthly report (1), a brief synopsis of all tasks
investigated during the course of the project will be presented.

Primary documentation for all results resides in the topical
reports.issued by the project, copies of which are available
through NTIS. Supporting efforts in the form of otherwise
unpublished MIT theses are also available; a specimen order
form is appended. '

(1) -LWRCD-19, Evaluation of Tmproved Light Water Reactor
Core Designs, Monthly Progress Report, August 1978.

Ny
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2. Synopsis of Overall‘Prdject Effort

The precursor contract which evolved into the present effort

began in May 1976 as one component under a block grant to the

MIT Energy Laboratory by DOE (then ERDA). The initial focus
was on re-evaluation of the use of thorium in light water reactors
(obvicusly in the recycle mode). From the beginning the emphasis
was on uniform lattices, as opposed to the seed-and-blanket con-
figuration of the LWBR under development by Naval Reactors.
Attention was also concentrated on performance improvements
achievable through variation of the fuel-to-moderator ratio.
Another feature of this early effort was the use of standard and
~tight-pitch PWR core designs on the uranium/plutonium cycle as S
benchmarks against which the thorium designs were to be eval-
uated. Finally, the prospective use of tight pitch cores also
required an examination of -thermal-hydraulic constraints on core -
performance to define an allowable envelope boundlng the physics
~and fuel management 1nvestlgatlons

As the contract progressed, the evolution of national and
international policy, as reflected in the NASAP and INFCE.
efforts, led to a parallel re-orientation in the relative
emphasis placed on the various subtasks within the MIT project.
Accordingly, over the last 18 or 20 months, attention has been
re-focused on the once-through uranium cycle, on a wide spectrum
of measures to reduce ore consumption, and on concepts having
retro-fit capability. Since it was established early-on that.
today's fuel-to-moderator ratios were near optimum for this
purpose, there was also a corresponding diminution in the
attention given to thermal-hydraulic concerns..

This historical perspective must be appreciated if one

is to extract a sense of purpose from the otherwise diverse

series of subtasks reflected in the project's published record.
Appendix A contains reproductions of the abstracts from major
topical reports and theses completed under project sponsorship,

and Appendix B is a more complete bibliography of all publica- P
. tions associated with the project's efforts.- Some of the listed =~ -+~
students were supported in whole or in part by project funds, N
while others were self (or foreign-government) supported.

2Although both general and specific conclusions are presented o
“in the revorts, theses.and publications listed in Anbendlces.A ez

‘and B, it is of some use to review some of the major flndlngs here,'
if for no other reason than to provide an overview. 1In retrospect,
the following points now appear to have the greatest significance:

(1) The effort to improve upon ore utilization
- .. ~divides naturally into two almost diametrically _. e
- opposite strategles ‘depending on. whether the ~%'fi R

e emerme PP - —— e -
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in the former case ‘tight-pitch cores and only
moderate dlscharge burnups are to be preferred
(Correa) ; while inthe latter case, conventional
“lattice designs and long burnup are optimal (Fujita).

(2) Thus, thermal-hydraulic considerations (and the
necessary plant redesign) are only of concern
if advanced recycle cores are contemplated. For
programmatic reasons alone this area would only be‘
of long term interest--following extensive experience
"with recycle into more conventional cores. We can
therefore separate discussion of these aspects from

-~ the more immediately interesting topic of improving - - - -

ore utilization of the once-through fuel cycle.

(3) In the once-through mode the most productive approach
to increasing ore utilization lies in increasing fuel
burnup and the number of staggered batches in the
core; additional improvements can be achieved by the
careful accretion of savings from a large number
of changes in core de31gn, material comp051tlon and
operating strategy.

(4) 1In particular, the use of routine coastdown (Driscoll
et al.) and axial blankets (Kamal) give modest,
but easily-realized improvements. = (The verdict is
- still out on radial blankets for PWRs.)

(5) If and when recycle becomes of interest, tight-pitch
plutonium-uranium cores appear to be able to compete
successfully with U-233-thorium cores in terms of
conversion ratio (Correa) and fuel cycle economics
(Abbaspour). A weakly negative temperature/void
coefficient may pose difficulties, however.

(6) As regards economics (Abbaspour), the objectives of.
, ore conservation and lowest fuel cycle cost are
" _ - generally compatible, particularly for the once-
o " through cycle. - Tight pitch cores show little .
overall short-term economi¢ incentives (or dlSlncentlve)
(Correa). 1In the long term the lower cost of ore should
be taken into account: a start on characterization
of this relatlonshlp has been made (Ghahramanl)

e . e e s K

(7) Although most of the effort was focused on 1nd1v1dual
: reactor performance, some overall system's considera-
tions were investigatéd (Garel). The main finding
was that reactor inventory could play a dominant

role in a rapidly growing nuclear economy. Recent

experience, however, suggests that growth will be‘ ‘,1f-ﬁ37’

.- slow enough to mlthate thlS concern . AnOuher R

*Names in parentheseS-refer to principal authors of topical -=.°

reports and theses dealing with the points at issue.
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important finding (Abbaspour) was that system

costs should be considered (instead of merely

the fuel component), since refueling downtime

and replacement costs shift the optimum burnup
toward higher values for both the once-through

and recycle modes. A related negative consideration
is that the same driving force may motivate utilities
to adopt 18 month refueling intervals instead of
increasing the number of staggered fuel batches in
the core. This would reduce the savings achieved
by 1ncrea51ng fuel discharge burnup.

Concurrent.with core physics and_fuel management investigations
of tight pitch cores in the recycle mode, an investigation of the
thermal-hydraulics has also been conducted. Preliminary parametric
studies indicated that decreasing the pitch affected the core
pressure drop more than either MDNBR or fuel centerline temperature.
WABCORE, a single channel thermal-hydraulics code, was developed
for the purpose of investigating tight pitch lattices (Boyd). Various
schemes for reducing P/D were analyzed, resulting in a better under-
standing of the interrelationships between geometric and thermal-
hydraulic parameters. A design study on the thermal-hydraulics of
ultra- -tight pitch cores was performed, resulting in an optmized
core design which could be substltuted into an existing PWR with
some modification (Griggs). A transient analysis of the optimized
ultra-tight core was performed for a loss of plant power with
failure to scram (Sigg). This analysis was performed with the
loop code RELAP3B and gave insight into the impact of the new core
design on the accident behavior of a tight-pitch plant. A LOCA
analysis of the ultra-tight pitch core was considered for inclusion
in the design study, but proved to be cost prohibitive. Work was .
done to find a simple relationship among basic core design parameters
such as MDNBR, pressure drop, temperature rise, fuel rod diameter
and core length which could then be used in assessing new core
designs. Data was generated for this purpose by the WABCORE code,
and curve fits to the simple expressions were performed

In conclusion, the work conducted under this research project = .
. has developed information whlch supports in all respects the U. S. - S
position évolved under the NASAP/INFCE. programs with respect to

the near and intermediate term potential for ore conservation in

LWRs on the once-through fuel cycle. Moreover, in the even longer

term, we have confirmed that contention by Edlund and others . -
“that tight-pitch Pu/UO2 PWR cores can achleve conversion ratios WthhA4.
may allow these reactors to provide & competitive energy 'source far
1nto the ore-scarce post- 2000 era.

Scome work necessarily remains undone. Refinement of various
leads uncovered in the current studies are recommended, partlcu—
larly with respect to the use of blankets on PWRs; and, in addition, -:-
a continued effort to effect cycle reactivity control w1;hdﬁ£'the. _
use of control poison shculd be made, since the;eln lles one of. tne,.n.

greatest potentials forfurther ore savings.-
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3.0

The section which appears here in the original draft has been
deleted, since it was an incremental update on bimonthly progress.
The subject in question, axial power shaping, has been dealt with
in two publications which summarize the entirety of the MIT effort
from a broader perspective:

A. Kamal, "The Effect of Axial Power Shaping on Ore
Utilization in Pressurized Water Reactors", S.M.
Thesis, MIT Nuclear Engineering Department,
January 1980. '

M. A. Malik, A. Kamal, M. J. Driscoll and D. D. Lanning,
"Optimization of the Axial Power Shape in Pressurized
Water Reactors", DOE/ET/34022-2, November 1981.

‘Similarly,.the following two sections - a list of then-current
project staff, and monthly budget - are now dated, and have also
been omitted.

BRYS
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Appendix C/A

Abstracts of Major Topical Reports and Theses

The following compilation contains abstracts of the topicalre-
ports and major-theses issued under projéct auspices. _All topical
reports are also available as theses, submitted by the principal
"author in each instance. Topical reports are available from
NTIS; theses are available from MIT under arrangements as
specified in the attached order form. _

Not - abstrac;ed here are two theses still in the rough-
draft stage:

A. Kamal
"The Effects of Axial Power Shaplng on Ore

Utilization in PWRs" (tent.)
SM Thesis, MIT Nuclear Englneerlng Dept., Nov.
(est.)

1979

D. Griggs
"Steady State and Transient Therna‘-Hydraullc

Design of an Ultra-Tight Pitch Pressurized Water
Reactor Core" (tent.)
Nucl. Eng. Thesis, MIT Nuclear Eng. Dept., Nov. 1979
(est.) ,
: These theses will be available shortly after submission
under the same condltlons as the other unpublished MIT theses

listed here.

Abstracts of these two documents have now been
added.

Postscript:
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Ali T. Abbaspour

THE FUEL CYCLE ECONOMICS OF IMPROVED URANIUM UTILIZATION
IN LIGHT WATER REACTORS

ABSTRACT

A simple fuel cycle cost model has been formulated, tested
carisfactorily (within better than 37 for a wide range of cases)
vsing 2 more elaborate computer program, and applied to evaluate
a veriety of PWR fuel cyclesand fuel management options, with an
e=phasis on issues pertinent to the NASAP/INFCE efforts. The
vrenium 2nd thorium cycles were examined, lattice fuel-to-moderator
#nd burnup were varied, and once-through and recycle modes were

- examined.

"It was found that increasing core burnup was economically
advantageous, particularly if busbar or total system cost is
considered in lieu of fuel cycle cost only, for both once-through
a2nd recycle modes, so long as the number of staggered core batches
is increased concurrently. When optimized under comparable ground
‘rules, the once-through fuel cycle is competitive with the recycle
option; differences are well within the rather large (+ 20%) one
sigze uncertalnty estimated for the overall fuel cycle costs by

propagating uncertainties in input data. Optimization on mills/kwhre
‘2nd ore usage, tones/GWe,yr, are generally, but not universally,
cozpztible criterisa.

.To the extent evaluated, the thorium fuel cycle was not found
to be economically ccmpetitive. Cost-optimum thorium lattices were
found to be - drier than for current PWRs, while cost-optimum uranium
lattices are essentially those in use today. The cost margin of
rcaloy over stainless steel decreases as lattice pitch is decreased,
to the point where steel :clad could be useful in very dry cores where
its superior properties might be advantageous.

Increasing the scarcity-related escalation-rate of ore price, or
the 2bsolute cost of ore, does not alter any of the major conclusions
~2lthough the prospects for thorium and recycle cores improve somewhat.
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ABSTRACT

- QUT-OF- REACTOR ASPECTS OF THORIUM UTILIZATION
IN LIGHT WATER REACTORS '

by
- Fereydoon Abtahi

Submitted to the Department of Nuclear Engineering
on July 12, 1977 in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy

Out-of-reactor aspects of the Th/233U fuel cycle in
light water reactors are compared to the-present uranium-
- plutonium system. The study shows that:

1. Although the extent of thorium reserves is not well-
known, future demands should easily be satisfied.

2. Radiation due to daughters of U-232 in irradiated
fuel is a major problem in the fabrication stage of the thorium
fuel cycle.

3. Fluoride-induced corrosion during the storage of the
nuclear waste and difficulties in waste glassification due
to aluminum loading of the waste are potentially major prob-
lem areas in th§33horex Process.

4, The Th/"°°U cycle has lower long-term (i.e., acti-
~nide) thermal decay heating, and lower airborne hazards than

uranium-based fuels.' ’

5. The Th/233U cycle haes a lower risk of diversion then
the uranium fuel cycle because of penetrating radiation due -
to daughters of U-232 in irradiated fuel.

6. While the similarity of the Thorex and Purex processes
as regards eguipment reguirements, and the apparent reguire-
ment that Pu-bearing fuel may also have to be fabricated by
remote methods suggest that the same facilities can, in
principle, be used for the two fuel cycles, one must consider
the consequences of contaminating uranium fuels with U-232.
The present <0.110 ppm U-232 (U-235-basis) limit set for
diffusion plant feed will be violated if relatively small
amounts of thorium-based fuels are mixed with uranium-based
fuels. This would prevent recycle of spent uranium through
enrichment facilities.

The assessment concludes by recommending that:

1. Better cross section data are needed to determine
more accurately the U-232 buildup in irradiated fuel. Test
irradiation of several fuel pins in a LWR would also be
helpful. A .

2. The Thorex Process should be re-examined with respect
to fluoride-induced corrosion during storage of the wastes

. '\[
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and difficulties in waste'glassification due to aluminum
loading.
2

3. Lattice redesign should be investigated to fully

exploit thorium's advantages,from an ore utilization aspect.

4., The 0.110 ppm U-232 (U-235 basis) criterion for
diffusion plant feed needs to be re-evaluated; if dual pur-
FOse reprocessing and fabrication facilities cannot be used
then the case for thorium utilization may be weakened, or,
at the least, the introduction of thorium into the fuel
cycle may prove more expensive than envisioned.

5. And finally, methods for quantification of the pre-
sumed safeguards and safety advantages of using thorium/
U~-233 must be developed to permit rational assessment of,

the need for, and pace of its introduction into the fuel
cycle.

Thesis Supervisor: David J. Rose
~ ‘ Professor of Nuclear Engineering

Thesis Supervisor: Michael J. Driscoll

Associate Professor of Nuclear Engineering

Thesis Reader: Manson Benedict
Institute Prqfessor

Y
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GENERATION OF FEM GROUP CRCSS SECTIONS FOR TrERMAL REACTORS
USING FAST REACTOR VETHODS

by
Habib Aminfar
Submitted to the Department of Nuclear Engineering on May 11, 1978 in partial

.fulfillment of the requirements for the degrses of I.aSue” of' Sc1ence in
Nuclear Enginesering and Nuclear Enoincer

| ABSTRACT

Epithemai (>0.6 ev) cross sections prepared using thermal reactor |

(LEOPARD) and fast re2ctor (ANISN) preparation codes are comparad for PWR
lattices as a function of fuel-to-moderator ratio. The fast reactor approach
~ 1s based on the shielding factor (f factor) method and a new equivalence
theorem relating the background cross section per shielded nucleus, g, in
‘heterogensous and homogenesous unit cells.

Systerztic (lu."EI"E"‘CE: of 5% to 10% in fissile and fertile absorpticn
cress sections are found above 5 Kev, and discrepancies as large as 30% in.
fissile cross ssctions are evident between 0.6 ev and 5 Xav. Although
sensitivity studies of the effect on the overall multiplication factor .
indicate that the differences are self compensating to 2 considesrable degree,
reasons are developed for preferring the fast reactor m%hodology

It is concluded that the fast reactor method can be adapted to serve
both the th,rmal and fast applications given a mcdest arrount of addltlonal
: work. ; .

Thesis Supervisor: Michzael J. Driscoll

Title: Associate Professor of Nuclear Engineering-
Thesis Reader: - David D. Lanning

Title: = - 7 - Professor of ‘\'ucle& x:.ngmeormg

T e e
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SPECIFIC iNVENTORY AND ORE USAGE CORRELATIONS
FOR PRESSURIZED WATER BY REACTORS

by
BAEMAN ATEFI

Submitted to the Departmentof Nuclear Engineering
on May 16, 1977 in partial fulfillment of the requirements
for the Degree of Nuclear Engineer

~ ABSTRACT

Motivated by recent interest in the use of thorium,
recycled and pernhaps denatured U-233, and better ways of
recycling plutonium in light water reactors, the present
- woerk develops methods having a strong foundation in experi-
mental data for estimation of the fissile enrichment required
to fuel lattices composed of combinations of fissile (U-235,
U-233, plutonium) and fertile (U-238, Th-232) species.

Simple models are developed for the variation of
epithermal-to-thermal reaction rate ratios with the fuel-to-
moderator ratio of LWR lattices, confirming the observed
linear relationship observed in experimental data for fertile
capture ratios (e.g., pog) and fissile fission ratios (e.g.,.
62§). These models are then used to adjust fertile resonance
infegrals and moderator downscattering cross sections in a
two-group model to fit the observed data. The models also
permit generation of results for fissile/fertile mixtures
for which experimentel data. is lacking. Two group theory
" can then be used to generate clean critical lattice enrich-
ments; the results also permit collapsing cross sections to
one group for subsequent calculations.

Relations for the amount of beginning-of-life over-
enrichment necessary to sustain a given amount of burnup
are then developed and used to correct the clean critical
results. These datz in turn are used to generate fissile
mass requirements for six fissile/fertile combinations as
a function of fuel-to-moderator volume ratio for reactor
systems undergoing steady exponential growth. The results
are in qualitetive agreement with state-of-the-art computer
calculations for fuel-to-moderator volume ratios covering
the range for which experimental data on ppg and $§p5 are
available, but agreement grows progressively worse as the
present model is extrapolated outside this range to higher
fuel-to-moderator volume ratios. The discrepancy .is attri-
buted to oversimplification of the burnup model and suggestions
are made for its improvement.

Thesis Supervisor: Michael J. Driscoll: P
Associate Professor of Nuclezr Engineering
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THERMAL—HYDRAULIC ANALYSIS OF TIGHT
LATTICE LIGHT WATER REACTORS

by

William Artis Boyd

ABSTRACT

This thesis investigates the thermal-hydraulic. sensi-
tivity of the Main Yankee core with respect to changes in
rod diameter, rod spacing, linear heat generation rate and
axial heat flux shape using a specially developed: steady-
state, single channel code (WABCORE) for this purpose.

A review of the information available in the open
literature on the effects of small rod spacings is presented
to bring into perspective, the tvpe of thermal-hydraulic
changes that can be expected to occur with core geometry
changes. This review will also give insight into the nec-
essary thermal-hydraulic effects that must be considered
and modeled by WABCORE,

WABCORE has been designed such that the large amount
of computer runs needed for a sensitivity study of this
kind is performed in a fast and orderly fashion with a mini-
mum of computer processor (CPU) time. Results of a par-
ticular set of calc¢ulations can be automatically plotted.
Verification of the results obtained by WABCORE were made
by comparison with those obtained by COBRA IIIC/MIT for
examples representative of PWR and BWR core designs. The
agreement in most of the parameters is surprisingly good,

The physical models used in the code to represent the
phenomena in the fuel pin, and its associated coolant
channel are discussed in detail, An analytical approach
is used in WARBRCORE to represent the axial flux shape. This
representation allows a very elegant solution of the axial
DNBR shape correction factor, Finally, the limitations of
the correlations used in the code are summarized. to indicate
where further improvement should be made,

Results of the sensitivity study indicate that the
linear heat generation rate of the Main Yankee core could
be increased from 5,7 KW/ft to 10.0 XW/ft using a flat heat
flux profile while maintaining the initial total mass flow,
core cross-sectional area, and total power, This increase
is achieved by decreasing the rod length and inc;easing the
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rod diameter over the initial values. The minimum allowable
DNBR for steady-state operation is reached before centerline
temperature becomes unsafely high for the suggested linear
heat generation rate. Other results of the sensitivity study
indicate that "
-~ the core pressure loss 1s independent of the axial
heat flux profile
- the axial distribution of the rod centerline tempera-
ture and DNBR closely follow the axial heat flux profile. -

Finally, optimized regions for steady-state operation
at linear heat generation rates greater than the initial of
5.7 KW/ft are outlined graphically.

Thesis Supervisor: Professor Lothar Wolf
Title: Associate Professor of Nuclear
' Englneerlng
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-62- MIT-EL-79-022

AN EVALUATION OF TIGHT-PITCH PWR CORES
Francisco Corréa

" ABSTRACT

The impact of tight pi;ch cores on the consumption of matural uranium
ore has been evaluated for two systems of coupled PWR's namely one particular
type of thorium system—-U-235/U002: Pu/ThOy: U-233/ThOj--and the conventional
recycle-mode uranium system—— U-235/005: Pu/U0,. The basic parameter varied
was the fuel-to-moderator ‘volume ratio (F/M) o% the (uniform) lattice for the
last core in each sequence. ‘ :

Although methods and data verification in the range of present interest,
" 0.5 (current lattices) <F/M < 4.0 are limited by the scarcity of experiments
with F/M > 1.0,the EPRI-LEOPARD and LASER programs used for the thorium and
uranium calculations, respectively, were successfully benchmarked against
several of the more pertinent experiments.

It was found that by increasing F/M to ~3 the uranium ore usage for the
uranium system can be decreased by as much as 607 compared to the same
system with conventional recycle (at F/M = 0.5). Equivalent savings for
the thorium system of the type examined here are much smaller (V10%) because
of the poor performance of the intermediate Pu/ThO, core--which is not
substantially improved by increasing F/M. Although fuel cycle costs
(calculated at the indifference value of bred fissile species) are rather
insensitive to the characteristics of the tight pitch cores, system energy
production costs do not favor the low discharge burnups which might other- .
wise allow even greater ore savings (V807). . '

Temperature and void coefficients of reactivity for the tight pitch
cores were calculated to be negative. Means for implementing tight lattice
use were investigated, such as the use of stainless steel clad in place
of zircaloy; and alternatives achieving the same objective were briefly
examined, such as the use of DZO/HzO mixtures as coolant. Major items
identified requiring further work are system redesign to accommodate higher
core pressure drop, and transient and accident thermal-hydraulics.

MY
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DESIGN AND FUEL MANAGEMENT OF PWR CORES TO
OPTIMIZE THE ONCE-THROUGH FUEL CYCLE

-63-

by

Edward K. Fujita
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 Oa 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 oxrder of 207 can be realized if greatly extended burnup (~
double that of current practice) is combined with an increase in the number
of batches irn the core from 3 to 6. The major conclusion of this study
is that cumulszstive reductions in ore uszge of on the order of 30% are fore-
_se2zble relative to z 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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AN ANALYSIS OF PROSPECTIVE NUCLEAR FUE
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CONOMICS

by
Kamfan Ghaﬁramani

- Submitted to the Department of Nuclear Engineering
on September 7, 1978, in partial fulfillment of the requirements
for the degrees of Nuclear Engineer, and Master of Science
in Mechanical Engineering.

ABSTRACT

Simple process design models have been develored for
unit costs in the more important steps in the nuclear fuel
cycle: ore supply, enrichment, fabrication, MOX fabrication,
reprcocessing -and waste disposel. These “o&»ls were then

er ner
cembined into a simple com Duter code (CONFUSZ) which is
capzble of performing nuclear fuel cyecle cost cazlculaziions
as a function of system size and economic factcrs for selfl-

contained systems on-a self-consistent basis.

. A model of the resource/recovery/cost relationship for
U308 ore has been developed using cost-of-processing and
résource vs. grade submodels. It was found that the scarcity-
‘related escalation in the future purchase price of U308
- should increase at a rate approximately two-thirds oI the

average ore demand growth rate. The model also shows that the - ..

"relative U308 cost varies as the 2/3 power of the yearly
. reactor system ore usage, Tons U3OP/MWe yr. The results
support a uranium cost doubling time of about 8 years in

then-current dollars for 2 6% /yr rate of growth in demand .
and a 6%/yr inflati on rate, or 1l& years in cons ant dollars. -

The computer code CONFUSE was used to perform deﬂonstration
applications, including sensitivity analyses and examation of
the question of economy of scale in a self-contained nuclear
economy (excluding ore production) supported by a fixed number
of manufacturing facilities which vary in size (rather than in
number). Enrichment was found to be the most important step,
‘and beénefits most Trom the “economy’ of scale iA both recycllno
and throwaway mode fuel cycles. A modest economy of scale
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was found: fuel cycle cost, milis/KWher, was Tound to vary as
system MWe to the -0.1l4 power. Thus for a small system
comprised of 10 or so reactors a fuel cycle saving of as

- much as 20% is achievable if access to facilities of a larger-

"system, of say 50 reactors, were available. ttendant added

costs, such as transporation and supply assurance (stock-

" .piling, for example) would have to be debited against that
potential saving. S S

Thesis Supervisor: Michael J. Driscoll
Title: Associzte Professor of Nuclear Engineering




-66-

ANALYSIS OF ATWS Il A
TIGHT-PITCHED THORIUM FUELED PR
by
DANIEL ROBERT SIGG

Submitted to the Departnent of Nuclear Englneerlng
on 15 September 1978 in partial fulfillment of the requlreﬁénus
‘for the Degree of Master of Science

ABSTRACT

After defining the design of a thorium-fueled tight-
pitched core which is inserted into a conventional nuclear
steam supply system (NSSS), a transient thermal-hydraulic
analysis consisting of zn investigation into the effects of
an ATWS on the new core is conducted. The particular ATWS
studied is a TOSs of staticn power since it establishes the-
nln;:um DNER re & for the entire class of ATVS incidents.

The cobjective ¢ 2 study is to determine, using the NRC
estzblished critzsria-.listed in NUREG-0L460, whether the new
designed core can pass licensibility raqulrements by success-
fully mitigating the consequences of the incident. The tool
used to conduct the investigation is the reacto“ system
transient code RELAP3-B. :

U

"

During the investigation of the transient, numerical
1nstab111t1es in the code developed as it analyzed the ALKS
- transient which necessitated the use of much smaller time ™7
steps. This unforeseen change resulted in the exhaustion.of

support funds before the entire necessary transient period had =

been observed. As a result, the data compiled is inadequate-to
e;fectlvely meet gll obgec»lves of the study.

-

. The following resul»s are’ draun from ‘he ana7y315°
(1) a minimum DHBR for the new core cannot be established due
to the limited period of investigation, (2) the U 233/Th02
core power drops slower than the conventional core, (3) fiel
temperatures drop as the incident progresses, (2) the tehavior
of the system parameters for the new core closely match those .
of the conventional core, and (5) the addition of boron into

the core wvia the CVCS chaerﬂr pumps would be nescessary to -

bring. the system to a hot shutdown condition. The conclusions
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projected from the limited analysis are that the new design
would meet NRC criteria for fuel temperature, clad tenoerature
and peak RCS pressure. However the minimum DNBR must be espa—
blished and due to the slower power drop of the new core, the
ATVS. incident responsible for the peak reactor coolanu sys»en
pressure should be investigated.

Thesis Supervisor: Professor Lothar Wolf

Title: Associate Professor of Nuclear Engineering

Ao
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THE EFFECT OF AXIAL POWER SHAPING ON
ORE UTILIZATION IN
PRESSURIZED WATER REACTORS
. by
ALTAMASH KAMAL

Submitted to the Départment of Nuclear Engineering on

January 18, 1980, in partial. fulfillment of the requirements
for the degree of Master of Science.

" ABSTRACT

Axial power shaping in Pressurized Water Reactors has
been analyzed to determine prospects for improved Uranium
utilization. Emphasis has been placed on fuel assembly
design modifications which would be relatively easy to
retrofit. The modifications examined are: (1) Use of short
axial blankets of natural Yranium, (2) Use of annular fuel,

and (3) Use of improved structur¥al materials in the assembly
and core end-zones. '

State-of-the-art Dight Water Reactor .computational .
methods . (LEOPARD and PDQ-7) have been used to investigate -
these modifications. A linear model for reactivity as a
function of burnup has been developed and used to determine
relative ore usage under a variety of constraints (constant
ore requirement per batch, or U-235 loading per batch, or
burnup, or efph). The main conclusions of this study are:
(1) The use of improved structural materials in core and
assembly end-zones can result in ore savings of about 5%,
with no adverse effects, (2) The use of short axial blankets
of natural uranium can result in ore savings of about 4%,
if the slightly higher power peaking factors can be toler-
ated, (3) The use of improved structural materials negates
any further advantages from the additional use of axial
blankets, and (4) The use of annular fuel over at least

part of the core length has potential advantages and deserves
a more detailed analysis.

Thesis Supervisor: Michael J. Driscoll
Title: Associate Professor of Nuclear Engineering

.\!
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STEADY-STATE AND TRANSIENT THERMAL-HYDRAULIC DESIGN OF

AN ULTRA-TIGHT PITCH PRESSURIZED WATER REACTOR CORE

by

DAN P. GRIGGS )
Submitted to the Department of Nuclear Engineering on Feburary 1, 1980
in partial fulfillment of the requirements for the Degree of Nuclear
Engineer and the Degree of Master of Science in Nuclear Engineering.

ABSTRACT

Thermal-hydraulic design studies of an ultra-tight pitch (closely
packed array of fuel rods) core for a Pressurized Water Reactor (PWR)
were made. Appropriate design criteria were established such that an
ultra-tight pitch core having U-233/ThO, fuel could be substituted
info an rexisting reference UOj-fueled PWR with no change in power
level and minimal changes outside of the core. Hexagonal fuel assemblies
with 217 wire-wrapped rods were selected as the basis for the core
design.” A methodology was devised to select optimized values of the
design parameters. The COBRA IIIC/MIT code was validated for tight
pitch lattices and steady-state subchannel anazlyses were performed.
Approximate blowdown calculations were also made.

Ultra-tight pitch cores appear to be practical from a thermal-
" hydraulics point of view, if carefully designed. The selected optimum
core required a higher average mass flux and pressure drop than the
reference core. Peak fuel and clad temperatures during steady-state
.and blowdown were comparable for reference and ultra-tight pitch
cores. Stainless steel was recommended as a cladding material.

Thesis Supervisor: Dr. David D. Lanning
Title: Professor of Nuclear Engineering

\‘\,
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Appendix C/B

Bibliography of Publications

The compilation below 1ists, under several categories,
publications of work associated in whole, or in part, with
project efforts.

A total of some 22 progress reports, initially on a gquarterly,
and later on a monthly basis were also issued. However, no formal
compilation of these documents has been published subseguent to
~ their issue-by-issue distribution. Moreover, it is recommended
‘that topical reports be relied upon as the final word on the status
of all findings.

.1. Major Topical Reports

(1) Salehi, A. A., M.J. Driscoll, and 0.L. Deutsch, "Resonance
Region Neutronics of Unit Cells in Fast and Thermal
Reactors," CO0-2250-26, MITNE-200, May 1977.

(2) Garel, K.C. and M.J. DrlscollA "Fuel Cycle Optlmlzatlon
of Thorium and Uranium Fueled PWR Systems," MIT-EL-77-108,
MITNE-204, October 1977.

(3) Fujlta, E.XK., M.J. Driscell and D.D. Lanning, "Design
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