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ABSTRACT

The lwmpact of tight pltch cores on the consumption of natural
uranlum ore has been evaluated for twe eystems of coupled PWR's
namely one particular type of thorium system —'UHEEEIUOZ : ?ufTth H
U—233fTh02 = and the conventi¢mal recycle-mode uranfum System —
-235/00,°* PufU0,. The basic parameter varied waza the fuel-to-
moderatot volume fatlo (F/M) of the (uniform) lattice for the last
core In each sequence,

Although methods and data verification in the ranpge of present -
interest, 0,5 (current lattices) < F/M < 4,0 are limited by the
scarcity of experiments with FfM > 1.0 the EFRI-LEOPARD and LASER
programs used for the thorium and uranivm calculations, respectively,
were puccessfully benchmarked against several ¢f the more pertinenc
experiments.

It was found that by increasing F/M to 3 the yranium ore usage
for the uranium system car be decreased by as much as 0% compared to
the samn system with convenrionzl recycle {at ¥/ = 0.5}, Egquivalenc
savings for the thorium syatem of the type exemined here are much
emaller {v10%) because of the poor performance of the intermediate
Pu/Th), core - which is oot substantially improved by increasing F/M.
Although fuel cyele ecosts {(calculated at the indifference wvalue of
bred fissile epecies) are rather insensitive to the characteristics
of the tight pitch cores, system energy praduction costs de not favor
the low discharge burnups which might otherwise allow even greater ore
pavings (80X).

Temperature and vold coefficiente of reactivity for the tight pitch
cores were czleulated to be negatdve, Means for implementing tight lattice
use were investipgated, such as the use of atainleszss steel ¢lad Iin place
of zircaloy; and alternativea achieving the same objective were briefly
exanined, such as the use of D U!HEO nixtures as coolant. MHajor ltems
identifled requiring further work are system redesign te accomodate higher
coTe pressure drop, and transient and accident thermal-hydraulics.
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CHAPTER 1
THTRODUCTION
1,1 Fareword

The increasing dependence of world energy production on fission
energy and the delay in the development and deployment of advanced
figelon reactore, such ga the HIGR and the LMFBR (Hipgh Temperature Gaa
Cooled Reactor and Liquid Metal-Coeled Fast Breeder Reactor, respectively),
have phortened the projected useful resourre lifetime for the known
low=post reserves of natural uwranlum, For exagple, a representative
recant eﬁtiﬁate of the assured reserves of uranfum for the nonccmmunist
world {v 2.42 x ll'.:l{‘r 5T U3ﬂg} {N-1) would barely suffice to fuel LWR's
{Light Wuater Reactcrs) already operable, under construction or on order
for thelr entire anticipated service life of thirty-years, This would
ba particularly crue if chese LWR's continue to uperaté on the once-
thraugh fuel cycle (no uranium or plutonium recyciing} and if no
advanced converter or breeder reactors are inrroduced in substantial
nunbers in the naxt thirty years. |

This situation has wotivated, among other things, a renewed
intevest in the reopticization of LWR cores to achieve better uranium ore
consarvation. We shoyld stress here that as of January, 1979 about 542
and 237 of the committed nuclear power plants fn the world were PWR's
and BWR's (Pressurized end Boeliling Water Reactors}, respectively (Table 2-1).

The prasent work represents one subtask of s project carrled out =t
MIT for DOE as Firt of their NHASAP/INFCE-related efforts tﬂnnprnlifgratiﬂn

Altarnative System Assasswent Program and International Nuclear Fuel Cycle

————
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Evaluation (G-}, F-1, A-=1, A-2), Optimization Studies of fuel eycle cost
and the consumptign of natural wranium have been done for a varlety of
systems of coupled PWR"s for both onece-through and recyele~mode fuel
cycles in previously reperted efforts (G-1, F-1). Building on this work,
the presenmt effort 1s concentratéed on an evaluation of the effects of
different fuel management strategles for tight—pitchfﬂﬁ.lanti:es fueled by
U—EiﬂfThﬂz or PuIU{}2 en the ore consumptlon and econemics of systems of
coupled Teactors (composed of standard and advanced tight-pitch PHER
reactors). The number of core batches (N), the discharge fuel burnup

(B} and the fuel-to~moderator valume ratlo (F/M) of the reactor lattlees
were treated as independent variables, Sinee plutonium and U-233 are
man-made substanses, the entirecy of the present work ip rastricted to
recycle mede operation, whicﬁ is also superder in terms of ore conservation

{G-1).

1.2 QObjectives

The primary chlective of the prasent work is the determination of
the effects of the uae of tight-pitch PWR cores on the cozaumption of
natural urapium and on fuel cycle cost for systems of coupled PWR's.

| Tuwo systema are atudied, The first is based on tﬁe uwrgnium cycle
and i; compoged of two types of -reactors: standard PWR cores uaing
conventional uranium Fual (enriched to about 3.0 wfe in =235} producing
plutonium for tight-pitch Pufﬂﬂzﬁfualed PWR Cares. The second aystem
1gs based on both the uranium.and thorium cycles, and consists of three
types of cores: agaln standaxrd PWR~cores produce plutonium which 1is
new used to fuel PufThﬂz cores, The U—23é produced in the second

Teactor 1a used to feed the third type of core io this syﬁtem:
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U-233/ThO. ~fueled, tight-pitch, PYR cores.

2
The first sysLem, U~235fﬂ02:?ufU02, was chosen because it is by
far the leading candidate being worked con worldwide for IWR recycle and
breeder use, The second system, Uﬂ235fUﬂz:PufThﬂz:U*ZEJIThﬂz, wais chosan
because of practical Industrial considerations: uranium reprocessing will
become avallable before thorium reprocessing, hence f'ufThO2 cores can be
deploved sooner; also by npot golng to the already well-studied UuZJSfThﬂé
route we avold contaminating U-235 with U-232 and other uranium Iisotcopes which
would make its re—emrichment and re—fabrication more expensive,
Because the fuel manapement characterlstics for the standard
PWR Cores are already very near thelr optimum values (in terms of fusl
eycle cost and ore utilization (8-1)), only the characteristics of

the consumer cores (Pu/U0, and U*233fTh02—fUE1ﬂﬂ cores) are varied,

s
The fuel management parameters (N, B and F/M) for the Pu!‘l‘hD2 cores
are taken {except wher¢ otherwise moted) to be the =ame as for the
standard PWR Cores, The effects of the number of core-zanes (N),
discharged fuel purnyp (B) and fuel-to-moderator wolume ratio (F/M)
of these consumer cores on the consumption of natural uraniym {CHI}
;nd on the fuel cycle costs of their respective systems are studied.
The moderatoer—vold and fuel-temperature reactivity coefficlents for
rthese cores are also estimated,

In additcion, other ﬁays to improve fuel utilizatiom {othaer than by
fncreasing F/M), for example by hardecing the nentron spectrum through

the use of Dzﬂ as moderator or metallic thorium as fuel are briefly

discussed.
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1.3 Previous Work

1.3.1 Fuel Cycle and Core De=ipn

The recent NASAP and TNFCE efforts have greatly simplified the cask
of revliewing prior work, 7In wvliew of the large nuwber of studies and
assessments being published under these ausplces, we can confine
purselves here to two main areas: a reﬁiew of the previous MIT work
used as a foundation for much of fha current effort, and a recapitulatiocn
of selected thorium—cycle studies which can serve as a beckground for
the present work in that field. |

Over the past two years work has been done at MIT for DOE on
improving PUR's as part of their NASAP/INFCE efforts. One major subtask
{F-1) has dealt with different design and fuel management strategies
to cptimize the once-through fuel cycle. The other major subtask (G-1,
A~2?) covered the vse of drier lattices In PWR's,

K, Garel (G-1}) studied the uvse of geveral types of fuel compositions
in PWR"s for a widea tange of fuel-to-moderator volume ratlos {G.BQEffﬂi}.ﬁﬁ}
both with and without recyele. The diacharpge burnup and the nomber of
reactor zooes were kept fixed (B = 33 MWD/KgMM and R = 3, reapectively).
In terms of ore conservation he found that for the uranium cycle (with
or without fuél recycle) the optimum F/M is nesr the actuwal value for
today's PWR's (F/M & 0,5) and is insensirive to the system growth rate,

For the U-235!Th02 cycle (with recycle) he found that as the system growth
rate increasses, the optimum F/M moves progressively closer te 0,5, while
for slowly-growing systems the optimum F/M i3 near or above 1.5. In

. addition to being of a survey nature, the exclusive use of the LECPARD
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program in Garel's work to calculate mass flows for the cores containing
plutonium is open to crificlsm slnce this code does not properly treat
the low-1ying resonances for plutonium isotopes. Alsc the welght piven
to Pu=239 and Pu-241, 0.B, to account for isctopic degradation in ore
consumpktion calculations appears to be teoo low,

A. Abbaspour (A-2) analyzed in econowde terms the data from Garel's
work, He basically found that cosr—pptimum thorinm lattices are drier
than current PWR lattices, but are not economically competitive with
cost~optimum uranium lattices, which are essentially these in use today.

Edlund's work {E-1, E-2) on the physics of tright—pitch PWR-lattices
using-FufUﬂz &s fuel indicates that breeding {CR~ 1,08) is feasible for
FfM > 2,0. He explains that breeding is possible due te an increase in
the "fast fission effect” in U-238 and Pu-240 (about 177 of the fissions
-occur in these igatopes 26 F/M v 2.0},

The core of the Light Water Breeder Reactor {LWBR} at Shippingpeort
{I-1} ugses fuel modules, each composed of a central movahle seed region
{P/H = 1,7} surzounded by a stationary blanket region (F/M = 3.0). It uses
a U—EEJ!ThDi mixture in these modules and Thﬂi in the blanket., This core
18 designed to achieve a2 breeding ratio slightly greater than unity for
low discharged-fuelburnup.

Combustion Engineering's work on the u;e of thoriwm in PWR's (5-1)
includes a brief analysis of tight~pitch lattices in the range 0.5 < F/H < 1.0,
and concludes that improved fuel utilizariom by tighteﬁing the lattices is
partially offset by the higher fissile inventory medéd. '{.‘he Spectrum
Shift Control Reactor (SSCR) is also reviewed and it is eoncluded that this
concept can not only save {at least) 207 in the consumption of natural | ?{;'

uranium for both uranium and therium fueled reactors {with fuel recycling)
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but also needs less fissile inventory [54? )
than the respective standard versions using light water and controlled
by soluble boron.

The work by Dosterkamp and Correa (0-1, -C~1) on thorlum utilizarion
in PWR's looked briefly =zt optimizing the fuel-to-moderator volume ratio.
Thei{r reaults show an optimum for the fuel cycles analyzed in the FfH
range of 0,67 to 1,0,

Genexal Elzctric's study on the utilization of thorium in BWR's
{(W=1) concluded that increased coolant boiling {cthis 1s equivalent to
increased F/M) for H—ZSB{ThDE fuel compositions would provide slightly
better unranium utillizaticn than the standard void-fraction case {CR = 0,72
at 40% core averaged volds and CR = .76 at 708 wolds).

Feferences (K-1) and (D-1) are useful hecaﬁse they provide an ample
discussion of the potential utilization of the thorium fuel cycle in
nuclear power reactors and pive an extensive lisr of references on

thorium studies.

1.3.2 Experimentz]l Benchmarks

An part of the efforts to verify cur methods of calenlatien, an
extensive bibliographic search was made In the available lirerature
relative to critlecal and expovnential experiments having uniform latrices
moderated by light water with F/M ratfos in the range of 0.5 te 4.0,
Unfnttunatelf, noat experimenta fueled with UHZSHIThDE(HHE}, UﬂZEE!Tth
{#-3) or Pufﬂﬂz (G-1)} have F/M yatiocs leas then 1.0. No experiment using
PufThﬂz was found. .

Ouly for latticea fueled with enriched uranium were experiments
found with F/M in the range of 0,1 to 2.3 (B~1). Also, because of the

higher denzity of metallic uranium compared to uranium dioxide .
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(19,0 »s 10,96 gfcmg {P-1}), some light water lattices fﬁeled with
metallie uranium simulace tight—piteh laccices fueled with wranium
digxide {H~=1). Similarly some thorium lattices containing Dzﬂ slmulate
tight-pitch thorium lartices moderated by HZD (W~2, W-3).

Expongntial experiments using Pu-Al ag fuel and wmoderated by Dzﬂ
(~-2} proeduce highly-epithermal nentron f£luxes, but £hﬂ absence of
fertile fuel in the iattices decreases the utility of this datz for the
present work. |

There are some highly-heterogenesus tight-pltch eritical experiments
vsing thorium fuel and lighe (1~1, M-1, ¥-2) or heavy water (H-2)} as
moderator done as pert of the ILHWBE program, Reference U-1 analyzes these and

othar thorium benchmark experiments, using several methodelogies, and

compares their caleculations with other published results,

1.4 Qutline of Present Work

In Chapter 2 the physice characteristics of the heavy nuclides im
the wnraniuvm and thorium chains are discussed, focusing on characteristics
important to understand the advantages and disadvantapges of the use of one
fuel gver another,

. In Ehaptgr 3 the thermal-reactor computer programa used io the
cﬂlnulations are described, Comparisons are made with experimental resulis
and with fast reattor-phfsica methods.,

Chapter 4 constitutes the main partion of this work. The fuel cycles
and ﬁzthods of calculation are detalled. Mags flows and fuel cycle costs
for a number of fuel strategies are calculated for both systems of coupled
reactors examined. Reactivircy (moderataf—void and fuel-temperature)
coefficients for the tight-pitch cores are also evaluated., Thermal-hydraulics

s T T T i st U NUMLEAGER
T I R TP R H : H
fMS T DT “. .
P
..Ir L P ) - r.:":-’--u:'rv_—uﬂ:‘m&éﬂ:-’. =
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is briafly discussed and uncertainties in the calculated resultrs ara
estimated,

Chapter 5 briefly treats soms alternativelcancEpts to lmprove ore
conservation., The use of Dzﬂ as moderator, metallic thorium as fuel,
varlzble fuel-to—moderaror volume ratlo for reactivity control,
denatured uranium as fuel, and the use of stainless steel a5 cladding
material (for tight-pitech PWR cores) are included in this chapter,

Chapter 6 summarizes the present work and glves 1ts main
conclusions and recommendations for future work,

Appendix A docoments the pertinent characteristics of the Hailne
Yankee PWR on which the reactor core models studied in this work are based.

Appendices B and € tabulate the main paraneters for the many
exponential and critical experiments usged to bhenchmark the EPRI-LEOPARD and
LASER compuber programs, comparing caleulared with experimental results,

Appendicas.D, E and F present mass flow results for the U-ZHSIUGZ

and PufThUz, U—ESBITth and Pu_!Uﬂ2 fueled corea, respectively,
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CHAPTER 2

BACKGROUND

2.} Introduction

This chapter briefly reviews some of the physic;l characteristice
of the ﬁhorium and uraniuvm nuclide chalns in a flssion reactor which
are Important in understanding the advantages and disadvantages of #
giﬁen fuel cyele. The basic parameters vsed to measure the neutronie
performance of & fuel cycle, namely, the fissile critical mass and
instantaneous conversion ratlo are also discusged. References (K-1,
5-1, P-2, U-2) provide a more detailed comparison between thorium and

uranium-based fusl cyales,

2.2 World Reserves of Uranlum and Thorium

It is well known that the only naturally-ocurring elements available
in economically sipnificant amowmts that can fuel fission reactors are
uranium and thorium, MNHatural uranium is conatituted mainly by the isotopesn
=235 {(0.71 wio) and U-238 (99.29 w/o) while natural thorium appears
as almost pure Th-232, Although U-238 and Th-232 may be fisaioned by
high energy neutrons (¥ig. 2.2), only the least abundant of these nuclides,
U-235, can sustain a fission-chain reaction, However, U-238 gnd Th-232
can be transformed into the fissile nuclides Pu-239 and §-233, respectively,
by the process of capturing a neutron followed by twe consecutlve beta
decaya (Fig., 2,1). A core designed such thar, for each fissile nuclida
(U=233, U-235, Pu-239 and Pu-241) consumed, at least cne fissile nuclide
is produced by neutron capture in s fertile isotope (Th-232, U-234, D-238

and Pu~240) can, thecoretically, consume all fissile and fertile materiazl
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supplied 2= fuel.

This is net the case for a2 typical PWR which consumes some
6.0 x 103 5T HEDEIGWE during its nominmal 30~3Ear lifetime, operating
on the once-through uranium cycle (Table 2,3). The ventrem eccnomy for
the PWR is such that only about 2% of the uranium mined is actually
consumed to produce euergy. Tha rest of it remains as 0.2 w/o-enriched
depleted uranium (as enrichment plant taiils) (80X) and as burned fuel
composed of a mixture of uranium and plutonium Isctepes (18%Z). Contrary
to uraniuvm, thorimm 12 not enrirhed by using an enrichment plant but
instead by miwing ic with figsile material, In this way no “depleted"
thorlum is produced and the amount of thorium mined is only about one-filfth
that for uranlum,

Tables 2.1 and 2.2 give the world resources of uraﬁium and thorivm,
respectively., The reaerves of thorium are believed to he.at least as
large as those for uranlum, walting only for an economic Incentive to
be found (N-1). Table 2.3 shows the consumption of natural uranium for a
gtandard 3-zene PWE utilizing different fuvels. It also shows the number
of reastors that the knowvn reservea of uranium could support ocver their
aSSUEtd.thirty—year lifetime. On the ocher hand, the IWR's which are
alfeady installed, under cun#tructinn or on order total some 300 CWe
{Table 2.4)., These estimates support the goal of dncreasing the energy
putput from the assured raserves of uracium, With advanced cores the
knowvn reserves of uranium and thorium could eventually suppori this number

of reactors, or moxe, for a long period - indeed some hundreds of years.
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TABLE 2.1

NON~COMMUNIST WORLD URANIUM RESCOURCES (530/1b USGB}

Reasonably Assured Thousand
{Reserves} Tonnes, U*
tnited States 490
Australia 330
Sweden 300
S0. & §W. Africa 280
Canada iv0
Other _250
Total 1860
Estimated Additional Thousand
{Probable Potentizl) -~ Tonmes, U
Onited States 820
Capada : 610
Australis an
Other _310

Total _ : 1820

*1.3 ghort tons V.0, » 1l.metric tomne {1000 Kg)t

38

Beference (N=-1)



TABLE 2.2

HON-COMMUNIST WORLD THORLUM RESOURCES {MT Th}

$15/1b of The,

Estimated Annual
Additional Froducticn
Reserves Rescurces Capabilicy
Australia 5,000 10,600 500
Brazil 10,000 15,000 150
Canada 80,000 100,000 2,000
India 240,000 200,000 400
Malavsia 15,000 E — 200
United States 50,000 270,000 500
Other 15,000 340,000 300
Total (Rounded} 400,600 800,000 4,000

Eeference (N-1)



27

TABLE 2,3

J0-YR UEOE REQUIREMENTS FOR TUR's #

u.o
38 Number af
Fuel Cycle {Short Tons/GWe) Reactorshs
Eﬂz (¥o fuel recycle) 5589 404
Hﬂz {U & Pu recycla) 4089 591
Thl:I2 (93% U-235 3483 G694

homogeneous recycling)

*¥at 75Z capacity factor: 0.2 w % diffusion plant talls assay

**nimber of reactors which could be fed with 2,42 x lﬂ6 5T of “3ﬂ3

Beference (5-1)
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TABLE 2,4
BUCLEAR FOWER PLANTS*

{Operable, WUnder Construction, etr on Order { > 30 Mwe}, as of 17179

TYFE (COOL/MOD,} UNITED STATES WORLD
FWE 131 (67.2Z) 283 (54.1%)
} LWR (2,0)
EWR 61 (31.30) 119 (22,8%}
PHWE {CANDU) a5 |
LHCHWR : 2
. *{ 7.BZ)
. HWBLWR (D, 0) 2 |-
GCHWR 2}
GCR . 36 )
ACR 11
LGR  (Craphite) 1 23 (138D
HIGR 1 1
THTR : 1]
LMFBR (Na) 1 8
TOTAL UNITS _ 195 ' 523
TOTAL GWE 190 405
TOTAL OFERABLE &8 209
GWE CPERABLE 50 1G9

*Reference [(N-2)




FHWER
LMCHR
HWELWE

GCHWE.

AGR
LGR
BTGR
THIR

IMFBE
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Table 2.4

(continued)

Pressurized Water Reactor

Beiling Water Reacktor

Pressurized Heavy WaLter Moderated and Cooled Reactor
Light Water Cooled, Heavy Water Moderated Reactor
Heavy Water Moderated Boilling Light Water Cosled Reacror
Gas Cocled Heavy Water Moderated Reactox;

Gas Cooled Reactor

Advanced Gas-Ccoled Reactor

Light Water Coaled, Graphite Moderated Reactor

High Temperature Gaa Cooled Reartor

Thoerium High Temperature Reactor

1lquid Metal Cooled Fast Breader Rezctor
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2.3 Fiasile Inventory and Converslen Ratio

The two basirc paramecers generally used to measure the performance
of a given fuel cycle, in terms of ore economy, are the initial Fissile
inventory and the conversion ratio (CR). The smaller the fissile inventory
and the gréater the conversion ratio the better the performance,

Both of these parameters depend on the reactor type and its fuel
management characteristics, such as! core gecmetry, fuel composicion,
fuel-to—moderator volume ratio (F/M), power demsity, number of staggered
fuel barches, discharge burnup, etc. An loclusive conversion ratio may be
defined as an average over the fuel cycle, including fabrication and
reprocessing {and z2ll out—of~core) fuel losses.

The neutron balance in 8 reactor may bhe expressed as!

£ £.f

P +PF+TP+PL=%InP e

+ fpf] =1 {2.1)
where:

P = average probability of a meutron being absorbed or leakiag
from the system

N = average number of meutrons produced pér neutren abserbed

k= Effe;tive multiplication factor.

Superseripts:

f= fissile nuclide;

¥ = fartile ouclides

T = all other nuclides

L = leakage
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k may be written as:

k=en pf=1 - (2.2)
where:
nf Pf + nF PF + np Pp = nf Pf + nF PF =
£ = I Tt (z2.3)
n P n P

“fagt fiesion factor" for the system: the ratio of the tetal rate of
neutron productilon to that produced only by fissile nuclides,

The amoutit of heavy nuclides other than fissile or fertile nuclides,
rPe?

and their respective 1n's, are in general so small that the product

can be neglected im the definition of €,

2.3.1 Cricical Mass

The critical filssile mass for the system Is propertionzal to Hf, the

average atomle concentratlon of the fissile nuelide, Hf iz related to Pf
bys

£ f
pf - L . (2.4)

e+ u? + 8P of + g’

where: N = atomlc concentration
¢ = {averaged one-group) abserption ¢ross sectlon
D = {averaged one-group) diffusion coefficient

B = gepmetric buckling

Combining Eqs. (2.2) and (2.4), we obtain:

R = 1 N o + 8P of + pE?) {2.5)

ofe nf - 1)




Thias last gxpresslon shows the cbvious fact that the higher the
ebsorption cross sgection of the fissile nuclide the smaller the critiecal
maas, The opposite is true for the fertile and parasitic materials {and
for neutron logses due te leakage). Because the product £ 'nf, for thermal
and epitheymal reactors is on the order of 2.0, we see the imporrance of
£ and nf, since a 10% increase in either one will decrease the fissile

eritical mass by about 20%.

2.3.2 Conversipn Ratia

The instancanepus conversicn ratlo is defined ss the ratio between
the rate of neutron captures by the fertile material and the rate of

neutron absorptions by the firelle material:

pf '
CR = E=g {2.8)
P
in which
F
e EEE:- (2.7}
o
where

. &= gverage capture~to-zbsorption ratie for the fertile material.

Using Eqs. (2.1), (2.2) and (2.6), CR can also be written:
ckw gen” P etien’ (L-p¥P Bl 1) (2.8)

We gee that the higher the product ¢ nf and the smﬁller tha peutron

" Josses to the nop-fimsionahle materials (and losses due to leakage) the
higher the conversion tatic, The fact that an increase in & helps to
increase CR is not obvious since the factor E£is simultareously decreaaer_l.

£

An increase in £ allows P° to be decreased in order to keep the reactor just
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critleal (£q9.(2.2)) by decreasing the critical fisaile mass (FBg. (2.5)).
More neutrons become available to be absorbed by the fertile material,
thereby Increasing PF. Because while pi decreases, pF Increases, any
increment in € is double—counted in CR {Eq, (2_g)) and this effect is
only partially offset by the smaller E.

An inoreased absorptien eross sescion for the fértil& material
will require a higher fissile ericical mass to maintain criticalicy

£

{Eqs. (2.2) and {2.5}}. In thils way, both P° and PF are Increased
{(Eq. (2.1)), zeducing neutron losses te parasitic absorbers and to
leakage (PP and PL are reduced), The net result is a higher conversion
ratio (Eq. (2.8)),

With fuel depletion, the conversion ratio stays fairly constant,
depending mainly on nf which can wvary if the byed fuel is different
from the original fuel. The factors € and £, which depend on the fertile
material, remain almest unchanged. Leakage losses (PL} are also small
and velatively canstant, HNentron loases to control absorbers have to
be dacressed to compensate for the fissile burnup (1f CR < 1) and elso
for inecreased lesses to filssion prodocts and to heavy parasitic absarbers.
This increasas Pr by & swmall amount, causipg. CR to increase somewhat
with fuel deplecion (Eq. (2.8)).

1t is ioteresting to oote that inm the 55CR concept (3=1)} critieality
is zaintaived by hn:deniﬁg the neutron spectrum at beginning—cf=cycle
(EOC) and by softening it towards the end-of-cyecle (EOC), Control is
achisved mainly by exploiting the much highér abaorption cross sections
for the fiszsila muclides at thermal compared to epithermal enexgies

{ralzstive ko fertile vaterials). Laszaes to control absorbers are draseically

radyced allowing a higher CR te be achieved {compared to poigon—controlled
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reactors); this in turn lowers the initial fissile doventory (5-1).

2.4 Nuclear Properties of Major Heavy Nuclides

This section presents the nuclear prﬂpertiés of the main heavy
nuclides in the thorium and uranium chains tFig. 2.1) which affect
the eritical mass andfor the conversion ratio. Hhen.cumparing figsile
to fissile ([or fertile te fertile} nuclides, it 1s gssumed that the
environment where the comparison is being made remains the same, Only
thermal and epithermal apectra are diseussed, Predominantly thermal
gpectra will be those designated where wmore than half of the ficcicons
occur below some specified enerpgy cutoff (1 eV, for éxamplej.

Figure 2,1 shows the main compopents in the nuclide chains following
from Th-232 and ﬁ—238. Bath chaina . are wery aimilar: a mentron capture
by the original fertile nuclide {Th-232 or U~238} followed by two
consecutive bata decays produces the primary fissile nuclide In the chain. .
{U~233 or Pu~239). Subseguent neutron captur&é produce the Intermediate
fertile nuciides (234 or Pu-240), the sacondary fissile nuellides {(U-235
or Pu-241) and the parasitic shsorbers {U-236 or Pu-242).

Table 2.5 presents the mgin nuclear reactor—related properties foxr
these isutupeg.. The relatively low c¢cross section of Np-239 combined with
its short half-life lesds to a neplipible affece on the crirical msass
and couversion ratie. Tﬁe precursor of U-233, Fa-233, o the other hand
although also having small ¢ross section (compared to the fizsile nuclides)
has s long half-l1ife (27 days). Neutfun losses to Pa-211 are, bowever,
rather small: less than 2% of the Pa-233 formed is lost by neutran
absorption, decreasing somewhat the ¢ﬂnve¥sion ratio. For long perleds of

reactor shutdown, the slow increase ip reactivity due to Pa-233 decay must
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l
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Figure 2.1 THE ISCTOPIC BUILDUP IN THORIUM AMD URANIUM
REFERENCE (S-1)
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be considered,

Because of its high w {caprure-to-fission ratla) Pu-219 will always
be produced mixed with considerable amounts of-Pu-Zﬁﬂ. The wvalus of Pup-239
1s then decreased, although fuel depletion 1s partlally compensated by
the subsequent production of the high-worth secondary fissile nuclide
Pu-24]1 (see Section &.3.4). Due to It=s small o, the same effect is not

80 important for U=233 (although it worsens in eplthermal spectra).

2:4,1 Thermzl Spectra

In a thermal spectrum, because of theiy much higher tharmal eroas
gections, the fissile plutonium iseotopes require lesa critical maszs than
the figsile uranium nuclides {Table 2.5}, In the caze of Pu-239,
the difference would be small compared to U-233 because its averaged n
would be much smaller than that of U~233 (Table 2.6), Furthermore, the
Isotopic degradation of plutonium {rypical n:c:-ﬁ:pnsitiun: Pu-239, 54%;
Pu=240, 26%:; Pu=241, 14% and Pu-242, 6X) may require a higher critical
mags than 7-2323 or even U-235, The conversien ratle is highest for U-233
dﬁt to its supericr thermal eta, (Eg. (2.B)).

The use of Th-232 requires more fissile material than D~238 because
its thﬁmal cross section 15 elmoatr three times that for =238 (Tabla 2.5).
Purthetmore, because U-238 has a lgwer fission threshold and larger fiseion
Ginss gection than Th~232 (Fig, 2.,2) it produces a higher fast f;ssinn
factor (typical valunes: 1.0% for U-238 gnd 1.02 for Th-232 {C-1)), further
.decreasing the fiésile inventory needed (Eq. {2.5)). The superiority of
U=-238 is to some extent decreased because its shielded resonance tntegral
i¢ asbout 207 higher than that for Th-232 (Seection 2.4.2)., The higher

shaorprion fn Th-232 and 1its inferior € have opppoaite effects on the




Enersy

Range

U233
_U;235
Pu~239

Pu~24]

- U-238
Th-232

Pu-240

TABLE 1.6

AVERAGED VALUES OF ETA {n} FOR FISSILE AND

FERTILE FUELS FOR A TYPICAL FWR (F/M = 0,5)%

k1]

* FPRI - LEQPARD Calculatiocns using ENDF/B-IV

Croses sections

0 eV 0,623 e¥ 5.53 KeV 0,821 MeV
=+ 0,625 &V + 5530 e¥ -+ B2l EKeV * 10 M=V
2.28 2.13 2.38 2.68
2.07 1.58 1,92 2,48
1.86 1.75 2,42 3,19
z.18 2,44 2.56 3.10
0 o D 2.45
H o 0 1.60
0 ) 1,30 3.01
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' Pu-240
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U-238
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Flszion Cross Section 1n Barns

Figure 2.2 FISSION CROSS SECTIONS OF FERTILE IS0TOPES
BEFERENCE ({-1)
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conversion ratioj in the net it is relatively unmodified compared to U-~238.

2,4.2 Fpithermal Spectra

In an epithermal spectrum, the advantages of U-233 over the
other fissile nurlides in terms of fissile inventory and conversion ratio
are definitive, since it has the highest resonance intepral and eta except
for Pu-24l, The higher eta of Pu-24] compared to U-233 helps plutonium—
bearing fuels to recuperate to some degree thelr performance,

Although the infinitely-dilute resonance integral of U-238 is
about three times that for Th-232 the heavy self-shielding due to the high
fertile concentrations in typleal fuels causes the effactive resonance
integral of U-238 to be comparable to that for Th-232 (Sfl, U-2), In an
- epithermal spectrum this difference iz balanced by the larger fast fission
contribution from U-238, and both nuclides require about the same Fisszille
inventory and produce similar conversion ratios, HNevertheless, as the
fuel is depleted, Th-232 produces U-233, while U-238 produces Pu-23%, which
leads to an improvement in the conversion ratio for the thoriumbearing

fuels relative to their uranium counterparts,

2.5 Fiegion Products

The net yield of Xe-135 and So-14% and the average absorption cross
section for the plutonium fission products are larger than for wranium
figsaion products (K-1, G-2). However, the higher cross sectien of
plutozinm in thermal spectra decreassesa the worth of its fisalom products,
In general, hardening cf the nautron #pectrum tends teo decrease the ¢ross

soctions of the fission products relative to the fertile nuclides {C-2).
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Keutron losses to fission products can also be decreased by reducing
discharge fuel burpup, which helps to increase the conversion ratio and
bring dowm figsile inventery. However decreased fvel esxposure will

inerpase Ffuel reprocessing and fabrication lpsses,

2.6 Fuel Contamination

DPurdng fuel irradiation, some wminer heavy nuclides are produced
which are net important as neutron abscrbers, but may later on requilre
remote fuel refabricaticn (A-1). Reference A-1 concludes that radiariem
levels for both plutoniuvm and U-233 would demand remote fuel fahrication.
Radlation from plutonium comes mainly from Fu-238, Pu-240 and Pu-24) in the
forn of lowv energy gpamma rays and cewtrons from spontaneouws fisslons and
{t~n) reactions with oxygen. The main radiation associated with U233
fuels is gamma radiation from daughter products of U-232, |

Because of the higher radiation doses "f?um? U-232, thorium-based
fuels are projected to be 15% more expensive to fabricate (A-1). On
the other hand, the toxicity of Pu-bearing fuels, slthough eimilar to that
of U-233-bearing fuels in water, is higher in air. The short-term decay
keating, which is important for the design of waste shipping, storage and

disposal faciflities is similar for both types of fuel {Pu and U-233).

2.7 Physical Propertles of Uranium and Thorium Fuels

Some of the imporrtant physical propertles, from a reactor-physics
.gnd thermal-hydraulics point of view; of U, Th, an and Tth are displayad.
in Table 2.7.

The lower density of Thﬂ2 compared to U92 helps to reduce its higher
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TABLE 2,7

PHYSICAL PROPERTIES OF METALLIC URANIUM

AND THORIUM AND THEIR DICKIDE COMPOUNDS

U Th .Uﬂz Thl’J2
Theoretical Density 19.0G 11.7 10,96 10,00
(sfﬂmﬂ.'l
Melting Point (°C) 1130 1750 2760 _ 3300
Thermal Conductivity 0.41 0,44 0,0452 0,044
at 600°C {w/cn®L)
Eeat Capacilty at 0.18 .14 0.30 ' 0,28

600" C {Jnulefg&ﬂ}

Reference {P-1)
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fis=slle inventory requirEmﬂnts,increasing at the same time the specific power.
Thermal conductivities for both fuels are about the same {also true for
their metallic forms) but the higher melcing teﬁperature for ThO, is an
advantage, Irradlation behavior of Thﬂ2 and (Th,U]D2 appear to be good
at burnups up to BO MWD/KgHM (0-3) at relatively high average linear heat
rates (9.1 to 10.7 KW/ft).

| Thufium metal behaves better than uranium in terms of metal-water
reactions and dimensional inatability {Z-1}. The corroalon rate by water
for metallic thorium is about twe orders of magnitude smaller than for
uvranivm. Alloys of these metals generally have more favorable characteristics
than pure merallic uraniuvm, Compared to the oxides of uranium and thorium,
rwetrsllic thorium stores considerzbly less energy {because of its much
higher conductivity), which Is important in Leoss of Coclant Accident (LOCA)
congiderations, DBecause of the higher denaity of metallle thorium compared
to its oxide form, it will require higher figeile Inventories and produce

higher conversion ratiocs,
2,8 Conclusions

This chapter has sumarized the important physical characteristics
of the thorium and uracium fuel cycles in a fissiom reactor. Based ocnly
vn this summarf it is not possibkle to decidé what type of fuel cycle is
beat for tight—pitch PWR cores.

Reserves of thorium were foumd to potentizlly be comparable to these
for uranium &nd do not constitute a eonstraint. Physlcal preperties and
hazards associated with these fuels are alsc similar, The advantage of
U;233fTh02 over Pu;’TJﬂ2 fuel in terms of the conversion ratio in epithermal

spectra Is not clear because, glthough 1233 has a higher eta than Pu-239,
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U-238 provides a much larger fast fission effeck. The advantage of U-233
over other fissile nuclides in an epithermal specerun derives from its

very high rescnance integral, which reduces fissile inventery naeds.

o —— e T

sopoe s IS !
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CHAPTER 3
COMPUTATIONAL METHODS .

3.1 iIntroduction

The varification of methods and dats in the range of present
interast, .5 (current lattices) < F/M < 4 iz limited by the scarcicy
of experiments wirh F/M > 1,0, HNevertheless, the EFRI-LEOPARD (B~2) and
LASER (P-~3} programs used for the (U-235!U02, U-233/Thd, and PufTth} and
(Pufﬂﬂz} cal¢unlations, respectively, were benchmarked against several
of the more useful experiments, In this chapter, we describe these
two programs, discuss a modification made on LEOPARD, and assess théir
Jinitations by comparing calculated results with critical and exponential
benchmark experiments and with fast reactor—physics methods [ANISN (E-3}
+ SPHINX {0=-2)). The SIMMOD (A-2?) program used to calculate fuel cycle

cogts iz alsoe described.

3.2 The LEOPARD Program

3.2,1 Description

The LEQPARD (B=-2) program calculates the neutron multiplicaticn
factor and few-group (2 or 4) constants for water moderated reactors uslnog
only basic geometry and temperature data. 1In additinn_the code can make
a point—depletion calculation, recomputing the spectrum before each
discrete huraup step.

LEOPARD utilizes the programs MUFT(B-3) and SOFOCATE (A-1) ta
caleulate the nonthermal and thermal nentron fluxes, respectively. MUFT

solver the one—dimensional steady—stare transport equation assuming only
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linearly anisotropic scatcering, approximeting the spatial dependence by
a single spatial mode expressed in terms of an equivalent bare core
buckling E2 (the Bl-approximation) and treat;ng elastic scattering by
a continuous slewing down model {(Greuling-Coertzel model) and inelaseic
gcattering by means of a8 multigroup transfer matrix, Cross sections for
the heawvy nuclides at resonance energles are treated by assuming cnly
hydrogen moderation, with no Doppler correction,

SOFOCATE determines the thermal-group constants based on the Proton
Gas (Wigner-Wilkins) Model to deseribe neutron thermalization. This
model yields the correct 1fE behavior at high energies caused by a slowing
dowmn gource and aceounts for abzerprion heating and leakage cooling effects
and also for flux depression at thermal resonsnces.

The cross section sers used by MUFT and SOFOCATE hﬁva 54 and 172
groups, regpectively. The cross sectlon sets for the EPRI-LEOPARD version
are based on the Evaluated Nuclear Data File-Version B-IV (ENDF/R-IV).

The thermal cutoff énergy ic 0,625 eV, and few group constants are prepared

for use in diffusion codes in three or one epithermal groupa (10 HeV + 0,821 Mev,
821 KeV -+ 5,53 KeV and 5530 eV > 0,625 <V or 10 MeV + 0,625 V) and one
'thermal.gruup (0.625 e¥ + 0 ev).

Because MUFT and SOFOCATE perform homopenecus calculationz=, LEOFAERD
has £h correct their re5u1ts.fnr cell heteropeneities., In the tharmal
gpectrum, dizadvantage factors calculated for each thermal group asre used
baged on the Integral method proposed by Amcuyal and Bencist (ABH ~ Method)
zs modffied by Strawbridge {5-2} to Include cladding effects. In the fast
spectrum deantage factors are calculated for the first ten Fast groups

‘based on the method of successive genmerations {§-2).



’ At resonance energles, only the most abundont fertile nuelide
(U-238 or Th-232) present in the fuel is spatially shielded, This
correction ipcludes Doppler broadening, fuel lumping and vod shadowing
effects but does not include resonance interference cffects with the
other heavy nuclides (note the opposing effects between th# Doppler
correction, which tends to increase resonance absorption, and the other
corrections which tend to decrease resonance sbsorption). The concentrations
for the other heavy nuclides are assumed bes be low encugh {(Erue for
typical PWR"s) that spatial 5E1f—3hielding for them can be neglacted.
Thiz latter assumption and the neglection of resonance interference
effects for the fertile material may become large enough, at high fuel
enrichments (€ > 3.0 wfo)} and/or high F/M ratios, to decrease k by one per
cent {or more) since resonance absorprion is nverestimateﬁ {section 2,2.3}.
This effect is particularly strong for U—233~béar1ng fuels since U-233
has the highest resonance Integral among the more pramlnént fissile
nuclides. Problewms zlso arise for plutonlum fuels duoe to the large
low-1lying resonamneces of Pu-239 and Pu-250,

The spatial self-shielding factor (L—factor) for U-238 {or Th-232)

15 found by aﬁ iterative process on the ratis (w) of nopchermal meutrons
captured in T-238 (Th-232) to those thermalized, Special MUFT runs
are made, where zero leakage and mo captures except in U-238 {Th-232)
are assumed, and @ is found. This w ia compared to another w cbtained
for the unit cell in queéticn usinog an experimental rescnance (metazl-oxide)
-eorrelaticn for U-238 (Th-232). The L-factor (which mmitiplies the ragonance
integral for each resonance of 0-238{Th-232}) iz changed until the HUFT—@ natches

the correlated-w. We éhuuld nmention here that wheﬁever the w-search does
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not converge, LEQPARD uses an L-factor for U-238 {fh—232) based un Zernik's
unpublished formulation. #Zernick's L-factor is alﬁulalways used to self-shield
Pu-240 in EPRI-LEOPARD as a first approximation, The merit of this procedure
was not evaluated in the present work.
LEQOPARD calculates few=group cross =sactions fa? all tvpes af
fissile and fertile materizls and for any combination of Hzﬂ and Dzﬂ.
The concentration of boron, or the percentzge of Dzﬂ, in the moderator
(H,0) can be input as functionsof the fuel burnup. In this way, PWR's
and S5CR's can be simelated by LECPARD,
The burnup equations are solved for the Th-23Z and U-238 chains
af nuclidea and for the:fissicn pruduc#s: Pr-149, Sm-149, I1-135, Xe-135
and one pseudo-element which accounts for all other fission products {one
lumped fisslon product is assumed to be produced per fission event), For
each time step the total rate of neutron ahsorption is assumed constant.
The absorptlon cress sectlon for the lumped fissien product is
represanted as a function of fuel exposure (Section 3.3.11 and asaumed
to be zero from 5,53 KeV to 10 MeV, constant from 0,625 to 5530 eV and |
wary with 1/v-from 0. to 0,625 e¥, An option is provided in LEOPARD to
input a scaling facter to adjust these cross seckions for each fuel type.
This factor was found to be v0.B4 for typical FWR fuels (¥-3) and about
50% higher (than 0,84) for plutonium fuels (S-4). The value 0.84 was
used for all-U—ZBSIUﬂ2 and E;233}Th02 depletion calculations, although
-perhaps a smallar wvalue should be used for ﬂ#233fThﬂ2 {G—?J:* The valua
1,26 was used for all PufTth depletion calculaticons. lu.dependencﬁ
on the F/M ratio was assméd bacause the epithermal cross section (which is
the important part for F/M g 0.5 for thellumped figslom product is much

less sensitive to the F/M ratioc than its thermal eross section (€-2).
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For more elaborate studies depletion programs, such as CINDER {E-4) and
QRICEN (B-4}, which can hadle hundreds of fission productsz should be
used to penerate proper fission-product cross=seclion correlations for
LEOPARD {and LASER} for each fuel type and at =ach F/M ratio, Programs
gimilay to, but more advanced than LECPARD treat each major filssipn
product chain individually: CEPAX {§-1}; EPRI-CELL (C-3).

LEOPARD also allows the inclusion of an extra region in the "supercell”
calculationa which represents contral guides, structural material
compoaents and intrer-assembly water, The thermal flux in this region

can be adjusted by an input factor,

3.2.2 Modifications

The replacement of the metal-oxide reaunance—integfal correlation
for thorium by a new one based on the resonance integral corvelation
reported by Steen {5-3) was the only majcr modification made to EPRI-
LEQPARD,

The resonance integral correlation for thorium {for isclarted rods}
reported by Steen, based on experimental data, for the energy range 0,3 eV

to 10 Me¥ is piven by:

I(S/M) = 5.66 + 15,64 V3/M @ 300°K (3.1)
I(S/M) = 4,56 + 22,69 V5 @ 1200°K (3.2)
where

I = resonance integral (barns)

/M = fuel pellet surface-to-maas ratio {cm?}g}
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Shapiro (S-1) adjuated thils correlation to a 0.625 eV cutoff epergy,
which amounted to a 0,25 barn reduction in the unshielded or constant
tem in the correlation. Assuming that the capture integral varies linearly

with ¥T'K, and correcting for rod shadowing effects, he obtalned,

k1% = 6.51 + 8.56 VED/H + [-0.06351 + 0,40703 YSD/H) ¥T  (3.3)

for
0.4 < ¥SD/H < 1.0
. and |
300°K < T < 1200 "K
wvhere

D = Fukal Dancoff factor.
The old metal-oxide correlation for thorium used in LECOPARD was:

02 | 1/2
RL, 7, = L.285X + 2.72 + (0,0249X + 0.0237) T,p¢ (3.4)

where (B-2, 5-2)
ieff = gffective fuel temperature (°K)

172

[=]2] D
X w [~ P o ———— (3.5)
‘Hn_z o anﬂgz

o
I'n = geattering cross section of the fuel. The wmicroscoplc

scateering cross sectiona ueed were 12,0 and 3.8 Barna

for therium and oxygen, respectively.

HEZ = Th=232 number density in the fuel region



and

-]
1l

fuel radius

Razsﬂ'-4.5a
o 1-|1+5 35 ! {znﬂzsu)

-
1

=)
0

31

(3.6)

effective shielgding factor for the lattice (Dancoff facror)

In order to transferm Eq. (3.3} to the format of Eq. (3.4} we hava:

i T T
M 200 T a 02,02
[~ o R o
“ wo
§__2 __0.602
TR R £
o0

0z 0.00519052
Rbﬂo " S/M

02 OXY Zen 02
ROISG (UE + 2::.IIB ) RDHCI

0.101734
szsn - 5/M

. —#.5&
. 0.0444254 0.20346%
Es {1“[:1+ 5/H 1 }fl:si’n:[
X = [19.60 P+ 96.3294 s.-"lrI]l"'2

Ficcing vSD/H as a function of X wa get:

V3O7H = 0.108246X - 0.155683 + (xZ = 0,2999)

(3.7

(3.8)

(3.9

{3.10)

{3.11)
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1.50
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Fuel to Moderator Volume Ratioc, FfM

Figure 3.1 EFFECT OF THE NEW (STEEN) RESONANCE-INTEGRAL CORRELATION FOR THORIUM
ON k CALCULATION WITH LEOPARD
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for 0.4 < YSB/M ¢ 1.0

Substituting Eq, (3.11) inte Eq. {3.3),_we haver

1/2
eff

RI%2 = £,9298X + 5.1727 + [0.04406% — 0.32688) » T

.12
STEEN (3.12)

for 5 X £ 11

Figure 3,1 shows the effect of this new (Steen} correlacion on the
values of k caleulated using LEOFARD, It canp be seen that k increases by
0.51 for repular lattices (FfM = 0.5) and by as much as 3% for tight
lattices {¥FfM = 2.0) at operating temperatures. Ar cold temperatures

{68°F) the effect is smaller.

In the rest of this work, all LEOPARD calculatiens include the new

{(3teen) correlatiopn for therium {unless atherwise stated).
3.2.3 Evaluation

3,2,3.1 Coomparizen of LEOPARD with Benchmark Experiments

An a part of our efforrs to verify the validity of using EPRI-
LEQOPARD (with its ENDF/B-IV based cross secticnz) to generate few
group cross sections for tight—pitch lattices, we made an extensive
literature zearch on eritical and ezpunEﬁtial pxperiments,. We wers
mainly iﬁterested in uniform lattices fueled with U—233fThD2,
B—Z}SfThﬂz, PufThD: or PufUo ,.and mpderated by light water with the
fuel-to—moderator volume ratdlo {F/M} in the range: 0.5 {current lattices}
< F/M < 4.0.

Dnfortunately, most lattice experiments using these types of fuel

heve F/M ratios less than 1.0. Wo experiment using PufThO, as fuel
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was found.

Table 3,1 summarizes the wain characteristics of the cxperimencs
analyzed with LECFARD, and cnﬁpares caleculated with cxperjmental results
for quantities of interest. Several lattices fueled with U—2351Uﬂ2
{ar U=235/11-Metal) are included in this tahle for co@pleteneas.
Appendix B and Reference (G-1) give detailed data on these benchmark
comparisons,

In terms of averages k, reascnably good results are obtained for
all typea of fuel analyzed, the worse case beipng for plutonium—fueled
lattices, vhere a positive {(average] bias of 2% is found. The use of
the program LASER, which treats plutonium-bearing fuels in a more
appropriate manner decreases this bias and alse the standard deviation
af k (see Sectiou 3.3 and Appendix C).

When particular experiments .are analyzed {see Appendix B and
Reference (C=1))we note that there 1s a trand.fur k to decrease with
F/M (For F/M > 0,5) for both thorium and plutonium lattices. The use
af the new metal-oxide respnance—integral carrelation for thoriwum {(based
on Steen's correlacion (3-3)), when compared to results based on the
old correlation, decreases this trend, glving better values for k for
very e#ithermal lattices (case 16 1n Table B-l and cases 15 and 16
in Table B-3). Better agreement with experimental resules for
caleulated pEZ (the eplthermal-to-thermal capture ratio ia Th~231)
is rlso achieved for these epithermal lattices. The use of the new

-Th~correlation increases the k's by about 0.3%, however, and decreases

02

the averape pngpc exp

ratio by 2X, leading to pooraraverage results

{sea Tables B-1 to B-4).
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Ullo et, al, (U-1), using sophisticated Monte Carlo techniques to
analyze therium lattices, also found Lhat caleulated k values decresse
with F/M {for F/M > 0.3) if the measured huckling iz used to correct for
leakage, However, they alsc found that, in general, 1f two-dimensional
Monte Cyrle caleculations are made (correcting only for the axial
leakage} good results are cbtained for k (see Fig. 3.2). They pointed
out that the reglon of interest in tight experiments ig, in penersl,
too small compared to the driver and/or blanket regions, and thus the
experimental a$ymptntic flux may not necessarily ecorrespond to the
asyomptotle flux of a larger core,

Deviatipnz of calculated k from unity, for therium lattices, agree,
in general, with the expected trend of deviations of pgz [rom measured
values, although the latter have large uncertainties (Tables Bl to B4).
In other words, when & 1s less than unity, pgz is larger than the
corvesponding experimental value and wice-versa,

Finally, we should mote in Table 3.1 that goeod agreement is found
Between calenlated and experimental valoes for the eplthermal-teo-thermal

2
fission rate in U-235 {pf5 often denoted §2°

elsewhere in the literature)

for the lattices in Table B-4. It appears that fast fission in Th-232 is
undere;timated in LEOFARD by about AD0X for some eplthermal lattices {Table B-2).
Although the latter value is high, its effect on k is negligible because fast
Tission in Th-232 is very small in any event {lesa than 2% of total fissions

for these lattices).

. Due to the absence of thorium benchmark expariments in the range
of Inrerest and the large uncertainties and difficulties assnclated with

the measurement and Interpretation of bucklings and microscopic parameters
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for the few experiments analyzed, no other modification in LEOPARD was
attempted hesides that desgribed in Section 2.2.2.

Az a final note, LEOPARD results are in good accord with experimental
values, in terms of k, for uranium latticea. Tn general, ne trend of
k with the ¥/ ratio (for F/M » 0,5) is noticed and excellent resultrs
are found éven for very underpoderated lattices (Table B~5). Nevertheless,
k i underpredicted by a large amount on some overmoderated andfor low-
enriched uraniuvm—metal lattices (eases 2, 3 and 11 in Table B-6}. 1In
one case (ecase 34, Table B-6), the thermal spectrum caleulation failed

to converge.

3.2.3,2 Comparisen of LEQPARD with Fast Reactor-Physics Methods

From the previous section we have found thart LEOPARD tends to
underpredict k for tight—pirch thorium—fueled lattices, This effect
may be causzed by overpradictlon of reschance absorption in the fertile
and fissile nuclides andfor overprediction of leakage stemming from
use of the experimental buckling.

To furthgr examine this quescion a2 procedure was devised combining
thermal and faat reactor-physies methods, which caleculates k for very
epithermal lattices better than LEOPARD, This new methodelogy, bowever,
contrary to LEOPARD, appears to overshield the resonance absorption for
both the flszile and fertile lsotopes.

The anzlysis was pade using a simple two—group {more are possible)
diffusfon calewlation with the thermal and epirthermal eross sections
taken from LECPARD and ANISH (E-3), respectively, ANISN was used to do
a2 k-calculation baged on a {transport-corrected} PnfSQISD-gruupfl—dimensianal

trensport approximation., (Results based on a P3/5B approximsticn were
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essentially the same as those based on a PDISA approximation). The cross
sections input to ANISN wére Firat shielded by the program SPHINX (D-2),
which uses the Bondarenko shielding wmerhodology (B-3). The 49 epithermal
groups [from ANISN) were then collapsed to yield the desiréed one—group
epithermal cross sections with a thermal cutoff of 0.683 &V. The swmall
difference in the thermal cuteff of the twe schemes (0.625% eV for
LEGFARD) can be negiecte&. Both librariles are based on the ENDF/B-IV
cross section Iibrary; the particular 50-group cross section set used
In SPHINX/ANISN calculations was LIB-IV (K~2).
Table 3.2 compares the k's {and k~~'s) calculated by LECOPARD (L)
and by the combination of LEGFARD and SPHINX-ANISN (L/SA) for a
serles of benchmark experiments, In the caleularion of the kK's ve
used the diffusion coefficients determlined by LECPARD, since ANISN uses
g-total instead of g-transport to caleculate the diffusion coefficients,
We see that the LfSA mathod decreases by more than a factor Pf two
the standard deviation of the k error for the thorium lattices compared
to the LEOPARD vesults. Not only that, the L/SA method gives much bhetter
resultz for the highly epithermal lattices (cases L4, 15 and 23 In
Table 3;2}. For the vranivm lattices, both methods give good results.

: Tnb]fe 3.3 compares ngz calenlated by both methods with the
experimantal values for the H#IBEIThDZ fnzﬂ} lattices of Reference (W-2).
Although more comparisons should be made, the L/SA method, as good as
it othervisze zeems to be, badly underpredicts pEZ for these casas,

Although SPHINX tends to overshield both the fertile and fissile
isotapes, the errors appear to cancel each other better than in the
LEOPARD treatment when k is calculated. Tt Is interesting to pote that

the leakage correction somatimes overshadows differences im k-="s between
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Cuze # Raf F/iu
1 B-1 0.59
2 0.73
a 0.78
& 1.04
5 1.04
6 1,32
7 1.55
8 1.20
9 2,13

10 2,29
11 2,32
12 W-3 0.70
13 c.70
14 0.70
15 0.70
16 W~z ¢.33
17 0.46
18 0.58
19 0.72
20 1.00
21 0.06
22 p.09%
23 0.33

TABLE 3.2

BEENCHMARK, COMPARISONS

ino

2.—

55,38
60.40
71,94
B1,.96

99.30
99.26
9%.30

* Ref (B-1) 3.04 w/o U-235/00,
“Ref (¥W-3) 6.33 w/o U-235/ThCy
Ref (W-2) 3,00 w/o U-233/Thoy

** F/M = Fuel-to-Moderater Volume Ratio

al

k= co
L L/5A L L/SA
1,262 1.269 1.043 1.007
1.372 1.374 1.000 0,556
1.231 1. 241 1.003 1.008
1.186 1.200 1.001 1.00%
1.313 1.318 0,995 .996
1.261 1.76Y9 0.995 0,998
1.224 1,233 0,989 0. 089
1.17%7 1.187 0,590 0.991
1.152 1.160 0.992 0,943
1.135 1,340 1.000 0.999
1,132 1,137 0.990 0.%988
Average k 0,997 0.998
40.006  +0.008
1.308 1,334 1,002 1.006
1.287 1.317 1.00% 1.018
1.226 1.264 0,982 0.9%%
1,154 1.202 0,961 ¢.989
1,327 1.322 1,018 1.013
1.367 1.366 1.017 1.013
1.382 1.31 1,014 1.010
1.385 1,383 1,010 1.006
1.372 1.373 1.006 . 1.ED§
1,480 1.496 1.004 - 1.010C
1.449 1.470 1.000 1.009
1,187 1.256 0.972 1.018
Average k 1.000 1.008
+0.018  +0.008
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TABLE 3.3

EPITHERMAL~TO-THERMAL CAPTURE RATIOQ IN Th-23Z

&

Measured pEE Calenlated pgz
%i Thermal Activation L L/S-A
Case # Cd Ratio Method Methad {0.625 eV—cutoff) (0,683 eV-cutoff)
21 0,559 + 0,018 .634 + 0,060 0.574 0.451
22 0.780 + 0,032 0.840 + 0.058 0.818 D.652
23 5,190 + 0,540 4.660 + 0.19 5.2% 3.79

* Referencea (W=2)

*#* Refer to Table 3.2
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both wethods, giving similar answers for k's {cases 12 and 13 in
Table 3.2).

In view af cthese results, this option was abandoned bur further
comparisons with experiments should be made to determine fits wvalue

a5 a possible benchmarking method.

3.3 The LASER Program

3.3.1 Desecription

LASER (P-3) is a one—dimenaional {eylindrical} multi-energy (83 groups)
lattice—cell program which is based on the MUFT {E-3) and THERMOS (H-3)
codes, The thermal cuteff 1s 1,855 eV and a burnup option is pravidﬁd
which can, at option, account fur.tha non-linesr effects in the burnup
equations. The spatial burnup distribution within the fusl rods is
explicitily calculated,

Like LEOPARD, LASER makes a homogeneocus calculation in the epithermal
energy range based on the MUFT propram. Spatial self-shielding for U-238
may-alse be calenlared by Stravhridpe’s procadure (5-2), TIn addition an
L—faetor, to account for fuel lumping, Dancoff end Deppler nnrraqtians,
can be input ioto the code for each heavy nueclide (LASER doces not include
the thorium chain of nuclides), Interference between U-238 and U-235
resonances can also be treated., The spatial distribution of the epithermai
resgnance capture rate in U-238 is ioput to the code to atecunt for the
aop—miform buildup of Pu—-239 in the fuel rod. The lowest &4 of the 54
igroups in the regular HUFT code are dropped to permit i higher thermal

energy cutoff {1.855 eV).

[TE
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In the thermal energy range (0 < E < 1.B55 eV), LASER uses the
THERMDS code, which solves the integral neutron transport equation,
subject to isotroplc scattering, numerically by dividing the enerpgy
and the geometric space into subintervals. The energy mesh has 35 thermal
groups which permits an sc¢curate representation of the 0.3 eV Pu-239 and
the 1.8 e¥ Pu-240 resonances., Rim and Momsen (M-3}, ilnserced additional
data into LASER to account for the Doppler broadening effect on the Pu-219
resomance at 0,296 eV {because the criginal verslon of LASER Doppler-
braadened only the Po-240 resonance at 1,086 eV¥), Thermal cross sections
for the plutonium isatopes and thermal resonance parameters far the 1.0V
Pu-240 resonance were changed based on the ENDF/B-II cross section
library. Therwal eross sections for U-235 were normalized to the 2200 mfszec
parameters reported by Sher (M-3). )

An isctrepic scattering ring surrounding the cell is automatically
provided in LASER, which eliminates to a large extent the errors intraduced
by cylindricizing the lattice cell {Wigner-Seitz Cell), The scattering
kernel for light water may be based oo the free gas scattering {Wigner-Wilkins}
kernel or on the bound scattering kernel of Nelkin, For heavy water,
Honeck's extenslion of the Nelkin kermel to DZD ia used.

Mont=linearities in the system of burnup equationsz can be accounted -
for, but in géneral, to save tuﬁputer time, the simpler linear approximation
is preferred.

The fiasion prnduétﬂ are divided into three compoments: Xe-135,
Sm~149 and a lumped pseudo-fissicn-product, the latter belng produced at
a rate of one per £ission. Chains for Xe-135 and Sm~14% are not included
in the code. Instead, after the first and second Eurnup steps, Ee-135

and Sm-149 respectively are assumed to have reached their equilibrium
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concentrations,
The cross sections for the lumped Eission produck, as in LEOPARD,
are represented by polynomials in the burnup. Although the pseudo-fission-
product crass section varies with fuel enrichment and metal-to-water
ratio (C-2), the simpler expressions for plutonivm fuel {3.53 w/e and

FfMn (,5) derived by Homsen (M-3) were used in all depletion calcularions:

lst group: Uias =0
2nd group: u:Pi = 31.422 + 1.1693 x 107 B - 2.4423 x 10°° B% 4 4.5934 x 10°°B°
3rd growp: oL = 195.14 - 1.0865 x 10728 + 3.9174 x 10787 - 5.3322 z 1071287

o

vhere

15t group: (5330 £¥ < E < 10 Mel)
2ud group: (1.855 eV < E < 5530 eV)

3rd group: (0 < E < 1,853 eV)

Gﬁh = the 2200 m/sec walue of a lfv cross sectiom,

_ o
and
ept
a_ iz taken to be constant with energy.
R = burtup in WD MTHM

3.3,2 Evaluation

Table C-1 compares k's ohtgined with LEOPARD and LASER for the
't:lghtest lattices of PufUﬂz (Hzﬂ} examined. We see that LASER not only
reduces the etandard deviation but also improvea the average k., Note

also the tendency of k to decrease with F/M (for the szame fuel enrilchment)
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for both codes, less for LASER because of its highér thermal cutoff.
Although the cross section library for LASER iz based on its eriginal
library and, In part, ¢n the ENDF/B8-11 library and that for LEDPARD,

on ENDF/B-IV, LASER reduces k, probably because of the Doppler correction
for the low-lying plutonium resgnainces.

Table C~3 compares k's obtained with LEDPARD anﬂ IASER for some
Pu—&l—DEG exponential experiments, Althoogh no thorium or wranium 1s
present, this series of lattices is useful In demgnstrating the
superiority of LASER over LEQPARD when treating plutonium-fueled cells,
Also, we should note that because the moderator ig D,0 and the F/M

ratios are high, these lartices arxe highly epithermal,

3.4 The SIMJ0D Progran

A simple medel (the SIMMOD Program) was developed by Abbaspour {A-2)
for the calculation of overall levelized fuel ecycle costs, The model
asaumes only equilibrium fuel batches (those which have equal io-core
reafidence times and equal charge and discharge enrichment) and that
revenue and depreciation charges occur at the mid-point of the frradiarion
period.

On these bases, the Simple Hﬁdel takes the form:

I .
1
e, = 106 E 0. MiCiFi6; (3.14)
1=1 .
where

e = levelized fuel cycle cost (mills/kwhre)

E = total electrical energy produced by an equilibrium batch

during its residence time in the core {kwhre)
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h step f{e,.p. KglM)

M = tyansaction quantity invelved in the 1*
€, = unie peice of che ith step in time-zere dollars {e.g. §/KgHM)
F, = "composite discounting factor' whichlincludes the effects

of the discount rate and taxes.
&, = “composlte escalation factor'" which ineludes the effects

of escalation for each transaction i (and for che price of

electricity).

Discrepancies hetween this model and the more accutate model
MITCOST-II (C-4)} are not greater than 3%, a2s reported by Abbaspour (A-2).
The differance is always biased on the low side, mainly hecause of the
gmfagfonr in the Simple Madel of starecup batehes, which hawe a higher fuel

eycle cosk,

It was concluded that this model was flexible and accurate enough

for the purposes of this work,

3.5 Limitations of Methods of Analysis

Compariszons of EPRT-LECPARD and LASER agalnst benchmark experiments
have indicated that these programs tend to underestimate k for epithermal
Jattices fueled with U-EJJITth or Pu!UOz, respectively, Assuming the
experimental bucklings are correct, it seems that this trend iz caused
mainly by an overestimation of resonance absorption due to the lack of
treatment of resonance interference between the heavy nuclides and gpatilal
salf-shielding for the fissile puelides.

. Seasitivity analyses have shoum ;hat a 10Z overestimation in the L
fastor (Sections 3.2.1 and 3.3,1) for each of the heavy nuclidea (at

F/iH = 3.0) - which would be an upper limit on the estimated discrepancy

i our judgement - could cause the fissile inventory (FI) to be

IMS 10T .. D FovCil =5 FOF ol RESUSLEARES
P LT -




TABLE 3.4

ERRORS IM THE FISSILE INVENTORY, TN THE
CONSUMPTION OF FISSILE MATERTAL AMD IN
k_ DUE TO ERRORS IN THE TREATMENT OF
RESONANGCE AND FIS5I0M PRODUCT EFFELCTS

{1) {2}
RI (+ 10%) FP ( + 10%)
(33 (4)
U_233,!Th02 Pu/U0, U-233/Tho, E'n.ur'I.ht}2
(5)
FI (%) + 8 +5 + 3 + 2
(6}
CPM (%) + 11 + 16 + 7 + 36
(N
k +3 + 2 - -
o

(1) 102 error in the L factors for all heavy nuclides In the fuel

(2) 10%Z error in the absorption cross secticns for the lumped pseude
figzien product

{3) 5.5 wfo U=-233/ThO.; F/M = 3.0

(4} 9.0 wv/o PufUC,; F/M = 3,0

(5) FI: Fissile Inventory

{6} CFM: Consumpticn of Fiasslle Material

{7 ka‘ Initial k
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overestimated by less than 5% and the consumption of fissile materiaol
(CFM) to be underestimated by less than 16% for both Uﬁ233ITh02 and
PufUDz—Eueled cores {Table 3,4}. The effect on system ore consumprion
1ls considerably less {see Chapter 4)}.

Another possible major source of errors comes from the treatment of the
fission products, A 10 underestimation Iin the absorptlion crass sectlon
for the lumped (pszeudo) fiasion product could lead to an underestimation
of less than 3% in the fissile inventoriles (FI's,(Table 3.4), The
underestimation in the CFM wounld be less than 7% for the U-233ITh02 cora
but ag large as 362 for a PufU02 core becauze the conversion ratic for
this core is very close to 1,0, If fisszile fuel losses due to re-processing
and re-fabrication are included the error in CFM due ta fission product o

drops to less than 13X.
3.6 Conclusions

Methods and data verification in the range of present interest, 0.5
{curreﬁt lattices) < F/M ¢ 4.0, are limited by the scarcity of
experiments with F/M > 1.0. Revertheless, benchmwarking of the
FPRI-1EQOPARD and LASER programs against several experiments indicated
that they tend to underpredict k as F/M increases, probably due to the
lack of proper treatment of resonance effects, Better agreement with
experimental Tesults were obtained with a new thorlum resonacce integral
based on Steenfs correlation ($-3). The analyses were ﬁﬂde more difficult
by the lack of confidence in the experimentally measured critical

bucklings for tight lattice experiments {(U-=1).
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The combination of fast reactor-physies methods with rhermal
nethods should be further explored, since good agreement with benchmark
experiments, in terms of k, was obtained althndgh resonance absorption
seems to be underestimated.

Based on sensitivity amalyses we have concluded thar a 10% error
in the L-factors for the heavy nuclides can cause errors of less than
8 and 16% in the fissile inventory and In the consumption of fissile
material respectively, for tigﬂt latrices (F/M = 3,0) of U—2331Th02 or
Pufﬂﬂi. S5imilar errors can arise from a 10% error in the ghsorption
eross sectioms for the lumped fissien product (whea fuel lossesz due to
re~fabrication and fe—pracessing are included).

Abbagpour's "Simple Model™ for ecaleulating fuel eyele costs (SIMMOD)
was Judged to De accufate eaough for the purposes of the present work,

based on the author's comparisons with more sophisticated schemes (MITCOST-1I),
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CHAPTER 4

FUEL CYCLE CALCULATIONS

h.]l Imtroduction

In thia chapter, we dezscribe the fuel cycles analyzed, the
methods of caleulstion empleyed and the assumptions made; and preszent
and gnalyze the results. The basic abjective Is to find the effect
of tight piltch coxee fueled with U—ZEEfThGE oY Pu!UGz en the consumption
of natural vranium ore when the subject reactors are operated in
complete systems, mamely the thorium system U-EBEIUDZ:PufThﬂz:U—233fThﬂg
and the uranium system U*ZBB!UDE:PuIUGZ. Fuel cyele costs for
equllibrium fuel batcnze arve alse calculated, and consideratlon is
given to reactivity coefficients and te thermal-hydraulic effects.

Firally, uncertalinties inherent in the calculations are discussed.

4.2 Fuel Cycles Analyzed

The two systems of coupled reactors analyzed, namely the thorium
system, H;ZESIUUZ:Pu!ThGZ:U—233!Th02, and the vranium system, H—ZHSJHDE:
Pufﬂﬂz, are sketched in Fig, 4,1. All cores use 3-batch fuel management
and (except for the fimal core in each sequence) have F/M = 0.5 and
discharge fuel at 33 MWD/KghM. Parameters varled for the final core
in sach sequﬁnce include the fuel-to-moderator volume ratio (F/M ratio),
diacharged fuel buroup {B) and the number of core zune% (MY,

The fivrst syatam,.U—Zﬂi!ﬂﬂ::PufThﬂz:U—Z33fThG ,.was chosen instead
of the more cormon U—zjﬁfThﬁz option because of the judgement, on practical

grounds, thst reprocessing of yranium fuyel will precede reprocessing of
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thorium fuel, and that it is highly desirable to avoid contaminaticon

af T-235 with U=232 and other vranium isotopes, which would increase
the complexity and cost of U-233 re~enrichment and re~fabrication. The
second system, U—EBSIUDE:PuIUD , was chosen because it ig by far the
leading candidate being worked on worldwide for LWR recycle and breeder
use,

Because the fuel management characterdspicas of standard FWR cores
are already very near their optimum values (F/M = 0.5; B = 33 HUD/KghM;
K = 3} in terms of uranium ore utilization (G-1) and fuel cycle cost
{A=-2), only the.chatacteristics of the final core in each sequence wers
varied, The fuel manapement parameters (F/M, B and N} for the Pu.r"Thﬂ2
cores were taken to be the same as for the standard PWR cores (for
comparison, the effect of =z tight pitch cove fueled with Fu.l"ThD2 is
briefly discussed).

To relterate, the baslc objective ic to study the effects of
each of the fuel management parameters varied (F/M, B and N) for the last
core in each sequence on the consumption of natural uranlum sre (CHII) and
on the fuel eycle cost (FCC) {calculated at the indifference value of

bred fissile species) for the system,

4,3 Method of Calculation

&.3.1 Reartor Modal

The remctor cores studled are based on the preliminary design
‘parameters for the Maine Yankee PWR (M-5) listed in Appendix A, Table 4.1
gives the core charactevistics kept constant, which include the fuel pin

diameter, core area, total reactor coolant flow, average linear heat rate




TABLE 4.1

CORE CHARACTERISTICS KEPT {ONSTART*

Pellet Diameter, Inch

Fuel Density, Stacked, ¥ Theoretical
Clad Materlal

Clad OD, inch

Clad Thickness, inch

Fuel Array Geometry

Core Cross Sectional Area, fl:2
Tetal Energy Output, Mwt

Thermal Efficiency, %

Averapge Pressure, Psl Absolute
Coolant Inlet Temperature, "F
Average Coolant Temperature, °F
Average Clad Temperature, °F
Average Fuel Temperature, °F
Total Reactor Coolant Flow, ib/hx

Average Linear Heat Rate of Fuel Rod, KW/ft

74

G, 382

92
Zirealoy-2

0,440

0,026

Hexagonal (Triangular)
101

2,440

i3

2,350

550

5%&.4

610

Tho, /1100, DO,/1200
122 x 105

5.6

*control guides and inter—assembly water were oot Ilncluded in the calculations
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(5.6 Kwfft) and the total ecore heat putput {2,400 Hwt). Core characteristics
which depend on the F/M ratio, which was the basie geometry-dependent
parameter varied, are given in Table 4,2. To faclilitate comparisons,
no allowance for contreol guldes or dinter-assembly water were included
in the cell} talculavions., Also, all lattices were assumed hexagonal
{= triangular), since this arrangement is required to reach high F/M4

ratios, Thus, the F/M ratlo is given by:

. |
FiM = ' (4.1)
2 2
ap -7 RBE
where
F/i = fual-to-moderator wvolume ratio
Rf = fuel pellet radius
Ruc = putside ¢lad radius .
p = latbtice pltch {pin-to-pin centerline spacing)
o oe Y32

In ﬂﬁr wark FfH was defined using cold lattice parameters; (however,
hot lattice parsmeters were used in LEOPARD calculations, vwhile for
LASER, ceold parameters were used; differeaces sre very small),

- We should mention that the neutrun.halance js not too sensitive
to the presence or absence of éxtra gtyuctural material, especially in
tight—-pitch cores (rEquiriﬁg, h{ most 10% in additional fuel inventory,
and reducinog the cnnverﬂiﬁn ratioc by less than 2%). While the neutron
balance is sensitive teo non—cell water, we have not explicitly included
this extra water. In designing tight pitch cores it will be particularly
important to minimize the amoumt of such extra moderator. Finally, If

ane wishes to evaluate systems in which non-cell HZD_EE included this can
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readlly be done merely by using the present results at the same total
F/i4 rarlos. }

Care cross-sectional area was Rept constant and!cure helght was
varied to minimlze pressure drop in the core, thus the coreas are not
optimized in rerms of neutron leakape, Average moderaror, clad and
fuel temperatures were calculated for each cell and found to be rather
insenaitive to the F/M rario since the tokal rezetor coolant flow and the
inlet coolant temperaturs were kept fixed, The average fuel temperature for
U0, is about 100°F higher than for ThO,~bearing fuels, reflecting a smaller
thermal conductivity for UD, at these fuel temperatures and at 92% of
theorecical density,

In arder to maintain the average linear heat rate (5.6 Kw/ft), high
core volumetric power densities are requived for the tightest lattilces,

To achleve high F/M ratios, rod-rto-rod spacing must be denreés&d to very
low values: 30 mils for F/M = 3,0, which is considered by some to be
feaaible (E - 1), 1In practice, to achieve high F¥/M ratios, control guldes
{if wsad) should be filled with empty rods or roda containing fertile or
inert materials, On the other hand, fuel spacers (grids or wire-wrap)
Temove some coolant, thereby increasing F/M. In view of these gualifying
congiderations we did not allow for the presence of non—cell water or
atructural material in oux ecaleculations, as previcusly noted,

The geometric buckiings, wvhich Bre important to represent neutron
leakage out of the core, were calculated as an average of the bucklings
ecalculated with and without reflector {a 19%inch reflector was assumed).
Comparisons with R-Z PDQ-7 (C-5) calculations showed that this precedure would

adequately repreaent nautron leakage, with an erzrer no larger than 10X in

the small leakage component of the neutron balance {=t BOC).
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4,2,2 Depletion Model

Fuel depletion calculations for all types of fuel were done
using EPRI-LEOPARD, except for Pu/U0,-fueled cores, for which the
LASER program wasa uzed, As noted in Chapter 3, the creatment of
Flutonivm-bearing fuels iz superior in LASER, and we would have also

used this code ta caiculate fuel depietion for the PufTh, types of

s
cores 1f the chain of nuclides deriving from Th-232 was available
in this program.

411 depletion caleularions were made with depletion steps of
3 MUD/EgHM, with twa or three shorter steps at the beginnipg of
depletion to allow Xe—-135 and S=149 to saturate. Smaller time steps
{1 ¥MWD/KghM) change the calculated k's and discharged fissile masses
by na more than.a tenth of a percentage point and 0.4%, respectively,
up to fuel burnups of 40 MWD/KgHM. The effects of these errors were
considered to be neglipgible for all practical purposzes.

Heurtron leakape from the core was represented by using the
geomelric bucklings of Table 4.2, The fission product scaling factor
in LEOPARD wasz 0,84 for both U-235!U02 and U—EBBITth carez and 1.26
for ?u!ThU2 cores, a2 explained in Section 3.2,1, ﬁhsﬂrptiunlcruss
sectiong for the lumped fiasion product in LASER were taken from Momsen's
work (M-3) (See Section 3,3.1). Strawbridge's procedure was the option
selected to calculate the L-factor for the dominamt ferriie nuclide
in both LASER and LEOPARN, Effective fuel temperatures were assmed equal
to the averape fuelIEEmperatuIEs sincer dfferences between_these two

parameters are generally smaller than the errors Involved in calewlating

each of them (M=3, 5=4). HNeither soluble nor fixed control poisoms

fMSTITL i R VRO TasF CE £ B L WUCLEARAS
- F.

n .
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were explicltly included, however the prosramz employed almulate neutron

loszes to these materialg through use of a {coutrol-searched) material
buckling in the neutrcn balance. Although the absorptien of neutrons in
control materials occurs mainly at thermal energies and neutron leakage
1% more important zt opon-thermal energies, differences can be neglected

{caleulated CR differences are less than 1%).

£.3.3 Fuel Manapement Model

To find the discharged fuel bumup for a ziven fuel type, fuel
enrichment (£} and F/M ratio az a function of the number of core zones
{N), we have used the so—called “linear reactivity model™ (C-3), This
model assumes that curves of k (or p)} versus B are linear and power
density is time and space independent, Althouph in gome cases p
{reactivity) vs, B is more linear than Lk vs, B, this was net found teo be
a useful distinction in the present work, and hence k was used throughout
The following relation between the discharged fuel burnup for am N-zone

and l-zone core is pbtained {when other characteristics are kept the

game):
il
By "W +1 B - | (4-2)
where

N = number of ecore zones {stagpared-reload fuel batches)

BH = discharged fuel burnup for an W-zone core



Multdlplication Factor, k

1.20

1.10

1.00

0.%0

0.80

BO

*PYIN = 2.0 w/o PufUﬂz[FjH;j_ﬂ} & THO530
TH = U-233/Tho,

0 10 20 30 40 50

Fue)l Burnup, B, MWD/KpgHM

Figure 4,2 MULTIPLICATION FACTCR A5 A FUNCIION OF THE FUEL BURNUP
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Figure 4,2 shows some curves of ¥ vs B. Because these rurves are
only roughly linear, the ﬁuint Bl where the linearized curves cut the
abscissa may depend on the nunber of peoints used in the linearizarion.
To be consistent, for a glven N we have found BM for each curve by
Jinearizing {least-square fit) from B = 1 MWD/MTHM (to allow Xe=1135
and Sm-14% to reach eguilibrium concentrations) to thé closest point
to the B, found using Egq. (4.2} and the (linearized) By

Basinally, the discharged fuel burnup inereases with B (Eq. (4.2))
because less meutrons arc lost to control materiala, aince fuel batehes
with negative reactiviecy abszorb much of the available excess of neutrons

from the Euel batches with excess Teactivity.

4,3.4 Relative Isotopic Welghts

Since the calculations of the consumpktion of fissile material were
hased on non-equilibrium fuel compositions (to save on computer
expenses, and because firat recyecle effects are most important), recycle
to extincetion was simulated by appropriately worth-weighting azch izatope
in digeharged fuel mixtures, Several types of weighting factors have been
defined, mainly for breeder reactor fuels {B-6, M-4). The "standard"
definition ﬁeights the fissile and pen-fissile isotopes by 1.0 and 0.0,
respectively, The British crirical-mass-worth weight factors are
calculated bhy:

o,{n, - 1)

o IS i S
v, cri(ni - 1) . (4.3)
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where:

relative weight factor of -iscteope j

L
I

It

average absorption cross section

N = averapge ata

Fquation {4.3) gives the correct effect in rterms aof k. In other

words, adding w, vnits of isotepe I or w, units of isotope j to the

j i
fuel will rhange k by the same amotmt. If the slepe of the curve of
k va B was independent of the Initial fuel naﬁpnsition, this definition
would also be adequate for gur purposes, ZBReferences {B-6) and (M-4)
give another, more elaborate, way to caleulate weighting factors.

We have derived, as a part of this work, a simple way to eatimﬁte
fuel isotopic-weight factors based on seusitivity analysis of the
discharped fuel burnup to the isptopic fuel composition, For a'given
fuel composition, cell geometrvy and discharged fuel burnup, we
successively change the atomic concentration of each Isotope j (by the
same =mall amount) and determine the net burnup increment AB,. The

3

relative weight factors are then defioned by:

(4.4)

PF*JF
]

==

ugaLf#

where

w

3

th = net burnup ipcrement for isotope j

= welght factor of lsctope ]
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RELATIVE ISQTOPIC - WEIGHT FACTCRS
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Fuel U-235/U0, * U-233/ThQ,* Eu/ThO,* Pu /U0, ¥

FiM _ G.5 0.5 3.0 0.5 0.5 .0
E{w/o} 2,75 .0 5.5 3.?1- 3.0 9.0
B, (MWD/KgiM) 33.1 38.1 34,4 33.5 38.1 37.3
U-233 - 1.00 1,00 - - -
U-234 - - 010 ~ 0,58 - ~ -
U=233 1.00 0.79 0.41 - - -
U-236 - 0,24 - Q0,23 - (.52 - - =
Pu—-239 - - - 1.00 1.00 1,00
Pu=-240 - - - ~ 0,36 - D,24 - 0.30
_Pu-Zi'-'l-l - - - 1.54 1.34 i 58
. Pu~2142 - - - - 0,61 - 0,58 - D.41

* Based oo EPRI-LEOPARD

#* Pased on LASER

ET LTSI T_::j
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This method is essentially an extension of the British definition
of weight lactors since not just the instantanecus effects of isotope }
o the neutron balance are considered but also the effects of all nuclides
derived directly (by meutron capture) or indirectly (fission products)
from ir,

Table 4,3 plves the relative isatopisc—weight factors calculated
using thiz wethod for some cazses of interest. Results were interpolared
for other F/M ratios and assumed Independent of the fuel enrichment and
discharged fuel burnup (fer the same fuel composdition, the welght factors
are not very sensltive to B). We note in this table that the value of
Pu-24]1 compared to Pu-239 increases with F/M, which basically reflects
the larger N of Pu-241 in epithgrmal spectra {Table 2.6). The opposite
occura for U=235 cowmpared to T=233; the 1) effeqt is further enhanced by
Ehe much larger resonance integral of U-2323, In general, the value of =&
plutonium mixture increases with F/M and the contrary is true for uranium

mixtures,

4,3.5 Economic Hodel

To calrulate the fuel cycle costs (FCC's) we have nséd che SIMMOD
{Simple Madel) program developed by Abbaspour (A-2). Fuel cyele costs
were calenlated for equilibrium batches {those hatches which have the
game inftial and final fuel compositions and produce the same amount
of eneTgy).

Table 4.4 gives the unit prices assumed for each fuel cycle
tranzacticn, Leﬁd and lag times for tha transactinna.are given in

Table 4.5. The availabillity-based capacity fartor was held copstant



TABLE 4.4

UNIT PRICES* FOR FUEL CYULE TRANSACTIONS

* Unit prices from Ref. (A=-2}
** Ref, (D-1)

Yellowcaka, UEDB’ S$/1b 404100
Enrichment, %/5WU T
UFﬁ Conversion, &/KgHM &
Clean Fuel Transportation, $/KgHM 4
Spent Fuel Transportabtion, $/KgHM 17
Fuel Fabrieation, §/KgHM
UFZBEIUUI 150
PufThﬂ'z 510 %%
U~233fThﬂz 570
PufUDz 500
Reprocessing, $/KgHM
‘U-235/00, 221
Pu!rhﬁz 260%%
U—233fThU2 278
Pu/UC, 221

' Waste Disposal, §/KghM
U—235fU02 7l
PufThﬂz 92
U—233fTh02 92
PufUo, 71
Thoriuam, $/1b Th 15
Depleted Uraniom, %f1b U 15



Transaccion

Pay for
Pay for
Pay for
Yay for
Tay for
Pay for

Pay for

TABLE 4.5

36

DATA FCR FUEL CYCLE CALCULATIONS

Lead or Lag Time® (yr}

Fual

Conversion
Separative Work*#*
Fabricaticn
Transpertation
Transportation

Reprocesaing

-1,0
-0,5

"-n'i

0.5

0,75

Pay for Waste Disposal
Credit for Fuel

Fuel Cycle Parametars

Refueling Downtime, yr
Avallability — Based Capacity Factor

Economlc Paramekers

Bond=holder Fraction

Stock-holder Fraction

Return to Bond-holder, % yr_l

Return to Stock-holder, X yr_l

Tax Rate, X

Discount Rate, % yr *

Escalation Rate, 2 yr-l

0.75

1.0

D.125

0.83

0.5
0.5
11

15

50
10.25
{H

#Lead Time = rime before stare of irradiation

Lag Time = time after end of jrradiation

**Taile assay enrichment = 0.2 w ¥
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equal to (.83, and rhe refueling downtime kept egual to (.125 yr for
all cases, The high discount rate (10.25% yr_lj was chosen to reflect an
inflationazy environment.

Fuel cycle costs for each system were evalvated with the cosc for bred
fissile species at their Indifference values {(in other words, the FCC is

the same for all types of cores in the system),

4.4 Fissile Inventory and.Conversinn Ratip

Tﬁis section compares the U-233fThD2 and PufUD2 fueled cores in
terms of reload fissile enrichment (€ or RFE) and cycle-average fuel
conversion ratio {CR} a= a function of the fuel~to-moderator volume ratio
(F/M}, the discharged fuel burnmup (B) and the mumber of cores zones (N).
Specific results are tgbulatEd in Appendices E and F. |

Figures 4,3 and 4.4 show the BFE for the U—ZSE!Tth and ?ufﬂﬂz cores
&5 a function of B far several F/M ratios and for H = 3, ({Appendices E
and F include results for N = 1L and N = 8), Figure 4.5 compares CRE for
boath types of fuel, The RFE increases with F/M for hoth fuels,
reflocting the consequences of decreased fissgile cross sectloms in
epithermal spectra. The CR alsc increases with FfM because the averapge
absorption cross section for (238 and Th-232 decrease less with F/M
than for other elements. Increased fast fission in the fertile elements

"aleo contributes to the increase in CR, To reach higher discharged fuel
burnups, higher enrlehments are required, which decreases CR since more
peutrons are lost to the fissile, control aod Eission product materials,

For current lattices {F/M = 0.5) PufU{J2 requires slightly less

enrichmen:t than U—233!Thﬂz beranse of the higher thermal cross sections of the



Reload Fisslile Enrichment, €, w %
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Figure 4.3 RELOAD FISSILE ENRICHMENT FOR THE u—233!Thﬂ2 CORE VERSUS
THE DISCHARGED FUEL BUENUP
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Conversion Ratio, CR

1.1

1.0

0.7

D.b6

- FPU30X
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{Assumption: N=1} *PUI) = PufUGE{FfH=3.D]
TH = U-233/Tho,
| | | L
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Discharged Fuel Burnup, B, MWD/KgHM

Figure .5 AVERACED CONVERSION RATIO OVER THE CYCLE FOR THE
U—EEEJ’Tth AND PuIUﬂzuFUELED CORES
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plutonium fis=ile lsotopes compared to U-233, the smaller thermal cross
section of U-238 cnmpared.tu Th-232, and the larger Fast fissiom (1.09 ve. 1.02)
effect for U-235 compared to Th-232. The difference is pot larger because
the plutonlum vsed eontailns large amounts of Pu~240 and Pu-242 (Pu-239:
54 wii; Pu—240: 26w¥: Pu=-241: 14 w& and Pu-242: Bui) while the T-233
fuel contain=s fewer of the corresponding higher mass iseotopes (U-237: 91 w¥.
U-234: § w¥ and U-E?E: 1 w%). Both fuel compoaltions deprade further
with fuel burnup. The higher thermal n of U-233 relative to Fu-239
provides =z higher CR for U-ZBB!ThUi fuel, since this cutweighs the fast
figaion differential, |

For epithermal spectra, on the other hand, Puj"Ul‘_‘I2 requires considerably
higher enrlchments than U-233fThD2 (for the same discharged fuel buroup)
hec;use of the much smaller reasonance integral of the fissile plutonium
isotopes compared to U-233 {Table 2.5), The very large fast fission effect
in U-238 (plus Pu-240) compared to Th=-232 (2.Z0 vs. 1.04 at F/M = 3],
helps keep the RFE for PuIUD2 from rising even higher, and provides larger
CR values than for U—233fTh02 despite the higher eta of U-233, Differences
in the shielded eross section for Th-232 and U-238 are less than.:!ﬂx

and do not change the general picture for epithermal spectra.

4,5 Cousupptison of Hatural Uranium Ore

In thig section we compare the consumption of natural uranium for
both systems as a funcrion of the fuel-to-moderator volume ratio,
discharged fuel burnup and number of core zones for the last reactor

in aéch EEQUENCE,



o2

Charged and discharged masses for the u—235fu02 end PufThC, cores are

2
given in Table D.2 in Appendiz I, Charped and discharged masses for

the U-233/ThO, and Pu,l"UD2 cores are given in ﬂpbendices E and F,

F3
respectively,
To calculate the consumption of natural wraniom for each system

we have extended the simple methed develaped by Garel {(G-1) to include

burnup effects for a zerc growth-rate system:

Unzzsfunz: Pu,*"l:hr::2 : U—233;’Th02'5y5r.em

d1
EZ {1 - RL)mag

o B -1 2 42
1 {1 - FL) By " {1- iﬂL)mMI

B (1 - RL}mg§ -1
x | 1+gx 1 o3 a3 (4.5
2 (1-F) el - (L - Ry

U;ZSSJUUZ : Pu!HDz System

3, {1~ RL}m:; -1
WD = C, { 1+3x —— = (4.6)
1 {1~ FL) O~ {1 - RLJmﬁg

whare:
CNU = Consumption of Natural Uranium Ore {5T H3DBIGHe.yr]

Cn = consumption of Natural Uranium for the standard core fueled

with U—EBSIUGE with uranium recyele only, assuming 0.2 wi¥

depleted uranium tails, (150 ST Haﬂafcﬁe.yr}*

*the consumptlon of natural uranium ore for the standard U;235f332»fueled
core without recycle 1s 167 5T Uaﬂafﬂﬁe.yr
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RL = reprocessing losses (13}

FL = fabrication losses (1%}

m?i = discharged equivaleat mass of isctepe j from the ith
core in the sequence of coupled reactors,
ci . . th
mj ¢ charged equivalent mass of Isotope j in the 17 core

in each seguence of coupled cores

h

B, = discharged fuel burnup for the 1™ core in each Sequence.

Equivalent masses for U-233 and Pu-239 were obtained using the
isatepic waeight factors given in Table 4.3 {weight factars were
interpolated in F/MY. Equivalent masses for these nurlides are defined

as:

miq ™ Wpg bWy, F Wy, Mo Wog M5 F W Iy (472

Whe ™ Whe T Wi Mo ¥y Py W2 Tan (4.8)
where
mg = gquivalant mags of isotope j

m, = mass of Isoctope 1 io the mixture

i

o

4 = welght of isotope i relative to isotope j (w:]. = 1)

Equations (4,5) and (4.6) assume the capaciry facters for all
reacters ;n each chain are the game,

Figures 4.6 and 4,7 show curves of CHU versus B at several F/H
ratios (and for ¥ = 3} for the thorium apd uraniom systems, respectively
(Appendices E gnd ¥ give detailed results for these CHU calculations).

We gee that the consumption of uranium ore decreases. with F/M and
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Figure 4.6 CONSUMFTION OF NATURAL URANIUM FOR THE
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increases with B, which is conslstent with the uppéslte behavior of CR
versus F/M and E.

The CNU far B = 33 MWD/KgHM at F/M = 0.5 {and N = 3) 1s 103 and
106 ST UaﬂafGWe.yr for the thorium and uranium systems, respectively.
Maximum ore savings, relative to these numbers, are less than 15% for the
thorium system and up to B0X for the uranium system. The disadvantage of
the thorium system compared to fthe uranium system comes from the daminance
of the I’uIThD2 cote {with itz poor performance: CR & 0.72 — Appendix D)
over the H-iﬂBfTh62 core in the thoriom sequence of coupled cores. However,
increasing the F/M ratic of the PufThﬂ2 core from 0.5 to 3.0 deesz not
significantly improve the performance of the thorium system (Fig. 4.8).
We should recall however that the mass flow results for the Pu!‘l‘hﬂ2 COTES
were based on EPRI-LECFARD caleculations, which .have a poorer degree of
confidence for plotoniuvm-bearing fuels, Increasing the number of core
zones Improves fuel performance for both systems (Figs., 4.9 and 4.10)
since neutron leases to control matérials are reduced.

Figures 4.1l and 4,12 show the effects of re~-fabrication and reprocessing
losees and fuel weighting on the comsumption of naturzl uranium ore for
the thorium and uranium systems, Curves A in these figures do not include
elther fuel losses opr fuel isotople welghting effects, c¢urves B include only
fuel loss effects and curves C include both Twel losses and weipghting
effects, We note that fuel 1655&3 and welighting effects are more Importaut
for high F/M ratios and low discharged fuel burnup since, in these cases,
the CR 1s near wunity, and discharged and charged masses are practically
the same {Eqs. 4.5 and 4.6), In general, the CND will exhibit a

mintmum because of fuel loss effects for very low values of discharged

fuel burnup, B.
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Fuel welighting for the vranlum sysfem may eéven reduce the CHU
at high F/M ratios because in hard spectrum cores the isotopic
percentage of fissile plutonium way increase with fuel depletion

(Fig. 4.12}.

4,8 Fuel Cyele Coars

Results from fuwel cycle cost calculations are given in Appendices E
and F for the thorivm and uranium systems, respectively. Data given
in these appendices include indifference values faor the bred fissile
species at twe prices of yellowcake (40 angd 100 $/1b USUB)'

Figures 4,13 and 4,14 show that the indifference value of rthe bred
fissile species decreases with burnup, B, since reprocessing and
re—~fabrication caosts increase with B3 it also dpereases with the F/M
ratio becaunse higher fiesile inventories are needed, For low discharpged
fuel burmups, the indifference valuea for U-233 and Pu—-239 may even become
negat.ive,

The sffect of this vyariable on the FCC is very small, howewver, Tha
designations "equivalent U-233" and “equivalent Pu-239" in the captions of
Fige. 4.13 and 4,14 indicate that isatnpic.weighting was used, as defined
in Equations {4.?} and (4.8).

Although the indifference values for the brad flssile materials vary
widely with F/M, B and H,.the fuel eycle cost for each system Is rather
ipsensitive to these parameters, varying less than 1% for the thorium
gyatem and less than 6% for the urauium system {Table 4.6)}. The underlying
cause for this behavior of the FOC is the swali ampont of plutonium

produced in the standard H—2351U02 core (only 20% of the inirial mass of
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TABLE 4.6

FUEL CYCLE CO5T5: RANGE OF VARTATION

Fuel Cycle Cost, mwill /kwhre

U-235/U04:
U—235FU02 PufThDg: U—ZBSIUDZ:
Ore Price with only P=233/ThO PufUﬂz
(§/1b UEGE) IJ - Recycle System System
40 7.08 6.90 ~ $.95 6.B3 - 7.25
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U-235), In addition, because of the highly inflationary envircnment
assumed (discount rata = 10.25% yrhl), the present worth factor for the
discharged plutonium ie wvery small.

The fuel cyecle cost is very sensitive to the price of yellowcake
{Table 4,6), since this term affects the dowinant U-EJSIUGZ core directly.

ﬁlthoﬁgh the fuel cycle ceost appears to be rather insemsitive to the
parameters F/M, B and N and also to the type ¢f system, 1t constitutes
less than 507 of the generarion cost of electricity. 8Since expenses due
to fixed costs increase as the number of refuelings per calgndax year
increases, low discharged fuel burnups andfor high values for ¥ can be

very expensive. As an example, let us assume that:

c

% =L* ¢4:9)
e, =el+ell-1L) | . (4,10}
and:
Assume the specific pumerical values e, = 4 e_: e = 1.5e
ho fa® x bo
e, = 7,08 mill/KWhre, L_ = 0.75
fo - o

where

Bes €0 B, and e_ are, in turn, the fuel cycle, ctation bushbar
{or generation), system production and replacement cost of electricity
(mi1}/KWhre) |

C = fized costs {capital plus C 3 M)

L = capacity factor

pubsceript o refers to the scandard case: 2.75 wfo Uh235!U02

{F/M1 = 0.5, B = 33 MWD/Kgm, N = 3).
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Figure 4.15 shows these costs as a function of B for the ﬂm233fThB2—
fueled core fat F/M = 3.0 and N = 3)Y. <Compared te the standard case,
e, and e, are 17% higher at B = 10 MWD/KgHm th;; their respective values
at B = 33 MWD/Kghm, Thus there will he no inecentive for a uwtiliey to

adopt short fuel cycles merely to achieve improved ore utilization., The

fame curves are algo representative of Fu!Uﬂz cores, since e¢ is the same.

4.7 Reactivity Coefficients

The calteulated wmultiplication factor decreases monotonically with
the moderator veid content for both U“EEBIThOZ &nd ?ufﬂﬂzhfueled COTes
in the full range of F/M ratios studied (0.5 < F/M < 3.0) at beginning
of cycle and with no soluble polsen in the coolant (Fig. 4.16 and Table ﬁ.?)-
For reactors with J:Elal;_i'l.rel'_',r thermal spectra (F/M = 0.5) the moderator
void reactivity coefficienr for Pufﬂnz i= more negative than for ﬂ-233IThﬂz
{(Table 4.7), consistent with the fact that the reload fissile enrichment
for the latter fuel is less sensitive to the ¥F/M ratio. The opposite is
true for eplithermal lattices.
Because of the Doppler effect In the fertile materlals, the fuel
temperature—reactivity coefficlent iz always negative (Table 4.7},
Aithﬂugh mderatoy vold-reactivity coefficients for tight pitch cores
fueled wirh PufH02 are czleculated to be slightly negative with LASER,
other computer programs may vield different results. For example, for
¥M= 2.0, =887 w/o PufUDz, at BOC vith no soluble poison (and without
¥e—135 or Sm-149}, the average void-reactivity coefficisnt {over the range
ﬁ to 20% moderator wvoid conresnt) cslculated by différen: codes i given
in Table 4.8, We see that the result from LASER agrees in sign and

in order of wagnitude with fast reactor—physics machods (SPHINX 4+ ANISH}.
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1.20
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-Figure 4,16 MULTIPLICATION FACTOR AS A FUNCTION OF MODERATOR VOID
FRACTION (AT BEGINNING OF CYCLE WITH RO SOLUBLE
PLISON IN THE CDOLANT)
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TABLE 4.7

MODERATOR VOID AMD FUEL TEMPERATURE REACTIVITY COEFFICIENTS

MULTIPLICATION FACTOR k FOR

Fuel U-233/Tho, Pu/fl0q
F/M 0.5 3.0 .5 3.0

£ wlo 3.0 . 5.5 3.0 9.0

Moderator Void (&)

0 1,3303 1.1532 1.183% 1,0777
10 . 1.3229 1.122H 1.1563 1.0729
20 _ 1.31240 1.,0888 1.1258 1.0678
30 ' 1.2965 1.0514 1.08%9 1.0624
a0 o .274 1.0098 1.0486 1.0569
50 : 1.2422 D, 9636 1.0005 1.0518
60 1.1954 0.5124 _ ﬂ;gﬁﬁi 1.047%
O 1.1233 0. 8570 0.8799 1,05372
Moderateor ?aid* ‘ -3 -3 -3 _
Reactivity Coefficient -2,8 x 10 ~£,2 x 10 7 ~4.3 x 10 7 -4.7 x 10
(&k /% Void)
Fuel Temperature {°F)
400 _ 31,3352 1.15827
1000 1.3327 1.1579 - 1.1874 1,0801
1100 : 1,3303 1.1532 1.1855 1.Q789
1200 }.3280Q 1.1488 1.1837 1.0777
1300 1,3253 1.1445 1,1819 1,07866
1400 : 1,.3236 1.1403 1.1802 1.0755
1500 1.3215 1.1353 1.1786 1,0744
1600 : 1.3194 1.1323 1.1770 1.0734
1700 _ 1.1754 10724
Fuel Temperature** 5 '

Reactivity Coefficient -2.2 x 10 ° -4.3 x 10_5 -1.7 x 1375._1_1 x 10

{Ak/°F)

* range: & - 70% wvoid
¥* range: 900 - 1700 °F

4

5
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TABLE 4.8

MODERATOR VWOID-REACTIVITY COEFFICIEHT
CALCULATED BY DIFFERENT FPROGRAMSH

Cross Section

Hethod Library Based On Ak fZ AV
LASER ENDF /B-1I % -6.2 x 1072
SPHINX/ANISN ERDF /B-IV 2.8 = 107
HAMMER ENDF/B-ITI + 4.4 x 107°°
EPRI-LEGPARD ENDF/B-IV + 1.6 x 1072

£ B.67 wia PufHDz at F/M = 2.0 with no soluble poison in the moderator,

and neither Xe~133 nor 5m—149 in the fuel

*% Based on ENDF/B-II only for the thermal cross section of plutonium,
and for cther nuclidea based on the original LASER cross—section library

(saé Section 3,3.1)
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As we wﬁuld expect, EPRI-LEGPARD is the worst method {(for Fu-bearing fuels).
The main problem seems to be the treatment of the low-lying 1,056 e¥

Pu-240 resonance. Using HAMMER (5-53), we lnvestigated the isotopic effect

on the vold coefficlent and found that only when Pu-240 is omitted does

the HAMMER void coefflcient become negative, Based on the adjoint flux for

this cell calculated with SPHINX/ANISH we found that as moderator density

is reduced neutrons otherwise captured in the lowest Pu~24Q0 rescnance

inecrease in worth, whereas the bulk of the epithermal neutrons above 20 eV

decresse in worth as the spectrum hardens. Extreme care in modeling,

and ealenlational precisien are called for in corder to properly account

for the difference ln these counterbalancing tendencies,

4.8 Thermel-Hydraulic, Mechanical and other Practical ﬁonsiderations

Rod~to-rod spacings as small as 30 mils would be required to obtain
high F/M ratios, Ewven with the shorter cores envisiconed, the primary
prnping power wWould have to be as much as doubled te campensate for
incressed pressure losses Iin the lower plenum and in the reactor core
itself, thereby decreasing the thermodynamie effieciency by as much as
0.6Z, Alternatively, a2 higher temperature rise across the core could
be employed, but for econstant gutlet temperature thia would reduce the mean
moderator temperature, and penalize the effieclency by a larger increment.

1f feasihl&, wire wrapping {as in the LMFER) would reduce the -
presaure drop in the core, as compared to the type of spacers used in
the eight-pitch LWBR assemblies {L-1})., &s in the LWBR, half of the fuel
elements in each assembly would probably have to be attached ta its

top and the other half to its bocttom to provide passages for the ccolant,
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Caleulntions using the WABCORE program (B-7) have indicated that the MDNER
wvould not congtitute a limiting factor for the deployment of these types
of cores, in terms of their steady state perfnrﬁanca, when the total
reactor coolant flow is kept the same a2z for the gtandard Maine Yankee
PHWR (Table 4.1) (Although transient and accident thermal-hydraulics

way still prove insurmountable),

Ancother potential problem for tight piteh cores is the control of
reactlvity., Boron, for example, while belng an excellent thermal
absorber, is a very peor absorber in epithegmal spectra, At BOG, the
concentration of boron needed for criticality is about 1,200 ppm at
F/M = Q0,5 and as large as 10,000 ppm at F/M = .68 for U~233fTh02~fueled
cores, We should recall that at L30°F, the limiting concentration
{Bolubility) of HZB 03 in water i= 20,000 ppm of borom.

Conventional red control would probably require rod followers, and
811 other control pguide positions should be filled with rods of inerc
or fertile materizls to avold decreasing the lattice averape P/

{for a non-lattice fractlon equal to 12%, control guide and inter-assembly
wﬁter would reduce the F/M ratio from 2.57 to 1.68, for example). On

the other hand, ceontrel gulde and inter—-assesbly water do not appear to
cunstitﬁte a2 major preblem for tight cores s regarda power peaking.
Two~dimenzional power-discribution studies for a hexagonal assembly

(F/M= 2.5, 2,57 and 1.68 for a fuel cell, the fuel ¢ell with wire-wrap
spacers, and for the whole assembly including control guide and inter-

aspembly water) using PDQ-7 (C-5) have shown that the peaking power is only

1.10 {gear inter-assembly positions).



114

A5 a last observation, although we have studied geparate reactors,
when the same pitch is dovolwed rhe calculations could also refer to
separate zones or even dispersed assemblies in the same core. Different
pins in the same assembly, however, could give results intermediate tao

the alil-of-cne-kind systems,

4.9 Uncﬁrtainties in the Caleculaticons

Baeed on the results of Table3.4 we have estimated that given a
10Z overastimation in the J~-factore for each of the heavy nuclides
{at F/M = 3,0) the consumption of patural uraniuvm (CHU) would be under—
estimated by only 24 for the thorium system, end by lees than 15% for the
uranivm system, A 10% underestimarion in the absorption cross section of che
lumped fission pruduct.(again, a conservative wvpper limit on the likely
error) could lead to an underestimation of 1% in the CHU for the thorium
pystem and less than 123 for cthe uranium system., The smaller error
congequences for the thorium system stem from the emall effect of the

UiZSBIThnz gore on the CNU for this system.
4.10 Conclusions

Although PufUDz requires higher fissile inventoxries than U-EEEITBGE
for tight pitch cores, itIPIEEHQEE higher ;onversinn ratios, due mainly
to the much larger contribucion to fast fission by U-238 {and Pu-240)
ecompared to Th-232.
At steady state, the U#ESSIHUE : Pu_fUﬂ2 system (at F/M = 3.0) can
save az much as 60% on ore use rate numpa;E& to the same systen (conventional

recycle) with F/M = {.5 for the same discharged fuel burpup (33 MWD/KgHM).
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Un the same basis, the U—ZSSIUUE t PufTth : 1-233/Tho., system saves less

2
than 10% on core because of the poor performance of the second core in
the esequence,

The calculzated CNU for these systems is very sensitive to fusl
losaes and te fuel Isotope weipghting, especially for high F/M ratios
and low discharged fuel burthups when CR 1s near unity for the tight pltch
cores, Errors Iino the CND due to errors in the treatment of resonance
cross sectlons and fission preoducts for the tight pitech cores are
estimated to total less than 15X.

Maony practical questions must be answered before serlous consideration
can he given to use of right piteh eores: thermal-hydraulics, mechanical
and economical., While moderater wveoid-reactivity coefficients and steady
state DWER are not calculated to be Yimiting, plant and eore Tedesipn to
accomcdate higheér core pressure drops appears an Inevitahle requirement,
and transientfaccident limits await a definitive assessment. Fuel cycle
cost calculations show that system fuel cycle costs (2t the indifference
value of bred fissile species) are quite insensivive to the fuel-to-moderatoer

ratio — resulting in low impediments or low incentives depending on one's

point of view.
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CHAPTER 5
ALTERNATIVE COMCEPTS

5.1 Inrroduction

In this chapter, we briefly discuss a few other core design concepts
that could peotentially reduce the consumpbion of patural uranium gre for
iWR'Ts andfor improve other core chara:teristiqs. The use of Dzﬂfﬂzﬂ mixtures
to harden the neukron spectrum permits one to keep the théermal hydraulic
characteristics of the core uwnchanged and still cbtain the same uranium ore
savings as for tight—pltch LWR cores (using only H,0 as the moderator)., The
control of core reactivity by varying the moderator density (variable-—fuel-to-
moderator volume-ratio reactivity controll is another version af the 55CR
concept which, however, does not make use of D,0 to contrel reactivicy,
Neutron leaskage is an important factor for tight pitch cores since the
nestron mean free path Inereases with F/M; its effect on the consumption of
patural uranium for the Pu,fUEI2 core in the uranium system analyzed in
Chapter 4 is estimated,

‘Due to its higher thermal conductivity and lower heat capacity,
thorium metal =tores less energj than UD2 (or Thﬂz}, which may be a potential
advantage during undercooling translents/sccidents, The denatured uranivm
thorium cycle, compared to other fuel cycles for LWR's, has the advantage of
incteasing fissile material scafeguards by reducing piuconium production while
keeping uranium enrichment below a "szfe™ level, Finally, although from an
econpmic point of view, Zircaloy is better than stainless steel {$5) for
typlcal LWR lattices (F/M = 0.5), thls advantzge decreases for tight pitch

cores &lnce the microscopic cross sectilon of 855 becomes less than that of Zr.

NEMTw L 'Ck..i.- ..-.--: Wi L r“._.-__-
. - ~ i ML £
l P LICL EARES
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5.2 lUse of b0 in the Moderator

Heavy water has & moderating power (EES} about eight times smaller
than light water. This fact permits achievement of wvery hard neutron
spectra by properly choosing the proportion of D2G to Hzﬂ in the moderator
without having to increase the F/M ratio by spacing fuel pins closer together,
Thermal-hydraulic and mechanical-design characteristics of the core
can then be kept essentially the same as for today's standard IMR cores.
This strategy would completely bypass questions as to the satlsfacrory
pexformance of tight pitch cores.during off-normal conditicns.

Figure 5.1 compares the consumption of natural uracium for the
thorium system analyzeﬂ in Chapter 4, for a tight-pitch (F/M = 3.0)

U-233/Th0_—-fueled core moderated by light water with the CNU for a

2
gtandard-piteh (F/M w 0,5) U-233fTh02—fuelad core moderated by D.0.

2

The core moderated by DED produces higher conversion ratios but because
ef the harder neutron spectrum, needs higher fuel enrichments than the
core moderated by HZD' Consequently, the D20~maderated fore consumes
less fissile materfal compared to the Hzﬂ-mﬂderateﬂ core, as reflected
in the curves of Fig. 5.1. By preperly chooesing the right meoderateor
composition (B0 to D0 ratio) and keeplag F/M=0.5, the CNU could be
matched to the CNU for the tight-pictch case with H,0 only. Since, for
epithermal specrra, absorption in Hzﬂ becomes essentially negligible,
similar fuel encichments and conversion ratios would be obtalned for the
two cases.

Even though by the use of mixtures of Hzﬂfﬂzﬂ as moderator the
thermal-hydraulic and mechacical characreristic of the core could ke kapt
easentlally invariant, capital and operational éxpenses wﬁuld be increased

to cover purchase af the initial Dzﬂ ioventory and to replenish it due to
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day-tby-day losses of DED' Anocther major preblem would be cooling the
core during a loss—of-ceolant-accident since, due to the high fuel
enrichments used and low ¥/M ratios, pure H20 ;Duld not be used to coonl
the core, atherwise a large positive-reactivity insercion would occur,
The approach discussed in this section also applies teo E‘uj"UO2 fueled

CoOTas,

5.3 Variable Fuel-to-Moderator Reactivity Control

In the 58CRK (E-5, 8-1} concepr, reactivity is contrelled by varying
the percentage of DZD in the coolant. At BOC when the reactivity (p) dis
maxirum, the amount of Dzﬂ is made maxipum, such that a very epithermal
neutron spectrum 1s produced which decreases k, since the spectrumaveraged
absorption cross sectioca of fissile nuclides is decreased. In additien,
when the neutron spectrum is hardened rthe absorption cross section of
fertile nuclides decreases less than for othef nuclides present which

contributes to increased CR, As fuel is burned, D0 iz pgradually replaced

3
by HZG to keep the core eritical by thermalizing the neutron spectrum.
The majority of the peutrons that would otherwise be lost te parasitic
ahsorptions in the conttol materials are then abserbed in the fertile
materi#l gince the absorption in DED iz negligible, Because CR is
increased in this concept, relative to conventional LWR's, the reload
fiesile inventory is decreased,

Since neutron absorption In Dzﬂ Is always very small, the eontrel of
‘reactivity by wvarying the effective F/M ratio in the core is essentially

equivalent to vse of the SSCR concept, In a BWR, F/M could be increased

by dncreasing the void fraction in the moderator; in a FWR, no concept
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for achieving this objectlve which is both fail-safe and economically
practicable has yet been proposed.

The potential benefits of the Variable Fuel-to-Moderator Control Reackor
{VFMCR) were examined in the present study (without regard te the specific
mechanism employed to effect the variation) using the EPRI-LEOPARD program,

The exampie studied was the 3-batch Maine-Yankee PWR (Appendix A} In
which F/M was varied neasrly continuously over the equilibrium cycle
{actually in seven finite increments). Figure 5.2 shows that relative
to the standard type of reactivity control (scluble poison) the VFMCR
1ﬁcreése5 the reactivity-limlted burnup from 11 to 13 MWD/KgHM per ¢ycls
{using the same reload fuel enrichment). In theze runs the F/M ratie of
211 in-coxe fusl was the same and adjusted to keep core k = L.0 at all
times; at begilnning-of-cycle F/M=D.798, and at end-of-cycle F/M=0,513
{standard casej. Hence there is oo end-of-cyele reactivity penalty due
to retained voids In partially burned fuel assemblies,

Thus there is some incentive for use of wvariable F/M contrel if a
practical means for irs implemenitation can be found. For a once-Lhrough
fuel ¢y¢1&,n£e savings of on the order of 10X or more can be realized,
Thig type of control may be even more attractive for tight-piteh recycle-mode
.eores, since they otherwlse require soluble borom concentrations which
are probably impractically high., Also, unlike the once-through coxes
{where one has to be concerned with overmoderation st the wet end of the
range, F/M < 0,5} the tight pitch cores are always undermoderated.

Another stratepgy examined was the adjustment of batch F/M after each
refueling shutdown. This was found ta be ineffective (it is important to

note that here soluble poison is used to contral reactivity}. The example
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studied was agaln the 3-batch Maine Yankee core in which reload fuel had

a F/ = 1,027, successively adjusted to 0.684 and 0.513 ac 1/3 and 2/3

of burnup respectively., For this example and a once-through fuel cycle,
the achiewable reactivify-linited burnup was actuszlly decreased relatcive
to fuel having the same releoad enrichment and burned at F/M=0.513 over its
entire residence time in the core (8.7 wvs. 13 MUD/EgHM (Fip. 5.3)). This
is attributed in part te the fact that at the end of sy equilibrium cyele
the average F/M of the three batches involved iz higher than 0.513 and
hence a reactivity loss is sostained. If fuel having F/M=0.685 is
compared to the wariable F/M case, it is found that the reactivity limited
burnups are closer (Fig. 5.3). Thus it is concluded that freguent F/M
adjustment is needed if any major benefit is to be realized., We should
note that our analysis here has not been very prufﬂund,.and that a detailed
evaluation of the variable F/M cnncEpf for once~through FWRs is presently
underway (B-1) -~ preliminary results indicate an ore savings of less than

5%,

5.4 BReduced ¥eutron lLeakapge

Figure 5.4 shows how neutron leakapge from the second ecore in the
D—ZBSFUDZ H Pufﬂﬂz system of coupled reactors analyzed In Chapter 4 affects
the consumption of natural uranium for this system, Because the mean free
path for the average neutron in the core Increases with F/M, we see in thia
figure that cre savings due tc reduced neutron leakage Increases dramatically
with F/M, dimiﬁishing the CNU to near—zero values even for high discharged
fuel burnups (“3I3 MWD/KgHM),

We should recall here that, althouph the wmethod vsed Fo estimate the

effective geometric buckling for these cores, (including warter reflectar
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effects) develeped in Section 4.3.1, yielded results which apgreed very
well with R-¥ calculations based on PDU-7, core leakape tends to increase
with fuel depletion since the axizl pneutron flux shape progres=zes from a
cosine towards a flatter profile. {Thus, curves of CNU in Chaprer 4
underestimate neutron leakage).

It is also worthwhile to mention here that the main goal of the LWBR
project (L-1): to achieve CR > 1,0, was pursued by artazeking the problem
art three different fronts: 15t nevtron leakage was minimized by the
nae nf radial and axial blankets of fertile material (Thﬂzj; 2nd neatron
losses to the control elements were przctically elimipated by the use
of the movahle-geometry seedf/blanket concept (which iz equivalent to the
YFMCR and SSCR concepts): 3rd the lew diacharpged fuel burnup {10 MED/KeHM)
was chosen to minimize the combined effect of neutron losses to fission
product materials and fissile material losses due tn.fuel reprocessing

aod re—fazbricatian.

5.5 The Denatured Uranifum-Thorium Cycle

The denatured uranium-thorium cycle (F-2, 5-6) invelves the use of
mixtures of uraninm-thorium as fuel, such that the maximum uraniom enrichment - -
ie kept ﬁelnw a safe level {considered to be unsuitable f[or weapong purposes
without further isutupic.enrichmﬂnt}; frequently guoted guidelines are
20X U-235 iIn U-238 and 12% U-233 in U-238. The basic vanproliferatien
advantage of this ¢ycle {s the reduection in the praduction of chemically
separakle plutonium fuel,

The use of this type of cycle io iME's at high F/M ratios could
eventually also lead to higher CR's than pure U-235/U0, fuel, When Th-232

replaces U-238 the fast fisgion effect decreazes, while the averape 0
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increases [due to the production of U-232}, Furthermore, the absorption
of neutrons din the fertile puclides fs increased since less resgnance
self-shielding will occur (although interference effects will increase).
Figure 5.5 (0-6} shows the effect of the denatured U/Th cycle on the
consumption of natural uratium for the Maine Yankee core {(Appendix A).
The CHNU is given a5 a functiom of the initial fractiom (£} of Th~232 in the
ferrile fuel (Th-232 + U-~238)., For f=0 we have the standard all-uranium
fuel and for £ ~ 1.0, the "all"™ thorium fuel case (mixed with 93 wZ% enriched
uranium in -235}), The discentinuity in the curves of Figure 5.5 at £ = 0.5
i1s due to LEOPARD, which spatially shields only U~238 for £ ¥ 0.5 and only
Th-232 for f » 0.5.
We see from Figure 5.5 that the CNU decreases with £ only if wuranium
{or uranium and plutoenium) is recycled, since the larger absorption cress
section of Th-?32 relative o U-238 in thermal spectra (F/M > 0.5)
requires higher fissile enrichments, Ar f = 0.85, the wranium enrichment
is 20 wi (altheough the overall fuel enrichment is only 3.8 w X), and
the productliom of [isaile plutonium iz about one third of that for the zll
ufanium case, With uranium and plutenium recycling the {HNU{at f = 0.85) .
would be 28% smaller than the standard case {£f=0); the consumption of
neparaéive work would be 5% higher and the relcad fissile ilaventory 323
higher.
| We are not invelved here with an assessment of whether or not a
factor of three reduction in plutonium production is a worthwhile objecrive -
Bome discount this as a subztantial improvement in non-proliferability.
However these results do establish that imposition of enrichment restrictions

on uranium will not necessarily compromise any ore—conserving advantages
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of the thorium cycle, We have cotapared eycles st normal lattice FfM;
since pluteniuvm/uranium fuel improves telative te U-233/thorium as
F/M increases, one can safely conclude that-ienaturing would be even

less onerous in tight pitch core applicaticns.

5.6 Use of Metallie Thorium Fuel

The low heat capacity and high thermal conductivity of thorium
metal compared to Uﬂz and 'IhO2 (Table 2.7} indicate the pqtential for
substantially better performance during undercooling transientsfaccidents.
Consider the average temperatur2 of a fuel rod relative to the average

moderatpyr temperature:

o 1 -
PSS T T T —_— — .
il o i bR (5.1
f g L ci cq

AT = difference between the average temperatures of the fuel
and moderator

g' = linear power rating

k. = thermal conductivity of the fual
k « thermal conductivity of the clad
h = thermal conductance of the gap

h = coefficient of heat transfer by convection betweeu the
clad and the coolant

R_ = fuel pellet radins
= clad inner radius

P = plad cuter radius
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For the standard Maine Yankee core fueled with U~235!U02, the
first and the second terms in brackets in Eq. (5.1) correspond to 60
anﬂ 5% of ET, respectively, If thorium metal is used instead of UGE
{(assuming cother parameters are kept the same) the first term in Eq, (5.1}

is decreased by 90% and then:

Aoy U0, 0,7
= + 1'? 0,10 + 0,41 = 0,51
AT Krh -
ue,

The stored energy in the fuel is given by:

E =g C AT . (5.2)
P
where:
E = stored energy in the fuel
p = fuel density
Cp = heat capacity of the fuel
theno:
{p C} e
Ern Py Ay
o x = .26
EUU o cp] AT
_2 UEI2 UCI2

Thus the stored energy in thorium metal is only 1/4 of thar stored
in Uﬂz {if the clad/fuel gap could be eliminated for metallic thorium
fuel, this number would decrease teo 1/203}. ﬂnnsequentiy, in tha early
stages of a LOCA when the primary heat sourece comes from stored energy
in the fuel the peak clad rempperature will be much lower for Th-metal
than for UD

2 fuel, S5ince the fuel time constant is also propertional

to {p Cpfk], Tharvims-metal should dump its energy muck faster than UO,,
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which would alsp be an advantage during the very early stages of the
blowdown phase when the départiﬂg coolant can remove energy conducked
to 1t. A more thorough analyseis of all stages of the LOCA, including
relpad, would be pecessary to be sure of the net advantage owverall,
Also we must analyze octher accidents, such as overpower transients, where
lower heat capacity might be a disadvantage.

Another potential advantage of Th-~metal over Thﬂ2 {C-1, Z-1} is its
17% higher densiry [Table 2,7), which produces a higher effective F/M
ratio for the same c¢ell geometry { alleviating thermal-hydraulic design
problems), The curves of ore utilizatlon for the H—23]}Th02 core phtalined
in Chapter 4 should also apply to U-233/Th, by preperly re-scaling F/M
since the effect of oxygen should not constitute a pajer factor due to
1ts low moderaring power and absorptiom cress sectiom, fujita {F-1)
has ghown this practical egquivalence of oxide and mekal fueled systems

for both uranium and rhorium fuels,

5.7 Use of Stainless Steel Instead of Zircaley as a Cladding Material

Although for typical LWR's, the economie advantages of Zircaloy over
stainless steel clad have long since been proven (B-8, A-2}, this seems
not necessarily true for very epithermal cores, since the main advantage
of zircaloy over stainless steel, its much smaller absorption cross
section, diminishes with F/M.

Figure 5.6 shows that, for M,0 as moderator, the spectrum—averaged

2

microscopic cross section of 55-316 becomes smaller than that of Zr-2 at

*

Fin R 2.5, 1f D,0 is the moderator, the microscopic cross seetion of 55-316

ie always smaller than for Zr-2 for F/M > 0.5.
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However, =ince the atomic density of stainless steel 1 twice that for
Zr=2, for the same clad thickpess the firsr would ahsorb more neutrons
than the second. The berter material and st;uctural Froperties of
atainless gtee)l permlts the use af a2 smaller ¢lad thickness (30% less)
compared to Zirealoy, Figure 5.6 indicates that under this condition

£5-316 would abacrb less neutrons than Zr-2 with D,0 as the moderator,

2
for F/M 3 0,5. For HEB as the moderator, the advantage of Zr-2 would
be substantially reduced, but ot eliminated, for tight pitch latcices
compared to the standard case {¥F/¥ = 0,5),

The better mechanlcal performance of stainless sceel under both
burnout and LOCA conditieons might well help make tight lartices practicable.

The above results show that this would be a neutronically tolevable

desipn choice,
5.8 Conclusions

The ¢ore concepts discussed in this chapter are intended to improve
ore savings or gther coare characteristies which would permit or facilitate
implementation of cre—comserving optifons. TFor standard F/M raclos (F/M ne 0.5},
ngutrnn spectra as hard as those in tight pitch Hzﬂ—mnderated COTEs can be
obtained by properly choosing the Dzﬂ to Hzﬁ ratic and, consequently,
comparable ore savings can be achieved. The variable fuel-te—moderator
control reactor 1s completely equivalent te the 5SCR, since both very nearly
eliminate neutron losses to control materials; bur unlike rhe S3CR it does
not make use of Dzﬂ, The large mean free paths characterisitc of tight

pitch cores call for the use of radial andfox axial blankets of fertile

materiazl to reduce the nectron leakage,
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Because metallic thoriem Fue]l stores legss enerpy than UDI {or Thnz}it
tan lead tc smaller clad temperaturés in the early atages of a LDCA; however
this might not necessarily hold true in the final stages, and disadvantages
might be incurred Iin other types of accidents er transients, From a non-
proliferation point of view, the use of the sp—called denatured thorium—
uranium cycle in LWR’s has the advantape of producing two—thirds less
piutonivm than the convenricpal uranlum cyecle while still holding the
uranium enrichment below a weapnns-safe 1evel.. In addiriem, it can reduce
the consumption af uranium ore {2t the expense of higher fissile inventory)
to very nearly the level of a highly enriched system. Finally, the
advantage ﬁf zircaloy aver stainless steel zs a2 £ladding material for
bighly epithermzl spectra appeais to diminisﬂ considerably since the ratio
between the mieroscopie absorptlon cross sections of 55 and Zry decreases
sharply with F/M {even becoming smaller than umity).

Further, wore elsborate studies are needed in each of these areas to
aszess thelr characteristics, advantages and practicability. UHowever, the
existence of so many promising options indicates fhat therea should bhe a
hicgh probability that desipners canr cope with the epgineering problems
encountered in the attempt to realize the benefits of tight-plitch PWR

caTres.,
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CHAPTER &

SIMMARY , CONCLUSIONS ARD RECOMMENDATIGHS

6.1 Introduction

The increasing dependence of world electric—energy production om
fission energy and the delay in the development and ﬁeplnyment af
advanced cenverter and breeder reactors have shorrened the projected
time-horizon for exhaustion af the known low-cost reserves of natural
uranium, Singe abont 75% (N=-2) of the committed nuclear power plants
in the world ars LWR's, remewed interast in the re—optimization of IMR
cores im terms of ore conservation has arisen,

The present work represents one Eubta;k of a project carried out
at MIT for DOE as part of thelr NASAP/INFCE-related efforts invelving
the cptimization of PWR lattices in the recycle wode. As identified
In the preliwinary survey by Garel (G-1), attenrioe must inevitably
be forused on designs having high fuel-to-moderaror volume ratios,
and consideration given to the use ﬁf thorium. We therefore have
concentrated our efforts on the study of two systenms of coupled reactors,
namely the thorinm system, U#ZSSIHGE H PufThﬂ2 H U=233!Th02 and the
uranimm system, U'—235fUD2 : PufUUz. Thiz thorium system was selected
instead of the more common U—ESﬁfThﬂz option because of the judgement,
on practical greunds, thét repracessing of uranium sd]ll precede
reprocessing of thorium fuel, and that is highly desirable to avald
contamination of 235 with U-232 and other uranium isotopes, which
would inerease che complexity and cost of U-235 re-enrichment and

re-fabricatcion,
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We bave studied the effeets of the fucl-to—woderator volume ratio
(F/M), discharged fuel burnup (B) and number of stageered fuel batcheas
(N} For the last care in gach sequence {U-233IThﬂz and Pu!UUzl o the
consueption of naturzl wraniuvm (CHU) and en the foel eyvele cost {FCC)
{caleulated at the Indifference value of bred fissile species) of each
system, Consideration was given tpo the mederator—-void and fuel-temperature
coefficients uf reactivity for these cores. In addition, ether ways
to improve the ore utilization and/or other core characteristics of LWR's

are also briefly discussed,

6.2 Computational Methods

HMethods and data verification in the range of present interest,.ﬁ.ﬁ
(current lattices) < F/M < 4,0 are limited by the scarcity of experiments
with F/M > 1,0, HNeverthelesz the EPRI-LEQPARD (B-2) and LASER (FP-3)
proprams used for the U—233ITh02 and PUFUOE depletion caleulatioms,
respectively, were benchmarked against several of the most useful
experiments.,

Table 6,1 summarizes the main characteristics of some of the
crit:lca:;. angd exponentizl benchmark expariments analyzed wich LEOPARD
and LASER, and shows the average calculated waluez for the multiplication
factor k., In terms of k, reasonably geod resplts are obtained with
bothk codes. However, for the plutonium experiments, LASER yields better
results than LEOPARD because of dits higher thermal energy cutoff (1.855
va, 0.625 eV) and more accurate treatment of the 0,3 eV Pu-239 and the
i.ﬂ eV Pu-240 rescnances. It was found that in general k calculated by

thege codes tend te decreasce with F/M. This trend was attributed to the
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TABLE 6.1

SIMMARY OF CALCULATIONS FOR BEWCHMARK EXPERIMENTS

RESULTS BASED GN{l)
EPRI — LEOPARD LASER

Fuel U-233/Th0,  U-235/ThO, Pu/u0, Pu/al
e$2) ruto0) 3.0 3.8-6.3 1,5-6.6 9.1y
FM 0,01-1.0 0.1-0, 8 0.4-0,9 0,5-1.0
D0 (%) 0-99, 3 0~82.0. 0 99,0
¢'1!¢2{3) 5-3-21.0 li ?-23.9 &-3‘.""2[)'2 52.—210-
# of cases 16 16 1z 7
K 1.003+0,012  1,00940,016  1.008+0,008 0.991+0. 014

{l.ﬁlﬁiﬂ,UIE}{&} {U.BSQiD,UED}(ﬁ}

(1) ¢ross section libkrary of EPRI-LEOPARD is based on ENDF/B-1V, and
for LASER, on ENDF/BE-II for Pu nuclides and on the original LASER
library for the other muclides

{2} £ = fuel enrichment -

(3) ¢1f¢2 = gpithermal-te~thetmal £lux ratio (based on LEOPARD-thermal
energy cutoff = 0,625 eV).
{4} results based on FPRI-LEQPARD
(5) fissile plutcnium concentration ina rthe PufAl fuel (relative to
plutonium + aluminum) .
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lack of proper treatment of resonance effects, since only the dominant
fertile nuclide is spatially self-shielded, without any consideration.
glven to reamnance interference effects between nuclides,

The combination of thermsl and fast reactor—physics methods
(LEOPARD and SPHINX (D-2) + ANISN (E-2), respectively) gives better
results in.terms of k comparcd to LEOPARD for very epithermal thorium
experiments {moderated by Dzﬂ}. It appears however that this method
in ¢entrasc to LEOPARD, overshields the resonance absorption for beth
fertile and fissile nuclides.

The lack of wniform tight=lattice benchmark experiments and the
difficulties in obtaining the true eritieal bucklings for those availahle
(UV-1) have, after due deliberation, led us to make only one major
modification in LEOTARD: we have replaced the thorium metal-oxide

correlation by a new prescription based on the resonance-integral

cerrelation for thorivm reported by Steen {(5-3):

RIg2 = 5,173 + 0.9298x + (0.04406 x ~ 0.1269)T
teen

1/2

eff (6-1]

Thizs new ;ﬂrrelatian Increazex k for the epithermzl thorium-benchmark
experiments by as much as 1, Moreover, for very tight lattices (F/M = 3.0),
at cperatiog temperatures, k is inereased by as mueh as 3 because of the
smaller cuntributinn.nf the Doppler effect in the new correlation, bringing
the results closer to SPHINX/ANISH results {the results bésed on EPRI-LEQPBARD
in Table 6.1 are based on this new correlation).

Based on sensitivity analyses we have concluded that a 10% error
in the L-factors for the heavy nuclldes can cause errors of less than 8

and 16% in the fissile inventory and in the comsumption of fissile material,
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respectively, for tight lattices (F/M = 3,0) of U-233/ThQ, or Pu/UD, .

2
Similar errors can arise from a 10% error in the abseorption cross sections
for the lumped fission product.

The Simple Model (the SIMMOD Program) developed by Abbaspour (A-2)
for calculating overall leveljzed fuel cycle costs assumes only equilibrium
fuel batches and that revenue and depreciation charges occcur at the
mid-point af the irradiatlen peried. MKased on the author's comparisons

with more sophisticated schemes (MITCOST IT (C-4)), this model was judged

to be accurate enough for the purposes of the present work.
6.3 Results

£.3.1 Fissile Inventory and Conversion Ratio

Table 6.2 gives the relead fissile enrichment {RFE) and the cycle-
average conversion ratic (CR) fer a 3~zone PWR fueled with_?.i--233fThD2 or
PufUDz. The discharge burnup is fixed at 33 ﬂHDngHH. The EFE increases
with FfM for both fuels, reflecting decreased fissile cross sections fn
epithermal spectra. The convaersion ratio also increases with FfM since
Inereased absorption and fast fission in the dominant fertile elements
relative to sther cell components outweighs decreased values of figgila
n in eéithermal relative to thermal spectra,

For current lattices (F/M = 0,5) Pu!UGﬁ requires slightly less
enrichment than Uw233fThﬂz mainly because of: the higher thermal cress
gections of the fissile plutonium dsotopes compared to U-233; the
smaller thermal cross section of U-238 ccmpéred to Th-232; and the
larger fast fission effect for U-238 compared to Th-232 (1.09 vs, 1.02).
The difference iz not larger because the percentage of nun;fiSEile

isotopes was higher in the plutonium than in the U-233 fuel unsed. The
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TABLE 6.2

CORE CHARACTERISTICS AS A FUNCTION OF FUEL-TO-MODERATOR RARIOQ

Reload Enrichment Conversion Ratic Ore Copsumption
wio Cycle—Average | ST UJDBHGwe Y oyr

M U—233HThU2 PuIUUE U—233fTh02 PufUD2 U—233fThﬂ2 PufUﬂz
0.5 2.8 2,7 0,76 0.72 103 106
1.0 3.0 6,2 . 0.B2 0.85 160 a0
2.0 6,2 8,4 0,87 0.54 99 Fal
3.0 5.4 5.8 0,91 .99 b &d
BASIS:
(a) 75% capacity factor, 0.2 wfo Tails, 1% losses in reprocessing and

(b)

in fabricarien; suceessive recycle to extinctien with worth-weiphting
for isotopic composition. On the same basie the once-through PWR
wonld require 167 5T UBDBIGWE * ¥r

Initial {=sotopic compositions:
91 wfo W-233, 8 w/fo U-234, 1 w/o U-235

54 wlo Pu-232, 26 wfo Pu-240, 14 w/o Pu=-241, 6 w/o Pu-242
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higher theymal eta of U~233 relative to Fu-239 provides a larper CE for

U=-233/Tho, fuel {and preveurs cthe RFL for U-ZlBIThGE from going cven

2
hipgher} sinee this outwelgha the fast fission differential.

For epithermal lattices, Pu!ﬂ(}2 regquires considerably higher fiszsile
entlchments than H—233!Th02 because of the much smaller rescnance integral
of Pu-239 relative to U-2Z33, The very large fast fissliom effect in U-238
{plus Pu-240) compared to Th-232 (1,20 vs, 1,04 at ¥FfM = 3,0}, helps keep

the RFE for PuHID2 from rising even higher, and provides arger CR wglues

than for U—EBS!ThUE despite the higher eta of U-233,

6.3,2 Consumption of Natural Uranlum

Teble 6,2 alse shows the consunmption of natural uraniuvm when the
gubject reactors are operarted in complete aystems, namely the thorium
Eyatem, U;235fU02 : Pu}Tth : Uw233!Th02 and the uranfum system,
U-235/00, : PufUD,. All cores use 3-batrh fuel management, discharge
fvel at 33 MWD/KgHM, and (except for the filmnal core in each sequence}
have F/M = 0.5.

The uranium system appears to be auperior mainly becanse of the
poor performance (CR = 0.72) of the PufThﬂE core which dominaces the

U—233IThﬂz cora in the thorium system ( and in part because of the smaller
conversion ratios of the U~233fTh02 core coppared to the Pufﬂﬂé CoTe

at high values of F/M), Fur;hermure, increasing the F/M ratio of the
?u!Thﬂz core from 0.5 to 3.0 does nut significantly Improve the
performance of the thorium system {since fast fission in Th-232 increases

enly slightly with F/M), In any event, at steady state, the vranium

Bystem can save as much as 8§0% {at F/M = 3,0} on ore use tate compared
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to the same system (conventicnal reeycle) with F/MH = 0,5, On the same

basis, the thorium system saves less than 10%.

Deereasing the discharged fuel burnup and increasing the number

of core zones of the Pu,"UD2

core cap ingrease ore savings from the quated
60% ta a f;lue of B0} for the uvranium system (Fig., 6.,1). This {mpravement
is due to decreased neutron losses to the fissfon product and control
materials, which more than compensate for inecreased fuel re-processing

end re-fakrication losses (provided that B is met tooc low, i,.e.

B > 10 MWD/KghM}. On the same basis, savings for the thorium system

can be increased from VIOE to cnly 15%.

The caiculated CRU for these systems is very sensitive to fuel
losses, toe the type of isetopic weighting and also to the geometric
buckling; especlaliy at high F/M ratios and low discharged fuel burnups
when the conversion ratio is near unity for the tight pitch ceres.

Errors in the CNU due teo errors 1o the treatment of resonance cress

sections and fiszilon products for the tight pitch core are estimated

te total less than 15%.

£.3.3 Reactivity Coefficients

The moderator veid/temperatura coefficients of reactivity (without
goluble poison) are negative for all cases in Table 6.2 at BOC, which
15 in accord with the mnﬁﬂtunic Increase of the RFE with F/M, For
thermal spectra (F/M = 0,5}, the void reactivity coefficient of PufUﬂz
is more negative than for U*IJB!Thﬂz (-3.8 x lﬂ_3 v« 1.7 x lﬂ—3 Ak/E woid}

because the RFE for the larter fuel is less sensitive ro the F/M ratcio,

3 3

The opposite 1s true for epithermal lattices (-0.5 x 10~ vs, —3.8 x 107

AkJ% wold at F/M = 3.0}, Although the void reactivity coefficlents
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calculated with LASER for tipht-piteh PufUDz—fueled cores agree reasonably
with fast regactor-physics methods (SPHINX 4+ ANIES), the presence of large
concentrations of Pu-240 in the fuel calls for more accurate models to

properly sccount for differences in counterbalancing effects,

6.3.4 Fuel Cycle Costs

Fuel cycle calculations showed thar, although the indifference values
for the bred fissile materials vary widely with the parameters F/M, B and H
for the last core im each sequence, the FCC for each system is rather
ingensicive to these variables, resulring in low economie Impediments or
low incentives depending on one's peint of view. The underlying cause
for this behavior of the FCC 1s the small amount of plutpnium produced
In the standard UrZBBIUUE core {only une-fif;h of the dinitizl mass of
U~235) and the high discount rate assumed (10,25% yrﬁl) which decreases
the value of the discharged fuel, If one considers mobt merely fuel cost
but tbe overall peneration andfor system production costs of eleetriecity,

the use of low discharged fusl burnups becomes unattractive,

6.3.59 Alternative Concepts

A brief investigation was made into several core design concepts
that could potentially reduce the consumption of natural uranium for INR's
andfor improve other core characteristics,

For standard F/M ratios (F/M & 0.5), neutron spectfa as hard ag those
in tight pitch H,0-moderated cores can be obtained by properly choosing the
Dzﬂfﬂzﬂ_ratiu and, consequently, comparable ore savings can be achieved.
Thermal-hydraulic and mechanical-design characteyistics of the core can

then be kept essentially the sswe as for teday's standard LWR's.
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The control of core reactivity by varying the cffective F/M ratio
is completely cquivalent to the S55CR concept, since borh wersions very
nearly eliminate reutron losses to control waterials; but unlike the
58CR the Variable Fuel-to-Moderatoer Coatrol Reactor {VFMCR) does not
make use of the expensive DZD'

The large mean free paths characteristic of tight pltch cares eall
for the use of radial andfeor axizl blankets of fertile material to reduce
the neutren leakage, It 1s interesting to note that, if neutron losses
due to leakage and due to absorption in the control materiala are eliminated,
the CNU for the uranium system can be reduced to very low values, even
for high discharged fuel buraups, Oo the same basis, ore savings [or the
thorium system would also be asignificantly iwproved,

The use of the so-called denatured thorium—uranium cycle in IWR's has
the advantape of preducing roughly two-thirds lees plutenium than tha
conventional wranium cyele whille still holding the wranium enrichment below
a weapons—safe level. In additiom, it can reduce the consumption of

~ R

T =

pranium ore (at the expense of higher fissile inventories} te wvery nearly
the level of a highly enriched system (uranium enriched to %31 in U-235,
plus Th-232), .

Because metallic thorium fuel etores less energy thao U0, (or ThOgp)
it can lead to smaller clad temperatures in the early stages of a LOCA;
bowever this might not necessarily hold true in the final stages, and
disadvantages might be worsened In other types of accidents,

Finally, the advantages of zircaloy cver stainless stesl as a
cladding material for highly epithermal spectra appear to diminish considerably,

t

sinre the ratio between the {(one-pgroup averaged) micragcopic absgarption Cy'5 of

$5 and Zr decreases sharxply with F/M (even becoming smallexr than unity).
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6,4 Conclusions

The uze of tight-pitch (F/M > 0.5) PWR eores fueled wich Pu/UD
coupled to standard (F/M = 0.5) cores fueled with ULEJSHLKE can reduce
(at steady-state) the consumption of natural vranium for this system
by as much as 60% compared te the same system with conventilonal recycle
(at ¥/M = G,5), On the same basis however, the impact of tight pitcch cores

fueled with -233/ThO, on uranium ore uszge iz less than 15% 1F this \ff

2 -
reactor is coupled to scandard U-Ejﬁfﬂﬂi cores via Pu/ThO,-fueled cores,
mainly because of the poor performance of the lacter type of fuel which
cannot be sipnificantly remedied by going to & tighter lattice pitch,

Uranifum ore usage could be further improved if neutron losses to
coatrol materials were minimized by increasing the number of staggered
fuel batches in the core (from 3 to 6) and/or By using the spectral shift
concept to control the core reactivity (by varying the concentration of
DED in the moderator andfor by warying the effectiva F/M ratio of the
core). Reduecing neutron losszes due to fission produet absorptions and
core leakage by decreasing the discharged fuel burnup (from 33 to V2D MWD/KgHM)
and by using external blankets of fertile matérial would alse help to
bying du?n the consumption of natural uranium for thesea systemﬁ of coupled
reactors,

Many practical questions must be answered bhafore serious consideration
can be glven to use of tight pltch corea: thermal-hydraulic, mechanical
and economic, While steady skate DINBER Is not calculated to be iimiting,
plant and core redealipn to accomodate higher core pressure drops appears
an inevitable requirement, and transientfaccident limirs await a definitive

aggesgment. BSome of these problems could be eliminated 1f, instead of
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tightening the fuel lattice (of a Hzﬂ-—m:}de_rated core) to increase the

fuel conversion ratio, an equivalent {(fixed compositiaonm) Dzﬂszﬁ wirture

was used as moderator while keeping the standard core design (F/M = 0,5).

The moderator void/temperature coeffircients of reactivity were caleulaced to
be (slightly} negatdive for the tight pitch cores studied and we woulgd

expect similar pumbers for eguivalent DZDIHED-mﬂderated coras, Fuel cycle
cost calculations showed that system fuel cycle costs {at the indifference
value pof bred fis=ile species) are guite ingengitive to the fuel-to-moderator
ratio — resulring in low Impedimentrs or low incentives depending on one's
point of view,

Pevertheless, it is congluded that pursuit of this potential evolutionary
change In PWR core design should be continued to a definitive conclusion, =ince
near—breeder low-ore—uvsape fuel eycles are apparently attainable, with
substantial import as regards the future cewpetitive stance of the FWR
with respect to the FER.

Finally, the use of thorium in LWR cores in the manner investipared
here (uniform lattices, using Pu/Th cores to produce U-233) appears to ke
less attractive than plutonium recycle inte tight piteh wvrandim foeled
cores. While therium may offer advantapges if it could be used -in metallie
form, the existence of several approaches to achieve the benefits of
high F/M cores (nze of DEUIHEG mixtures, stainless steel clad, variable

F/M contxol} make it less likely that the {as yet unproven) advantages of

metal fuel will prove decisive,
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6.5 BRecommendations

Benchmark experiments uniform lattices for several types of fuel
combinations (mainly for U—ESBITth, PufUD2 and PufThUz] and moderator
compositions (mainly for pure H20 but alsc for different DéDfHEU compo-
sitions} in the range of interest: 0.5 < FfM < 4.0 and 2.0 < € < 10,0 w/o
are clearly in order to verify the aceuracy of reactor-plysics methods and

data for epithermal cores, Not only the eritical bucklings should be

fercile figaile

measured , but also the lattice microscopic paramecers
. pic P {ptapture’ figsion'

fertile
fisaile

modified conversion ratic).

and the fertile capture rate-to-fissile fissicn rate ratio - the

Irradiations of these fuels in epithermal laktices are also needed to
check the accuracy of depletion models sinece, at high FfM ratios and low
discharge buraups, the consumption of fisaile materlal is also very
sencitive to thé model used to represant fission product effects. Three—
dimensicnal diffusion-depletion calculations are called for to properly
consider neutron leakage variation with fuel depletion, slince neutron
leakape iz an important factor to be considered In tight plteh ceres.

Alternative and complementary ways to further reduce yranium ore
consumption and/or improve other core characteristics should be investigated.
The use of mixtures of Dzﬂfﬂzﬂ can y¥ield highly epithermal spectra in cores
of current design. The use of the spectral shift concept to contreocl core
reactivity (by varying the concentration of Dzﬂ in the moderator andfor by
varying the effective F/M ratio) can reduce neutrou losses as cant the use
of external blankets of fertile materdal. Thus a compariscen of the alternatives

of using tighe pitch vs, DIG dilutfion should be made to select the most

promising approach.
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Additional comparisons (for tight pitch cores) should be made batween
the use of: the denatured thorivm—uranium cycle versus the conventlonal
U~235fU02 eycle from a non-proliferation point of view; Th-metal wversus
UG, or ThO, fuels under LOCA and ether transient/accident conditlons; and
finally, the use of stainless steel against zZircaloy as 2 cladding
material in tight-pitch cores.

It iz important to reiterate that only ong particular version of a
thorium fuel cycle-has heen examined in the present work. Thus, the fact
that it did not prove to be superior to the wranium-bazed fuel cycle shouid
be interpreted with some caution: inm particular, the direct use of highly
enriched U-235 In thorium andfer the use of non—uniform lattices, as
in the.LNER, must be considered independently on thely own merits,
With that caveat in mind, however, our results should be interpreted as
confirming Edlund’s claims asz to the supericority of tight pitch PufU cores
{E-1}¢{E-2) and the equivalent peints raised infavor of Dzﬂ moderated lattices
by Radkowsky (R-2}. We therefore recommend further evaluation of such
concepts, with epphasis on accurate ealculation of rescnance ghsorption,
gsaessmeut of means of reactivity control, system redesign to accomodate
these lattices, and their therma) performance during transient and accident

sequances,
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&
PRELIMINARY DESIGH PARAMETERS FOR MAIHE YANKEE

MECHANICAL DESIGN PARAMETERS

Tuel ERod

Fuel Material (Sintered Pellets)
Pellet Diameter, Inch
Fellet Length, Approximate Inch

Fuel Density, Stacked, gfcc, % Theoretical

Clad Material

Clad ID, Inch

Clad 0D, Inch

Clad Thickness, Inch

Diametral Gap, Cold, Nominal, Inch
Active Length, Inch

Total Length, Inch

Fuel Assembly

Mumber of Active Fuel Rods
Fuel Rod Array, Sgquare
Puel Rod Pitch, Inch
Spacers
Type
Haterizl
Huober Per Assembly
Weipht of Fuel Assembly, Pound
Welght of Contained Uranlum, kg U
Jutside Dimensions
Fuel Fod to Fuel Rod, Inch
Nominal Envelope, Inch

Control Element Assembly, CEA

Kumber of Absorber Elements
Type
Array

Sheath Material

Sheath Thickness

Moutren Absorber Marerial

Corner Element Pitch, Inch

Active Lenpgth, Inch

Element Diameter, Inch

Standard CEA Waight, Pound

Total QOperating Assewbly Weipght, Pound

*# From the PSAR {M-3)

U0,
0,382
0.6

0,1, 922
dircaloy-4
0.338
{.440
0,026

0. 006
137
1454

176
14 x 14
0.580

Leaf Spring
Zivealoy-4
B

1,300

401

7,980 » 7,980
8.180 x 8,180

5

Cylindrical Roda

Square Flus Cme
Center

Iconel Tube
0.040

. TAN

4,68

137

0,955

70

187



Core Arranpement

Kumber of Yuel Assemblies in Core, Toral

Humber of Instrumented Assemblies

Mumber of CEA's

Rumber of Active Fuel Rods

CEA Pitch, HMinimum, Inch

Fuel Rod Surface-to-Surface Between Fuel
Assenblies, Inch

-Cuter Fuel Rod Surfﬁce to Core Shroud, Inch

Total Core Area, Ft

Core Equivalent Diameter, Inch

Core Circumscribed Diameter, Inch

Lore Volume, Liters

Total Fuel Teoading, MIU

Total Fuel Weight, Pound Uy
Totral Weight of Zircaloy, Pound

. *
NUCLEAR DESIGN DATA

Performance Chavacteristies

Foel Management

1235 Enrichment (w/fc)
Bateh 1
Batch 2
Batch 3

qufuﬂg Volume Ratio, Unit Cell (Cold
Dimensions)

Control Charactaristics
Keff {CEA's Control Rods Withdrawn, No
Boron in Moderator)
Cold, Clean
Hot, Clean, Zero Power
Bot, Clean, Tull Power
Hot, Equilibrive Xe, Full Power

Control Elements (B;C in Inconel Tubes)
Humber of Cantrol Element Assemblies
Total Rod Worth, Hot, Ap , Percent Greater
Than

Dissolved Boron Content for Criticality (CEA's

Withdrawn}

Cold, Clean, Ppm

Hot, Clean, Zero Power, Ppno

Hoe, Clean, Full Fower, Fpm

Hot, Equilibrium Xe, Full Power, Ppm

217

45

89
38,192
11.57

0.200
0,180
101
i3b
143.3

32,610
B7
218,000
49,000

3-Batch
1.E0
2.48
i.m

l.61

"1.265

1,211
1.178
1.138

29

1,300
1,400
1,200
1,000

* Unless otherwise specified, the values are for the initial core,
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Dissolved Borun Conteat Availabhle for
Refueling, Ppm

Boron Worth (¥pm/l Percent A )
Hot
Cold

Nuclear Power Peaking Factors
Cverall Nuglear Limits
Heat Flux, F N
Enthalpy Rize, FﬁH

Beactivity Coefficients
Moderator Temperature Coefficient
Hot, Cperating {(Ap/f F)
Room Temperature, CEA's Out (Ap/ F)

Fuel Temperature Coefficlent, Doppler
(hp/ F}

Full Power Reactivity Defect Due to Fuel
Temperature Effects, Percent

Diesclved Borem Coefficient
{4 p fppm)
Moderator Void Coefficient

Hot (& p /Percent Void)

Moderator Pressure Coefficient
Hot (& p f Psi)

THEEMAYL HYDRAULIC PARAMETERS

General Characteristics

Total Heat Output, Mwt

Total Heat Output, Btu Fer Hour

Hest Generated in Fuel, Percent

Pressure
Nominal, Psi Abselute
Minimum ir Normal Operation, Psi Absolute
Maximum in Hormal Operaticn, Psi Absolute

Nowminal Coolant Inler Temperature, F

Maximum Iulet Temperature, Hormal Operation, ¥
Vessel Qutlet Temperature, F

Core Bulk Qutlet Temperature, F

Total Reactor Coolant Flow, Pound Per Hour
Toral Coolant Flow ﬁrea*, FE

* Guide tube areas not included
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1,720

&0
&0

-0,13 x 1073 te
-0.17 x 10~3

0 to -1.6 x 10~

0 to +2 x 1075

2,440
8.13 x 10
97.5

2,250
2,200
2,300

550
555
602
603
122 x 10
33.2



Coolant Flow Throuzh Cora, Pound Per lour

Hydraulic Diametrr Nominal Channel, Foot

Averape Mass Velocity, Pound Per Hour-Ft

Average Coclant Velocity in Core, Feet Per
Second

Fressure Drop Acress Core, Psai

Total Pressure Drop Acroas Vessel, Psi

Core Average Heat Flux, Btu Per Hour-Ft

Total Heat Transfer Area, Fr2

Film Coefficient at Average Conditions, Biu Per
Hour-Ft? - F

Averare Film Temperature Difference, F

Average Linear Heat Rate of Rod, Kw Per Ft

Specific Power, ¥w Per EKg

Power Density, Ky Per Liter

Design Overpower, Percent

Average Core Enthalpy Rise, 100 Percent Power,
Btu Per Pound

Heat Flux Facrors
Total Nuclear Peaking Factor
Engineering Heat Flux Factor
Total Heat Flux Factor

Enthalpy Rise Factors, Wominal Conditions
Heat Input Factors
Buclear Enthalpy Rise Factor
Engineering Factor on Het Channel Heat Input

Total Heat Input Factor

Flow Factors
Inlet Plenum Maldistribution
Fuel Eod Pitch, Bowing and Clad DMameter
Flow Mixing
Internal Leakage and Boiling Flow
Redistriburion
Total Flow FacLtar

Total Enthalpy Rise Factor = 1,79 x 1,20

Full Power
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119.5 % 10ﬁl

0. 04445 6
2,23 = 19

13.8
9.5

42
162,000
50, 200

5,100
32
5.6
28.0
75.2
112

69.7
2.95

1,05
3.10

1,70
1,05

1.79
1.05
1,063
.92

1.16
1.2G

- 2.14

wer-Fower
{112 Percent}

Hot Channel and Hot Spot Parameters

Maximum Heat Fiux (Btu Per Hour-
Fel 501,000

Haximun Linear Heat Rate of Rod,

KEw Per Foor 17.4

516,000

19.4
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Over-Fower
Full Power {112 Percent)

Maximum Y02 Temperarture,

Steady State, F - A,340 4,560
Maximum Clad Surface Temperature, F 6538 6bH4
Hot Chammel Outlet Temperature, F 652 653
Hot Channel Enthalpy, Etu Per Pound 696.2 716.3

DNE Ratio, Stcady State
W-3 Correlation, " DNBR 2,15 1.86
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APTLERDIN B

BEMCHMAKKING OF EPRI-LEQPARD AND ITS ENDF/B-1IV
CROS5 SECTION LTIERARY AGAINST EX?ERIMEHTAL DATA
Tables B~1, B~3, B-5 and B-b present the latrice parameters, and
the calculated k valees for benchmark U—RSBITHGZ, U~233fTh02, U—235fUﬂ2
and U~-235/U-metal lattices, respectively, Two k values are given for
each thorium lattice based on the uwnmedified and medified EPRI-LEQPARD
which includes the new metal-oxide resonance-integral correlation for
thorium {Section 3.2.2).
Tables B-? and B-4 compare the czlculated and experimental valuyes
for the epithermal-to~thermal ecapture ratie in Th-232 {pgz] and otherx
picroscopic parameters for the U—EBS}ThQE and U~235fTh02 benchmark

lattices of Tables B-} and B-3, respectively.
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TARLE E.1
CHARACTERISTICS OF AND CALCULATIONAL RESULTS FOR RERCHMARE U*Z:i:ifTth LATTICES
F /M _H¥ Lattice Measured Calculated k
Case Volume Th-232 DD Pitch Buckling Th-Correlation
i Ratio  Ratio () (in.) (w2 ) OLD ° NEW {Steen)
1 0.11 31.3 0 1.3346 -1.22+0.3 0.9965 0.9670
2 Q.15 23.1 1.1720 32.2+0.2 1.0072 1.0079
3 0.23 144 0.9707 69.8+1.0 1.0162 1.017%3
& 0.33 10.1 0.8542 85.5410.8 1.0166 1.0181
5 0.46 7.39 .ﬂ.??Uﬁ 80.3541.6 1.015] 1.0172
& 0.58 5.77 0.71&63 B9, 34+2.0 1.0117 1.0143
7 0.72 4.67 D.6767 86.06+1.3 1.0066 l.0097
B 1.00 3.36 0.6269 75.83+2.0 1.0017 1.0058
g 0.008 403,  99.25 4.520 11.2340.20 (0.9882  0.9885
10 0.012 273, 98.95 3.725 14,67+0.37  Q.9948 0.9953
11 0,018 1B4, 99,34 3,079 19.13+0.27 0.9907 0.%0914
12 0.026 126, 99,25 2.5kK2 22,32+0.14 1.0026 1.0035
13 0.034 97.4 99.33 2,259 25.00+0,16  0.5971 0.5982
14 0.062 53.7 05,30 1.708 28,64+0.29 1.0014 1.0035
15 £.045 39.7 99.26 1,480 29.85+0.22 ﬂ.99?2_ 1.0001
16 0.333 10.1 99,30 D.BE&I 20.54+0.20 0.9638 0.9724
Averaga k 1.0005 1.0025
Reference r {W=2% 15.0132  +0.0122
Lattice Type - ! Hexagonal

Fuel Eaxichment : 3,00 w/o (see Ref. (W-2) for detailed composition)
Fuel Density  : 8,9618 g/cm”

Pellet Diamater : 0,530 in.

Clad Material ! Zircaloy-2

Clad OL: $ D0.499 dn,

£lad Thickness : 0.034% in.
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TABLE B, 4§
COMPARISON BETWEFEN CALCULATED AND EXPERIMENTAL

VALUES FOR p ;2 AND pff FOR BENCHMARK u—235fTh02 LATTICES

02 _ -
FiH Calél%ated Calé;{ated
Case Volume D30 (Th=Correlation) {(Th—Correlatian)
# Ratio (%) Measured 0ld Wew (Steen} Measnred 0Qld New (Steen)
1 0.62 0 — ' D.157 D.178 0.173
2 0.78 1.28 1.242 1,215 0.210 0.224 0.224
3 0.11 - -
4 Q.25 - -
3 0.46 ~ -
& 0.62 1.49 1.546 1.514 . 0.221 0.265 0.265
7 0.78 2.08 1.96% 1.428 Qa.292 0.338  0.337
8 0.17 - 0.053 D.05S1 0.051
9 0.28 - 0.085 0.078 0.078
10 0,34 - 0.130 0.134 0.133
11 0.60 - - ' 0.181 0.237 0.237
1z 0.72 - 0.266 0.283 0.283

13 0.7/0 55.38 D.56 0.573 0.572

i

14 60.40 - .65 0.636 0.835
15 TL.9% - 0.81 0.853 0.852
16 Bl.%6 7 7.50 7.32 1.16 1.2i4 1.212
Average 1.0 .98 Average 1.07 1.07

a2 o2 = =
p o Ip & exp. +2.06 iﬂiﬂﬁ ) ffp £ exp. +0.11  +0.11

Reference (W-3)
Lattice Type {(Square)
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APPENDIK C
BERCIMARKING OF LABER ACGAINST EXFERIMENTAL DATA

Takles -1 and C-3 present the lattice parameters, and the k
values calculated using LASER for benchmark Eu!UDz {Hzﬂ} and Pu/Al {Dzﬂ)
lattices, respectively. For comparison, resulrs from LERI-LEOPARD for
the same lattices are also pgiven,

Tables C-2 and C=3 give the izotopic composition for the fys]

used in the lattices of Tables G~1 and €-2, respectively.
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Cesap

1-2

7-8
9-10

11-12

TABLE C.?

ISOTOPIC COMPOSITION OF Pu FGEL USED

WITH Puﬂl ;"E;H::-?l LATTICES {at %)

Pu-239

G1.41
91.62
81.11
71.76
g1.65
75.38

90.54

Reference {G-1)

Pu-240
7.83
7.69

16.54

23.50
7.627

18,10

B.54

Pu-241
0D.73
Q.70
2.15
4. .08
0.70
5.08

.88

Py-242
a.01
0.03
0.20
0.66
0.031
1.15

0.04

IN EXPERIMENTS

Pu-238

0,28

170



171

TABLE C.3
CHARACTERISTICES OF AND CALCULATIOWAL RESULTS FOR

BENCHMARE Fu/Al (DED} LAlecEs

Measured
Case F/M D0 Pitch Buckling Caleculated &

p Lattice Ratic (2}  (cm) (o %) LEOPARD.  LASER
il 2-1 0.%6 99,10 2,1682 15.68+0.41 0.9790 1.0086
2 2-a 99,20 15.4540.20 0.94813 1.0167
3 Z-m 0.65 98.86 2,3987 17,25+0,21  0.9518 0.9822
LA S5=2a 95.05 20.68+0.14 0,9355 0.9782
5 5-m 98,96 20.75+¢0,14 0.9387 0.9789
b J-a .49 28.92 2,609%3 23.78+0.13 0.9360 00,9958
7 7-m 08,89 23.75+0,15 0.2370 0,9805

Average k 0.9518 0,9907

40.0203 40,0142

Reference : {0=2)
Lattice Type : Hexagonal
Fellet Diameter : 0,6 din.
Clad Materizl : 2r-2

Clad OD : DLERED in,

Clad Thickness 8.025 ia,

L1}
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TABLE C.4

ISOTOFIC COMPOSITION OF THE FUEL FOR Pufal fl}zl}} LATTICES

Isotope (ﬂtumh:m3} % 1923
Pu-239 © 0.006550
Fu-240 0.000639
Pu-241 0.0000%5
Pu—242 ¢.000007
Al 0.581522
Fe T 0.000006
31 0.008029
c 0.000016
Ga 0.900004

Reference {0-2)
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APPENDIX D
{:IUEWL{ITI':RI.STICS OF, AND MASS FLOW RESULTS
FOR, TIE U-EHSIUUZ AND Plt.n'r'fhﬂz - FUELED CORES
In this appendix the characteristics of, and wass flow resulks for,
the 0-235/1U0, and Pu!Tthafueled cores caleulated using EPRI-LECPARD -
are documented (Table D.2)}, MNomenclature for the symbols used in

Appendices D, E and F are given in Table D.l.

INSTITL . .- T E R NI FARES




TARBLE D.1

MEANTNG AMD UNITE OF SYMBOLS USED

Symbol  Unirs

F/v -

E w £

1 -

By MWD/ KgRM
-[:R L

SP(*) KW /fKeHM

PY $/1b U 0,
CNU(*#*) ST UBDBIGHE.}FE
FCC nill/¥Whre
23 §/Kg

C49 $/Kg

IH APPENDICES D, E AND F

Heaning

Fuel-to—poderator volume ratio
Fuel enrichmont

Number of staggerad fuel batches (zones)
used In the core

Discharged burnup for an H-zone care

Cycle-average fuel conversion ratio

Specific power
Price of vellowcake

Consumption of matural uranium cre per
installed GWe per ealendar year

Fuel cycle cost {at indlfferences values of
bred fissile species)

Indifference value of "equivalent" U-233

Indifference value of "equivaleat" Pu-232

% the average specific power for the U~233fTh02 and Pufﬂﬂz
cores are 30.6 and 27.9 Kw/KgHM, respectively

&% availability-based capacity factor = 0.83 and 0.2 w/o tails assay
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TABLE D.2Z

MASS FLOWS FOR THE U—235fUDz AND J’uj"ThD2 COREG®

Fuel Type U—2351U02 Pu/Tho, Pu/Tho,
FiM 0.5 0.5 3,0
e{w/o) 2,75 3.71 5,50
B, 331 ' 33,5 33.9
(24 0.64 D72 0.83
8P 28.4 4 30.1

CHARGED MASSES (XKg/MTHM) **

Th-232 - 945.3 859.9
U-235 27.50

U-238 972.5 :
Pu-2130 - 29,44 75,42
Pu-240 - 14.25 36,47
Pu-241 - 7.69 19.71
Pu-242 - 3.30 g.46

DISCHARGED MASSES (Kg/MTHM) %%

Th-232 - 926.3 829,6
Ya-233 ' - 0.73 1.02
B-233 - 11.08 21,56
U-234 - 0.96 D0.96
U-235 4,93 0.14 . 0.07
U-236 - 3,59 0.01 0.003
U-238 947,7

Pu~239 4,61 463 48.92
Pu-240 2,40 7.9%% 35.20
Pu-241 1,21 ' 6. B4 15,13

*based on EPRI-LEQOPARD calculatilons
*%Diacharged mass (*) are per metrie ton heavy metal in the

as-charged fuel
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2
SYSTEM OF COUPLED REACTORS.

RESULTS FOR THE UmZJSfUDE : Pu/ThO, : U—ZBJIThﬂz

In this appendix the charged and discharged wasses
calculared using EPRI-LEQPARD are presented for the
U—233!Th02~fueled cores (Tablex E.1 to E.8). The consumption
of natural wranium and fuel cycle costs for the U—ZESKHDZ :
Pu!Thﬂ2 : U-233fTh02 system of coupled reactors are also
given {Tables E.? to E,12} togather with the cycle—average

fuel! conversion ratio and diacharped fuel burnup for the

U—ZBS!Thﬂz core.
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TABLE E.1

Charged and Discharged Masses for the
U-ZBEITth (F/¥M = 0.5} Core

177

£ (wfo) 2.0 2.5 3.0 1.5 4,0 45
Charged Masses (Kg/MTHM)
U-233 19.76 24,71 29.6%9 34.63 39.15 44,50
U-234 1,72 2.15 Z2.63 3.06 3.49 3.91
U235 0.24 0.29 0. 34 0,38 0.43 0.43
Th-232 978.3 212.9 967.3 961.9 956.9 951.1
Discharged Masses (Kg/MIHM)

p-233 17.32 l8.82 10, B0 20.64 21.27 21.91
Pa-233 1.13 1.04 0.99 0.94 D.91 G.28
U-234 2.36 3.48 4,39 5.12 5.76 (A
b-235 0.38 D.68 0.97 1.24 1.4%9 1.77
U-236 0.02 0.06 .12 0.17 0.22 0.2%
Th-2z32 971,8 959.7 G49.6 41,1 933.6 925.32

U-233 16.55 16.81 16.84 16.683 16.45 16.08
U=-234 2.80 4.15 5.04 5.73 b.24 &6.7G
U=235 Qd.50 0.93 1.32 1.63 1.38 2.12
U-236 0.04 0.15 0.27 0.40 0. 54 0.72
Th-232 956.8 949.4 936.3 924.0 913.8 901.5

U-233 16.50 16,70 16.26 15.96 15.53 15.18
FPa-233 1.18 1.14 1,13 1.12 p.13 1.12
U234 2.83 4.19 5.19 5.83 6.30 6.68
0-235 O0.51 a.97 1.40 1.71 1.953 2.13
1236 D.05 ¢.16 0.32 0.48 0.68 G.88
Th-232 966.4 948,56 932.0 918.6 905.5 B92.5




TAELE E,2

Charged and Discharged Masses For the
U-ZE]fThDZ {F/M = 1.0} Care

178

e {wia) 2.0 2.5 3.0 3.5 4.5 5.0
Charged Masses (Kg/MIMM}
U-233 19.76  24.71 29.69 34,63 44,50 49,47
Y234 1.72 2.15 2.63 3.06 %1 4.34
U=-235 C.24 0.29 0.34% 0,34 0.48 0.53
G7R. 3 G729 967.3 951.9 g51.1 945,73
Discharged Masszes (Kp/¥THM)
U-233 18.31 20,94 22.89 24.30 26.84 27,96
Pa-2332 1.17 1,14 1.07 1.02 0.95 0,02
U-234 2.05 .28 4.20 5.00 5.31 6.91
1U-235 0.34 0.73 1,10 1.548 2.16 2.49
Th-232 974, 8B 961.0 950.3 940, 2 Q32,7 014.4
=233 18,04 19.72 20,45 20.93 21.30 21,35
Pa-213 1.26 1.19 1.14 1,11 1.08 1.06
-234 2,30 3.89 4.93% 5,68 6,82 7.27
U-2315 0.42 1.04 1,61 2.06 2.86 3.18
B-236 a,02 0.%2 0,15 Q.39 .70 D.288
Th-232 72,2 952.5 937.0 G24.1 q00.2 889.0
D-233 17.47 19,31 19.71 19.86 19,72 20,27
Pa-~233 1.28 1.20 1.7 1.15 1.12 1.09
U-234 2.39 G4.11 5.18 5.90 6.59 F.27
b~-235 ad, 44 1.18 1.80 2.28 3.01 3.24
U-236 d,.02 0.15 ,33 0.52 D.%4 1.03
Th-232 971.1 948.7 933.8 a15.7 8R7.8 881.4




TABLE E.3

Charged and PMscharged Masses for the

U-233/Thit

{F/M = 1.5) Core

175

2
£ (wie) 2.5 1.0 i 4.0 .5 5.0
-Charged Masses (Kg/MTHM)
U-233 24.71 29,609 34,63 32,15 44,50 49,47
U~-234 2.15 2.63 3.06 3,49 3.91 4,34
U“235 'D.ZS‘ ﬂ.jfi Gr38 G’- £|'3 D.ﬁg D-53
Th=-232 9¥2.9 9567.3 961.9 956.9 | Q45,7
Discharged Masses (Kg/MTHM}
11-233 21,77 25.85 28.33 30.31 32,47 34.29
Pa--233 1.23 1.16 1.10 1.06 1.02 D,5%
U-234 2.73 3.77 h,6L 3.32 6.04 6.70
V-235 0.53 0.93 1,30 1.65 2.02 2.36
0-236 G.02 0,06 0.11 0.1} 0.23 0.29
Th-232  966,5% 954,06 944.0 934.9 924.8 915.7
U-233 22,38 24,54 25.93 26,93 27.93 23,68
Pﬂ.—233 1-.2? 112{] 11 1& 1- 13 1.10 l.UB
U-234 3.08 4,39 3,36 6.09 6. 80 7.41
1-235 .69 1,33 1.92 2.40 2.88 3,30
U-ZEE {}u Ufl- U. l'ﬁ' ﬂ- 26 0139 D|53 ﬂ-'ﬁs
Th~232  962.4 945,5 930.5 918.3 205.0 893.2
p-233 22.22 24,10 25,34 25,90 26.43 26,91
Pa=-233 1.27 1.21 1.18 1.15 1.13 1.11
0-234 .25 .61 5.62 6,33 7.03 7.58
U-236 0.05 0.18 .34 0.50 0.71 0.90
Th-232  960.2 41,5 24,4 910.8 8495.0 §82,0
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TABLE E.4

Charged and Discharged Masses for the
U—233:"ThD2 (F/M = 2.0) Core

180

£ (w/o) 3.0 3.5 4.0 © 4,5 5.0 5.5
Charged Masses {(Kg/MTHM}
U-233 29.69 3463 19,15 44.50 49,47 54.39
U—Z:Hl 21-'53 3;06 3’-&9 3-91 4'-'|-.34 ﬁi??
B=-235 0.34 0.38 43 D.48 0.53 0.57
Th—~232 967.3 961.9 556,90 951.1 945.7 940,3
Discharged Masses (Kg/MTHM}
0-233 27.75 31,24 34,02 31.01 39,54 41,86
U-234 3,20 4,11 4.89 5.67 6.3% 7.06
U-236 D.02 .06 0.10 0.16 0.21 0.27
Th=-232 500, 6 949,72 939.4 528.6 918.% 09,3
U-233 27,38 30.15 1z.16 34.13 35,66 16.9&
Pa=-233 1.28 1,23 1.19 1.16 1.13 1,11
-234% 3,53 4.71 5.61 6.49 7.24 7.93
U-235 a,82 1.41 1.90 2.41 2.85 3.24
U-236 0.05 0.13 0.23 0.35 0.47 0,50
Th-232 956.2 G40.3 927.0 812.6 859.7 887.5
U-233  27.22 29,77  3i.49 33,07  34.32  35.29
Pa-233 1,29 1.24 1.20 1.17 1.15 1.13
U-234 3,72 4.93 5.89% 679 7.53 B.21
U-235 D.92 1.58 2.15 2,72 3.18 3.60
Th-232 553.9 936.5 9x].2 904. 7 850.6 876.8
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TABLE E.5

Charged and Discharged Masses for the
U—ZEEIThﬂz (F/M = 2.5) Cote

183

€ (wfa} 3.5 4.0 4,5 5.0 5.9 6.0
Charged Masses (Hg/MTHM)
=233 14,62 39.15 44,50 49 47 54,39 549, 36
u-234 3.06 3.49 3.91 4,34 [ 5.20
U-235 0.38 D.43 0.438 0.53 0, 57 Q.67
Th-232 961,9 9%6,9 951.1 945.7 940.3 9348
Discharged Masses (Kg/MTHM)
u-232 12.89 36,55 .ﬁﬂ.39 43,61 46.54 49,27
Fa-233 1,78 1.25 1.15 1,16 1,12 1.0%9
D-23h 0.02 0, 05 0.0% 0.13 G.18 D.24
Th-232 955,46 246,0 934.5 §24,2 91&,2 904, O
U-233 32.63 15,80 38.91 41,32 43,34 45,12
Pa-233 1,31 1.27 1.22 1,19 1.16 1.4
U-234 3.86 4.89 5.90 6.79 7.62 8,40
U-235 D.84 1.30 1.78 2.21 2.60 2.97
U-236 0,04 0.11 0.20 0.30 0.40 0.52
Th-232 95].5 917.7 0224 908.5 805,2 852.3
D-233 32,56 35,55 38,37 40,45 42.20 43.66
Pa-233 1,32 1.27 1.23 1.20 1.18 1.16
234 .97 5.10 G, 20 7.14 7.97 B.7%
U_235 ﬂigﬂ 11 44 2-&1 2-5“ 21 gl 3- 3]-
U-236 0.05 0,13 0. 26 0. 39 0.52 0.68
Th-232 250.0 934,353 916. 7 ap0.B §86.3 B71.%
(T Pttt mHFE 1



TAELE E.&

Charged and Discharged Masses for the

U—233fThU2 {FiM = 3.0} Core

182

e (w/o) 4.0 4.5 5,0 5.5 6.0 6.5
Charged Masses (Kg/MTHM)
P-233 39,15 h4,50 49,47 54,39 59.36 b4.27
U-234 3.49 3.91 4,34 4,77 5.20 5.67
U-235 0.43 0.48 0.53 0.57 0.87 0.72
Th-232 956.9 951.1 945.7 940.3 634.8 929.3
Discharged Masses {(Kg/MTHM)

U-233 37.72 42,29 46,16 49.66 53.01 55,97
Pa-233 1.26 1.28 1.24 1.20 1.16 1.13
U-234 3,82 4.69 5.50 6.28 6.99 7.77
U=-235 0.62 0.92 1.19 1,44 1.63 1.921
236 0.02 0.05 0.08 U0.12 0.16 0.21
Th-232 932.3 940, 4 529.6 919.1 a09.6 899.6

U-233 37.55 41,84 45,19 48.00 50.33 532.38
U-234 4.07 5.17 6.1 7.10 8.03 B.90
U-235 0.76 i.21 1.6l 1.98 2.3% 2,68
U236 0.a83 0.09 0.16 0.25 0.36 0,46
Th-232 548.8 933.1 918.6 a4 .5 883.9 B76.6

233 37.51 £1,67 44 .80 47.33 49.48 51.21
Pa-233 1.35 1,30 1.26 1.23 1.20 1.18
-234 4.20 5.38 6,46 .47 8,39 2.29
U-235 0.84 1.33 1.81 2.23 2.62 2.97
U-236 0.04 0.11 0.21 B.33 0,45 0.58
Th-232  946,9 929.8 913,2 896.9 881.7 B66.8
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TABLE E.7

Consunption of Matural Uranium and Fuel Cycle Cost
for the U-235/U0, : PufThOp {F/M = 0.5} :
U-233/Tho, (F/M = 0.5) System

N Py’ 4 .
YO8/ u0y) e {w/o) 2.0 2.5 3.0 1.5 4,0 4.5
1 By 6,7 15.5 23.0 29.4 35,0 41.2
CR 0.85 0.75 0,68 G, 64 0.60 0.57
CHND 100, 2 105.2 108.0 109.7 110,7 111,6
40 FCC £.94 6.93 6,92 6,92 6,92 6.92
}CES -16.0 - 3.6 3.6 7.387 10,5 12.4
C49 13.5 14.8 15,6 16,1 16,3 16.6
100 FCC 11.70 11.68 1l.67 11,67 11.66 11,66
|C23 - 9.6 8.5 18.7 24.3 27,7 30.0
C49 37.9 39.8 40,9 41.5 41,8 42.1
3 Bq 11.46 26,2 ATL5 48.3 57.3 68.5
CR 0.87 0.80 0.74 0.71 0.68 0.66
CNU 83.7 101.3 104.4 106.1 107.2 l108.0
40 FCC 6.94 6.92 6.51 6.91 6.91 6.90
‘cza - 9.7 7.3 15.3 19,9 22,1 23.5
C49 14,2 16.0 6.8 1v.3 17.5 17.7
100 FCC 11,69 11,66 11,65 11,64 11,64  11.64
|C23 1.4 27.3 38.6 44.8 47.1 48.3
C49 39.1 41.8 43.0 43.6 43.9 44.0
6 Bg 3.3 30.0 45 4 56.9 68,5 82.5
CR 0,88 D. 81 0.77 0.74 0,72 0.71
CHU 53.1 99.0 102,12 104.0 105.0 105.7
40 FCC 6,94 b,92 6,91 6. 90 6.90 6,90
lGEJ - 7.8 10.5 19.6 23.7 25.7 26.5
G49 14,4 16.2 17.3 17.7 17.9 18.40
100 FCC 11.69 11.66 11.64 11.63 11.64 11.64
c23 4.7 32.7 46,0 51.2 53.2 53,3
C49 9.4 42.4 43.8 44.3 44.5 44.5

* See Table D.1 for symbol explanation and units
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TABLE E.§

Consumption of Natural Uranium and Fuel Cycle Cost
for the U-235/U03 : Pu/ThOz {F/¥ = 0.5} :

4
39g?

l]—233r’Tth {F/M = 1,0) System

€ {w/o) 2,0 2,5 3.0 3.5 4.5 5.0
B 3.2 1.1 19,3 26,3 J&.3 44,1
CR 0,96 0. 85 0.77 0D.73 0.66 0.64
CNU 97.2 100.4 104.6 106.9 105.5 110.3
FCC 6.95 6. 94 6.93 6,92 B.92 6,92
|C23 -20.5 ~ 7.2 0.3 5.5 11.0 12.5
C49 13.1 14.5 15.3 15.8 16,4 16,5
FCC 11.71 11.69 11.68 11.67 11.66 11,66
‘CEB ~17.5 2.2 12.8 20.3 27.2 28,0
C40 37.1 38,2 40.3 41.0 41.8 42,4
Bg 5.6 20. 4 32.7 43.2 63.3 72.9
CE 0.97 0.88 0,82 0,748 0.72 0.70
CHU 88.9 95.9 100. 6 103.3 106.1 int. o
FCC b, 95 6. 90 6,52 6,91 6£.91 6.7l
‘CEB -17.4 1.3 11. 4 16.7 21,6 22,4
c49 13,4 15.4 16.4 17.0 17.5 17.6
FCC 11.70 i1.67 11.66 11.65 11.64 11,64
Ci3 -12,1 16.9 31.% 3.3 45,2 45.6
Ca49 37.6 40,7 42,3 43,0 43.7 43.7
Bg 6.4 24.0 38.8 31.6 76.0 26,7
CR 0.98 0.89 0.84 0. 80 0.75 0.74
CNU B6.9 54,2 8.7 101.4 104.2 04,9
FCC 6.%4 6.92 6,91 6.91 6,90 €.90
‘CEE -16.6 4,5 15.5 20,9 24,9 24,8
C49 13.5 15.7 16.9 17.4 17.9 17.38
FCC 11,70 11,67 11,65 11,64 11.64 11.564
'E23 -1015 22.5‘ 331—9 45&'& 5'3.3 ﬂgi?
C49 37.8 41,3 43,0 43.8 44,3 AL

Table D.1 for symbol explanastion and units
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TAELE E, 10

Consumption of Natural Uranium and Fuel Cycle Cost
for the U-235/U05 : Pu/ThOz (F/M = .5) :
U-ZEB!ThUE {(F/M = 2.0) System

N e+ _—

+  (§/1b ujuB} e {wio) 3.0 3.5 4.0 4,5 5.0 5.5
1 By 6,1 12,3 17.8 24,0 29,7 35.3
CR 0.96 0.90 0. 85 0.81 0.78 0.76

CHNII 98.0 95,9 102.0 104.2 105.6 106,7

40 ‘ ¥CO 6.94 6.93 5.93 6,52 6. 52 6.92

c23 -11.3 - 5.0 - 0.8 3.0 5.6 7.6

49 14,0 14.7 15.7 15.5 15.8 16,0

100 FCC 11,70 11,469 11,68 11.58 11.67 11.67

' |c23 - 7.4 1,8 8,0 13,3 17.0 19,7

C49 38,1 39,1 39.8 40,1 40,7 41,0
CR 0,57 0. 91 0.5%8 0.84 0.82 0. 80

CNU 92.5 25,6 98, 4 100.8 102.5 103.7
40 FCC £.94 6.43 6.92 6,92 .91 5.91

‘ c23 - 7.9 1.1 6.8 11.4 14,3 16,2

C49 14.4 15.3 15,9 16.4 16.7 34,4
100 FCC 11.69 11.68 11.67 11.56 11.66 11.565

| c23 - 1.5 12.4 21.0 27.8 31.9 16.9

C49 38,8 40.2 41.1 41.8 42.3 42.5

& B, 12.0 24,2 35.3 &47.7 58.5 6%.2
CR 0.97 0,92 0. 89 0, 86 0.83 0,581

CNI 9D, 4 94.0 96. 8 99,3 101.0 102.1
40 FCC £.93 6.92 6.92 6.91 £.91 6,91

' c2z3 - 6.3 3.4 9.8 14.6 i7.2 18.%

CAY 14.6 15.6 16.3 16.8 35,9 17.2
100 FOC 11,69 11.67 11.64 11.66 11.65 11.65

c23 1.3 16,4 26,1 33,3 17,0 39,0

C49 39,1 40,6 41,7 2.4 42.8 43,0

* See Table D.1 for symbol explanation and units
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TABLE E.11

s Pu/ThOgz (F/M = 0.5) 1
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* See Table D.1 for syuhol Explanatidn and units
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TARLE E, 12

Consumption of Natural Uranium and Fuel Cycle Cost
for the U-235/U0; : PufThO; (F/M = 0.3)
U—233}Th02 (F/M = 3.0} System

N PY* + ——
+ (5/1b U3DB) £ (wlo) 4.0 4.5 5.0 5.5 6.0 6.5
L Bq 3.9 9,6 15.1 20.6 25.5 3.1
CR 1.01 0.96 0,92 0.89 D.85 0.83
CHU 102.0 87.9 99,7 100.9 102.7 104.0
&0 FCC 6.94 6.93 6.93 6.93 6.93 §.92
I c23 ~10,2 - 5.5 - 2.0 0.8 2.9 4.9
C49 14.2 14.6 15.0 15.3 15.5 15,7
© 300 Fil 11,70 11,69 11.69 11.68 11.468 11,68
‘ 023 - 8.2 -1,3 3.9 8.1 11.1 14,0
C49 38.1 3B.8 35.2 39.8 40.1 40,4
3 B3 7.0 16.1 25.1 .4 44,6 53.8
CR 1.02 0.97 0.04 D.%0 0.88 0.85
CHY 93.6 93,3 94,7 97.0 98.9 100.§
40 ‘ FLC © b_94 6.93 6,92 £.92 £.92 6.92
£23 - 8.2 - 1.8 3.1 7.0 10.3 12. 4
Ch9 14,4 15.0 15.6 16.0 16.3 16.5
100 FCO 11,69 11.68 11.68 11.67 11.47 11.66
‘ €23 - 4.7 5.2 12,7 18.7 23.8 27,0
C49 A8.4 39.5 40.3 40,9 41,4 41,8
6 e, 8.5 19.0 50.1 41,4 52.3 63.4
CR 1.02 G.95 0.94 0,91 0,89 0.86
chy a0, 3 90,2 92.8 95.3 97.% 99,3
40 | FOC 6.94 6.93 (.92 6.92 6.92 6.91
c23 - 7.2 - 0,2 5.3 9.6 12.6 14.7
c49 14.5 15.2 15.8 16.2 16.5 16.8
100 FCC 11.69 11.68 11.67 11,67 11,66 11.66
' c23 - 3.0 7.8 16,6 23.2 27.7 30.9
C49 3,9 39.7 50.7 &1.4 41.8 42.2

* See Table D.1 for symbol explanation and units
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APFENDIX F
RESULTS FOR THE U-235/U0; : Pu/UO,

SYSTEM OF COUPLED REACTORS.

In this appendix the charged and discharpged masszes
calculated using LASER are presented for the PufUUz-fueled
cores (Tables F.l to F.4). The consumption of natural
uraniug and fuel cycle costs for the U4235fU02 E Pu!UDz Eystem
of coupled reactors are alsoe given (Tables F.5 to F.8) together
with the cyele—average fuel conversion ratic and discharged

fuel burnup for the PufUGz core,
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TAELE F.1

Charped and Dizcharged Masses for the

PUJ’UG2 (F/M = 0.5} Core

190

£ {w/o) 1.5 2.0 .0 4.0
Charped Masses (Kg/MTHM)
0-235 1.98 1,93 1.93 1.89
U-Z38 978.9 971.5 956.7 942,11
Pu-2139 10,36 14,33 22.31 a0.28
FPu-240 4.98 6,90 10.75 14.55
Pu-241 2.70 3.74 5.8 7.87
Pu-242 1.13 1.58 2,48 3.34
Dischargad Masses (¥g/MTHM)

U-235 1.43 1.26 1.11 1.0
=236 0.10 0,13 .17 0.19
-258 972.7 962.0 %41.5 9zx2.0
Pu-23%8 T.75 9.33 12,25 15.05
Pu-240 5.18B 6.91 10.00 12.82
Pu-241 2.70 3.83 5,78 7.57
Pu-242 1.50 2.17 3,238 4,44
U=-235 1.17 D.495 a.73

=236 0.15 0,19 .23

U-#38 ¢69,2 956.13 931.7

Fu-23% &.B0 7.03 8.5%3

Fu-240 5.09 G.AT B.57

Pu-241 2.75 3,62 5.04

Pu-242 1.72 2.53 4.00

17-235 1.06 0.83 0.58

U-236 0.17 0.21 g.25.

U-238 957.5 §953.7 926.7

Pu-239 B. 44 7.07 7.74

Fu-240 5.02 6.22 7.78

Pu-Z41 2.71 3.49 b, 50

Fu-242 1.82 2.69 4,249




TABLE F.2

Charged and Discharged Mazses. for the
PUfUﬂ2 {F/M = 1,0) Core

191

£ (w/o) 4.0 5.0 6.0 7.0
Charged Masses (Kg/MTHM)

U235 1.849 1.84 1.84 1.79
U-238 6942.1 927.4 912.6 857.9

Pu—-239 30,28 38,23 4p, 18 54,15
Fu-240 14.55 18.39 22.22 26,10
Fu—-241 7.87 2,493 11.99 14.04
Pu-242 3,34 &, 24 5.14 6,04

Discharged Masses (Kg/MTHM)

U-235 1.76 1.53 1.4GC 1.26
U-236 0.04% 0.0% 0.13 0.15
H~238 G158, 6 517.8 B97.6 877.5

Byu-235 29.33 35.08 &0,.29 44,91
Pu-240 14,24 17.35 20.33 23.16
Fu-247 8.28 10.81 13.02 15,99
Pu-242 3.36 4.26 5.14 6.01
U-235 1.69 1.38 1.158 1.02
U-236 0,05 G, 13 0.18 D.21
=238 936.3 912, 4 88B.3 Boe, 2

Pu-229 28.490 33,58 37.3%7 40,92
Pu-240 14,08 156.75 19.11 21.47
Pu~-241 8,46 11.09 13,18 14.91
Pu-242 3.37 .30 5.20 6. 05
=235 1,67 1,32 1,10 0.95
U-236 0,06 0.14 0,20 0.22
U=-238 936.1 910.0 884. 4 BE2.3

Pu-219 28.73 32.97 A6.27 9,69
Fu=-240 14.01 i6.48 18.50 20.89
Pu-241 g.52 11.18 13.17 14,81
Pu-242 4.32 5.23 6.07

3.38



TABLE F.3

Charged and Discharged Masses for the

PU/UD, {FfM = 2.0) Core

2

g {wfo} 7.0 8.0 q.0
Charged Masses (Eg/MTHM)

U-235 1.79 1,75 1.75
U-238 §07.9 B83.7 868, 5

Pu-139 54,15 62.13 70.03
Pu—240 i6,10 29,92 33. 74
Pu-241 14,04 ¥6.10 158.19
Fu-242 6,04 6.89 ¥.78

Discharged Masses {(Kg/MTHM}

11-235% L.62 1,39 1.25
=236 0.05 0,11 0,15
U-238 891.3 BE8.2 846.0

Pu-239 53.27 59.03 63.90
Pu-240 25,15 27.55 29,80
Pu-241 14.56 16.94 18,98
Pu=242 3.96 6.73 7.56
U-235 1.53 1.22 1,04
11236 0. 08 0.16 .20
U=-238 B§7.6 B55.3 84,0

Pu-239 52,82 57.48 61.23
Pu-240 24,64 26,26 27,93
Pu-241 14,79 17.11 18.88
Pu-242 5.93 G.67 T 47
U-235 1.49 1.15 0.99
U-236 0,09 0,18 D,22
=238 886.1 855,13 §30.2

Pu-239 52,65 36,85 60,49
Pu-240) 24,44 25,713 27,38
Pu-241 14,86 17.13 18,80
Pu-242 5,91 6.64 7.44
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TAELE F.4

Charged and Discharged Masses for the

PU;’UD2 {F/M = 3.0) Core

7,30

£ (u/fa) 2,0 9.0 10.0
Charged Masses (Kg/MTHM)
=235 i.75 1.75 1,70
U-238 A83.2 BK8.5 B53.7
FPu-239 62.13 70,08 78,07
Pu-240 25,52 A3.74 37.59
Fu-241 16,10 18,19 20,24
Pu-242 &, 89 7.78 g.68
Dischargad Masses (Kg/MTHM}
0=-235 1,49 1,30 1,14
U-236 0.08 0.13 0.l6
0-238 872,2 BAT7.5 B24 .6
Pu-239 &1.06 &6.58 J1.21
Pu-240 28,04 29,82 31.57
- Pu-241 16.92 19.26 - 21.16
Pu-242 65,78 7.60 B8.43
U-235 1.37 1.30 0.98
0U-235 d.11 0.18 0,240
Fu-239 £0.54 64.55 £9.21
Pu-240 27.07 27.94 29.71
Pa-241 17.19 19,29 20.93
Pu-242 6.73 7.53 B.36
U=-235 1.31 1,04 0,92
U--236 .13 0.20 0.21
y-235 863.1 B31.2 809, 1
Pu-239 a0, 33 bh, 53 - hB.49
Pu-24D 28,66 27,30 28.97
Pu-241 17.23 19.24 20.77
Pu-242 6.72 8.33
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THULE F.5

Conmsumption of Natural Uranium and Fuel Cyele Cost
.5) System

for the U~235fUDE :

N PY 4
4 {(5/1b Uaﬂ

1
40
100

3
40
100

6
40
100

% See Table D,1 for symbol explanation and units

'Y

Pu,’UG2 (F/M =

1%4

£ {w/fo) 1.5 2.0 3.0 &, 4
By 8.3 13,9 24,2 34.0
CR 0.72 0.70 0.68 n.a6?
CHD 102.6 106.9 110.5 112.7%
FCC 725 7.11 £.99 6,95
C4g -17.90 - 3.4 B4 12.8
FCC 12.10 11.593 11.80 131,75
C49 - 3.1 13,6 27,0 al1.4
Bn 12.8 21.4 38.1
CR 0,74 0, 73 G.71
CHO 9%.,9 103.3 107.0

| FCC 7.15 .99 6.87
c49 - 7.51 8.2 20.5
FCC 11.93 11,71 11.58
c49 14,5 33.8 48.0
Bg 14.8 24,6 44,9
CR 0.75 Q.74 .71
CNU Q8.4 101, 8 105.4
FCC 7.1l &6.95 6,83
C49 -~ 3.54 12.5 24.9
FCC 11.856 11,465 11,51
C4g 20,8 61.2 55.4
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TABLE F.6&

Consumption of Watural Uranium and Fuel Cyele Cost
for the U—23EIU02 : Fu.n"l.TD2 {F/x1 = 1,0) Systen

N PY* *
+ 8/ 00 e (w/o) 4.0 5.0 6.0 7.0
1 By 4.0 11.6 19.4 27.8
CE 0.91 0,88 0,84 0.81
CHU gr, 1 B6.7 g2.5 9r.7
40 PCC 7.16 7.10 7.06 7.03
C49 - 8.6 - 2.4 1.6 b6
100 FCO 12,13 12.04 11.98 11.94
c49 — 6.5 5.5 8.4 12,7
3 By 6.0 18.1 - 311 42,7
CR 0,91 0,89 0.85 0. 82
CRU BZ,2 82,2 89.5 95,4
50 FGC 7.15 7.06 7.01 6,98
C49 - 7.2 1.1 6.6 9,5
100 FCC 12,11 11,98 11,99 11,85
c49 - 4.0 8.6 17.0 21,2
6 Bg 6.8 20,9 5.9 7.8
CcR 0.91 0,89 0,85 0.83
oNU 79.3 81.0 88.8 94.8
&0 FOC 7.14 7.05 5,99 6.97
C49 - 6.7 2.4 8.24 10.7
100 FOO 12.10 11.96 11.87 11.83
C49 - 3.1 11,0 19,9 21,3

* See Table D.1 for symbol explanation and units
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TABLE F.7

Consumptien of Waturel Uranium and Fuel Cycle Cost
for Lthe 'LI|—235,||”'JEI2 : Pu,n"'ﬂf[]2 {F/M = 2.0) System

*
N PY ¢ — e
+ {(5/1b u303} £ (wfo) 7.0 B.0 3.0
1 By 7.0 17.3 27.7
CR 1.00 0.95 0,91
CHU 74.2 71.7 81.8
40 } FCC 7.11 7.07 7.04
£49 - 3.5 0.5 1.4
100 FOC 12.08 12,02 11,97
I C4% — 1.4 4.9 g, 45
3 By 11,06 27.5 £2.2
CR 1,00 0,95 0.91
CHU 56.1 65.5 78.9
40 FCC 7.09 7.04 7.01
| C49 - 1.9 3.7 7.0
100 FCC 12.95 11.96 11,91
| C49 1.3 10.4 15.7
5 Bg iz.6 31.9 46,6
CR 1.00 0.95 0.91
CNU 51.4 6h.3 78.4
40 | FCo 7.09 7.03 7.00
C49 - 1.4 4.8 7.8
100 FCC 12,04 11,94 11.90
C49 2.2 12.4 17.1

* See Table 0.1 for symbol explanation and units
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TAELE F.8

Consumption of Natural Uranium and Fuel Cycle Cost
for the U—EBSHUUE : Puj’Uﬂ2 {F/¥ = 3,0} System

N PY 4
¥ /b U0 € (wio) 8.0 5.0 10,0
1 By 1.7 23,9 35.6
cR 1.04 0.98 0.94
CHU 358.49 54.1 71.4
40 I FCC 7.09 7.05 7.03
Cas 1.4 2.3 4.9
100 FCO 12.05 11.59 11.95
C49 1.6 7.5 11.6
3 By 18.3 17.3 48.6
CE 1.03 0,98 0.94
CHU 19.7 51.3 i |
40 | FCC 7.07 7.02 7.00
C49 Q.7 5.7 P
100 FCC 2,01 11,43 11.91
€49 5,2 13,3 16.0
6 B 21.2 42.2 54,0
R 1.03 0.98 0.94
CNU 15.8 51.3 69.8
40 FCr 7.06 7.01 6.99
49 1.6 6.6 8.2
100 FCC 12.00 11,92 11,89
49 6.7 15.0 17.4

* See Table D.1 for symbol explanation and units
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