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ABSTRACT

Various "alternative" fuel cycles have been proposed to alleviate
concerns about reactor fuel being diverted for the manufacture of nuclear
weapons. This report addresses the impact of such fuel cycles on the
performance of the classical (homogeneous) oxide-fueled Liquid Metal Fast
Breeder Reactor. The primary fuel cycle analyzed is the 233U/238U/232Th
fuel cycle in which the fissile component 233U is "denatured" with 238U
in order to restrict the use of reactor fuel as a source of weapons-usable
material. The denatured reactor performance as a function of the fissile
enrichment (% 233y 4n U) is evaluated. The associated energy center
concept in which dispersed denatured reactors are coupled to 233y
production reactors operating in such secure energy centers is described.
The symbiotic system of dispersed/energy center reactors is analyzed
both from the standpoint of energy growth supported and dispersed/
centralized power production. Lastly, the effects of proposed changes

in the nuclear data on both the reactor performance and symbiotic system

characteristics are addressed.






I. INTRODUCTION

The primary rationale for considefing the potentialities and limitations
of alternate nuclear fuel cycles reflects a classic dilemma: a world-wide
need for energy and the perceived economic/resource benefits of nuclear-based
generating capacity versus a long-standing and growing international concern
over nuclear weapons proliferation [1]. Although commercial nuclear reactor
fuel may not be the most desirable source for nuclear weapons material,
prudence demands that the possibility of reducing even this proliferation
risk be examined. Moreover, the nuclear fuel cycle represents one of the
few avenues for nuclear weapons proliferation over which international agencies
are likely to have some control, unlike other avenues (such as uranium en-
richment) which can be implemented on a solely national basis., Additionally,
although a detailed study of the proliferation risks of commercial nuclear
power must address the cost/benefit implications on all the nuclear fuel
cycle components (i.e.,, enrichment, fabrication, reprocessing, etc.), this
report is directed only at examining the impact of alternate fuel cycles
on the most numerous components of the fuel cycle, the reactors themselves.
Moreover, it is aimed solely at evaluating the impact on a particular type

of reactor, the liquid metal fast breeder reactor (LMFBR).

The once-through low-enriched uranium cycle currently employed in light-
water reactors (LWRs) displays certain proliferation-resistant characteristics
which are useful in evaluating alternate fuel cycle scenarios. The fresh
fuel consists of a mixture of two uranium isotopes, fissile 235y in a fertile
238y patrix, at an enrichment low enough to preclude direct use of the fuel
material in weapons manufacture. Moreover, since the fissile component of
the fuel is not chemically separable from the fertile component, production
of weapons-grade material would require sophisticated isotope separa-
tion capability. The development of such a capability, which itself pfesumes
a strategic decision due to the time and costs involved, also, of course,
permits the utilization of ratural uranium as a feed material. Further,
although the spent fuel does contain a chemically separable fissile species,
239%y (bred from the 238y matrix), extraction would require a shielded

reprocessing facility due to the presence of highly radioactive fission

1



products. Development of this capability, like that of the isotope separation
capability above, would also require decisions well in advance of any weapons
fabrication. Further, as a practical matter, the once~through low-enriched

uranium cycle is currently being utilized worldwide,

Although nuclear-based energy production is the only regenerative.
energy source with a large-scale generating potential available at this time,
the once-through low-enriched uranium cycle ignores this regenerative capacity,
and hence is limited by resource considerations. Therefore, although short-
term increases in nuclear electric generating capacity can be achieved by
increasing the consumptionrate of the resource base, long-term viability
and growth of nuclear capacity must ultimately rest with recycle of fissile
material and eventual implementation of breeder reactor technology. In-
vestigation of techniques. (such as the use of alternate fuel gycles), which
have the possibility of minimizing the attractiveness pf recycle fuel as a
source of nuclear weapons material, is therefore essential to efforts aimed

at limiting the long-term proliferation potential of nuclear power.

Many techniques for reducing the proliferation risk associated with
breeder reactors have been suggested, including (1) controlled plutonium
recycle, (2) fuel "spiking," (3) pre-irradiation, (4) radiological denaturing,
and (5) isotopic denaturing. These techniques are addresséd at limiting the
availability of sensitive nuclear material through international institutional
arrangements and/or reducing the attractiveness of reactor fuel as a weapons
material source through technical means. Controlled plutonium recycle scenarios

would rely on international controls as the means for limiting the avail-

ability of sensitive nuclear materials, Fuel "spiking" (the addition or nonremoval
of highly radiocactive contaminents as a deterrent), as well as pre-irradiation
(producing the contaminant .n 44{u after fabrication) would also require
institutional arrangements to ensure the presence of the contaminant. The

concept of radiological denaturing is analogous to that of "spiking" except

that the contaminant is not chemically separable from the fissile material,

It applies principally to 232y contamination of thorium-derived fuels. The
concept of isotopic denaturing (e.g., 233y denatured with 238U) attempts to

extend some of the proliferation-resistant aspects of the low-enriched once-

through cycle to the recycle/breeder-reactor scenario [1,2].



In the isotopically denatured cycle the fresh fuel would, like the low-
enriched-uranium cycle, consist of fissile material (233U) diluted with an
isotope of the same element (238U). Unlike the LEU cycle, however, the
denatured fuel would also contain “°2Th. Due to the presence of the 238y
denaturant in the denatured fuel, plutonium would be pfoduced and discharged
but presumably in lesser amounts than in the LEU cycle, It should be
emphasized that the rationale for investigating the denatured cycle is based
primarily on possible resource constraints, and on the subsequent need for
the employment of recycle fuel. In this context, the proliferation potential
of the denatured fuel cycle is to be compared with that of the reference
mixed-oxide (Pu/238U) cycle. It is not apparent that the denatured cycle
represents a significant reduction in the proliferation risk associated with
commercial nuclear power when compared with the current LEU once-through
cycle. [In fact, the increased mass difference inherent in the denatured
cycle (233y-238y) relative to enriched natural uranium (%35y-238p) may reduce
the difficulty of isotopically separating fissile material.] The denatured
cycle does, however, appear to have potential in minimizing the possible
increase in proliferation risks associated with the introduction of recycle
scenarios. It should be noted, however, that such a conclusion must, of
necessity, be reached through a detailed analysis of the various factors
involved in utilizing reactor fuel as a source of weapons material such
as cost, time, etc. For example, how much more difficult is it to

isotopically enrich fresh denatured fuel than to chemically remove

plutonium from fresh mixed oxide fuel?

The answers to such questions are beyond the scope of this report.
This report is predicated on the assumption that the denatured fuel cycle
inherently results in a reduced proliferation risk compared to the ref-
erence mixed-oxide cycle, and addresses the impact of the denatured cycle
on LMFBR performance. This report summarizes and extends the results of

previously reported studies on LMFBRs [3,4].



ITI. IMPACT OF ALTERNATE FUELS ON LMFBR
PERFORMANCE PARAMETERS

For the purposes of this scoping evaluation, a representative LMFBR
model was adopted as the reference case, The model utilized was based on the
design promulgated by the Large Core Code Evaluation Working Group (LCCEWG)
as a calculational benchmark [5]. While such an LMFBR does not represent
the commercial design of any specific organization, it was felt that the
general performance parameters were typical of possible future commercial
LMFBRs, As the calculational benchmark represented only the core midplane,
the basic design was modified to account for the presence of axial blanket
regions, The axial blanket regions were added to the model by assuming the
same volume fractions as the corresponding core regions. Table 1 gives some of
the principal features of the resulting model, TFigure 1 depicts the geo-
metrical configuration of the calculational model utilized in this study. As
indicated in Fig. 1, the model represents a 'classical" or homogeneous
configuration comprised of two core zones (of different fissile enrichments)
surrounded by blanket material., The use of a heterogeneous core design
(i.e., interspersed fissile and blanket assemblies) was not addressed in the
calculations done for’this study. Certain other modifications were also
incorporated into the model for the sake of later comparisons. The composite
cladding and structural material specified in the benchmark was replaced
by 88316, Further, the isotopic plutonium composition specified by the
Large Heterogeneous Reference Fuel Design Study (LHRFDS) {[6], given in
Table 2, was utilized as the feed material in the reference case. The

depleted uranium used for fertile material was assumed to contain 0.20%
235U

The principal neutronics analysis tool utilized in this study was the
CITATION computer code [7]. A three-step calculational procedure was employed
for the reference fuel burnup calculation. An initial depletion calculation
was performed to determine the reload enrichment necessary to achieve an
effective multiplication factor of unity at the end of the equilibrium
cycle (i.e., cycle for which the discharge isotopics are identical with the
preceding cycle). A fuel management scheme in which 1/3 of each core zone

(and corresponding axial blanket extensions) and 1/6 of the radial blanket



Table 1. Parameters of Basic Homogeneous Core LMFBR Design
Used in This Study

Power (MWe) 1200
Power (MWth) 3085
Fuel Density (% TD) 92
Core Height (in.) ' 42
Axial Blanket Height (in.) 13
Rods/Assembly 271
Spacers wire
Channel Pitch (in.) 5.47
Rod Pitch/Diameter (P/D) : 1.20
Rod OD (in.) 0.260
Cladding Thickness (in.) 0.012
Fuel Gap (in.) 0.0055
Channel Wall Thickness (in.) ' 0.080
Fuel Volume Fraction (%) 43.3
Structure Volume Fraction (%) 17.4
Sodium Volume Fraction (%) 39.3

Cylindrical Model

Inner Core Max. Radius (in.) 40.3
Outer Core Max. Radius (in.) 56.4
Radial Blanket Thickness (in.) 15.3

assemblies were replaced annually was utilized. A capacity factor of 0.75
was assumed. Using a program written to be compatible with CITATION,
additional computations were performed to determine the minimum first-cycle
fissile loading consistent with criticality requirements over the initial
cycles. Finally, using the initial core and reload specifications determined
in the above two steps, a final depletion calculation was done in which the
control material was adjusted so as to maintain a just-critical configuration

at each time during the cycles.



ORNL-DWG 78-13631
NOT TO SCALE

] Dimensions in Centimeters .
100.00 -

STRUCTURE
87.21 '
UPPER !
AXIAL BLANRET
|
| RADIAL
5386 I BLANKET

INNER OUTER
CORE CORE

0 ¢

0 101.577 141.975 180.561 195.00

Fig. 1. Geometric Model Utilized in the Alternate Fast Breeder Fuel
Cycle Study.

Various proposed alternative fissile/fertile fuel combinations were
also analyzed using the gbove procedure. The fissile and fertile assembly
volume fractions given in the reference case were maintained for each of the
combinations analyzed. Atomic number densities were adjusted to reflect
differences in the various oxides involved [e.g., (Pu/U)02, U0, ThOs5, etc.]. No
attempt was made, however, to account for differences in the thermophysical
properties (e.g.mélting point, thermal conductivity, etc.) of the alternate

materials relative to the reference system.

Nine-group cross-section sets were generated for various reactor regions
based on ENDF/B-IV data and using the MINX/SPHINX/AMPX [8-10] code system.
The adequacy of the nuclear data used, however--particularly for the signif-
icant isotopes involved in the alternative fuel cycles--is open to some qués—
tion. Recent measurements of the capture cross-section of 232Th [11], the
primary alternate fertile material, indicate significant discrepancies

between the measured and tabulated ENDF/B-IV cross sections for the energy



Table 2. TIsotopic Plutonium Composition

Isotope Wt Z
238py* 0.00997
239y 0.67272
24 0py 0.19209
2hlpy 0.10127
242py 0.02395

*Not considered in this study.

range of interest, Additionally, the adequacy of the nuclear data for

233y in the LMFBR spectral range has also been questioned [12]. 1In light of
the possible uncertainties in the basic nuclear data and the lack of detailed
design optimization for the reactors operating on the alternative fuels, it
is thus prudent to regard the results reported below as preliminary evalu-

ations, subject to revision as more precise data become available.

Table 3 gpresents a summary of some overall performance characteristics
of LMFBRs operating on certain alternative fuels. The detailed mass flows
for each case listed in Table 3 are given in the Appendix. The breeding

ratios given in Table 3 were calculated utilizing the following definition:

fertile capture rate (1)

BR =
fissile absorption rate

It should be noted, however, that Eq. (1) does in fact represent an approxi-
mation in that it assumes that the fissile production rate is equal to the
fertile capture rate. For the reference Pu/?38y system, the difference
between the two rates is insignificant due to the low interaction rate of
the intermediate nuclide, 239Np, resulting from its short half-life (large
decay constant). For the alternative fuels involving 232Th, however, the
use of Eq. (1) does represent a slight approximation due to the much longer
half-life of 233Pa (relative to 239Np). Additionally, the common European
practice of assigning "equivalence factors' [13] to the various fissile and
fertile isotopes based on their relative worth with respect to ke has not

£
been followed.



Table 3. Alternate Oxide~Fueled Homogeneous LMFBR Performance
Parameters (1 year ex-reactor inventory, 757% capacity,
r = 0.98, f = 1.00)

Core Uranium Axial Radial Bree@ing CFDT

Case Fissile Fertile Enrichment Blanket Blanket ?ﬁ;é;i (yr)
1 Pu 238y - 238y 238y 1.272  12.7

2 Pu 238y - 238y 2327h 1.272 13.0

3 Pu Th - 232Th 2321h 1.144 36.2

4 233y 238y n12% 238y 2327h 1.127 24.3

5 233y 238y n12% 232Th 232Th 1.121 26.6

6 233y 238y/2327p 20% 2327 232Th 1.086 43.2

7 233y 238y/2321h 40% 2321y 2321y 1.048  116.4

8 233y 232 100% 2321hH 2321h 1.020 -696.4

8Middle of equilibrium cycle.

Since some of the fissile isotopes produced in many of the alternate
fuels do not correspond to the fissile materials in the fresh fuel itself,
a "compound fissile doubling time" (CFDT) for the various systems is given
in Table 3. Although the fissile doubling time is defined in a manner

similar to that of a "reactor" or '"system" doubling time, i.e.,

(1n2) f(MInitlal core . MReload

(r Mdischarge - Mcharge
eq. cycle eq. cycle

)

CFDT = (2)

the modified terminology is employed to emphasize the difference in the

charge and bred material isotopics. It should also be noted that Eq. (2),
when coupled with the assumption of annual refueling, presumes a one-year
out-of-reactor reprocessing/refabrication delay. The parameter r used in

Eq. (2) represents the reprocessing recovery factor assumed, and f is the

fuel fabricat{on loss factor.

As indicated in Table 3, the overall breeding performance of the

alternative fuels is reduced relative to the reference Pu/238U fuel (case 1).



The replacement of plutonium by 233y as the fissile material (compare cases
2 and 4, 3 and 8) results in a significant decrease in the breeding ratio
and increase in the fissile doubling time, Similarly, the replacement

of 238y by 232Th as the core fertile material also results in a significant
breeding ratio penalty (cases 1 and 3, 5 and 8). It is also evident from
Table 3 that the choice of the radial blanket fertile material does not af-

fect the overall breeding performance significantly.

In discussing the neutronic properties of the various fissile isotopes
it is useful to distinguish between the two functions of the fissile material

in a fast breeder reactor: energy production and excess neutron production.

As indicated by Fig. 2, the fission cross section of 233y is significantly
higher than that of 239py over the energy range of interest. Moreover, as
shown in Fig. 3, the capture-to~fission ratio of 233y 4s significantly

lower than that of 239pu. Thus, if the minor differences in the energy re-
lease per fission of the two isotopes is ignored, 233y is clearly the
superior isctope in terms of energy production per atom destroyed. However,
regarding the second function of the fissile material--the production of the
excess neutrons required for breeding--23%Pu has a clear advantage. Figure 4
indicates the superior breeding potential (represented by n, the number of

233y, especi-

neutrons produced per fissile absorption) of 239py relative to
ally at the higher neutron energies. This effect is due to the higher v
value (neutrons produced per fission) of 239py; an effect which outweighs

the smaller capture-to-fission ratio of 233y. 1t should be noted that this
fissile replacement effect is blurred somewhat for some of the fuels examined,
since fissile isotopes (other than the fuel isotope) are both produced and

consumed over the cycle.

The reduced breeding potential of the alternate fuels is further ac-
centuated by the fission cross section differences between 238y and 2327h.
As illustrated by Fig. 5, the fission cress section of 232Th is signifi-
cantly lower (by approximately a factor of 4) than that of 238y, Fertile
fissions, in addition to contributing to the overall energy production, also
result in neutron production which is not at the expense of a fissile nucleus.

In a fuel utilizing 238y as the fertile material, 15-20% of the fissions
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occur in the fertile material versus 4-57 in a 232Th gystem. In the
denatured fuels, however, this effect is mitigated somewhat since the fuel

material typically contains both fertile nuclides.

The denatured reactors (cases 4-7), of course, reflect the breeding
ratio penalty inherent in replacing 239y by 2337 as the primary fissile
material, and, in some of the systems addressed, partial replacement of 238y
by 2327h as the core fertile material. Possibly mdre significant than the
overall breeding ratio of the denatured systems, however, is the fraction
of the breeding ratio which is attributable to 233y production since it is
this component which determines the degree of self-sufficiency of the denatured
systems, Both 233y and 23%uy are produced in the denatured fuels, but, as
mentioned above, the bred 23%Pu cannot be recycled back into the denatured

systems.

Figure 6 schematically illustrates the two components of the breeding
ratio (mid-equilibrium cycle) for some of the denatured reactors. (It
should be noted that the 233y/232Th system given on Fig., 6 is not denatured.
It is included only since it represents an upper bound on the 233y/U enrich-
ment.) As depicted in Fig. 6, the 233y component of the breeding ratio
increases as the allowable degree of denaturing is increased, thereby
permitting more 232Th in the fuel material. More importantly, however, the
magnitude of the 233y component of the breeding ratio is very sensitive
to the allowable degree of denaturing at the lower enrichments (i.e.,
between 127 and 20%). Thus, even though the overall breeding ratio decreases
as the allowable enrichment is raised, the decrease in the required 233y
makeup is even more drastic and presents a strong incentive from a performance
standpoint to set the allowable enrichment as high as practicable., It
should also be noted that the 12% value for the 233U/U enrichment represents
the minimum average enrichment required for the reactor model utilized.
The fuel consisted solely of U0, (no ThO,), and hence the system requires
considerable 233U as makeup material. Moreover, the 12% value represents
an average between the inner core region (10%) and the outer core region

(14%).
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Since all of the denatured systems require an initial inventory of
233U, as well as varying amounts of 233y as makeup material, a second class
of reactors, whose purpose is to produce the requisite 233U, must be con-
sidered in evaluating the denatured fuel cycle. Three possible LMFBR can-
didates for this role are listed in Table 3: a Pu/238y reactor with
a ThO, radial blanket; a Pu/Th LMFBR; and a 233y/232Th breeder. Figure 7
illustrates the isotopic fissile production (destruction) properties of the
three systems, Clearly, each system has its own unique features, From the
standpoint of 233y production capability, the hybrid Pu/Th LMFBR is clearly
superior. However, it does require a significant quantity of fissile plutonium
as makeup material since it essentially "transmutes" plutonium into 233y,
The (Pu/238U)0, + ThO, radial blanket LMFBR generates significantly less 2337 than
the Pu/Th reactor, but also markedly reduces the reqﬁired plutonium feed.
In fact, for the case illustrated, this system actually produces a slight

excess of plutonium, The third possible ILMFBR system considered is the
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233y/232Th breeder, which is characterized by a very small excess 233U

production. Further, it does not provide a means for utilizing the

plutonium which will be bred in the dematured system,

It should also be noted that all three of these 233U "production"
reactors, since they are not denatured, must be subject to rigorous safe-
guards; that is, operated only in nuclear weapons states or in inter-
nationally controlled energy centers. The energy center concept is depicted
in Fig. 8. The principal feature of such a scenario is that no plutonium-
bearing fresh fuel is ever required to leave the energy center complex. All
fuel shipped from the center is denatured, and the plutonium-bearing spent
fuel shipped back from the denatured systems is highly radioactive, As
shown in Fig. 8 such an energy center would contain, in addition to the
"transmuters,' other sensitive nuclear fuel cycle activities such asg
reprocessing. The mature system as depicted by Fig. 8 is a true symbiotic
one in which the "transmuters" consume the plutonium generated in the
denatured systems and produce 233y, The denatured reactors in turn consume

the 233U and produce plutonium,



14

ORNL-DWG 77-10071

Makeup
H, U-¢
DenaTureD FueL AssemBLIEs (NO Pu) ENeRGY
CENTER
(U-233, U-238, TH-232) OxIDE BouNDARY
D1sPERSED REACTORS
LWR
IRRADIATED FUEL U
SPENT FUEL Fu Hot FueL Pu To U-233
ADVANCED 1
(Pu + U-233) PROCESS ING Hoel FapricaTion| Pu TRANSMUTER
CONVERTER - Tn
FissioN
FBR RODUCT Pu, Tw, U-233
IRRADIATED FUEL
WASTE
FixaTioN
TERMINAL
STORAGE

Fig. 8. Schematic Fuel Flow for Denatured Dispersed/Energy Center
Concept.

ITY. SYMBIOTIC BREEDER REACTOR SYSTEMS

For symbiotic systems involving two types of reactors such as that de-
picted by Fig. 8, two characteristic parameters are of interest: the growth
potential and the support (or power) raﬁio——the number of dispersed reactors
supported per transmuter. To deveiop appropriate measures for these param-
eters, the mass flow of each type of fissile material within the system must
be considered. The time rate of change (indicated using '"prime" notation)

of eaeh fissile component is given by

Ii(t) = g P Rj(t) , (3)

where Ii(t) is the inventory of the ith fissile material, Rj(t) is the number
of reactors of type j operating, and pij is the net production rate (per

year) of the ith fissile material in reactor type j. Generally, pij is a
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time-dependent quantity to allow for changes in the production rate due to
the approach to equilibrium cycle, variable capacity factor, etc. For a
constant capacity factor, however, the equilibrium cycle production rates
are representative of the long-~term history of the reactor. Hence, pij is

defined as

discharge _ f.M?Earge

ij i lJ ).N ] ) (4)

= M
pij (ri

where MdlSCharge is the mass of ith fissile component discharged/cycle for

i

reactor iype i, M;?arge is the mass of the ith material charged/cycle, r

is the reprocessing recovery factor for material i, f is the fabrication
factor, and N is the number of cycles/year. Defining cij as the quantity
of fissile material i associated with a type j reactor, a relationship
between the number of reactors operating and the fissile inventories can be

established, i.e.,
I(t) =C R(E) . (5)

Substituting Eq. (5) into Eq. (3) and specializing to a 2 x 2 system of

reactors/fissile materials yields

R{(t) = aj; Ry(t) + ajp Ro(t) (6a)
Ry(t) = azy Ry(t) + azp Rp(t) (6b)
where
-1
A=C D . (7

Equations (6a-6b) represent a coupled set of first-order differential equa-

tions, the solution of which is given by

Ap 1 4 oa, 2F (8a)

Ry (t)

A - oap Ay = ay
Aot
Ry (t) = Tara Ay Mt | — Ay ™25, (8b)
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where
(a11 = X2) R1(0) + aj2 R2(0)
Ay = (Xl . AZ) ’ (9a)
(a1 = A1) R;(0) + ajoRo(0) ob)

A2 (AZ — Al) Y (

and
(ay1 + ay,) + Y(ay1 - azp)? + bajy ap
Alshrg = 5 . (10)

R;(0) and R,(0) are the initial number of reactors of each type. It should
be noted that the assumption that A; # Ay has also been made. Using Egs.
(8a-8b), the ratio of type 1 reactors to the number of type 2 reactors, P(t),

is given by

Aq

T Ro(t) Ap(hp - a11)  (ha-ip)t
[l TR0 - a11) ]

aio [ A, (A2~X1)t]

— 1+
Ry (t) Ay - ajy € (11)

Associating the positive sign of Eq. (10) with A;, the asymptotic value of

Eq. (11) is just

aiz A1 - a22
limP(t) =P = 5 = . (12)
v 1~ a1 4y

As indicated by Eq. (12), the asymptotic value is independent of the initial
conditions, and thus can be viewed as a "characteristic" ratio for the given

system ——- approached regardless of the initial configuration.

While P _ represents the natural or characteristic support ratio, two
additional ratios are useful in evaluating the system. These ratios define
the operating limits of the true (i.e., self-sufficient) symbiotic system.
For a self-sufficient system, the rate of change of each component must be

greater (or equal to) zero. Thus, from Eqs. (6a-6b)



17

R ayp
P B e B2 e ————
1= R3 ay, (13a)
and
R azy
P e I ma ——
2 Rz ay (13b)

For the purposes of illustration, it is useful to consider a system con-
sisting of Pu/Th transmuters and dispersed 20% denatured reactors. Figure 9
illustrates the time-dependent support ratios using each of the limits given
by Egs. (13a-13b) as the initial condition. As indicated by Fig. 9, the
asymptotic ratio is approached in either case. It should be emphasized, how-
ever, that although the support ratio asymptotes to a constant value, the total
system power continues to increase. Figure 10 depicts the power production
of each symbiotic component as well as the total system power for the case
where P(0) = P;. The power from each component as well as the overall system
power increases with time for this system. The analogous case for P(0) = P,

is given by Fig. 11.

Both of these initial conditions [i.e., Egs. (13a-13b)], however, reflect
an implicit assumption that enough 233y will be available to fuel the initial
dispersed reactors. More realistically, while plutonium (from reprocessed
LWR fuel, for example) may be available, it is unlikely that significant stock-
piles of 233y will exist when such a system is introduced. A more realistic
implementation scenario for the denatured fuel cycle would contemplate the
construction of an initial transmuter followed by construction of dispersed
denatured reactors only as the required 233y became available. The
transmuter, of course, would require an exogeneous source of plutonium until
the minimum sustainable symbiotic ratio is attained. To address this scenario,
the number of transmuters, Ro(t), in Eq. (6a), is taken as constant (=1 for
convenience). Therefore, the number of dispersed reactors (and the support
ratio) is given by

ajt
Rl(t) = P(t) = Pl[l - e ] (14)

The time required to attain the minimum support ratio is given by

1
tmin = ;II-ZH [1 - (Py/P])] . (15)
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Fig. 9. Power Ratio Behavior for a Symbiotic System of Pu/Th
Transmuters and 207% Denatured Reactors, Initiated Within the Symbiotic
Window.

Thus, for 0 < t < tmin’ the support ratio is given by Eq. (14). For

t >t ., , Eq. (11) with the initial condition that P(t .,
min min

tinent solution. Figure 12 indicates this combined solution. As illustrated,

) = Py is the per-

tmin ~v 22 years for this particular combination of reactors. Figure 13 gives
the power of each symbiotic component as well as the overall power for this
scenario. For such an implementation strategy in which the initial condition
does not lie within the symbiotic "window" defined by P; and P,, the amount of
feed required from the exogeneous source is also of concern. Figure 14 depicts

the plutonium feed required for the scenario just discussed [i.e., P(0) = 0].

In addition to the characteristic support ratios of various symbiotic
systems, the growth potential of breeder-based systems must be addressed. To
characterize the growth potential of the symbiotic system, the asymptotic
support ratio represents the logical reference point. For a system operating
at the asymptotic value of the support ratio, both components grow in propor-

tion to the number operating, i.e.,
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(=]
o

=P . (16)

At the asymptotic value of support ratio, the corresponding "asymptotic

compound system doubling time" is given by

D Al ayjp - Pw all) {Pm apy; + 8,22)

Considering reactor charged with a single fissile material (i.e., cij = Q0 if
i# j), taking

c = f [M}qltlal core mMreload]

ii i ii ii ’ (18)



22

and assuming annual refueling, the doubling time is given by

1
(m2) P_ £005 + ms o2

t, = - : (19a)
h
D r,(M?;scharge + P M?}scharge) —fP_ Mglarge
) 1
(an2) £LS + mbotoad,
= (19b)
- : 7
r (e Mg}scharge + Mgéscharge) _f Mg;arge

where Mij denotes the mass of isotope i associated with reactor j, and m is

the lag (in years) assumed for reprocessing and refabrication.

Table 4 lists the symbiotic parameters discussed above for various combina-
tions of denatured/transmuter LMFBRs. Additionally, the corresponding parameters
for the reference case Pu/?3%U fuel are listed for comparison. For the reference
case, it has been assumed that no restrictions on reactor location are ap-
propriate, ylelding an infinite support ratio. As indicated by the data in
Table 4, an obvious tradeoff exists between support ratio and doubling time.
Location of nuclear generating stations near load centers in order to minimize
transmission losses is an obvious incentive to maximize the power generated
in the dispersed systems. Moreover, the reactor types proposed for use in
the energy centers represent a higher proliferation risk than do the dis-
persed reactors. Although this risk can be minimized by adequate controls
on the energy center itself, the number of such centers which must be monitored
is clearly a concern. However, as indicated by Table 4, maximizing the support
ratio also implies large increases in the system doubling times. Such a
tradeoff exists due to the dominance of different types of reactors in the
various symbiotic systems. At low support ratios, the dominant reactors are
the transmuters which are inherently higher breeding performance machines. Hence
the doubling time reflects this influence. On the other hand, at the higher
support ratios the lower performance denatured systems become the dominant
influence, markedly increasing the system doubling time, It should be
emphasized that the data presented in Table 4 is for non-optimized,
oxide-fueled, homogeneous LMFBRs. Improvement in both the support ratio and

the doubling time characteristics should be attainable.
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Table 4. Equilibrium-Cycle Symbiotic Parameters for Oxide Fueled
Homogeneous LMFBRS (1 year out-of-reactor time, 75% capacity,
r=90.98, f = 1.00)

Energy

Growth

Rate

Energy Center Support Ratio Supported

Reactor LMFBR Min. Asym. Max. cspT? (%)
(Pu/U)0, + ThO, RB  ~12% denatured 0.00 0.30 0.42 14.5 4,8
(Pu/U)0, + ThO, RB 207 denatured 0.00 0.55 1.00 17.3 4.0
(Pu/U)0, + ThO, RB  40% denatured 0.00 1.00 2.63 23.7 2.9
Pu/Th ~v12% denatured 1.13 1.32 1.57 29.0 2.4
Pu/Th 207 denatured 2.52 2.83 3.79 40.9 1.7
Pu/Th 40% denatured 6.55 6.92 9.93 88.7 0.8
- (Pu/U) 0o 12.7 5.4

3¢spT = Compound System Doubling Time.

The parameters given in Table 4 were calculated by specifying a single
reactor type for each component of the symbiosis. A more dramatic illustra-
tion of the tradeoff of growth rate versus dispersion ratio can be derived
by considering combinations of the various transmuter options. Using (Pu/U)0;,
(Pu/U)0, + ThO, radial blankets, and (Pu/Th)0, transmuters (i.e., cases 1,

" for the symbiotic

2, and 3 in Table 3), the asymptotic 'operational envelope
system (growth potential versus dispersion ratio) can be generated once

a particular dispersed system is selected. Figure 15 indicates such an
envelope for arbitrary combinations of the three transmuter options coupled
with 12% denatured LMFBRs. The points labeled A, B, and C correspond to
specification of a single transmuter as the option (cases 1, 2, and 3
respectively); the curves connecting these three points consist of combi-
nations of the two options defined by the end points. Points within the

envelope correspond to combinations of all three types in different pro-

portions.

Figures 16 and 17 indicate the analogous operational envelopes for
20% and 407 denatured LMFBRs respectively. Comparison of Figs. 15-17

permits the effects of the denaturing criterion on the symbiosis to be
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addressed. Clearly, increasing the allowable enrichment increases the
range of possible dispersion ratios for the system. Increasing the allow-
able enrichment, however, decreases the growth rate attainable for a
specified dispersion ratio. Finally, increasing the allowable enrich-
ment tends to decrease the growth flexibility of the symbiosis by narrow-

ing the permissible range of growth rates for a desired dispersion ratio.

IV. NUCLEAR DATA UNCERTAINTIES

As indicated in Section II, recent measurements of the capture cross
section of 232Th [12] have indicated significant discrepancies between mea-
sured and tabulated ENDF/B-IV cross sections. In an effort to ascertain the
projected impact of such a cross-section change on the LMFBR performance
parameters, the original nine-group 2327n capture cross sections were modified
to approximate the revised evaluation given in Fig. 18. As indicated by
Fig, 11, the revised evaluation is significantly lower in the energy range

of interest,
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The results of calculations for two of the alternative fueled LMFBRs,
the 207 denatured case and the Pu/Th transmuter, are presented in Table 5.
(It should be noted that due to differences in the control pattern employed,
minor discrepancies between Tables 3 and 5 exist for corresponding systems.)
The revised 232Th capture data results in somewhat smaller fissile loading
requirements by both systems. Much more significant, however, is the sharp
reduction in breeding gain (breeding ratio minus 1) in both reactors of
approximately 50%. Due to the similar percentage change in the breeding
gain of both systems, it is not surprising that the support ratio for a
symbiotic system consisting of these reactor types changes only slightly.
The marked decrease in the breeding gain, however, sharply increases the

doubling time for the system by approximately a factor of 3.

It should be emphasized that Table 5 represents the effects of one
particular cross-section change. Since the isotopes involved in the 233772321
cycle have not received scrutiny comparable to those involved in the
Pu/238y cycle, other data adjustments may have compensating effects. Moreover,
while the impact of certain nuclear data on the alternative fuel cycles may
be unfavorable, it is also important to note that many changes can be
accommodated by design modifications. In any case, however, it is apparent
that determination of more accurate nuclear data for the 232Th-based fuels

is of prime importance.

Table 5. Changes in Nuclear Data Can Significantly
Affect the Denatured/Symbiotic Fuel Cycle

Revised
ENDF/B IV Th Capture
207% denatured
Initial inventory (kg/GWe) 2192 2050
Equilibrium reload (kg/GWe) 813 796
Breeding ratio 1.096 1.050
Pu/Th "transmuter"
Initial inventory (kg/GWe) 2517 2280
Equilibrium reload (kg/GWe) 894 865
Breeding ratio 1.158 1.078
Symbiotic power ratio 2.83 2.59

Compound system doubling time (yrs) 33.8 89.7
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V. SUMMARY AND CONCLUSIONS

Although the results given in this study must be regarded as preliminary

evaluations, certain generic effects and trends concerning the alternative

fuel cycles are indicated.

(a)

(b)

(c)

(d)

(e)

The use of 233U as the fissile material and/or the use of 232Th as

the fertile material in oxide-fueled LMFBRs incurs a significant breeding
ratio penalty relative to Pu/238y, This penalty can be traced to basic
differences in the neutronic behavior of the various isotopes. Hence,
although design improvements can potentially improve the alternative

fuel performance, it is unlikely that the breeding performance can

exceed that of an analogous Pu/238U system.

For the denatured fuels (233u/238y/232Th) considered, both the overall
breeding ratio and the isotopic composition are related to the degree of
denaturing (% 233U in U). 1In particular, the 233y component of the
denatured LMFBR breeding ratio is very sensitive to this parameter,
increasing rapidly between 127 and 20% denaturing. Since the 233y
component of the breeding ratio is of primary importance in determining
the required amount of makeup (and hence the support ratio), there is
an obvious incentive from a performance viewpoint to set the allowable
enrichment as high as possible.

An enrichment of ~12% corresponds to a minimum enrichment required by

criticality for the LMFBR configuration considered in this study.

In considering symbiotic systems of dispersed denatured neactors and

' a trade-off between support ratio and energy

energy center "transmuters,'
growth rate was found to exist. Although there are incentives for both
a high growth rate and a large support ratio, the results indicate that
these goals are somewhat mutually exclusive for the reactor types
analyzed.

The effectof proposed nuclear data changes was found to significantly

impact the viability of the denatured fuel cycle. Clearly the accuracy

of the nuclear data for 232Th and 233U requires improvement.
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As a final note, it should be emphasized that only one particular
model of a reactor was utilized in this study. 1In order to fully address
the denatured fuel cycle, other possible reactor designs and reactor
types need to be addressed. TFor example, preliminary calculations for
heterogeneous (i.e.,, interspersed core and blanket assemblies) indicate
that significant improvements in both the support ratio and the system

doubling time are possible,
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Table A-1. Initial Core Loadings for LMFBRs Utilizing Alternate Oxide Fuels (kg)
Fissile Total
Case Region 2321h 233y 235y 238y 239y 240py 2klpy 242py Pu HM

1 Core 39.8 19558.3 2364.4 678.2 359.0 120.8 2723.4 23120.5
Axial 28.7 14274.6 14303.3

Radial 75.7 37683.6 37759.2

Total 144.1 71516.5 2364 .4 678.2 359.0 120.8 2723.4 75182.9

2 Core 39.7 19527.0 2387.0 684.5 362.4 121.9 2749.5 23122.6
Axial 28.7 14274 .6 14303.3

Radial 35102.7 35102.7

Total 35102.7 68.4 33801.7 2387.0 684.5 362.4 121.9 2749.5 72528.4

3 Core 17880.0 2828.8 807.7 425.7 143.3 3254.5 22085.5
Axial 13594.5 13594.5

Radial 35891.0 35891.0

Total 67365.5 2828.8 807.7 425.7 143.3 3254.5 71570.9

4 Core 2446. 41.8 20560.3 23048.2
Axial 28.7 14274.6 14303.3

Radial 35891.0 25891.0

Total 35891.0 2446, 70.5 34835.0 73242.4

5 Core 2466. 41.8 20537.5 23046.1
Axial 13594.5 13594.5

Radial 35891.0 35891.0

Total 49485.5 2466. 41.8 20537.5 72531.6

6 Core 9092.3 2649. 22.0 10805.0 22568.2
Axial 13594.5 13594.5

Radial 35891.0 35891.0

Total 58577.8 2649, 22.0 10805.0 72053.7

7 Core 15181.1 2786. 8.7 4263.8 22240.2
Axial 13594.5 13594.5

Radial 35891°.0 35891.0

Total 64666.6 2786. 8.7 4263.8 71725.6

8 Core 19063.5 2902, 21966.3
Axial 13594.5 13594.5

Radial 35891.0 35891.0

Total 68548.9 2902. 71451.8

[A%



Table A-2. Equilibrium Cycle Reloadings for LMFBRs Utilizing Alternate Oxide Fuels (kg)

- Fissile Total
Case Region 2327 233y 235y 238y 233%py 240py 2hlpy 242py Pu HM

1 Core 13.1 6446.7 837.8 240.3 127.2 42,8 964 .9 7707.7
Axial 9.6 4758.2 4767.8

Radial . 12.6 6280.6 6293.2

Total 35.3 17485.5 837.8 240.3 127.2 42.8 964 .9 18768.7

2 Core 13.1 6416.7 834.1 245:9 130.2 43.7 964.3 7683.6.
Axial 9.6 4758.2 4767.8

Radial 5850.5 5850.5

Total 5850.5 22.6 11174.9 834.1 245.9 130.2 43.7 964.3 18301.8

3 Core 5936.0 960.0 274.1 144 .4 48.6 1104 .4 7363.1
Axial 4531.5 4531.5

Radial 5981.8 5981.8

Total 16449.4 960.0 274.1 . l44 .4 48.6 1104.4 17876.5

4 Core 953.5 13.7 6712.3 7679.5
Axial 9.6 4758.2 4767.8

Radial 5981.8 5981.8

Total 5981.8 953.5 23,2 11470.5 18429.1

5 Core 961.6 13.6 6703.8 ’ 7679.1
Axial 4531.5 4531.5

Radial 5981.8 E 5981.8

Total 10513.3 961.6 13.6 6703.8 18192.4

6 Core 2441.5  1001.4 7.8 4084.3 7535.0
Axial 4531.5 4531.5

Radial 5981.8 5981.8

Total 12954.8 1001.5 7.8 4084.3 18048.4

7 Core 4757.7 1050.5 3.3 1607.3 7418.8
Axial 4531.5 4531.5

Radial 5981.8 5981.8

Total 15271.1 1050.5 3.3 1607.3 : 17932.2

8 Core 6230.0 1092.6 7322.6
Axial 4531.5 4531.5

Radial 5981.8 5981.8

Total 16743.4 1092.6 17836.0

€e



Table A-3.

with Pu/UOy Core, UO2 Axial and Radial Blankets

34

Discharge Data for 1200-MWe Pu-U/U LMFBR

(RZ Model, Two Core Zones)

CARPACITY

YEAR FACTOR

N OB NIV LN-

-

30

0«7500
07500
Q07500
07500
0e¢7500
0.7500
07500
0.7500
07500
047500
0.7500
0+7500

0?7500

CARACITY

YEAR FACTOR

RO UWwNORFWN -

-

30

0.7500
0.,7500
047500
0.7500
07500
0.7500
0.7500
0.7500
0.7500
047500
07500
0.7500

067500

CARPACITY

YEAR FACTOR

1

P OOBNTRPWN

-

30

07500

047500

CARPACITY

YEAR FACTOR

N O D N U & e

-

39

07500
0.7500
047500
0+7500
07500
0«7£00
Qe 7500
0.7£00
0«7500
Ce7500
07500
07500

0+7500

Discharge Data (kg)

TH232
0.0
040
0.0
0«0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0

TH232
0.0
Q0.0
040
0.0
Q0
00
0.0
00
0.0
0.0
0.0
0.0

0.0

-~
I
r

ODOOUOLOCLOTW

R EEEEEEEEREY

QCOoOLOLOOCO00

U233
0«0
0.0
0.0
0.0
0.0
0.0
0.0
G.0
0.0
0.0
0.0
0.0

U233
0+0
0s0
0.0
0.0
Qa0
0.0
0«0
040
0.0
0.0
040
0.0

U233
0.0
0.0
O0e0
Q.0
Q.0
0.0

0.0
0.0
0.0
Oe0
040

uz233
0.0
040
00
00
0.0
0.0
0.0
Q0.0
0.0
0.0
0.0
00

uz23s

YEARS 13 THRU 29 SAME

u238
63344
591149
5686.8
5667.9
56715
5675.9
567743
567708
5677 %
SE7840
56781
567841

2146 1773066

Reactor Core

PU2 39
74646
3110
735.1
793.5
793.8
733G
793.9
733.9
79349
793.9
793.9
793.9

263%.6

PUZ240 PyZal
23066 83a6
28341 73.5
301.6 677
3071 697
3068 538
306.3 5948
306e2 6949
3061 59,9
306.1 5949
30641 99
306.1 859.9
306.1 599
AS ABIVE

359,.,0 28B8.9

Axial Blanket

uz23s uz38 PU2 33 PU240 PU241L
8.6 470105 S1e5 Qe R 0.0
Te7 46455 Q7.5 3.0 Jel
6a9 4589 ,.4 138.9 5¢3 0.2
6.9 458942 1338 Aae3 Qa2
69 4589,.,2 i38.7 53 0.2
629 455900 138.2 Hae 2 Ve2
609 4539043 13840 e 2 Qa2
e 459045 137.9 622 002
6e9 459045 137.8 Bel 0.2
Ao G 45905 1378 He 2 02
69 4359045 137.5 502 0s2
6.9 43539045 137.8 He2 Qa2
YEARS 13 THRU 29 SAME AS ABIJVE
2362 133378 28%413 Q. B 02
Radial Blanket
U235 u238 PuU2 3¢ PU240 pPy2at
11.9 624245 354 03 0+ 0
1l1.2 6205456 1.1 0.0
10. € 616847 244 Je0
1040 6131.1 4.1 Jel
Y5 503933 6e2 Ve2
8.6 60555 3.8 0.3
B4y 6054 o6 8.8 Q2
8.% 6505248 Re8 Oe3
BeS 605141 3.9 De3
3.9 50504 9.0 0.3
Be G 60501 Fe 0 0«3
8.9 60500 187,.,4 a0 [¢ e

YEARS 13 THRU

6241 368721

uz23s

30.1
257
22e%
220
21.4
2009
21.0
2140
209
2049
20 G
209

YFEARS

687 .8

29 SAME AS ABOVE

2345 0e5

Entire Reactor

uz3s
1727845
167630
1644449
1638842
16354.0
16321 ¢4
16322,.2
16321 .1
163196
16318.9
163187
16318.6

10€+% €8590.46

PU2 3¢
A33.6

- s s e . e

13 THRU 29 SAME

3412a1

PyY240 PyY24a1L

2317 8346
292.1 79.5
3103 67.9
3174 70.0
3193 TOel
3213 703
3211 703
32162 7043
321.2 7043
321.3 70.3
3213 7043
3213 7043
AS ABQVE

392,2 249.7

Py2a2
33,3
4.7
3.2
44,4
44,4
44,4
44,8
14.4
44,4
14,4
14,4
4648

133.9

PY242
0.0
0e0
00
0.0
0.0
0.0
0.0
0.0
0.0
0.0
040
0e0

Py242
38,3
48,7
43.2
44,4
4444
44,4
aa,.a
44,4
44,4
84,4
24,4
44,4

133.9

FISSILE
Py

830.2
89044
8527
863.3
863.6
86347
863.8
863.8
863.8
863.8
863.9
863.8

268745

FISSILE
PU

515
97.5
133.1

28540

FISSILE
Py
35.4

FISSILE

3661.8

68975
589745

2148246

TOTAL
HM
4762.4
4753.6
4741.8
4741 .3
4741.3
4741,.5
4741.5
474146
4741.6
4741.6
a4741.6
4741.6

1425649

TOTAL
HM
529042
6286.0
628047
6274,1
626604
625747
625741
625645
6255.9
6255.7
625546
625545

37645.9

TOTAL
HM
18495,6
18181.5
17911.7
17903,.2
17899.1
17898, 6
17895.,5
L7895.4
17894.9
17894.8
17894,.7
17894,7

73385.3
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Core,
U0y Axial Blankets, and ThO) Radial Blanket
(RZ Model, Two Core Zones)
Discharge Data (kg)
Reactor Core
CAPACITY FISSILE TOTAL
YEAR FACTOR TH232 U233 ua23s U238 PU239 PU2640 PUZ241 PU262 PU HM
1 07500 ° e Ge 6 63078 7593 23549 85.6 3902 844.9 74374
2 07500 0.0 0.0 6. 8 592€.6 8064.8 284,0 T8el 43.9 882.9 Tilé4el
3 047500 0.0 a0 4.9 SES5€.3 791.0 3075 69.1 44,1 86041 68730
L3 De7500 0+0 0.0 Se 0 563445 7913 310.8 7ie0 4503 86242 68578
s 07500 00 040 540 563940 7914 31065 Tie0 4543 8624 68622
6 07500 0.0 0.0 Se0 56436 1 T91e3 3101 T1lel 45,3 862.3 686549
hd 07500 0.0 00 Se 0 564540 7914 3100 711 4543 86245 6867.8
8 047500 0e0 00 Se 0 S5645.,9 791,49 309.9 Ti.1 45.3 86245 5868.6
Q 047500 0.0 0«0 Se 0 S€646ae1 7914 309.9 T1lel 453 862.5 686849
10 07500 0.0 0.0 560 564643 791, 4 309.9 Tie.l 45+ 3 862.5 686961
11 07500 Os0 0.0 5«0 S6a4be 8 7914 309.9 711 4543 8625 68691
12 0.7500 0.0 0.0 e 0 S646+ 8 791.4 3099 7la1 4543 8625 68692
YEARS 13 THRU 29 SAME AS ABOVE
30 0.7500 0«0 0«0 21e4 17€687.1 24306 871.8 254.0 136.7 268446 21401 6
Axial Blanket
CAPACITY FISSILE TOTAL
YEAR FACTOP TH232 U233 u23s U238 PU239 PU240 PU241 PU242 PU HM
1 0«7500 Ce 0.0 Be & 47012 Sle 0.8 0.0 [s %) 51.8 87623
2 07500 0.0 0.0 77 468446 9840 3.0 0ol Oe0 98.1 47534
3 07500 060 Je0 €eQ 4588. 4 139.6 6s 4 02 0.0 139.7 4741 04
4 07500 0e0 0«0 6o 9 4588.,2 139. 4 Gt Qo2 0«0 13946 47411
S 07500 00 0 e0 [Py 4588.4 139.2 6e3 0¢2 00 139.4 4741 e}
[} 07500 0.0 0.0 6eG 4589.,3 138.7 603 De2 0.0 138.8 47413
kd 07500 e O Qa0 69 458947 1384 Ee2 Oo2 00 138.5 4TA81 o4&
8 07500 0.0 0e0 6.9 458949 138.2 a2 0e2 Oe 0 138.4 474104
9 0.7500 0.0 040 606G 45906 0 138,2 662 Oe2 Q0.0 13843 474164
10 07500 00 040 669 4590. 0 138.1 62 0.2 040 13843 474165
11 07500 00 0.0 PR 4590. 0 138,.1 o2 0.2 060 138.3 47415
12 0.75C0 00 00 66 Q 45900 13861 6e2 Ca2 0.0 138,.3 4741.5
YEARS 13 THRU 29 SAME AS ABOVE
30 07500 0.0 0«0 23e2 1393€.9 286:4 Fe9 Q2 Je 0 28647 1425647
Radial Blanket
CAPACITY FISSILE TOTAL
YEAR FACTOR TH232 U233 uz23s U238 PUZ239 PU240 PU241 PU242 PU HM
1 07500 5815.8 335 00 0e0 De0 Q00 OO0 0.0 00 58493
2 0e7500 57813 6Se1 Qe 0 0.0 0s0 0.0 Ce0 Q00 00 5846 .4
3 0.7500 878642 95 . 4 [o 4] 0.0 0.0 Qe O 0«0 Je0 000 584146
a4 07500 57100 124 .8 0.0 D0 060 Oe0 0e0 Ce0 [ PY] 5834.9
5 07500 S6T3e7 152.7 Qe O 0.0 0.0 0.0 0e0 0.0 0.0 58264
[ 0.7500 5637.3 179 .0 0«0 0.0 00 0.0 0.0 0.0 0.0 581603
4 07560 563445 18049 [o P¢] Oe 0 Qa0 0.0 0.0 0.0 0.0 5815e4
8 07500 5631.7 {82.8 Qs 0 060 0.0 0«0 0e0 00 OeO 581445
S Q0e?7500 562F6 184 ,2 0+ 0 Q.0 O0e 0 0.0 D0 0a0 0«0 5813.8
10 07500 562848 184 .8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 581346
1 0.7500 5628.4 18540 Qe O 0«0 0.0 0.0 O0e0 Qa0 00 58134
12 067500 56284 3 18541 060 O0s 0 0.0 00 0.0 00 0.0 581304
YEARS 13 THRU 29 SAME AS ABOVE
30 0.7500 34320.7 68440 040 0.0 0.0 0.0 0.0 0.0 0.0 3500407
Entire Reactor
CAPACITY FISSILE TOTAL
YEAR FACTOR TH232 U233 U235 uz238 PU239 PU240 PU2&1 PU242 PU HM
1 07500 58158 3345 18,1 110090 8ll.1l 236.7 B8S.6 392 896.7 18049.0
2 07500 57813 65 ol 14,5 1057142 902.9 2870 T78e2 43.9 981i.0 177439
32 0.7500 874642 95 .4 11.8 102448.6 93066 31309 693 4441 Q999 1745640
a4 0« 7500 5710.0 124 .8 119 102227 930.7 3172 Tis1 45.3 1001.8 17433.7
s 07500 5673.7 1527 119 1022704 93046 3168 71.2 4543 1001.7 1742946
6 047500 86373 179.0 119 10232.4 930.0 31648 712 45.3 1001e2 174235
k4 0.,7500 5634,.5 180.9 12,0 10234.7 929.7 3162 713 45,3 1001.0 1742446
8 067500 563147 182 .8 12«0 10235.8 92906 31661 71.3 45.3 100069 1742446
9 047500 BFR2G+6 184 .2 12,0 1023641 Q296 316a1 Tie3 45.3 10009 17424.2
10 07500 5628.8 184 .8 120 1023€+3 92946 316.1 71.3 45.3 1000,.8 17428,1}
11 07500 5628, 4 185.0 12.0 1023€.4 929.5 31661 Tie3 4543 1000.,8 1742440
12 07500 562843 185.1 12.0 1023€.4 9295 316.1 Ti.3 45.3 1000.8 1742440
YEARS 13 THRU 29 SAME AS ABOVE
30 07500 34320.7 684 .0 44,6 31€24.0 2717.1 88l.7 256,2 136.7 29713 706629
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Table A-5. Discharge Data for 1200-MWe Pu-Th/Th LMFBR with
Pu/ThUQ2 Core, ThO Axial and Radial Blankets
(RZ Model, Two Core Zones)

Discharge Data (kg)

Reactor Core

CAPACI TY FISSILE TOTAL

YEAR FACTOR TH232 U233 u23s uz23s8 PU239 PU240 PU241 PU242 PU HM
1 07500 S741.6 198,7 0.0 Ge0 694.7 2815 107.4 48. 4 B802.1 70724
2 07500 547146 319.0 0s 0 Oe 0 548.5 2954 904 50.2 639.0 67753
3 07500 525643 395.1 Oe O 00 42065 29048 T6e4 49 .4 49649 648846
4 0.7500 £258,.,6 3908 Oe 0 Oe0 43140 2931 T76 43,8 508.5 65009
[ 07500 526247 389,77 0. 0 0.0 433.1 293.3 77.8 49.9 510.8 65064
6 0.7500 8265.8 38940 0.0 O0s0 434,3 2934 77.8 499 512.1 6510e1
k4 047500 5267.1 388,.,7 Q00 Ce O 434,8 293.4 T7«9 49,9 512.7 65S11e7
8 047500 526746 388,86 0«0 0.0 A35.0 293.48 T79 49,9 5129 65124
9 3«75%500 S267T.7 388 .6 0e 0 0.0 435.0 2934 77.9 49.9 5129 65125
10 07500 5267 .8 388 .5 060 0.0 435.1 29364 779 494,95 513.0 65126
11 047500 5267.8 38845 O0e O Oe0 43541 2934 779 49.9 513.0 65126
12 D«7500 5267.9 388 ,5 0.0 0«0 435.1 2934 T7-9 4949 513.0 65127

YEARS 13 THRU 29 SAME AS ABOVE
30 047500 16453.4 BB6 L7 0.0 0.0 17360 882.4 283.2 1508 2019.2 2039244
Axial Blanket

CAPRPACILTY FISSILE TOTAL

YSAR FACTOR TH232 U233 v23s% vz23s PU239 PU230 PU241 PUZ242 PU HM
1 047500 447742 50«9 0.0 [o ] Oe0 Oe0 0«0 Qe 0 0e0 452841
2 07500 aa23.,4 9547 00 Oe0 De0 Je 0 0e0 Qa0 0«0 453901
3 047500 437040 135.2 0.0 0.0 0.0 00 0.0 Je0 Oe0 450562
a 07500 436G,.9 135.2 040 040 0.0 Q.0 0.0 Q0 0.0 450540
5 0.7500 43701 135 .0 0.0 0s 0 Oe0 De0 0.0 0.0 Oe0 450541
& 047500 4370e7 134 ,¢ 0.0 0.0 0.0 Oe0 0.0 O«0 O0e0 45053
K4 07500 A371.0 134 .4 Oe O 0e 0 0.0 Q0 0.0 Q0e0 0.0 45054
A 07500 4371a1 134.3 Qa0 Qe 0 Qa0 0.0 0.0 Oe0 0.0 45054
9 07500 4371.2 134.3 000 0.0 Ded O0e0 0.0 Va0 0.0 450565
10 0.7500 a4a371.2 134 .3 0.0 Ce 0 Qe 0 Je 0 000 0.0 Oe0 45055
11 0.7500 a371,.2 134.3 040 OCe 0 Qe0 Oe0 O«0 Tl 0e0 45055
12 07500 43712 134.3 Qe O 0.0 0a0 CGe O Qa0 0.0 0.0 450545

YEARS 13 THRU 29 SAME AS ABOVE
30 047500 13272.6 280 .1 0.0 0.0 0.0 0.0 0.0 0.0 Oe0 1355246

Radial Blanket

CAPACITY ’ FISSILE TOTAL
YEFAR FACTODR TH232 U233 u23s u238 PU239 20240 PU241 PU242 PU HM
1 047500 S5Q8F 42 34 .4 Oe0 O« 0 0.0 0«0 0.0 0.0 0.0 598046
2 07500 591247 €5 40 Ca 0 Ce0 060 040 0.0 040 0.0 59778
3 0.7500 5879,3 Q4«0 0.0 00 0+ 0 0«0 Qe0 Je0 0.0 59733
4 07500 584543 12149 040 0«0 0e0 Q0 Q.0 0.0 Q.0 5967 3
5 07500 5811a1 148 .6 0.0 Q0 0e0 0.0 00 Q0 0.0 59596
() 0a7500 577648 1737 Qe 0 0e0 00 O0ed 0e0 Oe0 Qa0 59506
7 047500 57771 173 .5 0e0 0.0 040 Qs0 0.0 0.0 O0e0 59506
8 07500 577546 17405 0.0 0.0 00 De0 Ce0 Ce0 0e0 59501
Q 0.7500 577441 175465 0«0 00 00 00 0.0 0.0 0.0 59497
10 0.7500 5773.4 176 40 Qe 0 O« 0 0.0 [e ] Qe0 Qe0 Q0«0 5949 4
1t 07500 E773.1 176 42 Qe O 0.0 0.0 Oe0 0.0 0.0 0e0 594944
12 0.7500 57731 17643 0.0 Ca0 0e0 Qe 0 Ce0 0«0 0.0 5949.3
YEARS 13 THRU 29 SAME AS ABO0OVE
30 07500 3515%K.5 648 ,5 0.0 0.0 0,0 00 0.0 0.0 0.0 3580590
Entire Reactor

CAPACITY FISSILE TOTAL

YEAR FACTOR TH232 U233 U235 uz38 PU239 PU240 PU24a1 PU242 PU HM
1 7500 t1€E€165.1 284 ,0 0.0 0.0 694,7 281e65 107.4 4844 802,1 1758142
2 07500 15807.8 479 ,.8 0.0 0«0 54865 29564 90.4 50e2 63940 172722
3 07500 1550546 624 44 00 00 420.5 290.8 760 4944 496.9 16967.1
4 0647500 1567347 €48 40 0.0 Oe 0 431.0 293.1 77 .6 49,8 5085 169732
= 07500 15443,.8 673 .3 Qe 0O Qe 0 433.1 293.3 T77.8 49,9 510.8 16971 ol
[ 047500 15413.3 6EG7 ota 0.0 OO0 434,3 293.4 77.8 49.9 51241 1696640
k4 07500 1%541S5,2 €96 o6 0.0 0.0 434.8 293.4 TT79 49.9 5127 169677
8 067500 15414,3 697 4 060 (o] 435.0 25344 779 4G .9 512,.,9 16967 6
9 027500 15413.0 698 44 0e O 00 435.0 293.4 T7.9 49.9 512.9 169676
10 Ve7500 15681248 £98 .9 Je0 00 43501 29344 T79 49.9 513.0 169675
11 07500 154812,1 €99 40 0. 0 000 43541 293.4 779 49.9 513.0 16967 .4
12 De7500 1541241 €£9C .1 0 0O Qa0 43561 293.4 77«9 49,9 513.0 16967 .5

YEARS 13 THRU 29 SAME AS ABOVE
30 0.7500 /48R2.,5 181%.3 0.0 0.0 17360 88244 283.2 150+8 2019.2 69749.9
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Table A-6. Discharge Data for 1200-MWe U/U-Th Minimum Denatured LMFBR
U0y Core, U0y Axial and Radial Blankets
(RZ Model, Two Core Zones)

Discharge Data (kg)

Reactor Core

CAPACT TY FISSlILE TOTAL
YFAR FACTOFR TH232 U253 U23% PU23CE U240 PU241 U242 PU X (a1 ]
1 J¢7530 Jed AS4 o 1067 23145 Eod Oel JeO 2016 7437.0
2 047500 Ge0 439 4= Tt 33047 20e¢3 (s g Qe 3314 T10Se%
3 Ne?500 Oe0 347 o2 Se G 422e% 390 20 Jel 42449 68151
a De7530 00 284 g4 et 41869 2769 19 Jel 42068 68172
5 Qe?500 e 38 ot fe € 41842 377 1.9 Jel 4201 68195
A 0«7%00 Je? 356 « R e O 41649 373 1.9 Jel 418.8 68228
7 0e7500 Je0 357 o6 €e0 416543 3741 1% Jel 41841 6824 45
A De7500 Nel 387 &G [ 41660 37.1 1.8 Jel 417.8 682503
9 0675800 Jed 3573 40 Ae 413567 37«2 1.8 Vel 417.7 €825
10 Qe7500 Nae0 €o 0 41543 37«0 1.8 Del 4177 68256
11 0e7500 D+0 “e 0 41%.8 370 1.8 Jal 4177 68207
12 De7520 Qw0 £ el 41%e4 370 1.8 Qe 417.7 682567
YEAES 12 THRU 29 SAME A3 ABOVE
30 De7%30 Je0 153 a4 24ec 1370Fa2 C13ed Ble2 Leb Jel 9clet 2154647
Axial Blanket
CAPACITY FISSILE TOTAL
YEAR FACTDFER Y222 U233 LUz 3% uz233 PU2 3G PUZ24C PU241 PU242 PU HM
1 07500 CeO U0 Re? L7072 4645 Qeb Qo0 Je0 4665 476340
2 247520 Q.0 Oel} Tel LEEF LT 88e44 24 0a0 Je O BH.5 475564
3 De?7530 Ne0 J el el LEDF o} 12647 542 Oel 0.0 l26e G 474562
A 67530 Jel J e el LE€0%e R 126eR Sel Oel Je0 1269 474449
< 07500 Je0 0ed Tel 4ECS L F 126.8 el Jel De0 12649 4744 0 8
& 07500 e Jde? 7ol 4E 06 12663 Sel 0.t 0.0 1265 474540
7 0e7520 J0 Ced 7o & 4EQC o € 12641 Sel Oel Ve 126a2 474560
L} Q07500 00 040 7.2 A4E QF o7 12640 S5sl Jel De0 12641 4745, 1
9 04700 Je0 O«0 Te2 4€0648 1260 S5a1 Oal 0.0 12641 474541
i9 6700 Je0 Ce0 Te2 LEQF o A 12640 Sel Oel Qs0 12€.1 474541
11 De?7530 Jde 0ed T2 LEDE SR 126e9 el Oel Je0 126«1 474541
12 Je7500 Ded J e Tl 4HQF « B 166 561 Oel JeO 12641 Q745,41
YTARS 12 THRU 29 SAMF AS ABOVE
30 Ne?520 Jae JeQ &2e7 136707 Z26Je 2 Bed De2 O«0 260e 4 142628
Radial Blanket
CAPACITY FISSILE TOTAL
YSAR FACTOR TH232 U213 u25s U23R PU23G 2U240 PUzal PU24 2 PU HM
1 V7500 OGN P 30et Jde 0 Ced Jed Oe0 00 De0 040 598049
2 047500 €A1 a0 Blie Je 0 Ca 0 Jed (VI Je0 Je O Qe 597345
3 07500 ERAF G B B7 47 0= 0 0.0 000 Je J Oe0 JeQ Qe0 S97445
a4 07500 ERS4 42 114,86 Qe C 00 Oed Je 0 Je 0 Je0 Qe 596941
s Ne 700 F21e4 140 .8 Qe O 060 Qe Ce0 Ce0 00 00 S59B2el
3 Je7520 i 165 ,4 a0 Ce 0 0.0 CeO 0.0 Qe0 Q.0 595349
7 De75090 ETRAC 48 167,3 De0 Ced Jaed Qe 0 0e0 Je0 Qe0 59531
8 0e”?500 L7866 0 168 o€ De O D0 Jed Qe Je0 Jed Qe 595246
a 07930 e782.7 16445 Je O 0e0 Jed Qe 0 Jed Je0 Qe0 595242
10 067500 ETRP .1 165 44 Qa0 0.0 Je0 Je O Oe«0 JeO JeV 595260
11 0e7=I32 7Rl .R 1701 Qe O Qe 0 Jed Qe JeD De0 0.0 53519
12 067500 701,18 170 .2 Qe O Ce 0 Jed Je 0 030 Je0 Jev 59519
YEARS 13 THRU 29 SAMS AS ABOVE
20 Dea?7°00 2€187.3 FZ4 a7 0.0 Ca 0 JQe0 Qe 0 0.0 0.0 Qa0 35811 %
Entire Reactor
CAPACITY FISSILE TOTAL
YTAR SACTOE U235 U238 PyY2 3% PU240 PU24 1 PyY242 Py HM
1 Q7520 1e8 1167190 24860 Ted Qel Je0 245a1 16169.?
2 075230 15%.7 10%€501 41541 227 D8 0a0 4199 1783963
3 0475920 13.C 10¢0441 54 FehH L4e2 Zel Jel 5518 1753448
a De7500 120 106038 54567 43el 240 Jel 54727 17531 2
5 Je7520 13«1 10£0%.9 54540 4208 240 Ol 547.0 1752665
6 067500 131 10€610s1 S43e2 4204 2.0 Jel 54542 175217
7 07500 131 10E12a2 S42.4 4242 240 Jel 544 ¢4 175227
o] Ne7S00 24 6% 13+1 10€1361 543240 4241 240 Jel 544,0 1752246
Q 0.7%00 527« 121 1061244 54109 4lel 2.0 Jel 5438 175228
10 J.7520 28 40 13el 10€6136% 541.8 4241 2.0 el 54348 175227
11 2.7500 c2R G2 1341 10€13545A 54148 421 240 Dol S43e7 175227
12 D.7820 2% e3 1341 10€13.7 S4148 4za1 2.0 0ol 583e7 1752247
YEAFS 13

THRU 29 SAMY AS ARBOVE
Q

30 047520 3%1R7.3 21¢€4.1 47,9 J2€7¢, 11792.2 €962 2.8 Vel 1182.0 7132943
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Table A-7. Discharge Data for 1200-MWe U/Th Minimum Denatured LMFBR
with U0 Core, ThO» Axial and Radial Blankets
(RZ Model, Two Core Zomnes)
Discharge Data (kg)
Reactor Core
CAPACITY FISSILE TOTAL
YEFAR FACTOPR TH232 U223 uz3s U238 PU239 s2yz240 PU241 PU242 PU HM
1 07500 Q0.0 457 .9Q 10.7 €E75806 2011 6e3 . 0.0 201.3 743408
2 07530 Oe0 443 ,3 7.8 629943 329.8 2Ce2 Oe7? 0.0 3305 71012
3 07500 0.0 350 .86 S 9 59906 421.5 38,7 20 Qel 423.5 68093
& 07500 320 358.1 Se S $992.1 417.3 37«6 19 Dol 419.2 6813.,0
) 07500 0.0 35943 Se 9 5994 ,6 165 37.3 1.9 Oe1l 418.4 681546
6 Oe7500 0.0 360 .8 6.0 5698,.2 41542 37.0 1.8 Oe1 417.1 68190
7 0e?500 040 361 .5 €.0 5999, 9 414.6 36.8 1.8 Oel 416.4 682047
A 07500 040 361 .8 60 6000.,7 414.3 367 1.8 Oe1 416.1 68214
9 047500 0.0 3€1 .9 60 6000.9 414.2 3667 1.8 Oe1l 416.0 68216
10 07500 De0 362 .0 60 6001.0 414,22 367 18 O.1 416.0 68217
11 07500 Qe 3€240 6e0 600161 4108,2 3646 1.8 Oel 41640 6821 .8
12 07500 0.0 362 .0 6.0 €001le1 414,22 36e 6 1.8 Qe 416,90 6821 .8
YEARS 13 THRU 29 SAME AS ABOVE
30 047500 0.0 1554 .8 28,2 1868844 915.0 6046 246 Ol 917.6 212457
Axial Blanket
CAPACITY FISSILE TOTAL
YEAR FACTQR TH232 U233 uz3s yz3s PUY239 PU240 PU261 PU242 PU HW
1 07500 4482.,4 4643 0.0 0.0 Os Oe O - Je0 00 452867
2 0e7500 4433,8 87 & 0s O Ce0 00 Oe¢0 0.0 (o Y+ ] 0.0 45213
3 0.7500 4384.9 124 .8 0.0 0.0 0.0 00 040 Qa0 0«0 45097
a 047500 4384 .4 12541 0.0 0e0 Oe0 O« 0 00 0.0 0.0 450945
S 07500 a4384,2 125.3 Oe 0 Ce O 0.0 0.0 060 O« 0 0.0 450945
€ 0.7500 4384.8 124 .8 0e0 Ce 0 00 Qe0 00 0.0 0.0 4509.7
4 0.7500 a3R5,1 1246 .6 D00 0.0 0.0 0.9 Oe0 D0 De0 4509.7
8 0e7500 4385.3 124 ,5 0.0 0.0 Oe0 00 0.0 0«0 0e0 45098
i 0.7500 4385,.,3 124 45 0.0 0.0 0.0 Qe 0 Oe0 040 0.0 4509.8
10 07500 4285,3 124 .5 0.0 060 000 0«0 0«0 00 0.0 4509.8
1t 0.7500 4385.3 124 .5 0.0 0.0 0.0 Oe0 0.0 0.0 [s ] 45098
12 J2.7500 A3R5,3 124 .5 0.0 [ ] Oe0 0.0 0.0 0.0 0.0 4509.8
YEARS 13 THRU 29 SAME AS ABQOVE
30 047500 13301.1 25846 0.0 0.0 0.0 a0 0.0 0.0 0.0 135597
Radial Blanket
CAPACI TY FISSILE TOTAL
YEARP FACTOR T™H232 U223 u23s v238 PU239 2U240 PU24 1) PU242 PU +HM
1 07500 59050.8 301 0. 0 0.0 00 Qs 0 0.0 00 0.0 59809
2 0.7500 5919.0 5944 O0e 0 Ce 0 0.0 0e0 0.0 0.0 0.0 59785
3 0«7500 S28€.,9 B7 .6 Qa0 0«0 0«0 0.0 0«0 Oe0 00 59745
L3 0.7500 5854 ,4 114,7 00 0«0 0.0 Qa0 0«0 0«0 Qa0 596941
5 047500 582146 140 o6& Ce0 00 G0 00 0.0 Oe0 040 59622
) 067500 5788.8 16542 Oe O 00 00 Qe 0 0.0 00 00 5954 .0
7 0a7500 5786.2 167.0 0.0 CeO 0.0 0.0 0.0 0.0 Q0«0 5953.2
8 07500 5784 4,4 168.3 0.0 0.0 0.0 0.0 0.0 0e0 Oe0 595247
9 047500 578341 169.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 59523
10 0e7500 57825 169 .6 Je 0 0e0 0,50 00 0s0 Qe0 0.0 595241
11 07500 5782 .2 169 .8 0.0 OO0 0«0 0.0 0.0 0.0 0e0 59520
12 0e7500 5782a1 163 ,9 Q.0 De0 00 [+ R¢] 0.0 Oe0 0«0 59520
YEARS 13 THRU 29 SAME AS ABOVE
30 0.7500 35188,.,7 623 .5 060 0.0 0.0 Oe¢0 0«0 Q0 Qe 35812.2
Entire Reactor
CAPACITY FISSILE TOTAL
YFAP FACYOR TH232 U233 ua23s U238 PU239 PU240 PU241 PU242 PU HM
1 07500 10433.2 534 43 10.7 6758+ € 201e1 663 0.1 0.0 2013 17944 .4
2 047500 1035248 590 «3 78 629943 329.8 20e2 07 0.0 33045 17601 40
3 07500 102719 563.0 Se G 5990.6 4215 3847 2.0 Cel 423.5 172936
4 047500 10238,8 598 .0 Se G 569241 417.3 37.6 1.9 [ 419.,2 17291 .6
5 07500 10205.8 625 .1 Se9 5994, & 416.5 373 19 Oel 41844 17287 .3
6 07500 10173.6 65048 €0 SGGR. 2 415.2 37.0 1.8 Del 417.1 1728246
? 07500 101713 6531 6e 0 599Y%9, 9 4i14.6 36.8 1.8 Oa1 416.4 17283 .6
3 067500 101697 654 4,6 €Ee0 50007 414.,3 3647 1.8 Oel 4161 17283.9
o 07500 1016R,.,4 655 6 6,0 £H00069 414,22 3647 i.8 Oel 4160 17283.7
10 07500 10167.8 E5F o1 €0 6001690 414,22 367 1.8 Oel 841640 17283.7
11 07500 1016746 65643 €e 0 60011 414.2 3646 1.8 Oel 41640 17283.6
12 0e?7500 10167,.5 656 44 640 €001.1 41402 366 1.8 Oel 41640 17283.7
YEARS 13 THRU 29 SAME AS ABOVE
30 0s 7500 484B8S.8 243€ .G 24.2 1B€EBR.4 . 915.0 606 2e6 Oel 917.6 70617<4
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Table A-8. Discharge Data for 1200-MWe U-Th/Th 20% Denatured LMFBR
with U/ThO9 Core, ThOp Axial and Radial Blankets

(RZ Model, Two Core Zones)

Discharge Data (kg)

Reactor Core

CAPACLTY ' FISSILE TOTAL
YFEAR FACTOR TH232 U233 U238 uz238 PU239 PUY240 PU24a1 PU242 PU HM
1 07500 3404.8 668 .8 409 3068.8 865 25 0.0 Os0 8645 723643
2 De?7500 2877,2 6205 G644 3a52,4 173.0 100 0.3 Oe0 173.3 6937.8
3 047500 236%5.3 5323 36 & 350402 237.0 205 1.0 De0 23840 66639
4 0e7500 2174.6 53845 35 3€E845 24547 20«9 1.0 Je0 2467 66526
5 07500 2176.9 54041 3¢5 3671.3 284,56 2046 1.0 Oe0 24546 66579
€ 07500 217941 54145 345 3673.8 243.7 2043 10 0.0 264.6 6662.9
k4 De7500 2179,.8 54241 3¢5 3€674.7 24343 20.2 0.9 0«0 244.3 66647
3 047500 2180a.1 S42 04 3.5 367501 243.1 2062 0«9 Q00 244,1 66654
9 07500 2180.2 542 44 35 3675.3 24361 2062 Q9 Oe O 24440 666547
10 07500 2180.3 542 .5 365 3675.3 243.1 2041 0.9 0.0 244.0 6665.8
11 0.,7500 218043 542 .5 365 36754 243.1 201 09 Ca0 244840 66659
12 07500 21A0.3 54245 3% 3€75 .4 243.0 201 0«9 O« 0 244.0 66659
YEARS 13 THRU 29 SAME AS ABOVE
30 07500 6795.4 1997 .2 14,1 1142%.3 534.4 332 13 0.0 535.7 20801.0
Axial Blanket
CAPACITY FISSILE TOTAL
YFAR FACTOR TH232 U233 U235 va238 PU2 39 PU240 PU241 PU242 PU HM
1 07500 448246 46062 0e O 0«0 00 Q.0 0«0 0.0 0.0 452807
2 0.7%00 4433,7 87 .6 Qe O 060 0.0 0«0 0e0 Je0 0.0 45213
3 De7500 4384,9 124 o8 0.0 0.0 Q0.0 Oe0 00 De0 Oe0 45097
4 0.7500 43848,5 125 .0 0e0 OeO 0.0 De0 0.0 0.0 0.0 45095
s 0.7500 4384.8 124 8 De O 00 0.0 00 0.0 00 0+0 450966
L) 0.7500 438S.€ 124 .2 0.0 0«0 040 0.0 00 0.0 0.0 450949
ke 047500 4386, 0 124 ,0 0.0 Ce0 0«0 Oe0 0.0 0.0 0.0 451040
fa 067500 438ARe 1 123.9 0.0 Oe0 0.0 0.0 0.0 Ge0 0.0 451040
Q D0.7500 4386,2 123 .9 000 0.0 0.0 Q.0 Oe0 040 0e0 451040
10 07500 43R6.1 123 .9 0.0 0.0 O0e0 Cs0 040 Qe0 Ce0 451060
i1 0.7500 46386.2 1239 0.0 0o 0 0.0 0.0 0.0 Qe0 00 451040
12 047500 4386.,2 123496 0.0 0.0 040 0.0 0e0 0.0 0.0 45100
YEARS 13 THRU 29 SAME AS ABOVE
30 047500 13302.8 257 2 G0 0«0 0.0 000 0.0 0.0 CeO 13560.0
Radial Blanket
CAPACITY FISSILE TOTAL
YSAR FACTOR TH232 U233 u23% uz3s PU239 PU240 PU241 PU242 PU HM
1 D«7500 59500 30.8 0.0 0«0 0.0 0e0 0e0 Oe Ce0 5980.8
2 0«7%00 SC18,.1 602 0.0 0.0 0.0 Qe O 0s0 0.0 Q040 597843
3 27500 588% .9 88 .4 O O O« 0 0s0 0«0 0«0 Qe 0.0 59763
a 07500 585341 1157 00 00 Q0 Qe 0 0.0 0.0 0«0 5968.8
s 07500 53201 14147 0«0 OO 0.0 040 0«0 Q0 0.0 5961 .8
(] 07500 578740 16664 0.0 Ce O 0.0 060 0.0 0.0 Oe0 5953.4
k4 0e7500 57849 167 9 OO 00 0.0 00 0.0 0.0 0.0 5952.8
a V7500 87R23,0 1693 [o P ¢] 0.0 0.0 0e0 0.0 0.0 0.0 595262
a 2.7500 5781.5 170.3 0.0 0e0 0.0 0.0 0.0 Q0.0 0.0 596518
10 0.7500 S780.9 17067 O« O 0.0 Je 0 O0e 0 Ce0 040 0.0 5951 «6
11 747500 578047 1709 [o ' ye) Oe O D.0 Qe 0 Ca0 0.0 0.0 59515
12 07500 57806 1709 Qs 0 Qe 0 Q0«0 0e0 0e0 CeO 0e0 59515
YEARS 13 THRU 29 SAME AS ABOVE
30 Q47500 35183.1 6277 0a0 0«0 00 0.0 0.0 0.0 Qa0 3581048
Entire Reactor
. FISSILE TOTAL
~APACITY p
YEAPCFACTOP TH232 U233 uz23s uz38 pPyY239 PU240 PU24a1 PUy24a2 PU HM
1 0e7500 13837.4 T45 8 445 30€L.8 8645 245 Oe0 Q0 B6+5 177459
2 7¢7500 13229.0 TER 3 felt 345264 173.0 10.0 0.3 0e0 1733 17437 44
3 067500 1263F,1 T45 4E 3¢5 3504.2 237.0 20s5 10 Je«0 23840 171879
L3 0e7500 12812.2 7792 2.5 3€€E8.5 24547 209 1.0 Oe0 24647 171309
5 0s7500 123817 BOF 7 35 3671.3 24446 2046 1.0 00 24546 171293
A D47500 123517 832.2 3.5 3€73.8 24347 2043 1.0 OCe0 2448 4.6 1712662
k¢ 0e¢7500 1235047 834 .0 3. € 3674.7 243,3 20e2 0.9 0s0 24423 17127 %
a 0.7500 1234%,2 83545 35 36754} 24341 20e2 0«9 Je0 244.1 171?7.7
9 0.7500 12247.,9 836 4F 3.5 36756 3 243.1 2062 Ce® De0 264 .0 1712745
10 07500 12347.3 8371 3e5 37543 24361 2061} 0e9 0.0 24440 17127 6%
11 Q.7500 12247,1 837.3 3.5 3€E75.4 243,.1 201 0s9 Q.0 2484 .0 171274
12 047500 1234740 837 3 35 367564 243.0 2061 0.9 0.0 264,0 171274

YEARS 13 THRU 29 SAME AS ABOVE

30 247500 55281.2 2882.2 14,1 11425.3 5344 332 1.3 0.0 53547 70171.6
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Table A-9. Discharge Data for 1200-Mde U-Th/Th 40% Denatured IMFBR
with U/ThO2 Core, ThO7 Axial and Radial Blankets

(RZ Model, Two Core Zones)

Discharge Data (kg)

Reactor Core

CAPACITY
YEAR FACTI®  TH232
1 02,7500 <101.8
2 0.7500 4R36.2
I 047500 4374.0
4 0.7500 426€4.6
5 0.7500 6269.0
£ 0.7S00 4272.7
7 0.7500 4273.9
8 0.7500 4274.4
Q  1.7TS00 4274,S5
10 0.7500 4274.6
11 047500 4274.6
12 0.7S)0 4274.7
30 0.7530 13295.3
CAPACI TY
YFAR FACTOR TH232
1 0.7500 44B2.4
2 047500 4433.5
3 DL7S00 43B4.9
4 0.7500 4388,8
= 0.7500 438=,2
& 047500 438641
7 1.7500 438A.4
R 0.7500 4386.6
G 0.7500 43RA,€
10 047500 4386.6
11 D.7500 4386.6
12 0.7%500 438A.6
30 0.7500 1330346
CADACITY
YEAR FACTOR TH232
I 047500 S950.8
2 047500 5919.8
3 0.7500 S888.4
2 0.7500 5856.4
5 047500 SR2443
& 0.7500 s792.1
7 047500 S790.1
A 047500 5788.3
9 0e7500 S7BR.9
10 0.7500 5786.3
11 0.7500 578640
12 0.7500 &S78A.0
30 0.7500 3520241
CAPACITY
YFAR FACTIP TH232
1 0.7500 15%35,0
2 0.7500 14989,5
3 047500 14547.3
4 0.7500 14505.8
S 0.7500 14478,
6 07500 1445049
7 0.7500 14450.4
8 0.7500 14449,.,2
9 0.7500 16448,0
10 047500 14447,5
1l 0.7500 [4447,3
12 0.7500 14447.2
30 047500 5180140

FISSILE
uz233 uz23s uz238 PUY239 oyY240 pPU241 PU242 PU
TE0 LS 20 122¢€.8 33.9 10 . Je0 33.9
751 % 1.7 13605 6€ .6 3.8 Qel 3«0 667
92 .32 led 13728 9047 Te7 et 20 91l.1
707 .7 le5 144743 94,5 7«8 Oe4 O0e0 94,8
770G .2 1% 144846 94,0 Te? Oet 00 94,3
71043 145 144C,6 93.6 Te5 0.3 Je0 G3.9
710 .8 | = 1446G,9 3.5 TeS O3 JdeO 93.8
71t .0 1% 145041 Q3.4 Teb5 0.3 De0 93.8
Tll.0 1«5 145041 93.4 TeS 0.3 e 93.7
7110 1e5 145041 93.4 7e5 Qe3 Ja0 93.7
711.0 15 14€0.1 93,4 7e5 063 Je0 937
711.1 1«5 14502 93.4 765 O3 J.0 93.7

YFARFS 13 THRU 29 SAME AS ABOVE
2415 43 €o 0 450440 2J4.9 123 0«5 Oe0 2054
Axial Blanket
FISSILE
U233 1238 u238 PU239 2y2a0 PU241 PU242 PU
4F 2 Qs0 0e0 Qe 0 0.0 . 0.0 CeQ
R7 4,7 Qe 0 0«0 0.0 Jde0 040 Q0 Oe0
124 .7 De 0 Oe 0 Je 0 Oe0 0.0 Oe0 Q0
124 ,7 0.0 Ce0 0.0 Q00 0.0 0«0 0.0
124 .4 0.0 Ce O Qe 0 0.0 0.0 Q0 060
123 .8 De 0 0.0 060 060 0.0 Je0 Q0.0
123 .5 0.0 0.0 0.0 00 0.0 Qe 0 0.0
123.4 0.0 Qe 0 Je0 0.0 D0 0«0 0.0
12344 00 Oe0 00 Q.0 Q040 Je0 00
123 .4 0.0 Q00 0.0 0e0 Ce0 Je0 Ce0
123 .8 [y P ] Da0 0s0 0.0 0.0 Je0 0.0
123 .4 0.0 0«0 0.0 0.0 0.0 Qe 0.0
YEARS 13 THRU 29 SAME A5 ABOVE
256 3 Ne0 0e0 0.0 Oe0 0.0 0.0 0.0
Radial Blanket
FISSILE
uz233 u23s uz328 pPU239 20240 PU241 PU242 PU
301 Oe 0.0 . - . . 0.0
SBe7 Qe 0 Q0.0 Qe 0.0 Q.0 0.0 0«0
AE 43 0«0 e Je0 Oe0 0s0 De0 0.0
113.0 0.0 0.0 00 a0 0.0 Q0 0.0
13845 0.0 0e0 00 0«0 G0 Jel 00
1627 0.0 0.0 0.0 Qe Ce0 Je0 OO0
164 .0 0.0 Ce 0 040 [ ) 00 Qe 0.0
165 4 Q.0 000 Oe0 C.0 GeO 00 Qa0
16€ 3 0 O Oe O Oed 0.0 Je0 Q00 0.0
16668 Oe O 0«0 0.0 0«0 00 De0 Qe
166 9 040 De0 0«0 Oe0 Je0 JQe0 0«0
16740 0.0 Oe0 0.0 Qe O 0«0 Oe0 0«0
YEARS 13 THRU 29 SAME AS ABQOVE
6124 0.0 Oe0 00 040 00 0.0 0.0
Entire Reactor
FISSILE
U233 uz23s U238 PU239 PU240 PU241 PU242 PU
B36 .9 2e 1229.8 33.9 - . 0.0 33.9
897 49 17 136045 66.6 3.8 Oel J.0 66.7
903.3 lea 1372.8 9047 Te?7 Qo4 Je0 9161
Q45,4 1.5 1447,3 94,5 78 Qed 00 94 .8
972.0 1. ¢ 1448, 6 94,0 Te? 004 0.0 94,3
9GE .8 le© 144S,6 93.6 Te5 0.3 0«0 93.9
9498 .4 1«5 1445,9 93.5 7e5 Oe3 Qe 0 9348
999 .7 1.5 14506 1 93.4 7.5 0.3 0e0 93.8
1000.8 1.5 1450.1 93.4 745 O0e3 Qa0 93.7
1001.2 1«5 148041 93.4 T8 0«3 Qa0 93.7
1001 <4 1.5 165041 93.4 7e5 Q03 Qe0 937
1001 .5 1.5 1450.2 93.4 T7e5 O3 0.0 93.7
YEARS 13 THRU 29 SAME AS ABOVE
3284.,.1 6.0 4504a0 204.9 12.3 JeS 00

20S.4

TOTAL

712809
68204
653943
6523.8
653043
€535.7
6537 .4
6533.2
6538.4
6533.%
6538.6
65386

2043843

TOTAL
HM
452847
4521 .2
450945
45095
4509.6
450949
4510.0
451040
451040
45100
451040
451040

1356040

TOTAL .
HM
598049
S5678..5
59747
8969 .4
596247
595447
5964.2
5953.6
5953.2
5953a1
595340
5952.9

35814.6

TOTAL
HM

17638,.5
17320.1
1702345
170026
17002.6
170003
1700146
1700148
17001.6
17001 .6
17001.6
17001 .6

6981247
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Table A-10. Djscharge Data for 1200-Mie 233y-Th/Th LMFBR with
33U/Th02 Axial and Radial Blankets
(RZ Model, Two Core Zones)
Discharge Data (kg)
Reactor Core
CARPACITY FISSILE TOTAL
YEAR FACTOF TH232 U233 u23sc uz248 PU239 PU240 PU241 pPU242 PJ HM
1 0e 7500 622361 218.4 V.0 Oe0 Qa0 Qe 0 O0e0 0.0 0.0 7041,.5
2 Us7500 “B884 ¢4 A39,8 00 060 00 0.0 Ge0 0.0 0«0 6724.2
3 07800 563941 799,0 0.0 Oe0 0.0 020 0s0 0.0 0.0 5437.1
4 07500 5603 ¢5 218,0 O0e0 040 Qe0 0.0 Je 0 0.0 0.0 5421.6
5 0e7500 56091 Bl1Ge3 0s+0 Oe0 00 Q00 Je0 0.0 0«0 5428. 4
& 0e7500 561348 B32042 0s0 Qe0 OO0 Oe0 0.0 040 060 5433,8
7 0.7500 5615.1 B2045 0.0 0.0 0.0 Ge0 0«0 040 O0e0 6435, 6
8 07500 5615.7 32067 Oe0 0e0 G0 0e0 0.0 Q.0 Oe0 6436+ 4
g 07500 5615.,8 22047 Qe0 040 0.0 0.0 0.0 040 0.0 6436+ 6
10 0s7500 561549 R220.8 00 00 0.0 0+0 0.0 040 00 643647
11 Ge 7500 S561€6€.0 220453 0.0 0.0 Ge0 Oe0 Q0.0 00 0«0 6436.8
12 Qe 7500 561640 22043 0e¢0 0.0 0.0 0.0 0.0 0.0 0.0 6436.8
YEARS 13 THRU 29 SAMF AS ABO0OVE
30 Ue 7500 17447 46 26954,.,7 Qe 0.0 0.0 Qs O 00 0.0 0.0 20142.3
Axial Blanket
CAPACITY FISSILE TOTAL
YEAR FACTOR THI3Z U233 uz3s U238 PU2 39 PU240 PU24al PyU24s2 Py HM
1 Ve 7E00 GAB2 & 4641 Oe 0 0«0 00 0.0 Q00 040 D0 4528,7
2 Qe7500 443347 37,4 0.0 Qe0 0.0 0.0 0.0 0.0 0.0 45213
3 Ve7500 4385 ,.,% 124 .2 0.0 040 Qa0 Qe 0 J¢0 0«0 0eO 4509.7
4 07500 439545 124.1 060 0e0 0+0 0e0 0s0 0.0 040 450907
S 067500 4386.0 123.8 Oe0Q Q0 0.0 0.0 0.0 0.0 0.0 4509.8
6 07500 438648 123.2 00 00 040 0«0 0.0 040 Oe0 4510.1
7 0« 7500 4387 ,2 12340 040 040 0.0 0.0 Oe 0 0.0 0.0 4510. 2
3 07500 43873 122+7% 0.0 0.0 0.0 0.0 0.0 0.0 00 451002
9 07500 4387.3 122.9 00 Oe0 0.0 0.0 0.0 0.0 Q00 451002
10 0e 7500 433743 1229 0.0 0«0 0.0 0.0 0.0 Q.0 0.0 4510.2
11 0.7500 43873 12247 0+ 0 00 0.0 0.0 0.0 0e0 0.0 4510.2
12 07500 438743 12243 0s0 Oe0 Ve 0 Qe O 0.0 0.0 0.0 4510.2
YEARS 13 THRU 29 SAME AS ABOVF
1) 0e7500 133051 2%%.1 OeQ 0e0 0.0 30 0,0 . 0.0 0.0 13560,2
Radial Blanket
CAPACITY FISSILE TOTAL
YEAR FACTOQF THZ232 U233 u23s u23s PuU2.39 PU240 rUY2231 PU242 PU HM
1 Qe7500 S95045 303 Qe 0 Oe0 00 Je O Qe Qa0 0.0 59809
2 07500 591G,.4 2.0 Qe0 Qo0 00 Qe O De0 Ja0 Qo0 5978.4
3 Ue 7500 586840 36H e 00 00 Qa0 0.0 0.0 0.0 0.0 5974,6
4 07500 5856+0 113.3 OO Qeu 3«0 0.0 - Qe 0 0.0 Des0 5969.3
5 0+7500 58238 138.8 Qe 040 00 Qe 0 00 0.0 0.0 59626
6 07500 E701 .F 1£3.,0 s 0 0«0 0«0 Qs 0 Vel 0.0 0.0 5954,5
7 0e7500 578944 1342 Qa0 Q0 Oe«0 Qe 0 0.0 0.0 0«0 5954.0
3 047500 57680 16545 060 0+0 Qe 0.0 0.0 0.0 0.0 59535
3 0« 7500 578607 1653 Qe 0«0 Qa0 0«0 00 O0e0 0.0 595361
10 Ue 7500 STE6L 0 15Fe¢3 Qe 0 Q0 040 Js0 000 00 0.0 595249
11 Je 7500 3785 e & 1571 0.0 d.0 0.0 0«0 0.0 0.0 00 5952.8
12 07800 578547 1671 0«0 Qa0 Qe 0 e 0 Qa0 040 0.0 595248
YEARS 13 THRU 29 SAME AS AHOVE
30 Qe 7500 352013 &E12609 0.0 Q.0 Q0«0 Je 0 00 0.0 De0 35814, 2
Entire Reactor
CAPACITY FISSILE TOTVAL
YEAR FACTOR THZ232 235 U235 UeJs PUZ 39 PU240 PU24i PU242 [2{V) HM
1 Ve7500 165662 AG4 4R Qe 0 0.0 0.0 Q0 0 0,0 0.0 0.0 17551.0
2 0e7500 1023747 GRE G2 (VY] Q0 00 Je O 00 0¢0 00 17223.9
3 0e 7500 10087 Ue 0 00 0.0 0+ 0 Je 0 0.0 00 16921.3
4 0+7500 105545 Ceu Ve 0.0 0.0 Qe0 [ Y] De0 1690046
5 0+ 7200 10919 00 00 Q.0 0.0 0.0 040 0«0 16900.9
] 0s 7500 110€+4 0.0 0.0 00 D40 0.0 0.0 0.0 16898, 4
7 0 7500 1107.7 020 0.0 00 Qe 0 Oe0 00 0«0 16899, 8
3 07500 110S.1 0.0 00 Qe0 0.0 0.0 0.0 0.0 16900.1
9 07500 11101 O Q0 Qe 0 0.0 0e0 00 0.0 16899,9
10 07500 1110.5 00 0.0 Oe0 0¢0 0.0 040 De0 16899, 8
11 0« 7500 1110.7 Ja 0 Ve 0s0 Q.0 00 0.0 0.0 16899.8
| 9= Qe7500 14T7AGa1 11i{0.3 0e 0 Ce0 Q20 00 Q.0 060 0.0 16899,.8
YEARS 13 THRU 29 SAME AS ABOVF
30 07500 €5¢534% 6951647

5362.8 [VERY] Qe Oe0 0e0 Qe 0.0 0.0
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