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A new fuel concept, axially-micro-heterogeneous ThO2-UO2 fuel, where ThO2 fuel
pellets and UO2 fuel pellets are stacked in separate layers in the fuel rods, is being
studied at MIT as an option to reduce plutonium production in LWR fuel. Very
interesting neutronic behavior is observed: (1) A reactivity increase of 3% to 4% at EOL
for a given U-235 inventory which results in a 20-30% increase in average core
discharge burnup; (2) For certain configurations, a" burnable poison" effect is observed.
Analysis shows that these effects are achieved due to a combination of changes in self-
shielding, local fissile worth, and conversion ratio, among which self-shielding is the
dominant effect at the end of a reactivity-limited burnup. Other variations of micro-
heterogeneous UO2-ThO2 fuel including duplex pellets, checkerboard pin distribution,
and checkerboard-axial combinations have also been investigated, and their neutronic
performance compared. It is concluded that the axial fuel micro-heterogeneity provides
the largest gain in reactivity-limited burnup.

Introduction

There has been a revival of interest in the use of thorium in light water reactors because
of potential benefits in waste reduction, economic performance, enhanced proliferation
resistance and in-repository stability of the spent fuel. However, recent studies show
that homogeneously mixed ThO2-UO2 fuel burned in commercial PWRs operating on a
once-through fuel cycle is not economically advantageous compared to the
conventional all uranium fuel under the prevailing prices of uranium ore and separative
work[1]i [2]| [3]. This seems to be the case even at very high bumup. Thus, the acceptance
of Th/U by electric utilities can be greatly hindered if the homogeneous concept were
the only choice. A macro-heterogeneous concept based on seed and blanket fuel sub-
assemblies was proposed and studied by Dr. Alvin Radkowsky since the 1960s[4], but its
evaluation and optimization were limited by calculational methods available at that time.
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With a new generation of codes and libraries, this concept has recently been explored
extensively by several investigators, including MIT151'[6]i [7K It is generally agreed that this
type of fuel can reduce fuel cycle spent fuel volume by about 30% and reduce plutonium
production by a factor of ~4, compared to conventional uranium fuels. However, the
retrofittabilily of such designs into current PWRs appears challenging due to the radical
changes of fuel assembly configuration. Also their economic performance remains in
doubt due to the increased number of fuel assemblies to be manufactured. More
recently, MIT investigated a macro-heterogeneous concept with whole assemblies as
seeds or blankets, and found the performance to be promising.[8]>[9]

The micro-heterogeneous Th/U fuel concept, examined in this paper, may offer a useful
alternative to macro-heterogeneous designs for both retrofit and new-design cores.

The Calculation Method

The program package MOCUP, originally developed at INEEL, is used in this study[10].
MOCUP is the MCNP-ORIGEN2 Coupled Utility Program which employs the MCNP
(here version 4B) generalized-geometry Monte Carlo transport code to provide the
neutronics solution and the ORIGEN2 code to compute the time-dependent
compositions of the individually selected MCNP cells. All data communication between
the two codes is accomplished through the MCNP and ORIGEN2 input/output files. This
allows a general material (target, fuel, control, etc.) to be depleted in a neutral particle
field, with the accuracy of a transport neutronics solution. Since the MCNP version 4B
library does not contain temperature-dependent neutron cross sections for most
actinides, a number of libraries from the UTXS compilation were imported. Also for
some fission products, the evaluated data files produced at Los Alamos National
Laboratory were imported via INEEL. The benchmark of this code with others can be
found in Ref [11] and [12]. As in the benchmarks, all calculations were for fuel pin-cells:
whole-assembly and whole-core calculations are left for the future. Sufficient neutron
histories were accumulated to achieve a one-sigma uncertainty in neutron multiplication
factor k of ±0.002. It should be noted that most state-of-the-art codes may not be
accurate enough for micro-heterogeneous fuel because of its complicated resonance
shielding configurations.

Fuel Models

Typical configurations of micro-heterogeneous Th/U fuel are shown in Figure 1. There
are many possible variations from the basic configurations (such as multi-pin
checkerboard, and axiakiheckerboard combined cases), but in this paper, our
discussion will be focused on the axial cases. The operating parameters of current
PWRs were adopted, except that the fuel compositions were based on
35%UQ2+65%ThC>2 fuel (the weight percent here is on a heavy metal basis) distributed
appropriately among the respective fuel zones. The uranium dioxide is 19.5 w/o
enriched, and the ThCfc is pure thorium dioxide.
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The major fuel configurations and compositions are given in Table 1. Other parameters
of the conventional PWR fuel assembly are typical of a standard Westinghouse 17x17
assembly and can be found in refs. [11], and [12]. All variations keep the same fuel and
clad diameters and pin pitch of 1.2626 cm. The table also summarizes the achievable
batch burnup discussed in the section which follows. The symbols in the second column
are used to represent different designs in this report.

Checkerboard Duplex Axially Heterogeneous

Figure 1. Representative Configurations of Micro-heterogeneous Th/U Fuel

Table 1. The Configuration and Fuel Compositions of the Micro-heterogeneous Fuels

Duplex,
ThO2 inside

Duplex,
ThO2 outside

Axially micro-
heterogeneous

Axial micro-
heterogeneous

Homogeneous
Th/U fuel

AIWO2 Ref.
Case

Symbol

ThU

UTh

Ax

Ax4

Horn

All-U

Fuel

ThO2

UO2

TI-1O2

UO2

ThO2

UO2

ThO2

UO2

TnO2/UO2

uo2

r(cm)

0.3381

0.4127

0.2367

0.4127

—

—

—

~

0.4127

0.4127

h (cm)

—

—

—

—

2.041

1.0

8.164

4.0

—

—

Composition

100w/oTh

19.5w/oU235

100w/oTh

19.5 w/o U235

100w/oTh

19.5 w/o U235

100 w/o Th

19.5w/oU235

65 w/o Th

6.824 w/o U235

B1
MWd/kg

48.49

53.57

57.10

60.48

48.16

53.55

Note: h = pellet layer stack height
B1 = reactivity-limited batch burnup
All-U reference case has same U-235 mass
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The Results

A comparison of K-inf(B) of some of the fuel configurations is illustrated in Fig 2. In
terms of the reactivity-limited batch loaded burnup, B1 [ 13 ] , (where K=1.03 to allow for
core leakage). A very slight improvement can be seen in going from Hom fuel to ThU
fuel, 12% improvement from Hom fuel to UTh fuel and about 18% from Hom fuel to Ax
fuel. Figure 3 includes the Ax4 case which has about 25% improvement over the Hom
case, and has a suppressed reactivity or "burnable poison effect" at the beginning of
burnup. This 25% burnup extension will be large enough to compensate for the
economic shortfall of about 21 % between the Hom Th/U fuel and all-U fuel as described
in Ref [1]. This effect is achieved by merely rearranging the same amount of ThO2 and
UO2 material in the Hom case on a micro-scale within each assembly. The specific
values of B1 of various cases are shown in the last column of Table 1. The extension of
burnup in duplex design is to some extent the conclusion of earlier studies[4].

The average number densities of major actinides and reactivity of various cases at
B=49.408 MWd/kg ihm can be found in table 2. As shown in the table, plutonium
production (Pu239 + Pu241) is reduced by a factor of 2 ~ 3 by switching the all-U fuel to
Th/U fuel. Moreover, micro-heterogeneous options produce even less plutonium than
Hom Th/U fuel.

1.20

30 35 40 45 50 55 60 65

f = 1.03

0.95

70

Figure 2. Comparison of K-inf as a function of Burnup of Ax, ThU, UTh, and Hom Cases
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Figure 3. Comparison of K-inf as a function of Burnup of Ax, Horn, and Ax4 Cases

The Mechanism

BR = 49.408 MWd/kg ihm, which is close to B1 of the Horn case, is chosen as the
reference burnup point to identify the causes that make the reactivity different. Table 2
shows the number densities of major actinides and K-inf of the various cases at BR. It
can be observed that, among major fissile isotopes, the Horn case has higher U233,
Pu239, and Pu241 concentrations but lower U235 concentration than the Ax and Ax4
cases. The K-inf(Mix) entry is calculated by mixing all the actinides and fission products
in the Ax and Ax4 cases at BR homogeneously. It can be seen that K-inf of Ax fuel drops
significantly, about 4%, to a point that is even lower than that of the Horn fuel, but K-inf
of Ax4 fuel drops only about 1.7%, to a point that is still about 2% higher than that of the
Horn fuel. Hence, the Ax reactivity bonus must be due to burnup-unrelated differences
in fuel, but the Ax4 reactivity bonus due to both burnup-unrelated and burnup-related
differences.

Because all the cases have the same initial fuel inventory, a useful parameter to
examine is the conversion ratio. Here we define conversion ratio as:
C R = (Rc,U238+Rc,Th232+Rc,Pu240) / (Ra,U233+Ra,U235f Ra,Pu239+Ra,Pu24i) , Where
R represents the reaction rate.

It can be seen in Figure 4 that the Horn case has an average conversion ratio over the
range from 0 to BR larger than that of Ax but smaller than that of Ax4. It confirms the
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finding that the K-inf of Hom fuel at BR is larger than the K-inf(mix) of Ax but smaller
than the K-inf(mix) of Ax4, i.e. conversion ratio determines the K-inf(mix) based on the
same starting fuel inventory. It is also interesting to notice that in table 2 the larger
conversion ratio of Ax4 is mainly based on the larger transformation of Th232 and larger
destruction of U233 and thus larger savings of U235 which contributes the remaining
difference of 2% reactivity over the Hom case at BR. This observation can be supported
by checking the neutron spectra of the Ax4 and Hom cases at BOC as shown in Figure
5. The much higher thermal flux in the ThC>2 region of Ax4 fuel would cause larger
transformation of Th232 and larger destruction of U233 as the burnup progresses. But,
in the meantime, the difference in thermal flux decreases as the fissionable U233 is
accumulated to the level of the U235 in the UO2 region; Hence, a gradual fall-off of the
CR of Ax4 can be seen in Figure 4.

Conversion is related to the burnup-unrelated reactivity component by competing
neutron usage with fissioning: higher conversion ratio usually causes lower burnup-
unrelated reactivity. This is the case for Ax4 fuel. Another factor is the lower fissile worth
of U235 in Ax4 fuel at BOC because of the harder spectrum in the UO2 region as
illustrated in Figure 5.

In order to further identify the reasons for reactivity decrease during the "mixing
procedure" in table 2, the procedure can be divided into several separate steps: mix
fissile isotopes only, mix fertile isotopes only, mix actinides only, mix fission products
only, and mix all (actinides plus fission products); the results are shown in table 3. It is
seen that mixing fertile isotopes, or actinides, or fission products decreases the burnup-
unrelated reactivity but mixing fissile isotopes increases it. Among the reduction factors,
mixing fertile isotopes dominates in both the Ax and Ax4 cases.

Another phenomenon at work is the interference between Th-232 and U-238
resonances, confirmed by both calculation and experiments, to reduce the effective
resonance integral of a mixture by a few percent1141. This is also evident in Figure 6
which shows a comparison of the micro absorption x-sections of Th232 and U238 in the
epithermal region. It can be seen that their resonances overlap only slightly, so the
mutual shielding between Th232 and U238 is weak. In terms of the well-known
correlation of resonance capture for isolated fuel rods, Rleff= a + b (S/M)1/2, it can be
expected that mixing Th232 and U238 homogeneously is a case of dilution so that their
resonance capture per nucleus is increased: for the Hom case of 35%UQ2+65%ThO2,
an increase of 70% in Rleff of U238 and 24% in Rleff of Th232 is predicted, given that a
is small relative to b(S/M)112. This is consistent with results from MCNP calculations,
taking into account that Dancoff shadowing is also present in lattices.
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Figure 4. Comparison of Conversion Ratio as a Function of Burnup

Table 2. Comparison of average number densities (lO^/cm3) and K-infatBR=49.408
MWd/kg ihm

Th232

U233

U235

U238

Pu239

Pu241

K-inf

K-inf
(Mix)

Horn

1.36108&-2

2.45083e-4

5.15218&4

5.63671 e-3

7.92615e-5

2.28284e-5

1.02534

-

ThU

1.36585&-2

2.22932e-4

5.18652e-4

5.67554e-3

7.35737e-5

2.07917e-5

1.02606

-

UTh

1.36090&-2

2.31106&4

5.32417e4

5.72443e-3

5.98129e-5

1.61898&-5

1.04734

-

Ax

1.36115&-2

2.17224&4

5.38130e4

5.73959e-3

5.57994e-5

1.48487e-5

1.05925

1.01520

Ax4

1.34756e-02

2.14686&-04

6.46987&-04

5.75816e-03

6.08160e-05

1.30698e-5

1.06177

1.04424

All-U

O.OeO

O.OeO

5.50214e-04

2.02739e-02

1.86406e-04

4.30582e-5

1.04478

-
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Figure 5. Neutron Spectra of Ax4 Fuel and Mix Fuel at BOC

Table 3. K-inf for Different Mixing Cases at BR

Original

Mix Fissile

Mix Fertile

Mix Actinides

Mix FPs

Mix All

Horn

1.02534

::

-

--

~

Ax

1.05925

1.07541

1.00600

1.02237

1.05414

1.01520

Ax4

1.06177

1.13167

0.99659

1.05288

1.03278

1.04424
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Figure 6. Microscopic cross sections of Th232 and U238 in the epithermal region

Conclusions

Micro-heterogeneous Th/U fuel can increase fuel discharge burnup 20-30% compared
to the same fuel when homogenized, enough to compete with all-U fuel economically.
The plutonium production is 2 or 3 times less than that of all-U fuel. Self-shielding, local
fissile worth, and conversion ratio effects combine to create the initial "burnable poison"
effect and the reactivity gain near EOC. Changes in self-shielding appear to contribute
most to the burnup extension. Furthermore, these self-shielding changes hinder the
production of the proliferation-prone material, Pu-239, adding to the larger reduction due
to displacement of UQ2 by ThO2. Adding some UO2 to the ThC^ zones is probably
necessary to denature the bred U-233. Based on these findings, micro-heterogeneous
ThO2/UO2 fuel designs appear worthy of future evaluation from a neutronic perspective.
In addition, how best to accommodate the thermal-hydraulic implications of such
designs is an essential additional step to determine whether retrofit or new-core
applications are feasible. Finally, manufacturing considerations should be evaluated.
Duplex fuels, while possible, have only small benefits and would be more difficult to
manufacture than the other options, and thus may be the least favored approach.
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