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Abstract

Currently, commercial power reactors in the United States operate on a once-through or open cycle, with the spent
nuclear fuel eventually destined for long-term storage in a geologic repository. Since the fissile and transuranic (TRU) ele-
ments in the spent nuclear fuel present a proliferation risk, limit the repository capacity, and are the major contributors to
the long-term toxicity and dose from the repository, methods and systems are needed to reduce the amount of TRU that
will eventually require long-term storage. An option to achieve a reduction in the amount, and modify the isotopic com-
position of TRU requiring geological disposal is ‘burning’ the TRU in commercial light water reactors (LWRs) and/or fast
reactors. Fuel forms under consideration for TRU destruction in light water reactors (LWRs) include mixed-oxide (MOX),
advanced mixed-oxide, and inert matrix fuels. Fertile-free inert matrix fuel (IMF) has been proposed for use in many forms
and studied by several researchers. IMF offers several advantages relative to MOX, principally it provides a means for
reducing the TRU in the fuel cycle by burning the fissile isotopes and transmuting the minor actinides while producing
no new TRU elements from fertile isotopes. This paper will present and discuss the results of a four-bundle, neutronic,
thermal-hydraulic, and transient analyses of proposed inert matrix materials in comparison with the results of similar anal-
yses for reference UOX fuel bundles. The results of this work are to be used for screening purposes to identify the general
feasibility of utilizing specific inert matrix fuel compositions in existing and future light water reactors. Compositions iden-
tified as feasible using the results of these analyses still require further detailed neutronic, thermal-hydraulic, and transient
analysis study coupled with rigorous experimental testing and qualification.
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1. Introduction

The Advanced Fuel Cycle Initiative Light Water
Reactor transmutation fuel development program
plans to test both mixed-oxide (MOX) and inert
matrix fuel (IMF) in an irradiation test, designated
LWR-2, in the Advanced Test Reactor, located at

mailto:jon.carmack@inl.gov
mailto:wjc@inel.gov


W.J. Carmack et al. / Journal of Nuclear Materials 352 (2006) 276–284 277
the Idaho National Laboratory. The goal of the
AFCI LWR transmutation program is to develop
a fuel composition that fulfills four general criteria:

1. The fuel must produce the same power as a stan-
dard uranium oxide (UOX) fuel in a light water
reactor.

2. The fuel composition must target destruction of
actinide species (Pu, Am, and Np) and emphasize
proliferation resistant forms.

3. The fuel must perform these functions without
greatly increasing the fissile material loading
(which affects fuel cycle cost) in the overall
nuclear fuel cycle, and should be within the exist-
ing safety envelope of commercial LWRs.

4. The fuel composition must allow for extraction
and processing to recover the heavy metal for
possible further destruction (via recycling into
LWRs or fast reactors) or treatment for ultimate
burial in a geologic repository.

To provide for flexibility in the incorporation of
plutonium/actinide bearing fuels in pressurized and
boiling water reactors, a variety of MOX and IMF
compositions are being proposed for inclusion in
the planned AFCI irradiation experiment, LWR-2.
A variety of compositions are needed to determine
the feasibility and performance of fuels containing
significant amounts of TRU, and allow for flexibility
in loading strategies for fuel management. This paper
will explore the general neutronic and thermal-
hydraulic performance of transmutation fuels based
on the fertile-free matrix material magnesia–zirconia
(MgO–ZrO2). For comparison the neutronic and
thermal-hydraulic performance characteristics of
uranium dioxide (UOX), yttria-stabilized zirconia
(YSZ) and SiC fuels are presented.

A variety of inert matrix materials compositions
have been proposed and studied for use in high
burnup actinide fuel systems, Degueldre and
Yamashita [1]. Chang and Ryskamp [2] proposed
inert matrix fuel pins inter-dispersed in standard
LWR UO2 fuel bundles to achieve burnup and
destruction of Pu material without negatively
impacting operational characteristics of LWR oper-
ation. Herring et al. [3] proposed a ThO2 based
transmutation fuel for LWR systems to eliminate
the 238U matrix from the reactor system entirely.
Eaton et al. [4] proposed a full inert matrix of
ZrO2 stabilized with CaO and loaded with TRU.
Much work has been performed in the yttria-stabi-
lized zirconia (YSZ) matrix system for application
to once-through and out (OTTO) fuel cycles, Sch-
ram et al. [5], Ledergerber et al. [6]. Irradiation
and property test programs performed on the YSZ
matrix have indicated excellent stability and perfor-
mance both as a fuel system and as a final waste
form meeting repository waste disposal criteria. In
a once through fuel application Hellwig et al. [7]
irradiated a YSZ matrix. The study compositions
attained 440 kWd cm�3 burnup with no measurable
fission gas release. The composition densified to
100% TD and pellet center-line temperature was
found to be approximately 300–400 K higher than
a comparable MOX fuel center-line temperature.

To implement an inert matrix fuel composition in
the US commercial LWR fleet, the matrix composi-
tion must be insoluble in water, and should have a
thermal conductivity higher than that found in the
cubic ZrO2. Preliminary property tests and fabrica-
tion trials by Medvedev [8,9] at the Idaho National
Laboratory have indicated that the performance of
a dual phase MgO–ZrO2 matrix may be able to meet
the requirements of the AFCI LWR fuel program.
The AFCI LWR fuel development program intends
to fabricate and test a variety of fuel MgO–ZrO2 com-
positions in an irradiation campaign in the Advanced
Test Reactor located at the Idaho National Labora-
tory in late-2006. The test will contain both IMF
compositions and MOX fuel compositions for com-
parison. Some of the tested compositions will also
include americium and neptunium to investigate the
effect of minor actinides on the fuel matrices.

Fuel compositions actually employed in LWR
transmutation fuels will be significantly affected by
what TRU streams can be easily extracted in the
separations process. The ‘conventional’ streams
are Pu (which might not be allowed from prolifera-
tion concerns), Np + Pu (which is considered to
have enhanced proliferation resistance; this fuel will
result in some Am being present from the decay of
241Pu after separation through fabrication and prior
to reactor insertion), and Np + Pu + Am. Current
plans do not envision the inclusion of curium. Table
1 presents a summary of the currently planned fuel
compositions in the LWR-2 test series.

The MgO–ZrO2 dual phase ceramic provides a
combination of the properties of MgO and of
ZrO2 that may be able to fulfill the goals of the
US LWR transmutation fuel program. When com-
bined in the dual phase ceramic, the high thermal
conductivity of MgO tends to overcome the poor
thermal conductivity of ZrO2, Medvedev [9]. The
addition of MgO to ZrO2 in significant quantity



Table 1
Proposed MOX and MgO–ZrO2 compositions to be included in the LWR-2 irradiation test

Description Composition

2 pins MOX composition at high burnup PuO2–UO2

2 pins IMF replacement to MOX matrixa PuO2–MgO–ZrO2

2 pins IMF replacement to MOX matrix, Np additiona (Pu,Np)O2, MgO–ZrO2

2 pins MOX, Np, Am additions (Am,Pu,Np)O2–UO2

2 pins IMF replacement to MOX, Np, Am additionsa (Am,Pu,Np)O2, MgO–ZrO2

a The fissile phase of the inert matrix compositions is envisioned to be separate from the dual phase MgO–ZrO2 phase, although it is
know that (Pu,Am,Np)O2 will tend to dissolve in the ZrO2 phase.
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has been found to increase the thermal conductivity
of the matrix material greater than standard UOX
or MOX fuel compositions. The stability of ZrO2

in water tends to overcome the dissolution of
MgO in water. Having the ability to balance the
thermal conductivity of the fuel with the capability
for dissolution makes the MgO–ZrO2 ceramic a
leading candidate for an inert matrix material.
MgO and ZrO2 both are known to have acceptable
irradiation performance and demonstrating the
performance of a Pu-bearing MgO–ZrO2 fuel com-
position with additions of AmO2 and NpO2 will
facilitate selection of this composition for further
development as a transmutation fuel for LWRs.

Due to the fission efficiency of reactor-grade plu-
tonium the use of burnable poisons will likely be
required to control excess reactivity throughout
the fuel life, control the power distribution within
an acceptable range, and provide additional Dopp-
ler feedback in inert matrix fuel compositions.
Erbium oxide may be added to the inert matrix fuel
compositions to achieve these objectives. Porta and
Asou [10], recommend less than 3 wt% additions of
erbia to the fuel matrix since additions of erbia tend
to decrease thermal conductivity. Medvedev [9]
measured a depression in thermal conductivity of
MgO–ZrO2 with erbia additions and therefore these
additions must be balanced.

To study these issues, a neutronic/thermal-
hydraulic/transient screening analysis is conducted.
The following sections present the analysis method-
ology and the results as applied to inert matrix
compositions of interest with emphasis on the
MgO–ZrO2 system.

2. Analysis

To screen candidate inert matrix fuel compositions
for potential use in LWRs an integrated methodology
is used which considers neutronic, thermal-hydraulic,
and transient/accident aspects. This paper presents
the results of this screening analysis performed on
one of the above inert matrix compositions (Amx,
Pux, Npx)O2–MgO–ZrO2, and compares the results
to an analysis performed in a previous study by Todo-
sow et al. [11] which considered the same fuel with
UOX, ZrO2, and SiC matrix materials.

The reference core for this analysis is a typical
4-loop Westinghouse PWR with a thermal power
of 3400 MW and 193 17 · 17 fuel assemblies. The
reference fuel is low enriched (<5 wt%) 235U, ura-
nium oxide capable of achieving an 18-month cycle,
and a typical fuel management strategy with 3-
batches, and once through then out with geological
repository storage for the discharged spent nuclear
fuel. Neutronic calculations are limited to an infinite
array of fuel assemblies, and ‘colorset’ geometries
that model the four neighboring quadrants of four
neighboring assemblies. Fig. 1 is a colorset geome-
try representing 3-UOX assemblies and 1-IMF
assembly. Note that the IMF assembly (upper-right)
assumes an annular fuel rod with a central plug to
compensate for the possible lower thermal conduc-
tivity of the inert matrix. While this is true for a
pure ZrO2 matrix, it may not be necessary with
other matrix materials as discussed earlier. The
IMF fuel in all cases is assumed to contain Np,
Pu, and Am in oxide form, with an isotopic distribu-
tion characteristic of the discharge fuel from an
advanced LWR with a burnup of 51 MWd kg�1,
after 5-years of cooling and post-fabrication. The
isotopic vector for 5-year cooled, recycled TRU is
provided in Table 2; alternate vectors with curium
separation performed at 10 and 20 years of cooling
are also provided for reference. The neutronics cal-
culations are supplemented by steady state thermal-
hydraulics, and selected system transient/accident
analyses. Using the results of theses analyses, preli-
minary conclusions can be drawn regarding the
viability of proposed IMF with respect to conven-
tional (Pu-only) and modified (e.g., Np + Pu,
Np + Pu + Am) MOX, and UOX fueled cores.



Fig. 1. MCNP colorset geometry for 1-IMF assembly and 3-UOX assemblies.

Table 2
Plutonium, neptunium, and americium isotopic vector (%) in
(51 MWd kg�1) spent UO2

Cooling time (years) Isotopic abundance (%)

5 10 20

Isotope
238Pu 2.376 2.284 2.112
239Pu 47.924 47.927 47.948
240pu 22.674 22.759 22.890
241Pu 10.669 8.390 5.190
242pu 6.646 6.647 6.651

241Am 3.400 5.682 8.892
242mAm 0.007 0.007 0.007
243Am 1.518 1.518 1.519

237Np 4.786 4.786 4.790
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2.1. Neutronic analysis

The reactor physics calculations presented here
were carried out with the BOXER lattice physics
code [12] with nuclear data based on JEF1.1. The
BOXER code and models have been extensively
benchmarked against several standard nuclear
design codes, with a variety of nuclear data libraries
to qualify its use for these analyses. The analyses
include evaluation of the moderator temperature
coefficient (MTC), Doppler coefficient, soluble
boron reactivity worth, coolant void coefficient,
and control rod system (CR) reactivity worth, and
reactivity vs. burnup. Rod-wise power distributions
and kinetics parameters are also determined for use
in the thermal-hydraulic and safety analyses. Kine-
tics parameters include: prompt neutron lifetime,
delayed neutron fraction, and decay constants.

2.2. Thermal analysis

The thermal-hydraulic performance of a 3-UOX/
l-IMF ‘colorset’ assembly configuration was evalu-
ated by using the COBRA-EN code [13]. Minimum
departure from nucleate boiling ratio (MDNBR) is
used as a figure of merit for the margin to thermal
limits in the hottest or highest power region of the
core. The thermal conductivity of the fuel matrix
does not enter into this analysis due to the steady
state nature of the heat transfer. The MDNBR
generally depends on the temperature of the clad
surface at steady state which is dependent upon
the heat generation rate in the fuel.

2.3. Transient/safety analysis

Transient/safety analyses are performed using
the RELAP5-3D systems computer code [14] mod-
eling selected scenarios taking a 4-loop PWR plant
as the model. Accidents that have been considered
include: (1) a loss of coolant accident (LOCA) in
the cold leg of the primary loop; (2) loss of primary
flow; and (3) loss of power transients for a mixed
core containing 3-UOX and 1-IMF assemblies in a
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‘colorset’. Reactor kinetics was modeled by a point
kinetics model with reactivity feedbacks from
moderator void, moderator temperature, and fuel
temperature (Doppler effect). A large-break loss of
coolant accident (LBLOCA) was analyzed earlier.
Three factors rise as key measures of inert matrix
loaded core transient behavior; hot pin radial peak-
ing, thermal conductivity, and fuel volumetric heat
capacity. A fuel matrix with low thermal conductiv-
ity will end up having a higher peak clad tempera-
ture during transients (loss of cooling, etc.) due to
its inability to transfer heat effectively to the clad-
coolant boundary. This causes a higher rise in fuel
temperature during the accident progression. Tem-
perature rises higher than that experienced in stan-
dard UOX fueled reactor cores may compromise
the safety envelope and therefore inert matrix fuel
development generally focuses on inert matrix mate-
rial compositions having thermal conductivity
equivalent to or higher than that of UOX matrix
fuel. As noted earlier, annular fuel pellets may also
be used to reduce the maximum fuel temperature.
Other factors such as differences in the reactivity
coefficients, kinetics parameters, and control worths
will have an effect on the progression of the accident
(e.g., power profile, effectiveness of scram, etc.).

3. Results

3.1. Neutronic

Results are shown in Fig. 2 for the burnup in full
power day (FPd) vs. the kinf behavior for several
matrix compositions of interest. Since the actinide
loading for all IMF cases is the same, the results
show that the impact of different matrix materials
on the cycle length is slight.

In addition to the achievable cycle length, typical
reactivity, and control coefficients were also evalu-
ated and are shown in Table 3. The presence of
Pu and other TRU isotopes is known to ‘degrade’
some of these parameters relative to a conventional
UOX fueled system. In particular, the worth of sol-
uble boron and control rods decreases with increas-
ing loading of Pu and other TRU, and at sufficiently
high loadings, the void coefficient becomes positive.
Also shown are results for an IMF assembly with
reactor-grade (RG) plutonium that is based on that
employed in a full-core PWR design proposed by
the Paul Scherrer Institute (PSI), as well as represen-
tative values for a RG–Pu MOX assembly, and
from the safety analysis report. The results show
that, as expected, the most significant impact of
IMF fuel is a reduction in the Doppler coefficient
due to the absence of fertile material like 238U,
and the soluble boron worth relative to conven-
tional uranium oxide fuel; the MTC and void coef-
ficients do not differ appreciably. The results for
zirconium oxide and silicon carbide matrix materi-
als are very similar. The IMF results with TRU
for the MTC, the void coefficient, and the estimated
control rod (Ag–In–Cd) are close to those obtained
by PSI. The Doppler coefficient is less negative,
while the soluble boron worth is more negative than
for the PSI design. These results suggest a TRU–
IMF design similar to that considered here is feasi-
ble/viable for implementation in a LWR. The
behavior for an MgO–ZrO2 matrix is similar to
the other IMF results. These results suggest that
mixed cores of IMF and UOX assemblies are the
most likely implementation approach in order to
keep an existing LWR within its licensed safety
envelope.

3.2. Thermal-hydraulic

Table 4 presents a summary of the primary heat
transfer parameters for the UO2, MgO–ZrO2, and
SiC. The thermal conductivity of the fuel matrix
does not greatly affect the MDNBR analysis due
to the steady state nature of the analyses. The
MDNBR generally depends on the temperature of
the clad surface at steady state which is dependent
upon the heat generation rate found in the fuel.
The heat generation rate depends on the fissile load-
ing and the neutron density found in the reactor
core. Hence, the matrix material generally only
has an effect on the MDNBR as a result of changes
in the power distribution. The analysis conducted
for the purpose of this paper has found that the
matrices of interest do not greatly affect the perfor-
mance of the fuel when compared to a standard
MOX composition. MOX is known however to
generally operate from 200 to 300 K greater than
a comparable UOX composition [6].

3.3. Transient/safety

As illustrated above the general neutronic and
thermal-hydraulic performance of the candidate
IMF compositions does not depend greatly on the
thermal conductivity of the matrix. Thermal con-
ductivity does however, play an important role in
the transient behavior of the fuel and the thermal



Fig. 2. kinf vs. full power day burnup graph comparison between ZrO2, SiC, MgO–ZrO2, and UOX.

Table 3
Reactivity coefficients and control worths for westinghouse 17 · 17 assembly for standard uranium oxide and inert matrix fuels at
beginning of life (BOL)

Reactivity coefficients 4.3 wt% UOX Np + Pu + Am from ALWR PSI IMF MOX
(7 wt% of Pu)

Ref. safety
analysis report(TRU–Zr)O2 (TRU)O2–SiC (RG–Pu–Zr–Er)O2

No soluble boron

Void (pcm (%)�1) �139 �106 �109 �105 �105 –
MTC (pcm K�1) �37 �33 �33 �35 �41 0 to �72
Doppler (pcm K�1) �2.5 �1.3 �1.4 �1.8 �2.9 �5.2 to �2.5
Boron worth (pcm ppm�1) �8 �3.1 �3.1 �2.4 �2 �16 to �8
Estimated 61 CR worth (% Dq) �10 �6 �6 �6 – �9.0 (BOC)

to �8.5 (EOC)

500 ppm of soluble boron

Void (pcm (%)�1) �94 �85 �90 �88 – –
MTC (pcm K�1) �24 �26 �27 �30 – –

EOL: end of life, BOL: beginning of life, BOC: beginning of cycle, EOC: end of cycle, MTC: moderator temperature coefficient.

Table 4
Fuel material thermal-hydraulic characteristics

Parameters PWR (UO2) IMF (ZrO2/MgO) IMF (SiC)

Hot pin radial peaking ratio 1.674 (1.5678 · 1.068) 1.980 (1.5678 · 1.263) 1.980 (1.5678 · 1.263)

Thermal conductivity, (W m�1 K�1) 5.14 (at 616 K) 5 (constant)a 25.12 (at 673 K)
2.98 (at 1200 K) 16.12 (at 1273 K)

Volumetric heat capacity, (J m�3 K�1) 3.14 · 106 (at 673 K) 4.22 · 106 (constant) 3.37 · 106 (at 600 K)
3.44 · 106 (at 1373 K) 4.01 · 106 (at 1200 K)

a Value held constant for this analysis due to uncertainty in the currently available data.
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conductivities of the proposed compositions vary
significantly. Thermal conductivity generally gov-
erns the rate at which decay heat is transferred to
the clad/coolant boundary and hence affects the rate
at which a reactor core cools or heats up during a
transient scenario. The three accidents analyzed
for this paper illustrate the potential impacts of
introducing IMF into an LWR. Key results are dis-
cussed to demonstrate the influence of performance
parameters on the progression and consequences of
various accident scenarios.

To illustrate the behavior of the candidate IMF
materials, Fig. 3 shows a comparison between peak
clad temperature (PCT) for the hot pin for a UOX
loaded core and the hot pin for the IMF materials
in a mixed UOX/IMF core using materials, ZrO2–
MgO and SiC under a loss of coolant accident
(LOCA).

In a mixed UOX/IMF core, the relative magni-
tude of the PCT in the IMF and the UOX hot
assembly is a direct consequence of the core power
distribution. In the RELAP5 model, the hottest fuel
pin shares the same coolant channel with the rest of
the fuel pins in the hottest fuel assembly. Thus the
PCT is a function of both the pin power and the
hot assembly power which determines the bulk cool-
ant temperature experienced by the hot pin. Accord-
ing to the result of the ‘colorset’ calculation each
UOX assembly generates more power than the sur-
rounding IMF assembly. On the other hand the
peak fuel pin in the ‘colorset’ is found in the IMF
assembly. Thus the hottest fuel pin in the core is
located separate from the hottest fuel assembly in
the core. The RELAP5 results indicate that the
maximum PCT in a LOCA occurs in the hottest
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Fig. 3. Peak clad temperature for hot pin comparison between
UOX assembly in a mixed core. Because of the
lower power in the IMF assembly the PCT for
IMF is lower than the corresponding PCT for the
UOX assembly.

In comparing the PCT for the UOX fuel in a
mixed core and the PCT for the UOX fuel in a stan-
dard PWR it is noted that the pin-wise power distri-
bution is more uniform in the fuel assemblies of a
standard PWR. This results in the UO2 fuel in a
standard PWR having a lower PCT than that for
the UOX assembly in a mixed core.

In addition to LOCA, two additional transients
have been analyzed for the mixed UOX/IMF cores
and a standard PWR UOX core. The two transients
are loss of power and loss of primary flow. Fig. 4
shows the PCT behavior with time under loss of
power and loss of primary flow scenarios. A loss
of power transient assumes tripping of the primary
pumps, the turbine and the main feedwater pumps,
followed by a reactor trip. After 75 s from the reac-
tor trip only the emergency feedwater pump is
assumed to inject emergency feedwater to the four
steam generators. The PCT in this transient experi-
enced an initial decrease after the reactor trip fol-
lowed by a slow increase due to a reduction in
heat removal by the steam generators. The upward
trend of the PCT was finally mitigated by the injec-
tion of emergency feedwater that restored the heat
removal capacity of the steam generators.

A loss of primary flow transient was initiated by
a trip of the primary pumps at time zero, followed
by a reactor trip at 87% flow. There was about a
5 s delay in the reactor trip while the core flow is
reduced due to the pump trip. With a decrease in
core flow the core coolant temperature began to
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Fig. 4. Peak clad temperature for hot pin for loss of power and loss of primary flow transients.
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rise. The negative moderator temperature coeffi-
cient then added negative reactivity to the core.
This was reflected in a downward drift in core
power before the reactor trip shown in Fig. 5. It
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Fig. 6. Core average fuel temperature under loss of flow (LOF).
is also of interest to note the responses of the fuel
temperature for different fuel compositions. In gen-
eral a fuel with higher thermal conductivity will
have a lower fuel temperature as shown in Fig. 6
indicative of its ability to transfer heat to the
clad/coolant boundary.

4. Conclusions

The results of the neutronic performance analysis
show that there is no significant difference in the sys-
tem criticality due to the matrix materials consid-
ered (ZrO2, SiC, or MgO–ZrO2) assuming an 18-
month operating cycle.

• Other matrix materials such as Zr–metal or
ZrO2–CaO are potential candidates for addi-
tional consideration if the neutronic behavior is
similar to that exhibited by the materials used
in this study.

• The matrix material composition and fissile load-
ing should be defined basing on thermo-hydraulic
analysis (heat flux, DNBR, and fuel central-line
temperature). The mechanical behavior of the
fuel compositions under irradiation must be
determined because the discharged accumulated
burnup is very high and there is a high volumetric
heat source in the fuel.

• The choice of matrix materials is affected by
whether a once-through or recycle scenario is
desired.

The results for the reactivity coefficients and
control worths show that the soluble boron worth
of IMF is lower (very similar to MOX case) than
for UOX standard fuel. In addition, the IMF fuel
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has significant low Doppler coefficient. Using a
burnable poison (BP) based on Er2O3 resonance
absorber to significantly increase the Doppler coef-
ficient will require compensating for the reduction
in criticality with increased fissile loadings which
may adversely affect other coefficients. Mixed
UOX/IMF cores may be required to ensure that
the reactor remains within its operational and safety
envelope. Full three-dimensional simulations of
mixed cores must be performed to confirm these
results. Initial transient analysis shows that ZrO2

IMF fuel has higher peak clad temperature than
UOX and SiC IMF fuel. The MgO–ZrO2 thermal
conductivity can be adjusted by varying the MgO/
ZrO2 ratio and measurements indicate that the
achievable thermal conductivity is higher than the
5 W m�1 K�1 used in the calculations for this study.
Initial analysis indicates that a 50/50 wt% mixture
of MgO–ZrO2 results in peak clad temperatures
similar to UOX.
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