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INTRODUCTION 
 
The Advanced Test Reactor (ATR), located at the 

Idaho National Laboratory (INL), is one of only a few 
high-power research reactors of its general type in the 
world.  Its capabilities support a variety of missions 
involving accelerated testing of nuclear fuel and other 
materials in a very high neutron flux environment, 
medical and industrial isotope production, and several 
other specialized applications.  Along with its companion 
critical mockup, the ATR Critical Facility (ATRC), the 
ATR is one of the key nuclear engineering research and 
testing facilities within the US Department of Energy 
(DOE) National Laboratory Complex. The ATR and 
ATRC also serve as the centerpieces of the ATR National 
Scientific User Facility (NSUF), whose purpose is to 
facilitate the current trend toward broadening application 
of the ATR beyond its traditional base.  

Under the current long-term DOE policy and 
planning scenario, both the ATR and the ATRC will be 
reconfigured at an appropriate time to operate with low-
enriched uranium (LEU) fuel.  This will be accomplished 
under the auspices of the Reduced Enrichment for 
Research and Test Reactors (RERTR) Program of the 
Global Threat Reduction Initiative (GTRI), administered 
by the DOE National Nuclear Security Administration 
(NNSA).   

Conversion of the ATR and ATRC will involve 
major changes in the neutronic characteristics of both 
reactors.  The effort requires extensive computational 
reactor physics support for the following areas:  
engineering trade-off studies of various candidate LEU 
fuel elements, final engineering design of the preferred 
fuel element configuration, support of prototype testing in 
ATRC, initial LEU core startup of ATR itself, and follow-
on operational support of ATR on a new, LEU-based fuel 
cycle.  

A number of activities related to LEU fuel design for 
the ATR are underway at INL.  The primary focus has 
been on computational and experimental materials 
performance studies for uranium-molybdenum 
composites.  Experimental work has been supplemented 
by a number of computational RERTR fuel studies to 
determine potential performance of different fuel designs 
covering a broad range of fuel characteristics [1-5].   

The analyses completed to date have provided a basic 
understanding of the anticipated performance of an ATR 

loaded with LEU fuel.  With this knowledge in mind, 
guided by materials performance and fabrication 
technology issues, INL’s efforts in FY-13 focused on a set 
of five candidate designs.  Two of these designs were 
quickly eliminated due to fabrication and performance 
issues.  Controlled trade-off studies were initiated to 
evaluate the remaining three concepts, with the goal of 
down selecting to a preferred candidate design.   

This paper will describe the scope of work performed 
at INL in the physics evaluation of candidate LEU fuel 
designs, and will describe the results of analyses 
completed to-date. 

 
FUEL DEVELOPMENT 
 

One of the most significant challenges in fuel design 
for the conversion of the ATR to LEU fuel is the nature of 
reactivity control for fresh fuel.  To be able to run three 
full cycles (typically on the order of 50 days per cycle at a 
core power of 100-120 MWth), ATR fuel elements have 
historically used burnable poisons to control excess 
reactivity.  Power peaking in the current HEU design is 
controlled by the use of burnable absorbers in the 
innermost and outermost four plates of a standard fuel 
element; the boron serves as a poison early in life, but 
more importantly also replaces fuel mass in these plates, 
reducing the net amount of fuel.  Boron loading and 
corresponding fuel displacement are specially tailored to 
obtain desired heat flux distributions within the element.  
The HEU fuel meat thickness is maintained at a constant 
0.0508 cm (20 mils) in all 19 fuel plates.  For LEU fuel, 
however, it has been found that power peaking control 
can be achieved by using fuel foils of variable thickness 
to reproduce the desired power distribution in the fuel 
element. 

Control of the excess reactivity in the current HEU 
design is accomplished by boron integrated into the U-Al 
fuel matrix.  However, for the high density U-10Mo fuel 
matrix, boron cannot be added due to materials 
performance issues (the dense matrix will not 
accommodate helium produced as a function neutron 
capture in 10B).  Studies of the use of a distinct B4C foil 
located outside the fuel meat have been performed; this 
design has been shown to be acceptable from a reactor 
physics perspective, but in addition to fuel failure 
concerns this introduces a manufacturing challenge for 
fuel plate fabrication of what would be essentially a 



seven-layer fuel plate that would be complicated to 
manufacture and thus cost prohibitive. 

More recent analyses have studied the potential for 
reactivity control by either using a borated aluminum for 
fuel element side plates, or by placement of thin cadmium 
wires within the side plates [6].  Three candidate designs 
were chosen for further evaluation based on the earlier 
work: (1) the “Integral Side-plate Burnable Absorber – 
Boron” or ISBA-B design concept uses borated aluminum 
side plates for reactivity control; the “Integral Side-plate 
Burnable Absorber – Cadmium” or ISBA-Cd uses two 
small cadmium wires fabricated into each side plate.  
Finally, an Enhanced LEU Fuel (ELF) design has been 
proposed in which no burnable poison is used in the 
element.  All three designs use variable fuel meat 
thicknesses to control power peaking. 

Use of cadmium wires presents a manufacturing 
challenge, albeit much less than that required for fuel 
element fabrication with boron foils; however, cadmium 
is also of concern for occupational exposure.  Use of 
borated aluminum would add the need to develop a new 
material and test its performance, although borated 
aluminum does have a long history in the nuclear industry.  
Nevertheless, both appear to be promising options from a 
reactor physics performance perspective. 

In the ELF element design, no poison is used to offset 
the initial excess reactivity of the fuel, which is a 
departure from historical HEU fuel designs and other 
LEU designs considered to date.  However, it has been 
recognized that in normal ATR operation, typically on the 
order of 50% of the core loading is comprised of burned 
fuel, and that the reduced reactivity of such fuel can be 
used to offset the excess reactivity of a fresh ELF element 
by adding more burned fuel.  In is important to note that a 
core fully loaded with fresh ELF fuel would require 
additional external reactivity control to be able to meet 
operational excess reactivity requirements; however, the 
core very rarely operates with a core fully loaded with 
fresh fuel; this is usually done only for physics and other 
low power testing. 

The following section describes the analysis 
approach used to evaluate these three concepts (ELF, 
ISBA-B and ISBA-Cd). 
 
ANALYSIS OF CANDIDATE LEU DESIGNS 

 
From a technical performance perspective the 

primary concerns are summarized in a set of functional 
requirements provided in 2008 to the GTRI program by 
the DOE Office of Naval Reactors (NR) [7].  This 
requirements document describes eight performance 
requirements for the ATR LEU core to achieve in order to 
meet NR’s needs.  Five of these requirements directly 
relate to the physics performance of a core loaded with an 
LEU design: 

1) An operational cycle length of 56 days at 120 
MW, 

2) Fast-to-thermal neutron flux ratio within 5% of 
current values in pressurized-water loop test 
locations, 

3) Greater than 4.8xl014 fissions per second per 
gram 235U in a specimen with l gram 235U per 
linear inch in a standard in-pile tube (south 
corner lobes) operating at 60 MW, 

4) 3/1 lobe power split with south corner lobes 
operating at three times the lobe power of the 
northern lobes, and 

5) Gamma-to-neutron flux ratio within +10%/-0% 
of current values. 

Figure 1 illustrates the ATR and its various flux trap 
locations.  The four corner lobes (NW, NE, SW and SE 
are referenced in power split configurations; pressurized-
water loops are located in the N, W, SE and SW positions. 

To evaluate the three design concepts, Serpent [8] 
calculations were performed using a core configuration 
based on a fresh fuel benchmark developed from startup 
testing after the 1994 core internals change-out (94-CIC) 
[9].  The 94-CIC configuration was modeled with three 
exceptions: (1) outer shim control cylinders (OSCCs) 
were rotated to mid-position at 80°, (2) the NW tube was 
loaded with a prototypic experiment in place of the solid 
aluminum dummy described in the benchmark and (3) 
fresh HEU fuel was replaced with a prototypic core 
loading consisting of fresh, once-, and twice-burned fuel 
elements.  Rationale for these changes and details of the 
core loading are described in Ref. 10 with prototypic 
loading illustrated in Fig. 2.  Calculations were performed 
to address items 1-4 of the list of NR functional 
requirements.  The core model was modified slightly to 
evaluate Item 3 by modeling a pseudo experiment 
containing one gram of 235U per linear inch on the SE and 
SW experiment tubes.  Item 5 (gamma-to-neutron flux 
ratios) is currently being evaluated.   

The Serpent calculations described above were 
verified by independent MCNP [11] calculations for a 
subset of fresh fuel evaluations and found to be in very 
close agreement.  In addition, Serpent has been shown to 
match results of the ATR benchmark described in Ref. 9, 
along with element power distributions described for 
startup testing for various OSCC power splits [12].  
Validation of Serpent depletion calculations has been 
performed informally by comparison to other depletion 
calculations; however, a formal qualification of Serpent 
remains to be completed.  This is a requirement of the 
conversion project. 

 
RESULTS 

 
Figure 3 illustrates the core reactivity behavior as a 

function of burnup for a core operated without control 
shim adjustment (OSCCs maintained at 80°, neck shims 



fully inserted) for HEU and the three LEU designs.  This 
plot shows the value of keff for the four fuel types (solid 
markers for the three LEU types, lower half of plot) and 
the reactivity of the LEU fuels relative to the HEU fuel 

(open markers, upper half of plot).  Among the three
batches, the behavior of the reactor is most influenced by 
the reactivity of the fresh fuel elements (18 of 40 elements 
are fresh in this loading).  The HEU fuel, with 

 
 
 

 
Fig. 1.  Cross-sectional view of the ATR core [8]. 

 

 
Fig. 2.  Loading pattern assumed for prototypic cycle 

calculations 
 

 
Fig. 3.  keff  vs. depletion time for prototypic 3-batch core on (left axis) and reactivity difference between LEU designs and 

HEU fuel (right axis). 
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significantly more poison than the three LEU concepts, 
loses net reactivity more slowly; however, LEU fuels see 
a reactivity recovery later in the fuel cycle due to buildup 
of significant quantities of plutonium.  The three designs 
show a maximum reactivity deficit in the range of $2.50 
to $3.50 (varying by design).  This difference would 
likely be addressed by operational controls as it is well 
within the range of control available with existing control 
elements (OSCCs and neck shims); however, addition of 
slightly more fuel to the LEU designs remains an option
to be evaluated. 

Calculations performed to evaluate fission rates in 
southern lobe in-pile tube (IPT) positions show a slight 
reduction in sample fission rates for LEU relative to HEU 
at beginning of cycle (BOC), as shown in Table 1.  The 
reduction is minor, however, and still exceeds the 
minimum level of 4.8 1014 fissions per second specified 
by NR. 

Results of calculations of the fast-to-thermal ratio in 
pressurized loop locations are provided in Table 2 in 
terms of the change in the fast-to-thermal (F/T) ratio 

(assuming a 1.25 eV boundary) for each LEU design 
relative to the calculated ratio for the standard HEU fuel 
design.  These results show that although the change in 
the F/T ratio is within NR requirements at BOC, the 
change exceeds the NR criterion of no more than a 5% 
increase in the ratio.  However, these results are 
misleading; the F/T ratio changes very little (~0.5-1% 
decrease) for the LEU designs over the length of the cycle, 
while there is a 2-3% decrease in the F/T ratio in the HEU 
core.  Since a constant flux ratio is likely more important 
for an irradiation experiment (as seen with LEU designs), 
and LEU fuel meets the 5% change criterion at BOC, it is 
felt that these results are consistent with the intent of NR 
requirements. 

Calculations for lobe power splits show very little 
change, although a slightly higher power split (~3.1:1) is 
obtained with LEU fuel, primarily due to the fact that the 
three LEU designs are less reactive than HEU, requiring 
more OSCC rotation to obtain a critical state, resulting in 
a greater power split.  Calculations of gamma-to-neutron 
flux ratios are not yet complete. 

TABLE 1. Fission Rates in HEU Plug for Power Normalized to a 60 MW Lobe Power. 

 

TABLE 2. Percent Change in Fast to Thermal Flux Ratio  
From HEU Case for the Four Pressurized Loop Locations. 

 



Details of calculations described here are provided in 
Refs. 13-15. 

 
CONCLUSIONS 
 

Three-dimensional Monte Carlo reactor physics 
calculations have been performed to assess the 
performance of candidate LEU fuel designs relative to the 
current HEU core.  Although small differences are 
observed in the relative performance of each fuel design, 
all candidates meet the functional requirements set forth 
by NR to address acceptability for LEU conversion (with 
the exception of gamma-to-neutron flux ratios, for which 
calculations have not yet been completed).  For the most 
part, LEU fuel design behavior appears to be more a 
function of the spectrum of the LEU fuel than the specific 
attributes of the different LEU designs.  Thus, this work 
in and of itself has not been used to disqualify any of the 
three current finalists from a future down-select toward a 
final conceptual design. 

However, these analyses serve as only a portion of an 
ongoing trade study being performed at INL for 
evaluation of candidate designs.  Serpent-based Monte 
Carlo calculations have been performed to provide heat 
source terms for RELAP5 3D core thermal-hydraulic 
calculations and detailed SINDA thermal-hydraulic 
calculations for limiting hot-channel locations, for a 
variety of postulated accident scenarios.  Finally, 
irradiation of prototypic designs and determination of 
performance limits for U-10Mo fuel and burnable poisons 
are ongoing, and will be used along with the results of this 
work in selecting the best candidate for a conceptual fuel 
design.  The selected option will then be optimized and 
further refined to be able to best meet all anticipated 
safety and mission requirements. 
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