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INTRODUCTION  
 
The NIST Center for Neutron Research (NCNR) 

supplies neutrons for science by operating a 20 MW D2O 
moderated and reflected tank-type research reactor, the 
NBSR, that has been operating since 1967.  The high-
enriched uranium (HEU) fuel for this reactor is plate-type 
U3O8 dispersion fuel with an enrichment (U-235 mass 
fraction) of 93 %.  An ongoing effort to convert the reactor to 
low-enriched uranium (LEU) fuel [1] has resulted in a fuel 
element design that uses U-10Mo (alloy with 10 % mass 
fraction Mo) monolithic fuel with an enrichment of 19.75 %.   

In planning for the future, design studies have also begun 
for a 20 MW replacement reactor that would succeed the 
NBSR as the neutron source at the NCNR [2].  The main goal 
is to significantly increase neutron science capabilities, 
particularly those involving cold neutrons, by using a 
compact reactor core and multiple cold neutron cryostats.  
This reactor, for now referred to as the Replacement Reactor 
Concept (RRC), is also designed to use low-enriched U10Mo 
monolithic fuel.   

 
CORE DESIGN 

 
The NBSR has a vertically-split core, with upper and 

lower 28 cm fuel sections separated by a 17.8 cm unfueled 
gap of D2O, that allows to allow beam tubes to view the 
core’s center where the neutron flux peaks.  Each of the thirty 
fuel elements present in the core contain 34 curved fuel plates 
with a 14.0 cm radius of curvature.  This geometry, including 
plate thickness, will be maintained with LEU fuel, although 
the fuel meat will be slightly thinner for the high-density 
U10Mo LEU fuel.  The reactor power level will remain at 20 
MW upon conversion to LEU.  Flux losses to cold neutron 
experiments due to conversion will be mitigated by 
replacement of the existing liquid hydrogen cold source with 
a liquid deuterium cold source [3], scheduled for installation 
in 2023.   

As shown in Fig. 1, the design for the RRC is a compact 
“tank-in-pool” type core, H2O moderated (cooled) and D2O 
reflected, consisting of nine fuel elements each with 21 
curved fuel plates having a 14.0 cm radius of curvature.  
Because of the compactness of the core, fuel elements are 
also designed to contain burnable absorbers in the form of 
cadmium wires, as shown in Fig. 2, to reduce power peaking.  
 The unperturbed neutron flux at locations where cold 
neutron cryostats can be placed correlates with the intensity 

of cold neutron beams illuminating neutron guides.  As can 
be seen in Fig. 3, the unperturbed thermal neutron flux at the 
core midplane in the reflector, as calculated with MCNP6, is 
about a factor of two higher for the RRC than for the NBSR. 
The RRC thermal neutron flux peaks outside the core, 
creating an optimal design for placement of beam tubes and 
cold source cryostats.   

 

 
Fig. 1. The RRC core geometry from MCNP6 model. 
 

 
Fig. 2. The RRC fuel element design. 
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Fig. 3. (top) RRC and (bottom) NBSR core designs showing 
unperturbed thermal flux distribution. 
 
FUEL DESIGN 
 

Fuel characteristic parameters for each of the reactor 
designs are shown in Table I.  The RRC fuel element design 
is similar to the NBSR LEU fuel except for the absence of the 
unfueled gap and the unfueled outside plates, the increased 
fuel meat height and the inclusion of Cd wires as burnable 
absorbers.  Both fuel element designs use Al 6061 as the 
cladding and side plate material and include a 25.4 μm thick 
Zr interlayer on each side of the U10Mo foil. Table II 
compares fuel element parameters for the NBSR and RRC. 
 
TABLE I. Fuel Parameters 

 NBSR 
HEU 

NBSR 
LEU 

RRC 
(LEU) 

Fuel material U3O8-Al 
dispersion 

U-10Mo 
monolithic 

U-10Mo 
monolithic 

Enrichment 93 % 19.75 % 19.75 % 
U density 
(g/cm3) 

1.27 15.4 15.4 

U-235 density 
(g/cm3) 

1.18 3.04 3.04 

 
 
 
 
 

 
 
TABLE II. Fuel Element Parameters 

 NBSR 
(HEU) 

NBSR 
(LEU) 

RRC 
(LEU) 

Number of fuel 
elements (FEs) 

30 30 9 

Number of fuel 
plates per FE 

34* 34* 21 

Fuel dimensions 
(height ×  
width × thickness) 

28 cm ×  
6 cm × 
0.051 cm 

28 cm × 
6 cm × 
0.021 cm 

70 cm ×  
6.5 cm × 
0.025 cm 

Radius of curvature 14.0 cm 14.0 cm 14.0 cm 
U-235 mass per FE 350 g 383 g 726 g 

* 17 fuel plates in each fuel section, upper and lower 
 
OPERATING PARAMETERS 

 
The current NBSR operates on a 38.5-day fuel cycle, 

followed by a refueling with reshuffling and replacement of 
four fuel elements that have been in the reactor for seven or 
eight cycles.  This fuel management scheme results in very 
high fuel burnup, a predictable schedule, and meets scientific 
utilization needs.  The NBSR LEU fuel is designed to exactly 
match that schedule and fuel management scheme. 

The RRC LEU fuel cycle is designed to exceed that of 
the NBSR, being approximately 50 days.  The fuel 
management scheme currently has a simple one-third fuel 
replacement and reshuffling, designed to reduce power 
peaking, as more burnt fuel is placed on the reactor corners 
and edges.   This is schematically shown in Fig. 4.  Access to 
the core via the open light water pool would also allow 
expeditious refueling compared to the NBSR refueling 
operations, which is performed blind, as the D2O cannot be 
exposed to air. 

 

 
Fig. 4. (left) RRC core and (right) fuel management scheme. 
 

Both LEU core designs will use high-density U-10Mo 
monolithic fuel, which is currently undergoing qualification 
testing by the U.S. National Nuclear Security Administration 
[4].  Key considerations in the qualification testing are the 
power densities during irradiations and resulting fission 
densities.  Fuel operation parameters for the NBSR and RRC 
designs are shown in Table III. 
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TABLE III. Fuel Operating Parameters 

 NBSR 
HEU 

NBSR 
LEU 

RRC 
(LEU) 

Cycle length 38.5 d 38.5 d 50 d 
Average heat 
flux (kW/cm2) 0.0593 0.0593 0.116 

Maximum hot-
spot power 
peaking factor 

2.48 2.43 2.21 

Maximum Heat 
flux (kW/cm2) 0.147 0.144 0.257 

Average power 
density 
(kW/cm3) 

2.3 5.4 9.3 

Maximum power 
density 
(kW/cm3) 

5.7 13.1 20.3 

Maximum 
fission density 
(fissions/cm3) 

3.1E21 6.2E21 5.4E21 

 
The envelopes of performance attributes of the U.S. high 
performance research reactorsa are shown in Fig. 5  [5]  It 
should be noted that the power densities of both NIST LEU 
reactor designs is well within that of some other U.S. high 
performance reactors considering U10Mo fuel.  However, the 
maximum fission densities for both the NBSR and RRC are 
considerably higher than other US high performance research 
reactors.     
 Although qualification testing aims to reach targets that 
would cover the NBSR operating parameters, the RRC 
operating parameters appear to be outside of the envelopes.  
Unless the qualification envelope is expanded to 
accommodate the RRC to meet possible fuel qualification 
requirements, the RRC operating parameters would need to 
be modified.  As reducing reactor power is undesirable, 
reduction of fuel foil thickness would decrease excess 
reactivity at cycle startup and, consequently, reduce the cycle 
length and maximum fission density to fall within the 
envelope provided by ATR. This would likely increase 
operating costs. 
 Thermal hydraulic and safety analyses are presently 
being investigated for the RRC.  Additional consideration of 
the RRC coolant velocity may be required to ensure that it is 
supported by the flow test envelope of the U10Mo fuel 
qualification.  
 
CONCLUSIONS 
 
Both the NBSR conversion core and the NCNR Replacement 
Reactor Concept core are designed to use high-density U-
10Mo monolithic fuel.  Assuming that testing of this fuel 
under the operating parameters of each reactor design is 

successful in qualifying it for use, it will be a suitable fuel for 
meeting both safety and neutron science requirements.   
 

  
Fig. 5. U.S. High Performance Research Reactor Operating 
Envelopes (modified from Ref. [4]). 
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ENDNOTES 
 
a Those reactors considering U10Mo LEU fuel are the MIT 
Reactor (MITR), the Missouri University Research Reactor 
(MURR), the NBSR, and the Advanced Test Reactor (ATR).    
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