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ABSTRACT 

As part of a larger study involving several organizations, the Advanced Neutron Source 
(ANS) Project made performance calculations for 19 different combinations of reactor core 
volume, fuel density and enrichment, power level, and other relevant parameters. These 
calculations were performed by Idaho National Engineering Laboratory (TNEL) and Oak Ridge 
National Laboratory (ORNL). Subsequently, ORNL analyzed 14 other cases. 

With the aid of data from these 33 cases, we have been able to correlate the most important 
performance characteristics (peak thermal flux in the reflector and core life) with fuel enrichment, 
fuel density, and power. The correlations permit us to investigate additional cases without going to 
the expense of doing completely new neutronics calculations for each new one and can be used to 
prepare curves showing the effects of different enrichments and of different fuel densities within 
the entire range from existing technology to the very advanced, as yet undeveloped fuels that have 
been proposed from time to time. 

INTRODUCTION 

The Advanced Neutron Source is a new laboratory for neutron research proposed for 
construction at Oak Ridge. The neutron source is a 330 MW(f) heavy water-cooled and reflected 
research reactor. As designed, the entire facility* occupies about 40 acres and includes (1) a guide 
hall/research support area containing most of the neutron beam experiment systems, shops, and 
support facilities; (2) a reactor containment building housing a neutron source (330 MW(f) heavy-
water research reactor) and selected scientific research facilities; (3) an operations support building 
with the majority of the plant systems; (4) an office/interface complex providing a focused entry 
point for access control, offices, and administrative support facilities; and (5) other site facilities, 
including an electrical substation, a cryogenic compressor building, heavy-water cleanup and 
upgrade equipment, a diesel generator building, and user housing. The technical objectives of the 
project are shown in Table 1 and are realized in the baseline design by a 330 MW(f) reactor cooled, 
moderated, and reflected by heavy water. 2 The design is constrained by the requirement that 
technical risks should be minimized by basing die reactor on known technology. Specifically, die 
design should not rely on the development of new technology to meet the minimum design 
criteria. 



Table 1. Project technical objectives 

To design and construct the world% highest flux research reactor for 
neutron scattering 

— 5—10 times the flux of the best existing facilities 

To provide isotope production facilities that are as good as, or better 
than, the High Flux Isotope Reactor (HFIR) 

To provide materials irradiation facilities that are as good as, or 
better than, HFIR 

The overall reactor system concept involves many passive safety features designed to 
reduce risk. The baseline core consists of annular elements similar to the elements of the Institut 
Laue-Langevin reactor and the Oak Ridge High Flux Isotope Reactor. However, the two elements 
in the ANS baseline core are of different diameters, and they are arranged coaxially but not 
concentrically (see the left sketch in Fig. 1). In the baseline design, the fuel is a mixture of 
aluminum powder and U3Si2 at a density of 1.7 g U/mL with 93% enriched uranium. 
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Fig. 1. Baseline two-element core and 82.6-L, three-element core. 



These studies 3 ' 4 confirmed earlier calculations which had shown that the baseline core is very 
highly optimized for maximum performance under safe operating conditions and that departures 
from the specifications (e.g., a reduction in enrichment) bring severe penalties. Figure 2 illustrates 
that with a fuel density of 2.2 g U/mL, which is the maximum that all the fuel experts involved in 
these studies considered to be free of development risk for use in a high flux reactor of this kind 
(see Table 2), the neutron flux falls off rapidly at enrichments below 70%, and the core will not 
even go critical for any enrichment below about 45%. Accordingly, we also studied the three-
element configuration, which has greater volume available for fuel, shown on the right-hand side 
of Fig. 1. 
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Fig. 2. Neutron flux vs enrichment for the baseline core design with 2.2 g U/mL fuel density. 

RESULTS 

The baseline two-element core and a three-element design were both optimized in the sense 
that they maximize the peak thermal neutron flux available for a given safety margin between the 
operating power and the incipient boiling limit; these cores are shown in Fig. 3. Reference 5 
describes the way in which these optimized dimensions were derived. During the enrichment 
study, some calculations were also performed on a larger three-element design "...a hypothetical 
example that was constructed to study the physics behavior of a large core. In practice, the design 
would suffer from large and unsafe deflection of the fuel plates due to forces acting on the wide, 
relatively flat, and therefore, flexible plate span."3 The 108-L results are listed in ref. 3 but are not 
discussed here. 

Our data show a good, linear correlation among the product of core life and power, total 
uranium mass at the beginning-of-cycle, and uranium enrichment This correlation is well 
illustrated in Fig. 4. There is also a reasonably good linear correlation among the rendement (or 
ratio of peak thermal neutron flux to reactor power) the fuel enrichment, and the product of reactor 
power and core life, as illustrated in Fig.5. 

Table 3 summarizes the correlations for the two cores shown in Fig. 3. Note that other 
dimensions or configurations would generally have different (perhaps very different) correlations. 



Table 2. Advanced Neutron Source fuel development: uranium density, 
technical risk, and reactor safety 

Uranium 
density 

ig/mLl_ 

BNLfl study 
expert evaluation 

DOE* review of ANSC fuel 
development program Notes 

>6.0 

>4.8 

6.0-3.5 

<3.5 

3.5-1.3 

<22 

1.7 

<10% probability of 
success in development 
program 

50-95% probability of 
success in development 
programs 

95-100% probability of 
success in development 
programs 

Four (of five) panel members 
believe this fuel could be 
qualified with minimal cost 
and schedule impact 

The fifth panel member 
believes that this fuel could 
be qualified with minimal cost 
and schedule impact 

ANS Project calculations show that 
the low thermal conductivity of 
such fuels would necessitate a 
reduced reactor power for safe 
operation 

BNL Panel also found "going to 
fuel loadings of 4.8 g U/mL and 
higher will introduce larger costs 
and uncertainties and require 
considerable development effort" 

Baseline ANS design 
aBNL = Brookhaven National Laboratory. 
*DOE = U.S. Department of Energy. 
CANS = Advanced Neutron Source. 

Table 3. Summary of correlations 
Core MWd vs density and enrichment Rendement vs MWd and enrichment 

67.6-L, two-element 

82.6-L, three-element 

(7822E - 1103) x rhoU - 5100 

(9564E - 931) xrhoU-1780 

2.588 - 4.301 x 10"5 x MWd - 01180 
E 

2.128 - 3.497 x 10"5 x MWd - 0070085 
E 

In order to maintain the availability required by the scientific users, a minimum core life of 
about 17 days is needed. In order to minimize technical risks by staying within the safe operating 
region defined by the project's conceptual design, and to avoid potentially large cost increases 
above the present estimate, our studies concentrated on designs with the baseline power level of 
330 MW or below. A few cases with higher power were studied for completeness rather than as 
practical alternatives. 

The minimum acceptable core life, 17 days, results in a "cliff in the relationship between 
thermal neutron flux and enrichment that is easily seen in Fig. 2. This cliff arises because as 
enrichment is reduced, there comes a point, for any given fuel density, at which the amount of 
2 3 5 T J in the core can no longer sustain the full power of 330 MW(f) for 17 days. At any lower 
enrichment, the power level, and, therefore, the neutron flux, must be reduced to keep the core 
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Fig. 3. Optimal three-and two-element cores. 
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Fig. 4. Correlations for MWd, enrichment, and beginning-of-cycle uranium mass for 82.6-
L, three-element cores. 



Fig. 5. Correlations for rendement, MWd, and enrichment for 82.6-L three-element cores. 

operating for the full 17 days. Because of the larger volume available and the greater surface area, 
which reduces self-shielding, the three-element core can operate at full power with lower 
enrichment. However, its rendement is necessarily lower, and so the neutron flux, our main 
performance indicator, is poorer. This finding is illustrated in Fig. 6, which compares the baseline 
and the modified (three-element, 83-L) designs. 

CONCLUSION 

The correlations show that to avoid falling off the enrichment cliff (i.e., to be able to 
maintain full power for at least 17 days) the baseline core with 20% enriched uranium would need 
a fuel density of about 23 g U/mL, an impossibility because the density of pure uranium is less 
than 20 g/mL. On the other hand, the three-element, 83-L core can use medium enriched uranium 
with existing fuel technology, albeit with a major performance penalty (15-20% less neutron flux). 
Furthermore, as Fig. 7 shows, development of a high, but perhaps still physically realizable, 
density fuel form would permit further reduction in enrichment while still meeting the minimum 
design goals. It is very important to note that, because of the high core power density that is 
inseparable from a high flux beam reactor, whatever fuel is used must be of high thermal 
conductivity, even after burnup, and capable of fabrication with a graded thickness of fuel meat to 
provide power shaping and to avoid unacceptable hot spots or regions. If such a fuel was qualified 
and fabricable, it could be used wim the modified core design when it became available. 
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Fig. 6. Compared with the baseline, die modified design has better performance below 
70% enrichment, because the "enrichment cliff' is postponed, but it has about 17% less flux with 
high enriched uranium (330 MW maximum power, 2.2 g U/mL). 

>B 5' 

w s c 

I 

60 
Enrichment % 
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High risk fuel development. 

Fig. 7. Neutron flux for different fuel densities and enrichments; baseline core design; 17-d 
life; 330-MW maximum power level. 
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