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ABSTRACT 

 
The primary mission of the Versatile Test Reactor (VTR) is to provide peak fast flux in excess 
of 4.0 x 1015 n/cm2-s to support fuel and material testing. To achieve a high fast flux, it is 
beneficial to maximize the flux peaking in the center of the core. With a single enrichment 
zone, a highly peaked flux distribution produces a highly peaked power distribution. Coolant 
inlet orifices can be designed to handle the peaked power distribution but orifice design can 
be simplified if a more even radial power distribution can be achieved. An approach to reduce 
the power peaking factor is to use enrichment zoning, which would improve coolant flow 
homogeneity. Several alternative VTR core configurations are considered with two enrichment 
zones (15 wt% Pu and 20 wt% Pu). These alternative configurations require more assemblies 
to maintain reactivity than the reference VTR core, which leads to failure to achieve the design 
criterion for experimental fast flux with the target core power. Configurations using 20 wt% 
Pu with different fuel assembly designs having smaller and larger fuel volume fractions are 
also analyzed. The case having a larger fuel volume fraction reduces the number of fuel 
assemblies required for criticality, which keeps the experimental flux higher. Configurations 
with volume fraction zoning can slightly decrease the peaking factor while maintaining the 
desired fast flux, although some thermal hydraulic limits may not be satisfied. Volume fraction 
zoning configurations may offer benefits, but determining the feasibility of these 
configurations requires further thermal hydraulic design and analysis work beyond the scope 
of the present work. 
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1. INTRODUCTION 
 
The Versatile Test Reactor (VTR) mission is to enable accelerated testing of advanced reactor fuels and 
materials required for advanced reactor technologies. As such, the goal of the design is to maximize the 
peak fast flux and the experimental volume exposed to a fast flux above 4.0 x 1015 n/cm2-s. Existing 
Sodium-cooled Fast Reactor (SFR) technology is being leveraged to develop a 300 MWt reactor that 
provides the desired experimental fast flux. [1,2] 
 
The objective of maximizing the peak fast flux is most easily achieved by designing a reactor with a large 
flux gradient. With a single-enrichment core, this leads to a high radial power-peaking. It is possible to 
effectively cool a reactor with large power peaking ratios using different coolant flow restriction in the core. 
However, it is not possible to maintain a constant flow-to-power ratio in all assemblies when large 
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differences in inlet orifice size exist. If the radial power profile and coolant flow are more evenly distributed, 
there could be less deviation from the desired coolant flow rates. Thus, there could be benefits in reducing 
the power peaking of the VTR while maintaining the desired experimental fast flux levels. Using multiple 
fuel enrichments (or fissile fractions) is one of the most effective ways to modify the radial power 
distribution. 
 

2. BACKGROUND 
 
The VTR fuel is a ternary metal alloy of uranium, plutonium, and zirconium. The reference fuel uses 5 wt% 
U-235 low-enriched uranium; the uranium enrichment is not modified in the present work. There is a 
constraint on the plutonium content dictated by prior fuel experience and on the uranium enrichment based 
on existing enrichment capabilities that limits the ultimate performance of the core. The plutonium content 
of the fuel should be no more than 20 wt% and the uranium enrichment is limited to about 5%. These 
requirements are based on previous SFR operating experience with metal fuel, including the Fast Flux Test 
Facility (FFTF) and Experimental Breeder Reactor II (EBR-II). [3]  
 
There are additional constraints placed on modification of the core. Relocation of the control rod and 
instrumented test assembly locations is not permitted, and the overall size of the reactor, including total 
number of assemblies, must not be changed. The only parameters that may be modified are the plutonium 
content of the fuel, the fuel volume fraction, or the number of fuel assemblies. Plutonium weight fraction 
zoning calculations are summarized in Section 3. Changes to assembly design, i.e. fuel volume fraction, are 
investigated in Section 4. 
 

3. ENRICHMENT ZONING WITH REACTOR-GRADE PLUTONIUM 
 
To flatten the radial power shape, there should be a gradient in the fuel enrichment, from low-fissile content 
near the center of the core to the highest fissile content at the periphery. Theoretically, a very flat power 
distribution could be achieved by using several enrichment zones, but this would introduce undesirable 
complications to the fuel fabrication requirements and fuel reloading patterns. For simplicity, configurations 
with two fissile levels are used for initial screening. If certain configurations are identified as potentially 
improving the core performance, these configurations can be refined by introducing a third fissile level. 
 
The base VTR core configuration is shown in Fig. 1. Since the VTR core uses the maximum assumed 
plutonium content of 20 wt%, the heterogeneous loading configurations must use a lower weight fraction 
zone in the center, rather than a higher weight fraction zone on the periphery. The loss in reactivity from 
using lower fissile content fuel in the center of the core must be offset by adding more driver assemblies. 
With a fixed reactor power of 300 MWt distributed over more assemblies, the test fast fluxes are all reduced. 
Thus, it is inherently challenging to satisfy the experimental fast flux design criterion while simultaneously 
reducing power peaking with a lower weight fraction zone. 
 
3.1.  Two-zone Configurations with 15 and 20 wt% Plutonium Content 
 
Important core performance parameters for several two-zone configurations are compared to the base VTR 
core design in this section. These parameters are calculated using DIF3D-VARIANT [4], with P1 treatment 
of the flux, source, leakage, and scattering, 4th and 6th order spatial expansion of the flux and source, and 
33-group cross sections generated by MC2-3 [5]. These configurations are shown in Fig. 2. 

EPJ Web of Conferences 247, 12007 (2021)
PHYSOR2020

https://doi.org/10.1051/epjconf/202124712007

2



 
 

 
Figure 1. Base Configuration of VTR Core (20 wt% Pu, 66 assemblies) 

 

 
Figure 2. Two-zone 15/20 wt% Pu configurations for the VTR core. Clockwise from top left: (i) 

Configuration A: 81 total assemblies, (ii) Configuration B: 92 total assemblies, (iii) Configuration 
D: 108 total assemblies, (iv) Configuration C: 96 total assemblies 

 
The parameters of interest include power peaking factor, experimental fast flux, and average discharge 
burnup. For each configuration, a multicycle calculation is performed with automatic fuel reloading to 
maintain criticality [6]. Starting from a fresh core, the results from the first five cycles are discarded, and 
then parameters are averaged over the next 36 cycles. Beginning-of-cycle (BOC) values are used, but end-
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of-cycle (EOC) values are mostly similar with only a slightly higher experimental flux and slightly lower 
peaking factor.  
 
Important core performance parameters for the various configurations shown in Fig. 2 are compared in 
Table 1. The two-zone configurations are designed to achieve a similar average discharge burnup to the 
reference. The reduction in maximum power from placing lower-enrichment fuel in the center of the core 
is somewhat offset by the reduction in average power caused by the additional fuel assemblies placed at the 
core periphery, which are necessary to compensate for the reduction in reactivity. As a result, the power 
peaking factor is reduced only marginally in the two-zone configurations. The radial power distributions 
for each configuration are shown in Fig. 3. In all two-zone configurations, the peak test fast flux (shown in 
Table 2) is far below the targeted 4.0 x 1015 n/cm2-s. 
 
 

Table 1. Two-zone configuration comparison: Average core performance parameters 

Parameter Single zone  
(base case) A B C D 

Avg. 15 wt% per cycle 0.0 2.7 4.9 6.2 5.8 
Avg. 20 wt% per cycle 15.5 12.8 10.9 10.6 7.0 

Avg. discharge burnup (%FIMA) 4.80% 4.90% 4.80% 4.50% 5.90% 
Max power in 15 wt% Pu (MW) - 4.31 3.92 3.76 3.51 
Max power in 20 wt% Pu (MW) 6.26 4.74 4.14 3.75 3.14 

Minimum power (MW) 2.98 2.35 2.17 2.05 1.58 
15%/20% max power ratio - 0.91 0.95 1.00 1.12 

Average radial power peaking  
(max-to-average ratio) 1.47 1.36 1.34 1.27 1.20 

Average max-to-min  
assembly power ratio 2.20 2.04 1.94 1.82 2.60 

Peak test fast flux (n/cm2-s) 4.42E+15 3.45E+15 3.08E+15 2.96E+15 2.76E+15 
Number of fuel assemblies 66 81 92 96 108 

- with 15 wt% Pu  0 12 24 30 42 
- with 20 wt% Pu 66 69 68 66 66 

 
In some configurations with a large number of fuel assemblies, there is not adequate space for a 
proper reflector region and shield region within the vessel. This is especially true for case D. As a 
result, there may be an unacceptably high fluence on the vessel and activation of materials outside 
of the core in this configuration. This is another reason that this type of configuration is 
undesirable, in addition to the failure to meet experimental flux design criteria. 
 

 
Table 2. Two-zone test fast flux: Average fast flux in experimental locations (1015 n/cm2-s) 

 Single 
zone A B C D 

Inner Test Location 4.42 3.45 3.08 2.96 2.76 
Middle Test Locations Avg. 3.89 3.27 2.92 2.80 2.61 
Outer Test Locations Avg. 2.36 2.36 2.25 2.18 2.15 
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Figure 3. Comparison of radial power distribution for different configurations. Circle marker 

indicates 20 wt % Pu; triangle indicates 15 wt % Pu. 
 

4. ALTERNATE CONFIGURATIONS WITH VARYING FUEL VOLUME FRACTION 
 
Another way to adjust the radial power shape is to use multiple fuel assembly types, each with a 
different fuel volume fraction but the same fuel composition. The fuel volume fraction is the 
proportion of the assembly cross sectional area occupied by fuel. The overall power in an assembly 
is directly related to the flux, fissile fraction, and fuel volume fraction. Assemblies with lower fuel 
volume fraction will have higher coolant volume fraction, allowing more heat transfer and a higher 
maximum assembly power. The converse is true for assemblies with a higher fuel volume fraction. 
Technically, changing the fuel volume fraction may affect the spectrum enough that new broad-
group cross sections are required, but only a single set of cross sections are used for these 
calculations. This may introduce some quantitative error, but it is not significant enough affect the 
qualitative observations and trends highlighted. 
 
Several configurations are evaluated in this section, each with some combination of four fuel types: 
90%, 95%, 100%, and 110% of the reference fuel volume fraction. The fuel volume fractions are 
0.339, 0.358, 0.377, and 0.414, respectively. The configurations considered are shown in Fig. 4. 
 
The core performance parameters are compared to the base VTR core configuration in Table 3. 
The radial power distribution is shown in Fig. 5. The power peaking is reduced marginally, from 
1.47 to (1.30,1.37). The test fast fluxes, given in Table 4, are sufficient in all cases. For 
configuration X the average maximum assembly power in the 110% volume fraction zone is 5.5 
MW, which may be beyond the limit for that assembly type. A more detailed thermal hydraulic 
analysis would be required to make a judgment for configuration X. Configuration X and Z require 
more than 15 fresh assemblies per cycle, while configuration Y only requires 12.3. 
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Figure 4. Fuel type zones for varying fuel volume fractions. Clockwise from top left:  

(i) Configuration W, 72 assemblies, (ii) Configuration X, 60 assemblies, (iii) Configuration Z, 60 
assemblies, (iv) Configuration Y, 66 assemblies 

 
Table 4. Volume fraction (VF) zoning comparison: Average core performance parameters 

 Single zone W X Y Z 
Avg. 20 wt% per cycle 15.5 11.7 5.9 3.9 9.6 
Avg. high VF per cycle 0.0 0.0 7.3 5.4 6.1 
Avg. low VF per cycle 0.0 3.9 2.0 3.0 0.0 

Avg. discharge burnup (% FIMA) 4.80% 4.96% 4.73% 5.98% 4.57% 
maximum power (MW) 6261.3 5166.7 6175.7 5778.1 6540.8 
minimum power (MW) 2984.5 2530.4 3290.6 3058.6 3358.7 

Avg. radial power peaking 1.47 1.36 1.30 1.33 1.37 
Avg. max-to-min power ratio 2.20 2.12 1.83 1.85 1.94 
Peak test fast flux (n/cm2-s) 4.42E+15 4.01E+15 4.45E+15 4.16E+15 4.53E+15 
Number of fuel assemblies 66 72 60 66 60 

- With 110% Fuel VF 0 0 36 36 30 
- With 100% Fuel VF 66 60 18 18 30 
- With 95% Fuel VF 0 0 6 12 0 
- With 90% Fuel VF 0 12 0 0 0 
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Figure 5. Radial power distribution for volume fraction zoning. Circle marker indicates reference 

VF; square marker indicates high VF; diamond marker indicates low VF. 
 
 

Table 3. Six-zone test fast flux: Average fast flux in experimental locations (1015 n/cm2-s) 
 Single 

zone 2 zones W 2 zones X 2 zones Y 2 zones Z 
Inner Test Location 4.42 4.01 4.45 4.16 4.53 

Middle Test Locations Avg. 3.89 3.65 3.98 3.75 3.99 
Outer Test Locations Avg. 2.36 2.42 2.50 2.38 2.49 

 
 

5. CONCLUSIONS 
 
The goal of this work is to explore whether the performance of the VTR core could be improved by using 
multiple enrichment zones or multiple fuel types. The VTR fuel design uses a single fuel composition with 
ternary U-20Pu-10Zr fuel. The uranium enrichment is 5 wt% U-235. The plutonium content of the fuel is 
capped at 20 wt% because there is not sufficient prior operating experience with metal fuel under relevant 
conditions to support ternary alloys with higher plutonium content. This limit constrains the possible range 
of alternate configurations, thereby limiting the effectiveness of using several fissile levels. Only 
heterogeneous configurations with average plutonium content lower than 20 wt% are possible; these require 
adding fuel assemblies to maintain reactivity, which flattens flux shape along with the power shape. As a 
result, it is not possible within the constraints of this study to simultaneously achieve both (1) the reduced 
power peaking sought in enrichment zoning and (2) the design criterion of 4.0 x 1015 n/cm2-s fast flux in a 
test assembly. 
 
Flattening of the power shape through variation of the assembly fuel volume fraction was also attempted. 
This approach was more effective than the fissile content zoning approach. All four configurations achieved 
mildly reduced power peaking while maintaining the required test fast flux. In cases X and Z, there may be 
unacceptably thin margins between the assembly powers and their designed limits. Case Y appears to meet 

0

1

2

3

4

5

6

7

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0

A
ve

ra
ge

 A
ss

em
bl

y 
Po

w
er

 (M
W

)

Distance From Center [cm]

1 zone 2 zones W 3 zones X 3 zones Y 2 zones Z

EPJ Web of Conferences 247, 12007 (2021)
PHYSOR2020

https://doi.org/10.1051/epjconf/202124712007

7



 

 

all of the criteria, with a high average discharge burnup and sufficient test fast flux, and the radial peaking 
factor is reduced by 32%. However, there is a slight reduction of the maximum fast flux observed. 
 
Overall, flattening of the flux shape is somewhat undesirable because to maintain similar peak performance 
(in the central test location), the overall core power would need to be increased above the desired 300 MWth. 
None of the configurations with multiple enrichment zones achieve the design criterion for test fast flux. 
All of the multiple assembly type cases achieve the desired fast flux, but the peaking factor is not reduced 
enough to make manufacturing several fuel compositions worthwhile. 
 
Fissile content zoning would be more effective if one or both of the two fuel composition constraints (on 
uranium enrichment and plutonium weight content) were relaxed. If higher enrichments could be used, the 
power shape could be flattened and the number of fuel assemblies could be slightly reduced or kept the 
same.  At a constant total core power, this would allow a lower peaking factor while maintaining a high 
experimental fast flux in the central test location. 
 
If the total core power could be increased marginally above 300 MW, then the fast flux could effectively be 
scaled up by a similar ratio to the power scaling. This would make it easier to meet the fast flux criterion 
with a lower fissile content zone in the center of the core. 
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