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Standard Contract Disclaimer

This is a technical presentation that does not take into account the contractual 
limitations or obligations under the Standard Contract for Disposal of Spent Nuclear 
Fuel and/or High-Level Radioactive Waste (Standard Contract) (10 CFR Part 961). For 
example, under the provisions of the Standard Contract, spent nuclear fuel in multi-
assembly canisters is not an acceptable waste form, absent a mutually agreed to 
contract amendment. 
To the extent discussions or recommendations in this presentation conflict with the 
provisions of the Standard Contract, the Standard Contract governs the obligations 
of the parties, and this presentation in no manner supersedes, overrides, or amends 
the Standard Contract.
This presentation reflects technical work which could support future decision 
making by the U.S. Department of Energy (DOE).  No inferences should be drawn 
from this presentation regarding future actions by DOE, which are limited both by 
the terms of the Standard Contract and Congressional appropriations for the 
Department to fulfill its obligations under the Nuclear Waste Policy Act including 
licensing and construction of a spent nuclear fuel repository. 
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Evaluate the behavior of potential transient criticality events in a 
Dual‑Purpose Canister (DPC) disposed in an unsaturated repository to 
further the understanding of neutronic, kinetic, and thermal hydraulic 
characteristics that could be used in evaluating the extent of potential 

adverse impacts on repository performance.

Objective
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 A reactor kinetics calculation with the RAZORBACK code (D. Talley, 2017) 
can illuminate the pulse characteristics given the properties of the spent 
nuclear fuel and infiltrated water along with the reactivity insertion 
characteristics.

 For unsaturated alluvium, the evolution of reactivity as water infiltrates a 
breached canister and degrades neutron absorbers is investigated as a 
necessary precursor to the kinetics analysis. 

 Reactivity insertion is modeled via a series of a steady-state calculations 
with MCNP (T. Goorley, 2014).

Methodology
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 MCNP model has been developed for a 37-PWR DPC with the as-loaded 
configuration of spent nuclear fuel (SNF) from the Zion commercial nuclear 
power station (L. Price et al., 2021).

 Unsaturated conditions are modeled with air and various levels of water 
after canister is breached. There is no backfill gas remaining.

Modeling Process

Stainless steel canister

Carbon steel 
basket with 
neutron 
absorbers

PWR SNF assemblyAir

Water
Stainless steel 
overpack

 MCNP 6.1.1 is used to evaluate 
neutron multiplication (keff) using cross 
sections from Evaluated Nuclear Data 
File Version B - Rev. 7.1 library at 20.45 
°C.

 Perl scripts are used to configure 
evolving geometries and material 
compositions for MCNP input.
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MCNP model accommodates arbitrary water level
37-PWR DPC with SNF inventories* from Zion power plant (t = 22,000 y)

VIEW A: YZ
Nuclide inventory is axially discretized on assembly basis.
Fuel rods are prototypic length and include plenum regions.

B

B

VIEW B: XY
As-loaded configuration of 15×15 

PWR assemblies with stratified 
air+H2O extending across void space 

of canister, basket, and fuel rods

18 nodes per assembly

* From UNF-ST&DARDS and SCALE, courtesy of K. Banerjee (PNNL)

Air

Water
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Neutron absorber plates degrade as water infiltrates

B4C/Al Composite and 
Stainless Steel Retainer 
are Intact above Water

Absorber and Retainer 
are Dissolved when 

Submerged

UO2 + Fission Products

ZIRLO Cladding

AIR

Water Level

Carbon Steel Basket

WATER + DISSOLVED ABSORBER

XY VIEW
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 Infiltration of water leads to an 
increase in reactivity (ρ), but this 
effect is offset with the addition of 
boron from the absorber plates.

 There is a net decrease in reactivity 
(‑2.75    ‑2.92) when the canister is 
full and all the absorber plates 
have dissolved into solution.

 If the absorbers remained intact,  
keff would be 0.87 at the full water 
level.

Dissolution of absorber offsets reactivity effects from water
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 After the canister has filled and the 
neutron absorber plates have 
dissolved, boron precipitates 
outside of the fuel regions.

 As more boron precipitates, the 
reactivity in the DPC rises.

 System is critical (ρ = 0) when 
99.3% of absorber has precipitated 
and is prompt critical (ρ = $1) 
shortly thereafter.

 Maximum reactivity of $6.67

Loss of dissolved absorber to precipitation leads to criticality

Precipitation of Dissolved Absorber
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Drop in water level from heating leads to subcriticality

 With no absorbers remaining in the basket, 
the reactivity of the system drops as the 
water level decreases from the heat of 
criticality.

 Baseline critical water level is found using the 
bisection method
 93.332 cm from bottom of canister

 3.162 cm above the midplane
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 Reactivity points for ≥ 90% B4C precipitation 
are fitted and employed in RAZORBACK as 
series of time‑dependent piecewise curves 
ρ(t) [$] beginning at ρ = $0.

 Kinetics analysis conducted for reactivity 
insertions from $1 to $5 and insertion 
periods between 0.01 s and 10 s.

Implementation in RAZORBACK

Mechanism Feedback Coefficient Units
Doppler broadening in fuel ∂ρ$/∂TF =  ‑0.082/√T $/K
Coolant density reduction ∂ρ$/∂(%ϱ) =  ‑0.285 $/(%ϱ)
Coolant temperature ∂ρ$/∂TW    =  ‑0.011 $/K
Fuel thermal expansion: RF,o ∂ρ$/∂RF,o   = ‑41.757 $/cm
Fuel density changes: ϱF ∂ρ$/∂ϱF     =  +0.980 $/(g/cm3)
Cladding thermal expansion: RC,o ∂ρ$/∂RC,o  = -60.502 $/cm
Cladding thermal expansion: RC,i ∂ρ$/∂RC,i   = +28.891 $/cm
Cladding density changes: ϱC ∂ρ$/∂ϱC     =  +0.851 $/(g/cm3)

Piecewise ρ(t) curves for 1 second insertions.

 Feedback coefficients are 
obtained from steady-state 
calculations with MCNP that 
isolate particular effects.
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Doppler Broadening in the Fuel

 ENDF/B-7.1 cross sections are 
modified with the On-the-fly 
Doppler Broadening (OTFDB) 
code for evolving UO2 
temperature (W. Martin, 2012).

 When collision is scored in the 
fuel, 8th-order interpolations are 
made on an energy grid from 
300 K – 2500 K using the Cullen & 
Weisbin broadening equation.

 Results from MCNP are then fit to 
a T1/2 curve.
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Temperature Feedback in the Coolant

 Reactivity effects are analyzed 
and fitted for infiltrated 
groundwater given 
 rising temperature, and 
 voiding in the saturated state.

 Temperature feedback limited to 
liquid state at 1 atm (gas phase 
transition is ignored).

 Coolant voiding has substantial 
effect on reactivity. Only results 
for 20% coolant density reduction 
are applied to the reactivity fit.
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Modeling the Axial Fission Power Distribution

 Axial fission power fraction 
evaluated using CINDER depletion 
module for fully inundated 
canister with no absorber.

 Time steps analyzed in 
logarithmic steps from 
1 millisecond to 100 seconds for a 
power output of 1 MW.

 Results approximated with 
6th‑order polynomial that was 
then normalized for use in 
RAZORBACK.
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 Results indicate that peak fuel 
temperatures do not rise to an 
extent where the SNF is damaged.

 Refinement needed to complete 
calculations with fast insertions.

 Heat generation may result in 
localized boiling but may not expel 
the full volume of infiltrated water 
in the DPC.

 Doppler broadening is dominant 
feedback mechanism for fast 
insertions, while slow insertions 
show additional effects from 
moderator heating and voiding.

t (s) $1 $3

0.01

P: 1.84E+11 W
E: 2.60E+09 J

MF: 1805.45 °C
MZ: 249.035 °C
MW: 64.340 °C

P: 1.30E+12 W
E: 1.02E+09 J
MF: 922.03 °C
MZ: 70.767 °C
MW: 64.339 °C

0.1

P: 3.93E+08 W
E: 8.12E+08 J
MF: 789.35 °C

MZ: 141.704 °C
MW: 108.074 °C

P: 3.11E+10 W
E: 4.90E+08 J
MF: 549.87 °C
MZ: 75.179 °C
MW: 64.339 °C

1

P: 2.49E+08 W
E: 8.13E+08 J
MF: 789.54 °C

MZ: 141.718 °C
MW: 108.016 °C

P: 1.36E+09 W
E: 1.20E+09 J
MF: 123.57 °C
MZ: 71.940 °C
MW: 64.339 °C

10

P: 2.65E+07 W
E: 3.24E+08 J
MF: 296.50 °C
MZ: 99.392 °C
MW: 81.472 °C

P: 1.18E+08 W
E: 1.26E+09 J
MF: 885.67 °C

MZ: 144.969 °C
MW: 107.735 °C

Kinetics Results
P: Power (W)
E: Energy (J)
    : Simulation did not complete

MF: Max. Fuel Temperature (°C)
MZ: Max. Zircaloy Temperature (°C)
MW: Max. Water Temperature (°C)
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 The modeling framework is being expanded to an 89-BWR DPC with 
various assembly geometries (8×8, 9×9, and 10×10) for as-loaded 
configurations.

 Results will be compared with those from SIMULATE-3K in the related 
study for fully-saturated geology.

 A solid mechanics analysis is being devised with SNL software SIERRA/SM 
and CTH to investigate the effects of the transient criticality energy release 
on the stress field of the canister and surrounding materials.

 Work will refine understanding of reactivity insertion locations, rates, and 
magnitudes.

Continuing Work
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