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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 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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Presenter Notes
Presentation Notes
Be mindful of geologists comprising the main portion of the audience. 

RAZORBACK is a transient analysis code developed at Sandia to simulate the responses of research reactors to various reactivity changes, and has been used for safety analyses of the Annular Core Research Reactor facility at SNL. 

The behavior of the reactivity insertion of key importance and must be relevant to the characteristics of the unsaturated system.

Monte-Carlo N-Particle

Topical report from 2003.



 A reactor kinetics calculation with the RAZORBACK code (D. Talley, 2017) 
can illuminate the pulse characteristics given the thermal 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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Presenter Notes
Presentation Notes
The power pulse from a postulated transient criticality event in a Dual-Purpose Canister (DPC) may introduce mechanical insults that can affect the integrity of the canister and/or buffer.




 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 
absorber plates

PWR SNF assemblyAir

Water
Stainless steel 
overpack

 MCNP 6.1.1 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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Presenter Notes
Presentation Notes
No spacer grids, control rods, guide tubes, or other assembly hardware are included in the model, and the basket is highly simplified. This makes the porosity ≈ 75.5 %.

Make sure to tell the audience about the seven basket levels here or on the next slide.

Mention that in this design, the absorber plates alternate by welded tube, leaving 21 assembly channels with B4C plates.

S[α,β] scattering active for water.

Water and air properties are calculated from the IF97 equation of state and CoolProp open-source library, respectively. Temperature kept at 20.45 °C to match ENDF cross section evaluations. UO2 density of 10.2 g/cc.

Perl scripts were made special to this application and are not related to the WORM code developed at LANL.



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 fuel nodes

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

Air

Water
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Presenter Notes
Presentation Notes
Calendar year 22,000 => peak after 20,000 years assuming emplacement in year 2000.

Axial fidelity allows for incorporation of spatial variation in enrichment. Will be of value for fission power fraction investigations with CINDER.

Make sure to tell the audience about the seven basket levels by this slide.

From Halim Alsaed:
The SCALE computer codes and sequences relevant to the depletion calculations and generation of isotopic concentrations are the Transport Rigor Implemented with Time-Dependent Operations for Neutronic depletion (TRITON) for ORIGEN library generation and ORIGAMI for the development of discharge and decayed isotopic concentrations.  The TRITON two-dimensional depletion sequence is used to perform depletion calculations that generate one-group cross section libraries for all unique fuel assembly designs with a range of fuel operating conditions.  These one-group cross section libraries are then used by ORIGAMI for generation of isotopic number densities. TRITON, which is a 2-D depletion module, replaced the 1-D depletion module I mentioned over the phone (SAS2H) that we had used in the past. 



1. The breached canister is filled with atmospheric air and pure water 
infiltrates in increments. 

2. Per given water level, the wetted portion of the neutron absorber plate is 
dissolved and the boron content of the water is modified.

3. Water infiltrates until the canister is full and all absorber plates have 
dissolved homogeneously into solution.

4. The dissolved absorber components precipitate outside of the fuel in the 
basket, leaving the SNF exposed to fresh water and resulting in a critical 
state.

5. The water level in the canister is decreased via heat emitted from 
criticality until a subcritical state is attained.

Scenario for reactivity insertion
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Presenter Notes
Presentation Notes
Be mindful of “dissolved,” B4C disintegrates and doesn’t really dissolve. MCNP effectively models degradation as a dissolution. Cannot realistically model heterogeneous fragments.

Water-filled DPC with all B4C precipitated outside of fuel region gives the full excess reactivity of the DPC. 



Neutron absorber plates are dissolved as water infiltrates

Intact B4C/Al 
composite and 

Stainless Steel retainer

Absorber and retainer 
are dissolved below 

water line

UO2 + Fission Products

ZIRLO cladding

AIR

Infiltration Level

Carbon steel basket

WATER + DISSOLVED ABSORBER

XY VIEW
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Presenter Notes
Presentation Notes
The stainless steel retainers have low volume and the study is simplified by ignoring those components in the solution.

Helium and gaseous fission products assumed to be retained in UO2 matrix.



 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 rise to 0.87 at the full 
water level.

Dissolution of absorber offsets reactivity effects from water
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Presenter Notes
Presentation Notes
keff begins at 0.26654 and ends at 0.25494. 

Blackness effect, any thermalized neutron that is favorably absorbed will be absorbed on the surface of the plate, while interior of plate is essentially a bystander. Dissolving B4C increases the macroscopic cross section of boron. 





 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
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Presenter Notes
Presentation Notes
Initial keff of 0.25494 and final keff of 1.04. 
Criticality at  99.2623 %
Prompt criticality at  99.3887 %

ORNL study had keff of 1.0403 with the basket. The keff was 1.10 when ignoring the basket altogether. 



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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Presenter Notes
Presentation Notes
84.269 cm from lowest fuel surface, or 52.24 vol% of internal canister volume wetted.

Tell audience that water level is dropping moving from left to right on the x-axis.




 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 =  -0.088/√T $/K
Coolant density reduction ∂ρ$/∂(%ϱ) =  -0.260 $/(%ϱ)
Coolant temperature ∂ρ$/∂TW =  -0.009 $/K
Fuel thermal expansion: RF,o ∂ρ$/∂RF,o = -41.822 $/cm
Fuel density changes: ϱF ∂ρ$/∂ϱF =  +0.981 $/(g/cm3)
Cladding thermal expansion: RC,o ∂ρ$/∂RC,o = -56.471 $/cm
Cladding thermal expansion: RC,i ∂ρ$/∂RC,i = +36.071 $/cm
Cladding density changes: ϱC ∂ρ$/∂ϱC =  +0.351 $/(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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Presenter Notes
Presentation Notes
Zr fires, oxidation among cladding/fuel interactions that must be considered. No behaviors exceeding such limits. Cladding temperatures exceeding 1200 K. 

Material properties for fuel and cladding were obtained from reactor accident modeling code manuals. This included thermal conductivity and specific heat. Fluid properties (water or helium) were obtained from IF97 or CoolProp. In this presentation, water is assumed to fill the gap between the fuel and clad. It should be noted, however, that prototypic SNF would not have a considerable gap if any at all. This was done to test thermal expansion feedback in RAZORBACK. 

Voiding coefficient is an integrated mean, as the reactivity behavior versus steam quality was non-linear and required a special fit.



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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Presenter Notes
Presentation Notes
DB test was initiated wt 300.5 K to remain with energy interpolation bounds of OTFDB. Density of 9.96420216E-01 g/cc at 1 atm. No axial fuel discretization!



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, and the 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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Presenter Notes
Presentation Notes
The water properties in the coolant analysis are obtained from the International Association for the Properties of Water and Steam (IAPWS) Industrial Formulation 1997 (IF97) for the Thermodynamic Properties of Water and Steam (Wagner et al. 2000). 

The two-phase analysis is applicable for the temperature range from 273.15 K to 647.096 K and the pressure range from 611.22 Pa to 22.064 MPa, which correspond to the transition from the triple point to the critical point. 

The single-phase analysis is restricted from 0°C to 100°C for the 1 atm scenario, as the transition from liquid to steam is sufficient to suppress criticality. 

A scenario can be devised where the breach is sealed after water infiltrates the canister; this would allow for pressure build-up, which would expand the temperature range of the liquid phase for the Doppler broadening analysis in the coolant. 

The analysis could proceed at increasing temperatures and pressures along the saturation line up to 617.94 K and 15.5 MPa 



 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 $2 $3

0.01
P: 4.59E+12 W
E: 5.66E+09 J

MF: 1645.81 °C
MZ: 72.064 °C
MW: 64.96 °C

P: 4.81E+12 W
E: 3.72E+09 J

MF: 1023.37 °C
MZ: 68.955 °C
MW: 64.96 °C

P: 2.62E+12 W
E: 1.77E+09 J
MF: 505.19 °C
MZ: 66.830 °C
MW: 64.96 °C

0.1
P: 6.77E+09 W
E: 6.08E+08 J
MF: 268.76 °C

MZ: 103.641 °C
MW: 80.20 °C

P: 1.71E+11 W
E: 1.06E+09 J
MF: 331.53 °C
MZ: 67.658 °C
MW: 64.96 °C

P: 1.47E+12 W
E: 5.37E+09 J

MF: 1649.42 °C
MZ: 77.458 °C
MW: 64.96 °C

0.5
P: 2.71E+10 W
E: 1.80E+09 J
MF: 634.16 °C

MZ: 138.656 °C
MW: 103.81 °C

P: 1.42E+11 W
E: 5.32E+09 J

MF: 1633.33 °C
MZ: 274.278 °C
MW: 96.78 °C

P: 2.72E+11 W
E: 3.65E+09 J

MF: 1182.88 °C
MZ: 78.570 °C
MW: 64.96 °C

1
P: 1.78E+08 W
E: 6.27E+07 J
MF: 85.33 °C

MZ: 75.866 °C
MW: 67.47 °C

P: 2.27E+10 W
E: 1.56E+09 J
MF: 563.98 °C

MZ: 135.016 °C
MW: 99.74 °C

P: 7.76E+10 W
E: 3.70E+09 J

MF: 1188.93 °C
MZ: 184.107 °C
MW: 113.51 °C

5
P: 2.42E+06 W
E: 3.84E+07 J
MF: 79.82 °C

MZ: 75.697 °C
MW: 68.29 °C

P: 4.95E+06 W
E: 2.16E+07 J
MF: 69.07 °C

MZ: 67.829 °C
MW: 66.07 °C

P: 1.21E+07 W
E: 2.19E+07 J
MF: 140.94 °C
MZ: 94.133 °C
MW: 74.31 °C

10
P: 4.97E+06 W
E: 1.05E+08 J
MF: 67.09 °C

MZ: 66.258 °C
MW: 65.60 °C

P: 2.42E+06 W
E: 3.82E+07 J
MF: 79.67 °C

MZ: 75.599 °C
MW: 68.28 °C

P: 3.39E+06 W
E: 3.24E+07 J
MF: 87.02 °C

MZ: 78.555 °C
MW: 69.13 °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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Presenter Notes
Presentation Notes
Thermal expansion caused simulations to terminate. There are also issues with exceeding bounds of water equation-of-state at 1 atm. ACRR is run at 5 atm while the DPC will be at 1 atm.

Emphasize need for shifting analyses to localized effects (next slide).

By both ignoring the fuel clad gap and the coolant voiding coefficient (i.e. making the coefficient zero), these wayward simulation effects can possibly be avoided. However, in this presentation, I wanted to show all effects active.

The high system-wide reactivity values observed for the 0.01 second insertions were caused by positive reactivity feedback in the coolant that did not become negative until later times; however, by that time, thermal expansion caused the simulation to fail before reactivity could be brought downwards. The voiding coefficient is suspect for contributing unrealistic positive feedback. 

The data set for 0.5 s was also obtained but none of those calculations completed, and are thus not shown for conciseness.



 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 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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Presenter Notes
Presentation Notes
CTH would be needed if energy release is best described as a shockwave. However, initial analysis can assess thermal-fluids state changes in SIERRA/TF.



 D. G. Talley (2017), RAZORBACK – A Research Reactor Transient Analysis Code 
v. 1.0 vol. 1: User’s Manual, SAND2017-10561, Sandia National Laboratories, 
Albuquerque, NM.

 T. Goorley (2014), MCNP6.1.1-Beta Release Notes, LA-UR-14-24680, Los 
Alamos National Laboratory, Los Alamos, NM.

 L. Price et al. (2021), Repository-Scale Performance Assessment Incorporating 
Postclosure Criticality, Spent Fuel and Waste Disposition M2SF-
21SN01030506, SAND2022-7932 R, Sandia National Laboratories, 
Albuquerque, NM.

 W. Martin (2012), “Implementation of On-the-Fly Doppler Broadening in 
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