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SUMMARY

The United States Department of Energyds (DOE) Of
Science and Technology Campaign seeks to better understand the technical basis, risks, and uncertainty
associated with the safe and secure disposition of spelgan fuel (SNF) and higlevel radioactive

waste. Commercial nuclear power generation in the United States has resulted in thousands of metric tons
of SNF, the disposal of which is the responsibility of DOE (Nuclear Waste Policy Act of 1982, as
amended)Any repository licensed to dispose of SNF must meet requirements regarding theriong
performance of that repository. The evaluation of {argn performance of the repository may need to
consider the SNF achieving a critical configuration during tretgbosure period. Of particular interest is

the potential for thisituationto occur in duapurpose canisters (DPCs), which are currently licensed and
being used to store and transport SNF but were not designed for permanent geologic disposal. DOE has
been considering disposing of SNF in DPCs to avoid the costs and worker dose associated with
repackaging the SNF currently stored in DPCs into repos#fpegific canisters. This report examines the
consequences of postclosure criticality to provide teehsigpport to DOE in developing a disposal plan.

High-Level Purpose of This Worlké A multiyear effort was initiated to examine the potential
consequences of criticality with respect to laagn repository performance. In thesociatedtudies,
criticality is postulated to occur during the postclosure period in a hypothetical repository containing
DPCs. One of the key challenges is the need to create the modeling tools and techniques that may
eventually be required to either exclude criticality from ofude criticality in a performance assessment
as appropriate. To this end, the study team considered features, events, and processes relevant to
postclosure criticality and moved forward with the development of tools and technigues to model the
potential cmsequences of postclosure steathte criticality as well as transient criticality (Price et al.
2021, 2022). The work on modeling steasdate criticality considered multiple canisters in a repository
scale performance assessment while the work on nmgdeetinsient criticality focused on a single
canister under anticipated repository conditions. This report documents recent advancespimgevelo
these analyses.

Fiscal Year 2023(FY2023) Accomplishments- Key areas of progress with respect to stestdg

criticality calculationsn FY2023include(1) identifying a computer code that might be an appropriate
tool for thermadhydraulic calculations in simulating boiling in a critical DPC, (2) developing a strategy
for modeling thermahydraulicmechanicaprocesses in a critical DPC in whitlfe pressure increase
causes the material external to the waste package to fra@usetting up a repositorgcale simulation

in the hypothetical saturated repository that includes DPCs containing pressurizecacerSNF and
DPCs containing boiling water reactor SNF; changes in transport properties of the backliditarized
rock zone as a result of elevated temperatures; a correctly implemented grid spacer degradation model for
estimating permanent terminat of steadystate criticality; and a variety of criticality start times,
durations, and power levelsnd(4) providinga possible technical basis fdemonstrating that
postclosure criticalitgannot occumn an unsaturated repositoepending on thepecific characteristics
of the repository

With respect to transient criticality calculations, key areas of progress if@udentifyinga computer

code that might be an appropriate tool for investigating transient titjticaanunsaturated repository,

(2) calculating reactivity insertion rates consistent with anticipated postclosure conditions in a DPC, and
(3) demonstrating thdtansient criticality modeling can be simplified by assuming an initial enrichment

of 3 wt%?**U andlocal reactivity insertion with partidéngth control rods.
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Next Stages of This Worki The next stages of this work include (1) further investigating and
developing the tools identified |Y2023work, (2) further investigating the technical basis for
denonstrating that postclosuegiticality cannot occur in an unsaturated repository, and (3) further
investigating ways to simplify transient criticality calculations.
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SPENT FUEL AND WASTE SCI ENC
TECHNOLOGY
POSTCLOSURE CRIANNACAISII BY RESULT

1. INTRODUCTION

The domestic ommercial nuclear powéndustryhas generated thousands of metric tons of spent nuclear
fuel (SNF), the disposal of which is the responsibility ofiimited StatesldS) Department of Eargy

(DOE) (Nuclear Waste Policy Act 1982, as amended [42 U.S.C. 10101 et seq.]). Any repository licensed
to dispose the SNF must meet requirements regarding thedongerformance of a repository used to

di spose of that wastef Nuwcltdarnt Emar gy®OEOSp Oftf i Eee l
Technology Campaign seeks to better understand the technical basis, risks, and uncertainty associated
with the safe and secure disposition of SNF and-tggal radioactive waste. An evaluation of tbadr

term performance of a repository used to dispose of SNF anddvighwaste may need to consider the

SNF achieving a critical configuration. Of particular interest is the potential fasith&tionto occur in
dualpurpose canisters (DPCs), whicle aurrently being used to store and transport SNF but were not
designed for permanent geologic dispoShlould DOE choose to pursue a disposal plan that includes
disposal of SNF in DPCs, betterunderstanithg of the process of postclosure criticalityll be needed.

A multiyeareffort was initiated to examine the potential consequences of criticality with respect-to long
term repository performance. In thesociatedtudies, criticality is postulated to occurrithg the

postclosure period in a hypothetical repository containing DPCs. In the first phase (a scoping phase), the
study team developed an approach to creating the modeling tools and techniques that may eventually be
required to either exclude criticaliffom or include criticality in a performance assessment (PA) as
appropriate; this effort is documented in Price et al. (2019a). In the second phase, the study team
implemented this modeling approach and identified future work, as documented in Pri¢2C:ta4)).

The next step was a repositesgale PA examining the potential consequences of postclosure-stataly
criticality, an effort that included the development of information, modeling tools, and techniques to
support such a PA (Price et al. 202022).In addition,work onbuilding the capability to model

transient criticality progressed, thoutie effortfocused ormodelinga single canister rather than

multiple canisters under anticipated repository conditibhss report represents the cantation ofwork

on modeling postclosure steastate and transient criticalibnd documents the expansion of the

information, modeling tools, and techniques featured in Price et al.,(2022).

This report fulfills the Spent Fuel and Waste ScienceTauthnology Campaign milestones M2SF
23SN01030513 and M2SF24SN01030892

1.1 Background

In 2008, in an effort to initiate the process of constructing a repository for dispoal of SNF atel/Blgh
waste, DOE submitted théucca Mountain Repository License Aggtion (DOE 2008a) to the US

Nuclear Regulatory Commission (NRC). An update to the license application was completed later in the
same year (DOE 2008b) and resubmitted to the NRC in 2009. The license application included a PA
analyzing the longerm perbrmance of the repository consistent with applicable requirements given in
the Code of Federal Regulations (CFR): 10 CFR Part 63 and 40 CFR Part 197. In that PA, SNF was
assumed to be placed in transportation, aging, and disposal (TAD) canisters sjyedé&ghed to
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transport fuel from its current storage location to the repository, store it for aging purposes (if needed),
and dispose it in the repository. These TAD canisters were designed such that the probability of
in-package criticality during theepository postclosure period was sufficiently low to exclude it from
consideration in the PA (DOE 2008b, Section 2.1.2.2). That is, the probability of criticality was less than
one chance in 10,000 of occurring within 10,000 years after disposal.

However the repository was not completed, and TADs were never built. Utilities have continued the
practice of storing SNF in DPCs designed to meet relevant NRC requirements for the storage and
transportation of SNF (10FR Part 72 and 10 CFR Part 71, respectjvélihile DPCs were designed,
licensed, and loaded to preclude the possibilitgribicality during storage and transport of SNF, they
were not designed or loaded to preclude the possibility of criticality during the regulated postclosure
period followingdisposal, which can be up to 1,000,000 years.

A key requirement for assessing the ldagm performance of a repository is that all features, events, and
processes (FEPs) must be included in the PA unless the probability of occurrence of the FEPais below
specified I imit or the consequences of its occurr
be significanto (73 FR 61256). As noted above, fo
in-package criticality in TAD canisters during thesfmbosure period was, by design, less than one chance

in 10,000 in 10,000 years after disposal. Thus, postclosure criticality in TAD canisters was excluded from

the PA based on probability. Based on studies investigating the probability of occurrenpaakdge

criticality in DPCs during the postclosure performance period, it is not clear {patkage criticality in

DPCs can be excluded from a PA based on probability for all geologies (Hardin et al. 2015).

Therefore, if direct disposal of SNF in DPiisa geologic repository is to be considered, the associated
PA for the repository may have to includepackage criticality. DOE has developed a methodology for
addressing the consequences gbdickage criticality during the postclosure period (YMP30G DOE
pursues a disposal licensing strategy that excludpadkage criticality in DPCs from the PA based on

low consequence rather than low probability, DOE will have to demonstrate that the consequences of in
package criticalitarenot significantin terms of repository performance. Alternatively, if the
conseqguences of-package criticality are included in the PA, then DOE must demonstrate that the
regulatory performance standards can still be met. Regardless of the approach, DOE will neltg the ab
to model the consequences of postclosugaickage criticality in terms of repository performance.

1.2 Purpose

One objective of the work described in this report is to develop the capability to include those FEPs that
affect or are affected by postclosicriticality in PA calculations. Another objective is to provide the
results of PAtype calculations that include the occurrence of criticality, including as many FEPs as
possible in the models. The eventual goal is to develop modeling capabilitiearthzd useditherto
exclude criticality from a PA based on consequende orodel the occurrence of criticality a PA if
criticality is to be included. The approach used in this report is consistent with that develieepast
(YMP 2003). The work discussed in this report focysasarily on the consequences of criticality
during the postclosure perioHowe\er,the discussion in Sectighexamines a method for determining a
reasonable reactivity insertion time in the context of a transient critioatiigh is a first step toward
addressing the probability of occurrence of criticalitgd the analyses presented in Se@iérsuggest
that a lowprobability argment might be possible fardeep geologic repository in unsaturated rock
Further limitations on the scope of work are described in Setitin
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1.3 Scope

The approach implemented in the first two phases (Price et al. 2019a,b) and continued here is consistent
with relevant regulations and requirements and uses existing generic models (Mariner et 2DIR)17

as much as possible. The study team ingestd inpackage criticality in DPCs exclusively; that is,

criticality external to the waste package, either in the near field or far field, is not within the scope of this
study. For this report, the only type of waste form considered is commercial ENFCH

The approach identifies conceptual models (SedtiBnfeaturing two different hypothetical repositories

and the occurrence of batkeadystate criticality (low power and long duration) and transient criticality
(high power and short duration). Consistent with
consequence of steagtate criticality is a change in the radionuclide inventohictvcould affect

repository performance; however, other effects of stesaly criticality such as thermal and chemical

effects are considered as well. The same effectsesaiit froma transient criticality. However, for

transient criticality the primg consequence is a sudden power pulse, which might damage neighboring
waste packages, the engineered barrier sydE&8)in the vicinity of the critical waste package, or the

host rock.

1.4 Assumptions

The assumptions discussed below are simplifying or diogrin nature and were made to facilitate the
analyses described in this report.

1.4.1  Assumption 1 & Waste packages fail and criticality occurs.

To facilitate criticality calculations, it is assumed that the waste packages fail, water enters the waste
packages, and the configuration of water and SNF in the waste packages has an effective neutron
multiplication factor Ker) greater than or equal to 1.0. This combination of circumstances forms a
conservative assumption for the purposes of this studypiidbility that these conditions occur is not
calculated, although for the purposes of studying the effects of transient criticality, reasonable bounds on
reactivity insertion time are investigated (Sec#jn

1.4.2 Assumption 2 & Fuel assembly configurations remain intact, but cladding
permits radionuclide transport.

Conservative, yet seemingly paradoxical, fuel conditions are assumed for performing criticality analyses
and repository performance analyses.

For the criticality analyses, it is assumed that the fuel pins and cladding in each DPC remain intact such
that the fuel pins are retained in their original assembly lattice configurations. This assumption is
conservate because it represents the most reactive credible fuel configuration under disposal conditions.
Low enriched fuel (i.e., less than 5 wi%8U) is more reactive in a lumped lattice configuration (i.e., in

fuel assemblies) compared to a homogeneous eoafign. Additionally, commercial fuel assemblies are
designed to be undermoderated (i.e., hydregdissile [H/X] atomic ratio less than optimum).
Configurations involving reduction in fuel pin pitch (i.e., damage to grid spacers) or degraded fuel

(i.e., damaged cladding) are typically of lower reactivity than intact fuel assemblies because they result in
a system that is further undermoderated. Mechanisms that could result in configurations with optimum
moderation (e.g., relatively uniform pin pitch @xysion) or preferentially separate fissile isotopes from
neutron absorbers in the fuel are not postulated in the work described in this report.
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To examine criticality consequences relative to repository performance, the study team assumed that the
claddinghas failed, thereby permitting radionuclides to be released into a breached waste package and to
be transported into the EBS and beyond.

1.4.3 Assumption 3 & Credit for basket neutron absorbers is not taken.

Because of the relatively high corrosion rate of aumibased materials, it was assumed that borated
aluminumbased neutron absorbers in each DPC degrade within tens or hundreds of years once water
enters the DPC. Although borated aluminum corrosion products (g@).ny remain in the DPCs, the
presencef neutron absorber material conservatively was not credited lastbalculations performed

for these analyses. The location of neutron absorber material inside the basket is paramount for criticality
control, and it is difficult to justify whether trabsorber material would maintain its original location

after corrosion over tens or hundreds of years in an aqueous enviroAsdatcribed in Sectiofy a

preliminary effort to bound reactivity insertiomagnitude andatesgivena transient criticalitevent

considers highly stylized scenario involving absorber material falling through a DPC

1.4.4  Assumption 4 & The steady -state criticality events do not oscil  late
between being critical and subcritical.

In the uncontrolled environment of a DPC disposed of in a repository, a criticality event in a DPC is
likely to oscillate between critical and subcritical as fissiadfission heat change the environmental
corditions (e.g., Doppler broadening%fU neutron capture resonances in the SNF; water expands and
boils, reducing moderator density; buildup of fission product neutron poisons stigkedsModeling

this cyclic reactivity in a waste package in a repogiscale model was beyond current modeling
capabilities. Therefore, in the model of a hypothetical saturated shale repository discGesaihin2, it

was assumd that the heat generated by the stesddige criticality event in a DPC is exactly balanced by
heat loss through convection, conduction, radiation, and evaporation, such that there is no cyclic behavior.
In contrast, this assumption was not made in théies described iBection3, which considers an
unsaturated repository whene imsufficient quantity of water in the DPC (i.alow liquid saturatioi

can end criticality event.

1.5 Approach

Two different hypothetical repositories are considered as geologic reference cases in the criticality
analyses discussed in this report: a saturated repository in shale and an unsaturated repository in alluvium.
The approaclo estimating the consequences of stestdye criticality on the performance of the

hypothetical saturated repository involves calculating and comparing the doses to a member of the public
(1) with the occurrence of steadtate criticality and (2) withat the occurrence of any criticality.

Preliminary results of a such a calculation for stestdye criticality in this hypothetical saturated shale
repository indicate that the occurrence of stestdye criticality does not change the calculated dose to a
member of the public compared to the case that does not include the occurrence of criticality (Price et al.
2021). That preliminary work included very few FEPs that had been identified as relevant to repository
performance when a criticalibccurs, so wik in the following year focused ddentifying relevant FEPs
(Alsaed and Price 2020) amttludingsome of theninto the PA models, such as grid spacer degradation
(Price et al. 2022) using a quarterale waste packadeiscal year 2023HY2023 work returned to the
repositoryscale calculations.
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With respect to steadstate criticality in the hypothetical unsaturated alluvial repository, the work
described in this report focused on the relationship between infiltration rate and water dewelsie
package, with the objective of building a technical basis for excluding criticality on the basis of
probability.

The approach to estimating the consequences of transient criticality on the performance of each
hypothetical repository involves calating the range of predicted power over time produced by the
transient criticality and determining whether the pulse of energy could cause mechanical damage to the
engineered or natural barrier. This report gives a range of predicted power that migterategeby a
transient postclosure criticality; the approach to determining the extent of mechanical damage to barriers
is still being developed.

The geologic reference case for a hypothetical repository in saturated shale, or argillite, is illustrated in
Figurel-1. For this reference case, the repository is placed at a depth of 500 m, the emplacement drifts
are backfilled with bentonite as a buffer (Mariner et aL20the drift diameter is 4.5 m, and the waste
package centdo-center spacing is 20 m (Hardin and Kalinina 2016). It is assumed that the hydrostatic
pressure at repository depth is 50 bar; at this pressure, water boils at approximately 264°C (Weast and
Astle 1979). Other characteristics of the host rock are given in relevant subsections of this report and in
Section 4.2.2 of Mariner et al. (2017).

Figurel-2 depictsthe hypothetical reference case for a repository in unsaturated alluvium. The repository
depth is 250 m, and waste drifts are backfilled with crushed alluvium (based on Mariner et al. 2018). The
drift diameter is 4.5 m, and the maximum percolation rateesponding to very wet conditions, is

10 mm/yr. Hydrologic and thermal parameters are given below in relevant subsections and inITable 5
Mariner et al. (2018).
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Waste Package Arg i | I ite
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Sandstone
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Shale/Limestone &Y

Shale

Shale/Sandstone (aquifer) =

Shale/Sandstone E=

Limestone (aquifer) Access Shaft

Shale 8

Sandstone (aquifer) Operations Drift
Limestone (aquifer)

Emplacement Drifts

Figure 1-1. Conceptual Drawing of Hypothetical Reference Case for Saturated Shale/Argillite
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(unconsolidated gravel,
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not to scale

Saturated Zone Access Shaft
Alluvial Aquifer 23
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(consolidated' gravel, Emplacement Drifts
sand, silt, clay)
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Figure 1-2. Conceptual Drawing of Hypothetical Reference Case for Unsaturated Alluvium
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2. MODELING STEADY -STATE POSTCLOSURE CRITICALITY IN A
SATURATED REPOSITORY

The following sectionsliscusshe model of a steaestatepostclosure criticality in a hypothetical
saturated repositorgaection2.1 describes the hypothetical reference saturated repository used in these
analysesSection2.2 outlines the capabilitiesdded to the PFLOTRAN model during FY2023,
Section2.3presents the results of FY2023 repositecale PFLOTRAN calculationSection2.4

describes an evaluation of tools for modeling thesnyalraulic (TH) processes in a criticBIPCin which
boiling occurs, Sectio@.5describes neutronic calculations conducted foritecal DPC inwhich the
pressure buildip could lead to fracturing of the material outside the waste package, , and 3éction
identifies further work needed.

2.1 General Reposito ry Description

The FY2023 simulations addressing steathte criticality use a repositesgale model previously used

in Price et. al. (2021that originally was developed Mariner et al. (2017)Modeling of this hypothetical
repository considers thegiosal of SNF in DPCs in saturated shale, includingfieldrcomponents

such as the waste package, buffiisturbed rock zone (DRZ), shale host rock, and other material layers
(e.g., overburden, sandstone, siltstone, limestdéigiire2-1 shows the full model domain mesh with a
cutout exposing the repository region with finer grid resolution, along with an inset zoom showing a
closeup of the reposbry region colored by material. The halfmmetry model domain is 6,855 x 1,575

x 1,200 m. Most of each domain is discretized into cells as large as 15 m on a side and as small as 1.67 m
(5/3 m) on a side, the latter being within the emplacement dritaissition zones of cells 5 m on a side
exist between the finely discretized emplacement zones and the rest of the domain. The mesh of the
model consists of 6,925,936 cells, of which about 3,000,000 are smaller cells in the repository area.
Figure2-2is a transparent view of the model domain colored by material. The repository (brown) is
500m from the west (left) face of the domain and 515 m beloviafpdéace of the domain. Theaxis is

in the east/west direction, tlyeaxis is in the north/south direction, and #axis is vertical. The domain

is long enough to place a well 5 km down gradient of the repository as shown in the figure and
representeddy teal box (labeled iRigure2-2c). Figure2-3 shows arxi z (vertical) slice through the
repository colored/labeled by material along with an inset zoom at the centermost waste package.

Figure2-4 shows arxi'y (horizontal) slice through the repository colored by material: shale host rock
(gray), DRZ(brown), buffer/backfill (neon green), and waste package (red). The south face aiddle m
domain shown in this figure represents the reflection boundary. Two vertical shafts, one at either end of
the southerimost hall, are gridded; they are about 1,88®ng. The halsymmetry model consists of

42 drifts and 50 waste packages per d@ftlp0 waste packages).

Figure2-5 shows anxi y slice through the repository colored by material and provides a visual of regions
where boiling water m@&ctor (BWR) waste packages are locatedst1/3 region of the repository) as well

as were pressurized water reactor (PWR) waste packages are leeat2(B(region of the repository)

along with twelve labeled whitgrclesrepresenting observation points of interest. The visual also
includes numbering associated with waste packages gratkis and drift number on theaxis. The
blue-shaded BWR region resides in the first 14 drifts starting ow#s¢side of the reposary and

consists of 70@vaste packagedhe darkgray-shaded PWR region includes drifts 14 through 41 and
consists of 1,400vaste package&igure2-6 shows and z (vertical) slice through the centermost waste
packages in the repository colored by material, Sheeded BWRvaste packag®ecations, darigray
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shaded PWRvaste packag®cations, and 6 additional white spheres representing observatios goint
interest in the shale material.

Figure2-7 plots decay heat curves for 49ears, rescaled to 110 years-ofireactor (OoR) from
multipurpose canisters (MPCs3ing a 3Z2PWR (MPG32-162) and 8BWR (MPG89-W047). Thermal
energy (watts per waste package volume; 4,634.8 W initially for the PWR and 5,449.0 for the BWR for
elements representing a single waste package) entering the model domain is updated as afftincgi
according to values in the lookup table.

1. Shale

13. Waste Package

NOTE: Inset zoom on bottom right corner shows a close-up of the repository region colored by Material ID along with mesh
showing the grid cell size at the waste package level.

DRZ = disturbed rock zone

Figure 2-1. Full Model Domain Mesh View with Cutout
Showing the Repository Region and Finer Grid Resolution
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e 1500, 0
Y Axis (M) 1000 o

500 Y Axis (m)

1. Shale
2. Overburden
3. Siltstone
4. sandstone
5. Limestone
6. Lower Shale
7. Lower Sandstone
8. DRZ
2 9. Overburden DRZ
10. Siltstone DRZ
[ 11. sandstone DRz
[ 12. Buffer
13. Waste Package

aterial ID

NOTE: The well is represented by the teal box on the right in (a) and (c).
DRZ = disturbed rock zone

Figure 2-2. Transparent Views of the Model Domain Colored by Material for (a) Full Model Domain,
(b) Zoom View of Repository, and (c) Zoom View at the Well
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~ 2. Overburden
4. Sandstone

> 1. Shale

3. Siltstone

Repository

5. Limestone

R 8.DRZ—e 9 e—12. Buffer
7. Lower Sandstone I

, 13. WP

o X

6. Lower Shale

X Axis (m)

NOTE: Inset zoom on top left corner shows a close-up of the centermost waste package region.
DRZ = disturbed rock zone
WP = waste package

Figure 2-3. Vertical xi z Slice through the Model Domain Colored and Labeled by Material
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a
g
2
5}
=

Buffer

X Axis (m)

NOTE: Inset zoom showing a close-up of four waste packages with spacing dimensions.
DRZ = disturbed rock zone
WP = waste package

Figure 2-4. Horizontal (xiy) Slice through the Repository Colored by Material Along with
Dimensions and Number of Waste Packages
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wp0_n_PWR

wpl n_BWR

wp0_n_BWR wp2_n_BWR

wpl BWR
24 - .
wp0_BWR

wp0_PWR
wp2_BWR

BWR
Region
(700 WPs)

NOTE:

wpl n PWR wp2_n_PWR

PWR
Region
(1400 WPs)

27

The third of the repository region shaded blue corresponds to the location of BWR waste packages, and the two thirds of

the region shaded dark gray corresponds to the location of PWR waste packages. There are twelve labeled white circles
representing observation points of interest, numbering of drifts in the x direction, and numbering of waste packages in the

y direction.

BWR = boiling water reactor
PWR = pressurized water reactor
WP or wp = waste package

Figure 2-5. Horizontal (xiy) Slice through the Repository Colored by Material 1D
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shale2. BWR shale2_ PWR

Shale!

DRZ

Buffer}

shalel BWR shalel PWR WP

wpl BWR wpO_PWR wpl PWR wp2_ PWR Overburden
WpO_i')‘WR : Wp2_BW§ " i - “ Siltstone

a
k<)
S
o
g
o
=

. . Sondstonel
shale0_BWR shale0_PWR
Limestone

Lower Shale

Lower Sandstone

NOTE: The blue-shaded repository region corresponds to the location of BWR waste packages, and the dark-gray-shaded
repository region corresponds to the location of PWR waste packages. There are twelve labeled white circles representing
observation points of interest: (six for waste package locations and six for locations in the shale material layers). In
addition, some drifts under waste package regions are numbered.

BWR = boiling water reactor
DRZ = disturbed rock zone

PWR = pressurized water reactor
WP or wp = waste package

Figure 2-6. Vertical (xiy) Slice through the Centermost Waste Packages
in the Repository Colored by Material ID
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NOTE: Heat sources represent DPCs that are 110 years OoR.
MPC = multipurpose canister

Figure 2-7. Decay Heat Source Curves for 32-PWR (MPC-32-162)
and 89-BWR (MPC-89-W047) Multipurpose Canisters

2.2 PFLOTRAN Model Developments

In FY2023,the FY2022 quartetwaste packagshale model developmenigre ircorporatednto the
repositoryscale model. Thisffortincluded (1) incorporating criticality start timeshe constant power
associated with these start timesticality end times associated with fissile depletion, andiuated
grid spacer degradati mode] (2) resolving criticality startime issue previously seen in Rg22
simulations and(3) extending the smectit®-illite transition model beyond the backfill.

One ofthegoalsfor FY2023includead incorporatimg eight criticality start times and three constant powers
associated with these critical evetitat had been developed in the previous year (Price et al..2022)

Table2-1 andTable2-2 show start times of criticality, constant powers, and the duration of the criticality
event(based on quantity ofdsile materialfor MPC-89-W047 (89-BWR) and MPC32-162 (32PWR),
respectively. Eight start times of criticality were selected from these tables (500; 1,000; 5,000; 10,000;
20,000; 50,000; 100,000; and 500,000 years) to be set up in a single detergimigttion along with

all three constant powers (1, 2, 4 kW). For the initial deterministic simulation, 24 \B&%t packages

and 24 PWRwvaste packagesere randomly selected, and each was set up with one of the possible
configurations based on the 8 stames of criticality and 3 constant powerable2-3 includes the

randomly selectediaste packagesithin the BWR region along with the specific cbmation of

criticality start time and the constant power associatedtivitim Similarly, Table2-4 includes

information forwaste packagesxperiencing a critical event within the PWR regidrh e adielPackage
Nameo col umn i ncl ud emsteipackagehngber designatird, where therfisst dr i f t /
number after Awpo i s dastepatkageumbebie the spefigddrit. he second
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Figure2-5includes the numbering of drifts in tlelirection (0 to 41, total of 42 drifts) and the

numbering of waste packages in thdirection (0 to49, total of 50vaste packaggser drift). The input

deck set up for these criticality combinatiagashown inAppendixA-1 within the
WASTE_FORM_GENERAL blockA total of 48waste packagg24 BWR, 24 PWR) are set up to go
through a critical event at omé the specified combinations previously mentioned and referenced in the
tables above. For all otheraste packagd®,052) in the model domain, a decay heat (either BWR or
PWR) is applied using SOURCE_SINKgpendixA-3), where a FLOW_CONDITION is spei=fl.
WASTE_FORM blocksAppendixA-2) are also specified for eaglaste packageegion, but noncritical
waste packageuse a secondary MECHANISM_CUSTOM block where the inventory is specified and a
CANISTER_DEGRADATION_MODEL is applied.

Thegrid spacedegradation model was recently revised\ie et al. (2023)o provide stronger links to

the source literature and more intuitive input parameters. Previoudhcmet al. (2022)PFLOTRAN
simulations using a quartgraste packagshale model shoedcriticality events terminating at extremely
early times whenhie degradation model was active in the waste form process model, which meant a fast
degradation of thgrid spacers. It was found that the cause of the very early termination was a unit error
within the SPACER_DEGRADATION_MECHANISM block in the input dacked to run the

simulation. Regardless, the previous model was revised to conform with implications from the literature
not understood previously. The new approasésscaling based on the thickness of the Zircaloy sheets
comprising the grid spacers. Digdd application of the new model is provided in Sec8dh3 of Nole

etal. (2023).

FY2022 simulations using the quareaste packagshalemodel failed with an error when the start of a
criticality event was set to any time aftef 4ears, and asr@sult all simulations were set up with a
CANISTER_BREACH_TIME of 18 years and CRIT_START of 10years (Price et al. 2022). The

issue causing simulations to fail with a criticality start time other th&y&ars was investigated and
resolved. Previolg within the code, the denominator of the instant release molality formula could go to
zerg which resulted in an infinite value or Nafdusing a simulation failuré his issue was resolved by
adding a small value to the denominator of the fractionsda@mdaving a NaN valudn FY2023,the set

up for theshale deterministic simulatianvolved aninitial criticality start time of 500 years, followed by
theseven other start times previously mentioned.

Both previous shale simulatio(Brice et al. 20212022 incorporateca model allowingsmectiteto be
transformed into illite, resulting in an increase in permeability. In previous FY simulationsmiadsite
to-illite transitionmodel was implemented solely in the buffer materialRGX3simulations ex@nded the
use of this model to both the buffer material and DRZ.
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Table 2-1. DPC (MPC-89-W047) BWR Waste Package Criticality Duration
versus Start for Different Power Levels

Start of Duration of Criticality
Criticality (years)

(vears) 1 kW 2 kW 4 kW
0 236,087 110,932 59,419
100 237,952 108,350 68,911
500 238,935 119,511 83,131
1,000 238,877 109,265 60,841
5,000 233,763 111,981 66,568
10,000 225,109 113,252 62,760
20,000 218,045 117,753 76,551
50,000 193,707 99,681 67,217
100,000 192,513 107,500 64,593
500,000 200,545 105,360 67,013

Table 2-2. DPC (MPC-32-162) PWR Waste Package Criticality Duration
versus Start for Different Power Levels

Start of Duration of Criticality
Criticality (years)

(vears) 1 KW 2 kW 4 KW
0 28,344 13,319 5,188
100 28,568 13,009 5,040
500 28,686 12,710 5,151
1,000 28,679 13,119 5,389
5,000 28,065 13,445 6,251
10,000 27,026 14,411 6,906
20,000 26,178 14,138 7,127
50,000 23,256 12,400 6,258
100,000 22,012 11,070 5,467
500,000 24,077 12,650 6,239
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Table 2-3. DPC (MPC-89-W047) Randomly Selected BWR Waste Packages, Specific Criticality
Start Time, and Constant Power Applied within Single Deterministic Simulation

BWR Waste Waste Package Criticality Start | Constant Power
Package No. Name (years) (kW)
1 wpl2_24 500 1
2 wp7_36 1,000 1
3 wpl0_27 5,000 1
4 wp5_25 10,000 1
5 wp3_12 20,000 1
6 wpl2_47 50,000 1
7 wpl0_37 100,000 1
8 wp8_16 500,000 1
9 wpl 34 500 2
10 wp4_18 1,000 2
11 wpl3_22 5,000 2
12 wp5_49 10,000 2
13 wpl_17 20,000 2
14 wp8_45 50,000 2
15 wp3_7 100,000 2
16 wp6_0 500,000 2
17 wpll 6 500 4
18 wpl3 20 1,000 4
19 wpl2_27 5,000 4
20 wp8_31 10,000 4
21 wpl0_5 20,000 4
22 wp8_38 50,000 4
23 wp3_14 100,000 4
24 wpl_18 500,000 4

NOTE: BWR = boiling water reactor
wp = waste package
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Table 2-4. DPC (MPC-32-162) Randomly Selected PWR Waste Packages, Specific Criticality Start
Time, and Constant Power Applied within Single Deterministic Simulation

2.3 Modeling Results

PWR Waste Waste Package Criticality Start | Constant Power
Package No. Name (years) (kW)
1 wp28_15 500 1
2 wp26_20 1,000 1
3 wp39_17 5,000 1
4 wp31_32 10,000 1
5 wp39_33 20,000 1
6 wp33_43 50,000 1
7 wp38_18 100,000 1
8 wp26_0 500,000 1
9 wp20_27 500 2
10 wp37_6 1,000 2
11 wp32_18 5,000 2
12 wpl9_15 10,000 2
13 wp27_9 20,000 2
14 wp38_30 50,000 2
15 wp24_48 100,000 2
16 wp38_40 500,000 2
17 wp36_36 500 4
18 wpld 8 1,000 4
19 wp20_31 5,000 4
20 wp40_13 10,000 4
21 wp35_23 20,000 4
22 wp23_37 50,000 4
23 wp21_47 100,000 4
24 wp34_14 500,000 4

NOTE: PWR = pressurized water reactor

wp = waste package

Many simulations (~50) of varying complexity were set up, tested, and built upon to incofppthée
use of BWRand PWRwaste package§?) atotal of 48 criticality events in the same repository (24 for
BWR region, 24 for PWR region}3) 8 differentstart times of the critical evers,and(4) 3 different
constant powelevelsassociated with these events. Tweftiyr combinations of possible criticality
events based ohable2-1 andTable2-2 were set up within WASTE_FORM_GENERAL,
WASTE_FORM, and CRITICALITY_MECH blocks.
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The firstset(Figure2-8 to Figure2-14) and second sefigure2-16 andFigure2-17) of results shown
belowstem fromtwo deterministic simulationd he first simulation differed from thesond simulation
in that the seconsimulation includedl) the smectiteo-illite transition model applied to both the
buffer/DRZ materials, (23l waste packagespecified only through the WASTE_FORM blocks,43)
noncritical CRITICALITY_MECHANISM blockwith an applied constant power of 0 kW, andddly
two waste package(oneBWR and one PWR) going through a 1 kW critical event at 500 years.
Simplifications between the first and second simulation were madeseifficainto have the run complete.
The first listed difference was not a simplification but considereelofboth the buffer and DRZ
materialswith the smectiteo-illite transition model. The second listed difference had the second
simulation set up with the WASTE_FORM block for each noncriticdte packagm which canisters
were specified to breach at 11,000 years instead of using the CERIDEGRADATION_MODEL.
The third difference is requirdzbcause othe use of WASTE_FORM block for noncriticahste
packagse instead of SOURCE_SINK blocks. A 0 kW constant power is applied through the
CRITICALITY_MECHANISM block for allwaste packagdha remain subcriticahndis set touse the
inventorydecayheatfor either a BWR or PWR. The fourth difference was a great simplication in that
only twowaste package(one BWR, one PWR) were set to have a 1 kW criticality event at 500 years.
Thefirst simulation was run using 576 processors (16 nodes) on gleigbrmance computgit had a
runtime of about 7 hours before it failed, reaching 504 years simulation time in the first hour of the
runtime. The second simulation was run usifi2 processors 29 nodes)it had a runtime of
~15hours before it was cancellbdcause oftalling at 500.4 years simulation time. Neither simulation
was able to run to the final time of 1,000,0@&rs andas a result, debugging efforts are planned for
FY2024 Nevertleless, results obtained from ~5@@ar simulations are presented here.

Results for the first simulation figure2-8 to Figure2-14 show four views of the model inclung) a

horizontal &i'y) slice through the repository and an isometric view of the model domain at seven times

(0, 0.1, 100, 200, 300, 400, and 504 yedtsich figure is specific to one of the seven tinhegach

figure, the top left viewa) showsanxi y slicecolored by material IDwaste package buffer, DRZ, ad

shale host rogkthetop right view(b) showsthes ame sl i ce col ored by temperat
simulation time thebottom left(c) shows the isometric view of the model showifiyplumes colored by

129 concentrationand lastly the bottom right viegd) shows theqi y slice colored by?9 concenration.

At 0 years Figure2-8), no decay heat is currently being applied, thus initial repository temperature is
28 thanadncentration df¥ (the only radionuclide being tracked) is zero, which is indicated by a
concentration of 1.8 102° M. At time 0.1 yearsKigure2-9), thedecay hea¢mitted byall BWR and
PWRwaste packagecan be seen ithetop right visual andhere isno difference int?9 concentration.

At 100 yearsKigure2-10), a clear difference in repository temperatures due to the BWR (west 1/3 of
repasitory) and PWR (east 2/3 of regitory) regions can be seen in the top right visual\ihgre the

BWR region is noticeablwarmer At 200 yearsKigure2-11), temperatures continue to rise in both
regions, and again the BWR region is kiigher temperature region. By 300 yedfg(re2-12),
temperatures in the repository region continue tq bigeby this time 9 noncriticalaste pakages have
breachedqd BWRs, 7 PWRspecause afhe CANISTER_DEGRADATION_MODEL applied within
thesewaste package The isometric viewt 300 years shows9 plumes, and thgi y slice shows

129 concentrations around9lx 10 * M at the breachedaste package

At 400 yearsigure2-13), temperatures in the repository have not changed janch7 morevaste
packags have beached (3 BWRs, 4 PWRSs). By 504 yed&nigre2-14), 16 additionalvaste package
(6 BWRs, 10 PWRs) have breached, but 6 of them (3 BWRs, 3 PWRsjlaldrerately specified to
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breach at 499 years and have an applied constant power of either 1k¥Y drefer toTable2-3 and

Table2-4). waste packagegoing through a critical event at 500 years are circled and labeled.

Temper at ut? concentjatioa datd at 504 years simulation tarepresented i able2-5 for

the BWR and PWRvaste packagegoing through a critical event at 500 ye#yaste packagawith a
4kWconstant power applied (Awpl1l 6 oexaenedcediighgg36 36 0)
temperatures and a highétl concentrationas would be expected, when compared to otlaeste

package wi th a | ower constant power »cencentgtioadatal i ed. B
differ when comparingesults for variousvaste packagethat have breached by 504 yeaditss

comparison includes both subcritical waste packages that have breached by 504 years (most have

breached by 400 years). Lowé!l concentrations are seen at 504 years for subcritical waste packages

when compared to critical waste packalgesause ofarlier breach times that have allowed for

concentrations to move out of thaste packageegion.Temperature differences betwegaste

package ar e shown to be as high as about 1@®8Bte. These
packagse with a4 kW appliedconstant poweto waste packagdn the same BWR or PWR region

located towards theepositoryedgewheretemperatureare generally lowefThe opposite can be said

when comparing betweeawvaste packagdocatedtowards the center of either the BWR or PWR regions,

where repository temperatures are high@ure2-15 shows the location and name ofwaliste pakages

referenced iMable2-5 andTable2-6.

Results for the second simulation focus on the incorporation of thet@igmectite transition model

within the buffer and DRZ materidfigure2-16 andFigure2-17 show a verticalX 2) slice through the
repository at observation poi nXzviewioltpefepoBithFRad and fAw
0- and 400years simulation time, respectively. Initiallythe time of0 years, the permeability is set to be
1x102°m? and 1x 10 ¥ m? for the buffer and DRZ, respectively. By 400 years, the permeability has
transformed since the applied model is time and tempemddpendent. Within these visuals, the impact
on permeability changes can be seen when comparing temperature differenees be¢ BWR and
PWRwaste package For the BWRvaste packagehe buffer permeability at 400 years is 4.874

10 m? (initially 1 x 102°m?) and 1.413< 10 ¥ m? (initially 1 x 10 ¥ m?) for the DRZ. Similarly, for

the PWRwaste packagehe buffer pemeability at 400 years is 3.26210 18 m? (initially 1 x 102°m?)

and 8.911x 10" m? (initially 1 x 10 ¥ m?) for the DRZ. These visuals show the temperature effects on
the permeability of the buffer and DRZ materjdilgure simulations will apply #hillite -to-smectite
transitionmodel to the shale host rock.

Figure2-18 andFigure2-19 present theasults for ahird simulationin which the repositorgontains

only PWRwaste package For this simulation, thBacuswason gathering results from implementing the
updatedyrid spacer degradath modelFigure2-18 shows two PWRvaste package, Awp6 240 and
Awp21 240, pl ot t-gedrsimuadonWastd mackdgbv@eOBH, 0iON0 t hi s si mul at
set up to have a criticality event®0years with a constant power of 1 kW. Data show, tifédr the

waste packagbreaches, the spaodtality degradation rataverage1/yr) is 1.98x 10 4 1/yr, andthe

spacer vitality percentage reaches nearly zero by 841 yedicsting thathegrid spacers have failed

and the criticality everttascease.

Differing resultsares e e n  f 0240, whishpsZsdt up to have a criticality event at 10,000 years with a
constant power of RW. After this particulawaste packagfils, the spacer vitality degradation rate

average between 10,000 and 1,000,000 yie&83x 1018 1/yr, and spacer vital falls to 0.864 but

never reachezero, meaning that thgrid spacerslid notfail and the criticality event did not ceaag a

result ofgrid spacer failureThat said, the criticality evemtould have ceased as a result of loss of fissile

material Table2-2). Temperature plays a key role in explain
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and why they di doGndgpacef failure is a functiohwfgh2 gene2aficorrosion rate of

thegrid spacer material and is highly dependent on the temperatgrgdfrhenius equationjPrice et al.

2021) Figure2-19 shows temperaturesrfthe twowaste packaggincludinga sudderemperaturepike

due to the occurrence of the criticality event set for b@athte package For Awp6 _ 240, t he |
temperature@ f 2 75 i s r ethedllki\ecdticab evantsettosoecur atf500 yealsearthe time

of the peak temperature due to decay hddt)scombination of circumstancestise reasomgrid spacers

failed in a few hundr e tnuytenperaure reached due vophe driticalig 6, t he
event was 1008®wer hantheeanaximum temperature faraste packagé wp 6 _ 2 4 0 .
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NOTE: Temperature (°C) and *?| concentration ranges have been rescaled over all time steps.
DRZ = disturbed rock zone
WP = waste package

Figure 2-8. Horizontal (xiy) Slice through Repository and Isometric View of the Model Domain at
0 Years Showing (a) Slice of Waste Packages, Buffer, DRZ, and Shale Host Rock Colored by
Material ID; (b) Slice Colored by Temperature; (c) Isometric View of *2°I Plumes Colored by '°|
Concentration; and (d) Slice Colored by ?°l Concentration
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NOTE: Temperature (°C) and ¥I concentration ranges have been rescaled over all time steps.
DRZ = disturbed rock zone
WP = waste package

Figure 2-9. Horizontal (xiy) Slice through Repository and Isometric View of the Model Domain at
0.1 Years Showing (a) Slice of Waste Packages, Buffer, DRZ, and Shale Host Rock Colored by
Material ID; (b) Slice Colored by Temperature; (c) Isometric View of *2°I Plumes Colored by '°|

Concentration; and (d) Slice Colored by '?°I Concentration
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Time: 100.0y
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NOTE: Temperature (°C) and ¥I concentration ranges have been rescaled over all time steps.
DRZ = disturbed rock zone
WP = waste package

Figure 2-10. Horizontal (xiy) Slice through Repository and Isometric View of the Model Domain at
100 Years Showing (a) Slice of Waste Packages, Buffer, DRZ, and Shale Host Rock Colored by
Material ID; (b) Slice Colored by Temperature; (c) Isometric View of *2°I Plumes Colored by '°|

Concentration; and (d) Slice Colored by '?°I Concentration
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Time: 200.0y
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NOTE: Temperature (°C) and ¥I concentration ranges have been rescaled over all time steps.
DRZ = disturbed rock zone
WP = waste package

Figure 2-11. Horizontal (xiy) Slice through Repository and Isometric View of the Model Domain at
200 Years Showing (a) Slice of Waste Packages, Buffer, DRZ, and Shale Host Rock Colored by
Material ID; (b) Slice Colored by Temperature; (c) Isometric View of *2°I Plumes Colored by '°|

Concentration; and (d) Slice Colored by '?°I Concentration
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Time: 300.0 y
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NOTE: Temperature (°C) and ¥I concentration ranges have been rescaled over all time steps.
DRZ = disturbed rock zone
WP = waste package

Figure 2-12. Horizontal (xiy) Slice through Repository and Isometric View of the Model Domain at
300 Years Showing (a) Slice of Waste Packages, Buffer, DRZ, and Shale Host Rock Colored by
Material ID; (b) Slice Colored by Temperature; (c) Isometric View of *2°I Plumes Colored by '°|

Concentration; and (d) Slice Colored by '?°I Concentration
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Time: 400.0y

3.2e+02
300

275
& 250
225
200
175
150
125
100
75

50
2.8e+01

Material ID
Temperature (C)

s s
& b
5 5
i 2

NOTE: Temperature (°C) and total %I concentration ranges have been rescaled over all time steps.
DRZ = disturbed rock zone
WP = waste package

Figure 2-13. Horizontal (xiy) Slice through Repository and Isometric View of the Model Domain at
400 Years Showing (a) Slice of Waste Packages, Buffer, DRZ, and Shale Host Rock Colored by
Material ID; (b) Slice Colored by Temperature; (c) Isometric View of *2°I Plumes Colored by '°|

Concentration; and (d) Slice Colored by '?°I Concentration
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Time: 504.0 y
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NOTE: Temperature (°C) and total %I concentration ranges have been rescaled over all time steps.
DRZ = disturbed rock zone
WP = waste package

Figure 2-14. Horizontal (xiy) Slice through Repository and Isometric View of the Model Domain at
504 Years Showing (a) Slice of Waste Packages, Buffer, DRZ, and Shale Host Rock Colored by
Material ID; (b) Slice Colored by Temperature; (c) Isometric View of *2°I Plumes Colored by '°|

Concentration; and (d) Slice Colored by '?°I Concentration
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Table 2-5. Data for BWR and PWR Waste Packages 504 Years
after Disposal with Criticality Initiated at 500 Years
BWR or PWR Waste Package | Constant Power | Temperature (3 ) | Total 12°1 (M) at
Name (kw) at 504 years 504 years
BWR wpl2 24 1 289 7.5e-03
BWR wpl 34 2 292 1.3e-02
BWR wpll 6 4 320 5.0e-01
PWR wp28_15 1 274 3.5e-04
PWR wp20_27 2 300 1.2e-02
PWR wp36_36 4 315 2.2e-02
NOTE: % concentration is at the specified waste package within the repository, not in the water well.

BWR = boiling water reactor

PWR = pressurized water reactor

wp = waste package

Table 2-6. Data for Selected Breached Subcritical BWR and PWR
Waste Packages 504 Years after Disposal
BWR or PWR Waste Package | Constant Power | Temperature (3 ) | Total *2° (M) at
Name (kw) at 504 years 504 years
BWR wp2_11 0 235 4.0e-04
BWR wpl2_ 25 0 255 3.6e-04
BWR wpll 28 0 256 4.1e-04
PWR wpl9_ 36 0 236 2.7e-04
PWR wp20_22 0 236 2.2e-04
PWR wp39_27 0 215 3.2e-04
NOTE: %9 concentration is at the specified waste package within the repository, not in the water well.

BWR = boiling water reactor

PWR = pressurized water reactor

wp = waste package
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NOTE: Waste packages identified in Table 2-5 and Table 2-6 are circled the xi'y slices (a), (b), and (d). Labels are provided
in (b).

DRZ = disturbed rock zone
WP or wp = waste package

Figure 2-15. Horizontal (xiy) Slice through Repository and Isometric View of the Model Domain at
504 Years Showing (a) Slice of Waste Packages, Buffer, DRZ, and Shale Host Rock Colored by
Material ID; (b) Slice Colored by Temperature; (c) Isometric View of 1?°| Plumes Colored by Total
129] Concentration; and (d) Slice Colored by Total 1?°I Concentration
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NOTE: Observation points of interest are labeled in vertical (xi z) slice in (a) and full xi z view of the repository in (c).
BWR = boiling water reactor
DRZ = disturbed rock zone
PWR = pressurized water reactor
WP or wp = waste package

Figure 2-16. Vertical (xiz) Sl i ce through Repoandtfiovpyy) BPW fAiwp2 _ BWRO
as well as Full xi z View of Repository at 0 Years Showing (a) Slice
of Waste Packages, Buffer, DRZ, and Shale Host Rock Colored by Material ID;
(b) Slice Colored by Permeability; (c) Full xi z View of Repository
Colored by Temperature; and (d) Slice Colored by Temperature
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Time: 400.0 y 1.0e-16
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NOTE: Observation points of interest are labeled in vertical (xi z) slice in (a) and full xi z view of the repository in (c).
BWR = boiling water reactor
DRZ = disturbed rock zone
PWR = pressurized water reactor
WP or wp = waste package

Figure 2-17. Vertical (xiz)Sl1 i ce t hrough ReposiandbfrwpGtPWRWw 2_ BWRO
as well as Full xi z View of Repository at 400 Years Showing (a) Slice
of Waste Packages, Buffer, DRZ, and Shale Host Rock Colored by Material ID;
(b) Slice Colored by Permeability; (c) Full xi z View of Repository
Colored by Temperature; and (d) Slice Colored by Temperature
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Figure 2-18. Waste Package Spacer Vitality Percentage for Two PWR Waste Packages
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Figure 2-19. Waste Package Temperature for two PWR Waste Packages
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2.4 Evaluating TH Tools for Boiling Canisters

This section and the next section (Secfds) focus on processes occurring within a waste package,
rather than on processes occugron a repository scale.

241 Motivation

Accurately modeling the behavior of a waste package undergoing a criticality event requires simulations
of neutron radiation transport (neutronics), isotopic depletion and activation in the fu€H gmdcesses

of the infiltrated groundwater within the canister, as well as potentially other physics depending upon the
details of the scenario being modeled. Of theseThprocesselave proved the most challenging. A

key objective of thdH analysis ig0 accurately calculate fuel temperatures and moderator densities for
feedback to the neutronic calculation. Calculating these quantities is especially difficult ungéaseo

fluid conditions, requiring accurate representation of the following physiheaiomena:

71 Liquid-vapor interface (water level) elevation

T Local nucleate boiling in subcooled liquid at the fuel rod surface
1 Vapor superheating
il

Two-phase boiling heat transfer between the solid structures (fuel rods, basket walls, canister
walls) and theoolant

1 Impact of local coolant density/void fraction on local fuel rod heat generation rate

Liquid water is far denser than vapor: 1,600 times denser at atmospheric pressure and 30 times denser at
5 MPa, which is the hydrostatic pressure imposed on al@PiEd 500 m in a saturated repository. Water

in its liquid phase is an efficient moderator of neutrons, thus supporting fission reactions. Additionally,

the liquid phase is also far more effective at removing heat from the fuel rods than the vapavitibhse,
impacts fuel temperatures. These factors result in moderator reactivity feedback, which impacts not only
the spatial heat generation distribution but also the overall canister criticality. Therefore, accurate
calculation of the overall boiling rate avell as the liquid and vapor spatial distributions throughout the
canister is of high importance.

A primary objective of FY2023 modeling efforts was to determine REL-AHR 6Thie RELAP53D

Code Development Team 2Q14litability for predicting the twphase phenomena listed above. In
FY2022, RELAPS3D was found to provide acceptably accurate predictions under-pingée liquid
conditions within the canister, as compared with-8@@M+ (Benavides et al. 2020). However, after
assessing RELARS D 6 s lities pral peirformance under typase conditions in the FY2023, the
study team found that RELAPID does not provide the necessary modeling capabilities for predicting

the water | evel 6s spati al | ocat i on metricconfigurationi mp a ct

of this system. A review of the capabilities of
code (Jones et al. 2021) provides modeling features more suitable for resolving these phenomena in
DPGs. A detailed discussion andmorting results are presented in the remainder of this section.

2.4.2  FY2022 Full-scale DPC Model

In Swinney et al. (2022), the liquid temperatures (liquid subcooling) over time inside a horizontal quarter
scale DPC canister were calculated using both REE3Pand the STARCCM+ code. This comparison
shows relatively good agreement, indicating that heat transfer was modeled reasonably well in-RELAPS
3D under singlghase conditions. However, additional investigation suggested that it was necessary to
more closly evaluate the applicability of RELAPSD in simulating this model when extending to fwo
phase flow.

a
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Figure2-20 shows a top view of the geometric setup of the assemblies in the FY2022 RBDAPS

model, whileFigure2-21 shows the component layout of the entire RELAEbmodel. The 32
assemblies in the basket were grouped into 3 conc
the DPC. A fourth fluid region was modeled outside the basket, representftatiiegion between the

outermost basket walls and the DPC cylindrical wall. This grouping of assemblies and flow regions was a
logical choice in terms of representing the radial convection and conduction of heat from the more central
assemblies of the DPoutward toward the outer assemblies and outer structures of the DPC. This

grouping scheme resulted in the highest temperature being predicted in the central assemblies with
decreasing temperatures predicted towards the outer radius of the canisteis wiaaxpected impact

of radial conduction and convection.

NOTE: The green, red, and blue lines show the 3 concentric rings used to group the 32 assemblies in the basket.

Figure 2-20. Top View of the Three-Ring Setup Used in the FY2022 RELAP5-3D MPC Model
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Figure 2-21. Component Diagram for the FY2022 RELAP5-3D MPC Model

However, the FY2022 model had a significant shortcoming in that it did nattreally represent a

vertical flow distribution within each flow region, nor the resulting impact of the flow and heat transfer

due to bulk natural circulation throughout the canister. In the REE3IPBomponent layout shown in

Figure2-21, t he four fl ow channels (fAOuter 160, AMiI ddl e
modeled as having a single vertical position and connected at common plena on the left .aXdttigiit

circulation is driven by differences in fluid densities at different vertical positions; therefore, the lack of

axial dependence in the FY2022 RELABB model prevents the representation of natural circulation

throughout the canister.

Natural ciculation/convection is a potentially significant heat transfer contributor that impacts the
predicted canister thermal behavior. The FY2022 RELAP3nd STARCCM+ results showed
reasonable agreement between the codes for gihgige conditions; howevers discussed in the
previous section, twphase conditions introduce significant additional modeling challenges, which can
lead to far larger discrepancies in results than would be seen undemtiagéeconditions. Importantly,
the FY2022 RELAPSD modelprovides no means of predicting the vertical gas/water interface level
within the canister and therefore does not account for the potentially large vertical gradients in
temperature and fluid conditions due to a4{p¥tase mixture.

2.4.3  Full-scale DPC Vertical Pipe Model

The threering core treatment in the FY2022 RELABD model was replaced with a vertical pipe

configuration to realistically model the vertical differences among the assemblies. Although under

expected disposal conditions the canister configamatould be horizontal, it was modeled in RELAPS

3D using a fdvertical pi ped component. The vertica
assemblies (i.e., assembligd415 10, 11 16, etc. shown ifrigure2-22) were grouped as a separate heat

structure and were connected to a separate cell of the pipe, with the two remaining cells representing the
canister volume above and below the assembly basket. Tipecsehe vertical pipe representing the

canister is detailed iRigure2-22, and the heat structure grouping is detaileigure2-23.
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Figure 2-22. Vertical Pipe Setup Used in RELAP5-3D DPC Model
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Figure 2-23. Heat Structure Grouping Scheme Used in RELAP5-3D MPC Model

Under twephase conditions, the vertical pipe modeling scheme allows RERBRS calculate the

water level, either at the boundaries between vertical cellsnoe raction of the way along a cell. This
representation provides a realistic vertical distribution of void fraction and mixture water density that
allows RELAPS53D to accurately determine the local wiahfluid heat transfer coefficient, buoyancy
terms,frictional terms, and other parameters for the fluid solution. It also allows REBBRS provide
realistic, vertically dependent, local fluid mixture densities to the neutronics calculation.

Another advantage of modeling the horizontal canister usiggtal pipe is the ability to connect the

void fraction of the canister to the power level of each assembly row. For example, in reality, the top row
of assemblies (cellsi 4 in Figure2-23) will produce full power when the pipe cell connected to this row

is full of water, and it will produce zero power when the water in the pipe cell has boiled off. While the
model and power tables in RELARB® were set up to followhis behavior, the power level in all

assemblies was ultimately kept constant to more closely match the setup used {€CSIVAR
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A primary drawback of the vertical pipe approach is that it neglects temperature and fluid variations in the
axial direction (i.e., horizontal direction along the length of the fuel rods). The FY2022 model did account
for axial variation, an important effect in the DPC due to the axial power distribution, which is highly
skewed toward one end of the fuel. An approachnfodeling axial and vertical variation simultaneously

is discussed in later sections. However, the vertical pipe approach is presented here as the best available
option in RELAP53D, at least in terms of modeling tvptase conditions.

A small hole on thaide (i.e., the top in this horizontal configuration) of the canister was modeled in
RELAP5-3D using a check valve. This valve was intended to allow steam to exit the system while
preventing liquid water from entering the system. The model boundary sweed to be adiabatic with
no heat being exchanged with the environment outside of the canister wall. This condition was
accomplished in RELARSD by modeling the canister as a pipe without any connection to any heat
structures represeng the canister wihor surrounding rock. A diagram of the RELAB® model is
provided inFigure2-24.

Relevant dimensions and initial conditions for the-fdhle DPC are provided Trable2-7.

\ /.
closeValve closeViv

: 4 —
constant

S=1.0

Figure 2-24. Full-Scale DPC RELAP5-3D Model
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Table 2-7. Dimensions and Initial Conditions for an MPG32 Boiling Case

Parameter Value
Canister Volume (m?3) 7.96
Initial Liquid Volume (m3) 7.20
Initial Liquid Volume Fraction (%) 90.5
Pressure (Pa) 4.5 x 108
Initial Fluid/Gas Temperature (K) 531
Canister Power (kW) 100
Simulation Time (second) 365

2431 StarCCM+ Simulation

In this subsection, the setup used for verification simulations of boiling in a representative canister using
STAR-CCM+ is discussed.

Geometryd In FY2022, a quarter portion of the MFE32 canister, as shown kgure2-25 (left) was

used forcomputational fluid dynamic<CFD) modeling and comparison with RELAR®, under the
assumption of flow symmetry, to save excessive computational cost. However, such an asssimption i
valid only for vertically placed, fully flooded canisters in a repository. The original placement of the
canister is nearly horizontal, with its major axis nearly parallel to the ground, hence the flow is not
expected to be strictly repeatable for eaghrtgr of the canister. Therefore, the previous geometry was
replaced with the geometry shownRigure2-25 (right). The symmetries of flow are still leveraged to

save computational cost; however, this study assumes two vertical planes of symmetry: one plane whose
normal is perpendicular to the roapxisof the canister and another plane whose normal is parallel to the
major axis. The final geometry seerFigure2-25 (right) was selected for this study basgdthe best
tradeoff between physically realizable representation of canister placed in a repository and CFD
calculation expense.

NOTE: The tan rectangle at the back face of the schematic for the current geometry (right) is a visual aid indicating the orientation
of one of the vertical planes of symmetry.

Figure 2-25. Geometries Considered for CFD Modeling: Previous (left) and Current (right)
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Meshd Polyhedral mesh elements were used to discretize tmeaggofFigure2-26) because atheir

ability to easily resolve the complex spacings (imtels, basketo-rod, etc.) and conform to the complex
curvilinear boundarig of the canister geometry with a smaller mesh count. They are also known to have
faster solution convergence compared to hexahedral mesh elements. Two cells were inserted between the
rods to capture the boiling bubble evolution; however, two cells mayenstifficient to resolve intend

TH processeaccurately. Even with just two cells, the total mesh count for the canister geometry
approached 126 million cells; hence, insertion of more cells in therodespacings was not attempted. It

was decideda proceed with this mesh for the simulation.

Figure 2-26. Mesh on a Plane Cutting the Fuel Rods

Setup and Postprocessird A total of 256 cores on the Ridge compute cluster operated and maintained
by the CADES a0ak Ridge National Laboratowere used to conduct the boiling simulatidBscause

of the excessive computational cost involved in conducting a transient simalbsioch a large system,

a variable timestep was adopted. Initially a very low tirsep of 10* seconds was used and was
progressively increased to 0.8dconds. Despite this strategy, the simulation runtime remained
approximately 5 days, and a data 6fel40 GB was generated in the process. The liquid mass loss due to
boiling over time was chosen as the parameter of interest in this comparison. As the liquid level over time
is not easily calculated in RELARID, the liquid mass loss was intended toeexs an analog to the

liquid level over time. Ultimately, the change in the liquid level, which can be calculated from the liquid
mass loss, will be the input to the neutronics calculations.

24.32  STAR-CCM+ Results

The liquid volume fraction, fluidlemperature, and vapor temperature in each pipe cell calculated
usingRELAP5-3D at 365 seconds are providedriable2-8.

The liquid mass loss predicted by each cade compared at an arbitrary simulation time. An analytic
calculation was also performed as a point of comparison; the results for each code and the analytic
calculation are provided ifiable2-9. The liquid mass loss calculated by RELABID generally matched
the value from the analytic solution, but RELABB value was approximately 4 times smaller than the
value predicted by STARCM+. The overprediction of liquid ma$oss by StarCCM+ compared to
analytic solution and RELAP is still under investigation. The excessive computational cost involved in
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performing these simulations prohibited the multiple simulation trials necessary to effectively
troubleshoot the problentherefore, Sectiof.4.4presents a verification study on a simplified small
scale geometry designed to conveniently isolate the root cause of the problem,seklsalation to the
problem, and compare predictions for both codes effectively. Then, a return to tbeatealanister
model could be performed during the final phases of the verification plan.

Table 2-8. Predicted Fluid Properties for Full-Scale MPC-32

Cell Liquid Volume Fraction Fluid Temperature Vapor Temperature
(K) (K)
1 0 530.56 531.05
2 0.67 530.69 531.22
3 0.99 530.66 530.59
4 0.99 530.69 530.61
5 0.99 530.73 530.64
6 0.99 530.78 530.66
7 0.99 530.81 530.69
8 1 530.59 530.71

Table 2-9. Predicted Liquid Mass Loss Comparison for Full-Scale MPC-32

RELAP5-3D RELAP5-3D Star-CCM+ Analytic
Power (kW) 100 100 (25 x 4) 100
Initial liquid mass (kg) 5,673 5,673 (1418 x 4) 5,673
Final liquid mass (kg) 5,649 5,536 (1384 x 4) 5,651
Liquid mass loss (kg) 23.6 137 21.8

2.4.4  Simple Boiling Test Case

Because ofhe lack of agreement in the liquid mass loss between theciilk DPC as modeled in
RELAP5-3D and STARCCM+, a simple test case involving the boiling of water was devised. This
simple boiling test case was intended to remams/enuch complexity from theodel as possible to focus

on the boiling physics in both codd=orthis case, a vertical cylinder of water was modeled using a single
cell in RELAP53D. The cylinder of water was heated by a heating element and the liquid mass lost due
to boiling over ime was monitored.

The RELAP53D model consisted of three main components: a sitejled pipe representing the

cylinder, a valve representing the open face of the cylinder, and-aléipemdent volume representing the
surrounding environment. Heat wagplied to the cylinder through a powered heat structure. A diagram
of the RELAP53D model is provided ifrigure2-27.

Relevant dimensions and initial conditions foe simple boiling case are providedTiable2-10.
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Y 53

Figure 2-27. Simple Boiling Test Case RELAP5-3D Model

Table 2-10. Dimensions and Initial Conditions for Simple Boiling Case

Parameter Value
Volume (m3) 0.021
Initial Liquid Volume (m3) 0.014
Initial Liquid Volume Fraction (%) 65.4
Rod Height (m) 0.18
Rod Radius (m) 0.2
Pressure (Pa) 45 x 108
Initial Fluid/Gas Temperature (K) 530.6

StarCCM+ Simulation Setupd The boiling model, meshing strategy, and quantity compared for both
codes were retained from Sectidd.3for this comparison study. The geometry considered for the
STAR-CCM+ study is provided ifrigure2-28. The dimensions of the geometry and the initial conditions
used for simulation are given Trable2-10. Figure2-29 shows the evolution of bubbles generated on the
rod surface moving in the upward direction due to buoyancy through the water phase. The amount of

vaporgenerated is tracked and deducted from the liquid mass to calculate the liquid mass loss required for
comparison.
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Figure 2-28. Simple Boiling Test Case RELAP5-3D Model

Volume Fraction of Vapor 2
3.45e-08 0.015 >0.03

N -

Figure 2-29. Volume Fraction of Bubbles on a Cut-Section of the Geometry

The liquid mass loss predicted by each code was compared at an arbitrary simulation time. An analytic
calculation was also performed as @pof comparison. The liquid mass loss predicted by each code and
by the analytic calculation are providedTiable2-11. The liquid mass loss predicted by RELABB

matched the value from the analytic calculation, while the liquid mass loss predicted byCEOWAR

was higher than the analytic calculation value in both the simple boiling case and-tral2iIIMPC32
reported in Sectiof.4.3.2andTable2-9. The possible causes of overprediction could be the larger time
step adopted or theaariation of heat of vaporization with pressure, which is held constant for the
StarCCM+ simulation. These possible causes for overprediction will be explored in the future work and
resolved. Field functions will be generated to account for the variatioeat of vaporization with

pressure and will be used to conduct Hiiglelity simulations of more complex test problems for boiling

to verify the systems code (RELAB® or TRACE),given thatanalytical solutions are not feasible.
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Table 2-11. Predicted Liquid Mass Loss Comparison for Simple Boiling Case

Parameters Simple Boiling Case (submerged rod)
RELAP5-3D STAR-CCM+ Analytic
Power (W) 904
Simulation time (second) 386
Initial liquid mass (kg) 10.92 10.92 10.92
Final liquid mass (kg) 10.72 10.63 10.73
Liquid mass loss (kg) 0.20 0.285 0.19

2.45 Two-Dimensional Canister Modeling with TRACE

Because obngoing uncertainty about the applicability of RELABB for simulating critical DPCs,

TRACE was chosen for investigation as a potential thermal analysis code capable of modeling a
horizont al DPC wit h | ithipadiménsibnal8dv elsicelt® dbomp omegnt Ti
TRACE is capable of discretization using a Cartesian coordinate system and is capable of blocking flow
between selected adjacent cells. Therefore, TRACE is better suited to capture the physics of a horizontal
system with channel wallpreventing flow in the vertical direction. This capability allows accurate

representation of both the vertical direction (iaegurate representation of the tploase water level and

local two-phase effects) and axial direction (i.e., accurate repafmnof the axially dependent power

profile) in the DPC canister simultaneously.

Note that RELAPS3D has a 3D vessel capability, but it is restricted to cylindricalH geometry. For

the DPC, the-coordinate would be along the horizontal algaigth of the fuel assemblies, and the polar

(r,— coordinates would be lateral circular cross section of the canister. For the case of a horizontal cask
such as a DPC, the polar geometry makes it impossible to accurately track-fiteaseovater level

because the radial and azimuthal sectors do not align with a given horizontal plane (i.e., cannot accurately
resolve the water level elevation). The Cartesian vessel in TRACE can resolve this elevation accurately,
whether the water level elevation is at bmeindary between two vertical cells or some fraction of

elevation within a given cell.

2451 Two-Dimensional Test Problem

A simplified, two-dimensional (2Dj}est problem similar to a horizontal DPC was devised to investigate
the potential applicability of TRACE. Initially, the test problem consisted of a simple rectangular prism
full of water with a single submerged heat source (similar to the simple bwibdgled in RELAPSD
[Section2.4.4). For various reasons, the following features were also added to the model:

1 Steel channel walls were added around the rodtiogea central fluid channel. These channel
walls were added to prevent flow between specific cells in the vertical direction.

1 Steel walls were added to the faces of the vessel in both the vertical and horizontal directions.
A 300 K boundary temperatureaw established on these walls. The other two vessel faces were
kept as adiabatic. These walls were added to improve the heat removal rate from the fluid vessel;
furthermore, the heat removed through each wall could be compared between each code.
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f Two Aurriezsesr s, 0 model ed as vertical pipes fille
vessel, were placed above the vessel and connected to the uppermost face. The purpose of these
pressurizers was to prevent any large pressure increase in the vedsel flui

1 An axial power profile was applied to the heated rod to intentionally create a flow pattern and a
fluid temperature distribution that would theoretically be similar in both codes. Before switching
to the axi al power pr of ieffeeinwhicRtAeGl&Ed woolldo we d a fihy
arbitrarily start flowing in one direction even though the power profile was initially entirely
symmetric. The axial power profile used for this test problem was adapted frorrcet g8wer
profile used in DPC neutronicslculations (Swinney et al. 2021).

A visual representation of this test problem for TRACE and StarCCM+ is providegure2-30; this
figure shows the four walls tbugh which heat losses were compaitdlsoindicates the five fluid cells
in which temperature changes were compared.

Pressurizer Pressurizer
Basket
Top Wall
Pressurizer Single rod Pressurizer
1 2 3 4 5 - Top wall
© [
= =
& = wall wall
7] o
— =
Bottom Wall Bottom wall

NOTE: Not to scale.

Figure 2-30. Representation of Test Problem: TRACE (left) and CFD (right)

The test problem as modeled in TRACE is showfigure2-31. The TRACE model consisted of a

vessel component connected by single junctions to two pipes representing the pressurizers. A cylindrical
heat structure was used to model the heated rod.rPlaatstructures were used to model the walls
surrounding the central channel and the walls surrounding the main vessel.

Relevant dimensions and initial conditions for the TRACE test problem are providiatle?-12. The
axial power profile is provided ifiable2-13.
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Figure 2-31. Test Problem TRACE Model

Table 2-12. Dimensions and Initial Conditions for TRACE Test Problem

Parameter Value
Vessel Volume (m3) 3.24 x 103
Pressurizer Volume (m3) 5.0 x 104
Channel and Outer Wall Thickness (m) 0.01
Pressure (Pa) 1.01325 x 10°
Initial Fluid Temperature (K) 300
Initial Vapor Temperature (K) 530.6
Total Power (W) 500
Simulation Time (second) 2x10*

Table 2-13. Axial Power Profile used in TRACE Test Problem

Fluid Cell Power Fraction (%) Cell Power (W)
1 89.44 447.2
2 10.09 50.44
3 0.450 2.250
4 0.025 0.124
5 0.001 0.007
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Once base case results were obtained, the TRACE
number of cells in the vessel. Cells were added to various specific areas of the vessel to investigate the
impact of the refined mesh on heat loss through gaxl as well as the fluid temperature in the central
channel. A total of eight cell refinement schemes were compared; each refinement scheme is shown in
Figure2-32. For any case in which the central row of cells was split in the vertical direction, the heat
structure representing the heated rod in TRACE was split to match the vessel cells because TRACE is
unable to connect heat structures to more than one fluidicelltaneously.

Base Case Center
Bottom Bottom-Top
Bottom-Top-Center Left-Right
10-Axial 10-Axial+Bottom-Top

Figure 2-32. Vessel Cell Refinement Schemes Used in TRACE Test Problem

2452 STAR-CCM+ Simulation

The geometry used for the STARCM+ simulation is given ifrigure2-30. A two-phase volume of fluid
method with a Reynold8veragedNavier Stokes (RANS) simulation model was used to predict the
natural circulation and associated heat transfer inside the sy&tenmitial liquid level in the bottom of

the tank was initialized using a field function for the volume fraction of the liquid. The variation of water
density with respect to the temperature was accounted for using steam tables from The International
Association for the Properties of Water and Steam (Cooper and Dooley 2007). An asymmetric power
profile as given inrable2-13was applied to the rod. The simulationswan until the net accumulation

of heat reached zermeaning thathe total power produced by the rods was balanced by the total power
dissipated through the walls of the system. The temperatures predicted at steady state were volume
averaged on fivboxes arranged axially along the rod for comparison with TRAGIre2-33 shows

the temperature map inside the system. The highest temperatures are observett anthbécause of

the peaking of the power. Local temperatures on the surface of the rod on énel lefached the boiling

n
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point because of the high concentration of power in that regigare2-34 shows the natural circulation
pattern predicted by the simulation. Natural circulation is dominant in the upper section, and therefore the
heat transfer rate through the upper wall is the highest there compared toatdhesother walls, as

reported in the heat transfer budget presentdalibe2-15.

‘——

Temperature (K)
300 330 > 360

Figure 2-33. Temperature Contour Predicted by CFD on a Cut Section

Figure 2-34. Natural Circulation Contour Predicted by STAR-CCM+ on a Cut Section

2453 Two-Dimensional Test Problem Results

Cell-averaged fluid temperatures in ffinee central cells were calculated using both TRACE and
STAR-CCM+. The results for the TRACE cases and ST@&®BV+ are provided iTable2-14. The heat

loss through each of the four walls surrounding the main vessel was also calculated using both codes,
with the results being presentedTliable2-15. The fluid temperatures in the base case show a profile
generally similar to that predicted by STAFRCM+, but with lower temperatures throughout and a larger
temperature descent from cells 1 to 2isTdbservation implies that too much heat was being removed
from cell 1 because of the relatively coarse cell mesh in the horizontal direction. The results also indicate
that the base case TRACE model rejected too much heat through the bottom wall beteussatively
small number of fluid cells in this region; adding cells near the bottom of the vessel resulted in fluid
temperatures and wall heat losses that more closely matched the values predicted {§C3TARS

part of future work, further invegiation to minimize error in the predictions will be conducted.
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Table 2-14. Cell Temperatures in the TRACE Cases and the Star-CCM+ Case for the 2D Problem

Cell-Average Fluid Temperature (K)

1 2 3 4 5
Base Case 321.85 313.42 312,51 312.52 312.58
Center 314.84 315.14 315.12 315.08 315.05
Bottom 324.05 314.97 313.88 313.81 313.79
Bottom-Top 324.25 315.58 314.53 314.43 314.38
Bottom-Top-Center 315.06 313.81 313.87 313.57 313.52
Left-Right 318.33 318.92 318.77 318.58 318.40
10-Axial 319.62 321.70 321.44 321.08 320.73
10-Axial+Top-Bottom 324.13 315.70 314.86 314.85 314.91
STAR-CCM+ 330.93 327.53 323.08 319.50 316.94

Table 2-15. Wall Heat Loss in the TRACE Cases and the Star-CCM+ Case for the 2D Problem

Wall Heat Loss (W)

Top Bottom Left Right Total
Base Case 301.88 91.36 59.39 46.17 498.79
Center 225.19 180.10 47.13 46.76 499.17
Bottom 338.19 39.42 68.32 52.77 498.70
Bottom-Top 338.43 31.89 73.11 55.16 498.59
Bottom-Top-Center 356.62 2041 70.29 51.39 498.72
Left-Right 191.54 212.81 40.28 54.57 499.19
10-Axial 293.94 103.21 44.26 57.36 498.77
10-Axial+Top-Bottom 322.53 40.26 76.57 59.08 498.44
STAR-CCM+ 350.77 1.92 112.4 31.50 496.59
2.4.6  Planned Verification Work

Significant additional work is required to verify whether TRACE is an acceptable tool for TH calculations

in simulating boiling in a critical DPC. The following subtiens briefly describe the verification work

planned for next year.

2461

Additional simulations to investigate TRAGEwater flow predictions are necessary to ensure that the

Single -Phase Water Flow

natural circulation calculations in TRACE aecurate. Future verification problems include the

following:

1. Refined Axial Power Profiled An axial power profile was included in the TRACE test problem
developed for this report, but the power profile only contained five cells. A power profile with
18 axid cells should be investigated to match the axial segmentation used in the neutronics

models.
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2. Multiple Channels in they and z Directionsd Currently, only a single assembly channel was
modeled. Modeling multiple channels in thdirection (along which graty acts) with fluid
plena on the left/right of the model will potentially demonstrate the natural circulation loop
where fluid exits some channels and enters others.

3. Multiple Fuel Rods inside One Channad Multiple rods inside one channel may be modeled in
thez-direction to investigate the effect of the physical placement of the rods on the overall liquid
temperature.

4. Downscaled Canisted A downscaled canister with multiple assemblies, plena on both ends,
and an outlet on the side of the canister, as showmgimre2-35, would combine the features of
all previous cases and would represent all the essential featurigled@ale DPC model on a
reduced scale.

Top view outlet Side view
) < Top
" plenum
OO O O
OO0 O O .
15cm . Side
O O *plenum
O 0O -
v 30 em Bottom

plenum

Figure 2-35. Downscaled Canister Model

24.6.2 Two-Phase Boiling

Once the natural circulation problems listed above have been verified, tphase boiling physics mus

also be verified. The verification plan is to repeat the sipbkse test cases above at a power level
sufficient to cause boiling. The goal of these simulations is to verify that TRACE can accurately calculate
the canister fluid level over time as tiguid boils. For the case with multiple fuel rods inside one

channel, while the full number of rods in thdirection (i.e., 18) likely does not need to be modeled,
multiple cases may be necessary to determine the minimum number of rods needed te ttzdidaid

loss with sufficient accuracy to serve as input to the neutronics model.

2.5 DPCs Sealed in a Bentonite Backfill

The scenario hypothesized in this subsection represents the least understood possibility of what could
occur in the event of a DPClaeving criticality in a saturated geological repository. It involves a
working theory that saturated bentonite clay could seal a DPC and prevent water or steam from escaping.
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Figure2-36 depicts a cartoon version of a drift, where a canister is in a saturated clay backfill within a
saturated rock formation. The basic assumptions for this scenario are as follows:

f Saturated bentonite has a very lparmeability (10'8to 102° m?).

1 Water could infiltrate the canister slowly over centuries or millenia, but it would not be able to
escape on the time scale of a criticality event.

T Sufficient overpressure may r engtheescape of steamf r act
or water.

1 This scenario could potentially result in higher powers than can be achieved in a permeable
backfill.

¥ o B

Figure 2-36. A Depiction Conceptualizing a DPC in a Drift Backfilled with Bentonite

This postulated circumstance is fundamentally different from previous scenarios because the moderator
cannot expand to limit criticality. The primary feedback mechanism in this case is Doppler broadening
within the fuel itself. In previouscenarios, temperatures were relatively low, and this effect was
negligible; however, in this scenario the fuel temperature increases rapidly until Doppler broadening
provides sufficient negative feedback to achieke:@ear unity. Therefore, to modélis scenario

accurately, a radiation transport model with a temperature profile is necessary. However, the models
generated withused Nuclear Fuél Storage, Transportation & Disposal Analysis Resource and

Data System@JNF-ST&DARDS) (Clarity et al. 2017have a homogeneous temperature throughout the
model, and there is no existing mechanism for applying a varying temperature to the model.

To pursue analysis of this scenario, a new capability was developed. A new-pg#ezhparser tool

reads a custom foratted temperature profile describing the fuel, clad, and water temperatures throughout
the DPC. The tool modifies the temperatures for the corresponding materials within a standard radiation
transport model created with UNET&DARDS. An example of the datused for an MP@2 is shown in
Table2-16. These data are based off the simplified thireg RELAP53D model illustrated in

Figure2-20, so there are only three radial profiles. Once the higher fidelity TRB&3Ed TH model is
developed, profiles for all 32 assemblies could theoretically be used to perform the analysis for this
scenario in the future.
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Table 2-16. Example Temperature Profile for Sealed DPC (500 kW case)

Axial 201 Fuel Center 201 Clad Outer Central Fluid
Cell Temperature (K) Temperature (K) Temperature (K)
1 577.3 538.0 537.0
2 575.7 538.0 537.1
3 557.2 537.8 537.
4 545.7 537.5 537.1
5 540.6 537.3 537.1
6 538.5 537.2 537.1
7 536.5 536.0 535.7
8 533.4 533.2 533.1
9 524.4 524.3 524.2
10 468.3 468.3 468.2
11 422.3 422.3 422.3
12 390.8 390.8 390.8
13 369.1 369.1 369.1
14 353.9 353.9 353.9
15 343.2 343.1 343.1
16 335.5 335.5 335.5
17 330.0 330.0 330.0
18 326.1 326.1 326.1
The initial workflow for analyzingthesoal | ed fiseal edd DPC began by pr o\

from the Shiftmodel as an input to RELAPZD (Pandya et al. 2016). A power level is assumed, and
RELAP5-3D generates the associated temperatures for the fuel and other components in the format shown
in Table2-16. The new parser script modifies the original USF&DARDS model to apply the new
temperatures. Then, Shift is used to calculate the new multiplication factor of the system. This process is
repeated until the Shift model pliets ake near unity, thus identifying the power level required to

provide sufficient Doppler broadening feedback within the fuel to limit criticality within the DPC. An
example of this new workflow is given Figure2-37. As shown irFigure2-38, even at 5 MW the

pressure builds up rapidly within the canister. If these modelacurate, it would seem that some sort

of fracture or fAbreakthrougho in the backfill, DR
for the water to boil. Th®ak Ridge National Laboratorgsearch team is currently collaborating with the
geosciences division aawrence Berkeley National Laboratdryperform geomechanics simulations to
investigate this hypothesis. These calculations are being done with the TOUGH code (Pruess 2004),
which is designed for multiphase fluid flow and heatdport in porous media coupled with a

geomechanics simulator.
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Figure 2-37. An Example of the Results from the New Workflow
Predicting ketr in a Sealed DPC as a Function of Power
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Figure 2-38. Pressure Buildup in a Sealed DPC as Predicted
with RELAP5-3D at a Power Level of 5 MW

2.6 Further Work

With respect to DP&Gcalemultiphysics simulation analysiurther work include$l) verifying whether
TRACE is an adegpte tool for TH calculations simulating boiling in a critical DPC @)atontinuing

the collaboration with geoscience experts to investigate fracturing of the material outside the waste
package, should pressures inside the waste package reacimakiatythatoutcomepossible.

Future work involving the shale simulations includes debugging efforts that will allow for the current
deterministic simulatiomvith multiple criticality events at different times and of different durationsin

to completion L million years) and allow for further development of this case study. Further development
alsoincludesextendinghe smectitdo-illite transition modeto theshale host rocknda further look into

the values specified within the material transform etdkat would be applicable to the shale and DRZ
materials.

In addition, for these repositoscale simulations, transport of a second radionucliBe, will be
examined. Alsoin the results of the repositegcale simulations described abptemperatures at the
waste packagiom decay heatvould most likely exceed temperature limits for a clay/shale repository.
These high temperatures affect some of the FEPs included in the repository model (e.g., grid spacer
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degradation, illitization)future work will examine ways to reduce temperatures in the repository
(e.g, waste package spacing, drift spacing, etc.).

Finally, the FEPs that were identified as affecting criticality, being affected by criticality, o{Alsted
and Price 2020Will be reviewed to determine which FEP FEPswvould be good candidatéor
inclusion in the criticality consequence model.
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3. MODELING STEADY -STATE POSTCLOSURE CRITICALITY IN AN
UNSATURATED REPOSITORY

The following sections describe the model of a stestdiepostclosure criticality in a hypothetical
unsaturated saturated repository. SecBidrdescribes the hypothetical reference unsaturated repository
used in these analys&gction3.2 outlines improvements and fixes made to the PFLOTRAN model
during FY2023 Section 3.3 describes the repositecale PFLOTRAN model of the hypothetical
unsaturated repository, Sectidrt presentghe parameters studied FY2023simulations, Sectio.5

gives the resulteY2023simulations, and Sectidh6 provides a summary of needed future work.

3.1 General Repository Description

This section considers the unsaturated zone alluvium reference case described irl Settion
geologic reference case was first introduced in Mariner et al. (2018) and refined in Sevougian et al.
(2019ab) and LaForce et al. (2021).

The reference case considers thick alluvial valleys of the Beesah in the western United States and the
low-permeability playa/lacustrine sediments found there. Several features of this type of host rock are
favorable to waste isolation, including low groundwater fluxes, low permeability, and low water
saturation. Tis type of environment is favorable to the disposal of DPCs since low water saturation
greatly reduces the possibility of criticality events. Mariner et al. (2018) goes into detail of the natural
barrier system, movement of water through sediments, anhtysical and chemical characteristics of
the host rockFigurel-2 in Sectionl.5provides a general schematic of the hydrology and geology of an
unsaturated alluvium repository.

Figure3-1 shows additional detail of the cross sectionrofiasaturated zormaodel in which the
repository is represented by the red block at a depth of 250 m and lies withirsttterated zonevhich
is locatedbetween a depth of 0 end450 m. Within thaunsaturated zoné¢here are impermeabliéne-
grained playa sedimentdluvial depositsand the upper basin fill consisting of unconsolidated gravel,
sand, silt, and clay. The saturated zone is located belowntzgurated zoret a depth of 450 m to
1,000m. Thesaturated zoneortainsan alluvial aquifer at a depth of 450 m to 500 misTHigher
permeability sand/gravel aquifer lies at the base ofupper basin filland above the lower basin fill
Locatedbetweerb00 mand1,000 m thelower basin fill consistf consolidated gravel, sand, silt, and
clay.
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Source: Mariner et al. 2018.

3.2 PFLOTRAN Model Developments

In FY2022 simulations were run with a criticality start time of less than one year and were only able to

Figure 3-1. Schematic Cross Section of the Unsaturated Zone Model

complete runs for the Ifdm/yr percolation rate and decay heat data for packa@egeé®sO0R, as the
high temperatures were caustwnvergencéssuesDuring FY2023 those bugsvereresolvedand the
runs were able to complete with more realistic values: criticality start timéGQ gears an82-PWR
DPCs with110 year©DoRdecay heat dat&imulations using @ mm/year percolation raigere also
successfully complete@ut results focus oh0 mm/year percolation rate runs

The resultpresented belowvere obtained using an executable from a development branch in
PFLOTRAN (commit c3ee814) compiled with Intel 20.0.1.217 and PETSc v3.17.2 and Samdia

National Laboratoriehigh-performane computingclusters. No changes were made to allow use of the

Waste Form process model without reactive transpwgningllow-only simulations were run with a
dummy tracer.










































































































































































































































