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Abstract

TRISO nuclear fuel particles that are less than 1 mm in diameter are designed with multiple
barrier layers to retain fission products both during reactor operations and for long-term
geological disposal. The primary barrier is a 35 um thick silicon carbide (SiC-a highly
impermeable semi-metal) layer for which data are available on the diffusion of short-lived
fission products at high temperatures (> 1000 °C). However, for a geological repository, this
layer may contact brine and hence corrode even at ambient temperatures. As an initial approach
to assess the effectiveness of the SiC barrier for geological repositories, ranges of fission product
diffusivities and corrosion rates for SiC are modeled concurrently with the simultaneous effect of
radioactive decay. Using measured corrosion rates of SiC, if the diffusivity is more than about
102° m?/s, fission product releases may occur before the SiC barrier has corroded to the point of
breach. For diffusivities less than about 102" m?/s there may not be significant diffusional
releases prior to SiC barrier removal/breach by corrosion. This work shows the importance of
estimating diffusivities in SiC at geological repository temperatures, and highlights the relevance
of evaluating the porosity/permeability evolution of the SiC layer in a geologic environment.



ACKNOWLEDGMENTS

This work was supported by the U.S. Department of Energy Office of Nuclear Energy, through
the Office of Spent Fuel and Waste Science and Technology (SFWST) Research and
Development (DOE NE-81) within the Spent Fuel and Waste Disposition Campaign. The
authors acknowledge our gratitude to Philippe Weck (SNL), Ed Matteo (SNL), Peter Swift
(SNL), Kevin McMahon (SNL), and Robert MacKinnon (SNL) for discussions on technical
aspects and integration of this work. In addition, the authors thank Mark Tynan (DOE NE-81),
Joe Price (DOE NE-81), Bill Spezialetti (DOE NE-81), Tim Gunter (DOE NE-81) and William
Boyle (DOE NE-8) for their discussions, oversight and guidance on topics covered in this report.
A draft of this report was improved by the technical reviews of Emily Stein (SNL), Allen Ricks
(SNL), and Peter Swift (SNL).



Table of Contents

L INEEOAUCTION ...ttt ettt e e e eas 9

II. Evaluation of release mechanisms for non-ruptured TRISO particles — consideration of
peologie topORIOrY STV TTOMIRTIL . cx.cun cussun cunssin o sssn oo 50 50 50 5 5058, 0054050 3540 55 008 553 15

III. Diffusive transport of a decaying radionuclide through a spherical shell barrier that is
COTTOTIME ...teeeeiiiitee ettt e ettt e e ettt e e e ettt e e e e abteeeeetbteeeeesbaeeeeessteeeeesbbeeeesnssbaaeeennseeens 21

IV. Numerical DISCIEtIZAtION ...cceuvvieeririeeriiieeiiie ettt ettt et e e e e s e e sabee e 29

V. Calculation RESUILS........coiiuiiiiiiiiiiieeite e e 31

VL O TE T TINS5 s v o s s 09 3 05 5 5 N5 5 35

Table of Figures

Figure 1. Schematic drawing of a TRISO fuel particle (not to scale) with four protective layers
(pyrocarbon = pyrolytic carbon) [from Sassani et al., 2018]........ccceeviviiriiieniienniieene 9

Figure 2. TRISO coated particles (left) are formed into fuel compacts (center) and inserted into
graphite fuel elements (right). Taken from Sterbentz et al. [2004]...........ccccevviveennnen. 10

Figure 3. Data from Fachinger et al., [2006] for aqueous corrosion rates of SiC at various
temperatures for different brines. For the average aqueous corrosion rate at 25 °C, a
35 micrometer thick SiC layer lasts ~100,000 years, and at 90 °C the layer lasts ~7000
years. Aqueous corrosion rate for OPyC at 90 °C shown for comparison and
corresponds to lifetime of ~1,000,000 YEArS. ........cceeviriiieeriiiiieeriiiieeeeiieeeeeiiieee e 16

Figure 4. Schematic of spherical shell silicon carbide barrier with inner and outer radii of R; and
R> respectively, and surrounding a core with a spatially uniform fission product
concentration. The core is shaded a light gray color. The outer radius decreases with
tIME AUE 1O COTTOSION. .unitiieiiiieriiieeeiitee ettt e ettt ettt e et e et e et e et e e st e e sabaeesaaaeeeaneees 21

Figure 5. Fraction of fission product mass remaining within the core and corroding SiC barrier
as a function of the diffusivity in the barrier and corrosion rate. The diffusivity values
are shown in the same color as the lines. Solid lines and dashed lines correspond to

corrosion lifetimes of 100,000 years and 7,000 years, respectively. .........ccceeervvreeenns 32

Table of Tables
Table 1. Characteristics of TRISO fuel particle with a UO; core of radius 250 pm® .................. 10
Table 2. Some radionuclides (Rn) of interest for geological repositories, in addition the actinides
that are relovarnt 16 OBIUIZING STBISTIIIN ..o nuunsnss s s s s ssns 55w Hsssss fATLaLs 559 17
Table 3. Time-Scales for processes in 35 pwm thick layer of SiC.........ccccovvviiiiiiiiiiiiiiiiniiiieee, 19



NOMENCLATURE

Abbreviation

Definition

A outer surface area of corroding barrier (m?)

C fission product concentration in barrier (kg/m?)

C; fission product concentration in core (kg/m?)

C1(0) initial fission product concentration in core (kg/m®)

D fission product diffusivity in SiC barrier (m?/s)

Dsore fission product diffusivity in core consisting of the UO: kernel, and the layers
of porous pyrolytic carbon and inner pyrolytic carbon (m*/s)

F retained mass fraction of radionuclide in core and barrier system

FP fission product

h spacing in ¢ coordinate

H barrier layer thickness (m)

IPyC inner pyrolytic carbon

k corrosion rate (kg/m?*/s)

L initial barrier layer thickness (m)

M radionuclide mass in core and barrier (kg)

m barrier mass (kg)

MOX mixed oxide fuel

OPyC outer pyrolytic carbon layer

P defined as rC exp(At) (kg/m?)

r radial coordinate (m)

R, inner barrier radius (m)

R, outer barrier radius (m)

SiC silicon carbide

t time (s)

ti/ half-life (years)

T time (s)

ThO» thorium oxide fuel

TRISO Tristructural-Isotropic




Abbreviation

Definition

U0, uranium oxide fuel

%4 recession velocity due to corrosion (m/s)

At time step (s)

A fission product decay rate, equal to In(2)/half-life (s™)
& normalized dimensionless spatial coordinate

P material density of SiC barrier layer (3180 kg/m?)
Taifr diffusion time-scale (s)

Teorr corrosion time-scale (s)

Tdec radioactive decay time-scale (s)
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l. Introduction

TRISO (Tristructural-Isotropic) fuel consists of numerous coated fuel particles, slightly less than
1 mm in diameter, that are embedded in cylindrical blocks or spheres of graphite. The particles
consist of a spherical kernel of fuel, such as UO», that is about 500 um in diameter, and four
coating layers as shown schematically in a cut-away view in Figure 1. The purpose of each layer
is given in Nabielek et al. [2010], and summarized below in Table 1. These layers in order away
from the UO:> are: (1) a buffer layer of porous pyrolytic carbon, (2) an inner dense pyrolytic
carbon (IPyC) layer, (3) a silicon carbide (SiC) layer, and (4) an outer dense pyrolytic carbon
(OPyC) layer.

As shown in Figure 2 and discussed by Van den Akker and Ahn [2013], about 5,580 TRISO
particles are embedded in graphite compacts (graphite cylinders 4.928 cm long and 1.245 cm in
diameter), as shown in the center image. Figure 2 also shows the hexagonal fuel elements in the
rightmost image. The fuel elements are hexagonal graphite blocks with 324 holes, 216 of which
are filled with compacts (and some containing alignment dowels), and 108 holes are used for
coolant flow. There is a total of 3,126 compacts per fuel element. The fuel elements are 79.3 cm
tall and 36 cm wide flat-to-flat. An alternative fuel design has the TRISO particles embedded in
graphite spheres called pebbles (analogous to compacts), which are 6 cm in diameter [e.g.,
Fachinger et al., 2006].

Fuel Kernel

Porous Carbon (buffer)
Inner Pyrocarbon
Silicon Carbide

Outer Pyrocarbon

TRISO Coated Particle
Total Diameter = 920 ym

Figure 1. Schematic drawing of a TRISO fuel particle (not to scale) with four protective
layers (pyrocarbon = pyrolytic carbon) [from Sassani et al., 2018].



Table 1. Characteristics of TRISO fuel particle with a UO: core of radius 250 pm?*

Layer Thickness Purpose
(nm)
porous pyrolytic 95 - allows kernel to swell under irradiation
carbon buffer - stops recoiling fission products from reaching SiC layer
- provides void volume for gases
inner dense 40 - barrier to gaseous fission products
pyrolytic carbon - slows down metallic fission product transport
(IPyC)
Silicon Carbide 33 - main fission product barrier retaining all gaseous and
(SiC) metallic fission products to a very high extent
- structural support to contain gas pressure
Outer dense 40 - protects SiC layer from chemical and mechanical

pyrolytic carbon
(OPyC)

damage
- adds to support to contain gas pressure

*Sources: Fachinger et al. [2006] and Nabielek et al. [2010].

Figure 2. TRISO coated particles (left) are formed into fuel compacts (center) and inserted

into graphite fuel elements (right). Taken from Sterbentz et al. [2004].
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Two studies [Fachinger et al., 2006; Van den Akker and Ahn, 2013] have evaluated the potential
releases from TRISO spent fuel in geologic repository environments. Fachinger et al., [2006]
conducted experiments to measure hydrologic properties (i.e., porous media diffusivities) and
corrosion rates for the various materials of the TRISO fuel pebbles/particles in a number of fluid
compositions at relevant temperatures. The measurements were made on separated materials
rather than intact pebbles or particles. The diffusive transport behavior was measured for the
graphite matrix (i.e., from the pebble) using isotopes of hydrogen, chlorine, strontium, and
cesium. Corrosion rates were measured for the graphite matrix, the SiC (non-irradiated and
irradiated), and the pyrocarbon [Fachinger et al., 2006]. Fachinger et al. [2006] also measured
leaching rates of ThO», UO», and (Th-U) mixed oxide (MOX) fuel kernels in various fluids over
a range of redox conditions.

The conclusions of Fachinger et al. [2006] included (a) the graphite matrix of the pebble serves
as a porous medium that reduces water contact with the TRISO particles, (b) porous media
diffusion is the primary transport mechanism through the graphite matrix of the pebble, (c)
pyrocarbon and SiC layers have lifetimes from 1000’s to 100,000’s years depending on
conditions (temperature, fluid composition, radiation dose), and (d) fuel kernels may have
relatively long lifetimes (>100,000’s years) depending on conditions. Their study also
recommended further work evaluating (a) the porous media behavior of the graphite matrix and
how it changes due to graphite corrosion, (b) the effect of internal pressure build-up on the layer
lifetime, (c) mass transport through the graphite matrix, and (d) development of an integrated
model of the total set of processes.

In the second study, Van den Akker and Ahn [2103] constructed a performance assessment of
hexagonal graphite fuel elements (with TRISO particles in graphite compacts) degrading within
an unsaturated (oxidizing) geologic repository system. The primary waste form barrier in that
work was the graphite matrix of the fuel element (or the graphite matrix of the compact in a
second scenario), which slowly oxidatively corrodes to release radionuclides uniformly over tens
of millions of years. That study evaluated stochastic failure (rupture) of the SiC layer of the
TRISO particle due to combined effects of SiC corrosion and internal pressure build-up from
helium generation. Their analyses included statistical variability of the SiC strength, and
concluded that, if protection by the OPyC layer is ignored, then lifetimes on the order of
thousands to hundreds of thousands of years were expected. Although Van den Akker and Ahn
[2013] estimated that protection by the OPyC layer could extend SiC layer lifetime to millions of
years, they made the simplifying assumption that the particle lifetime was short compared to
graphite matrix corrosion (of either the fuel element or the compact). Hence for their model they
assumed the TRISO particles had released all radionuclides and distributed those radionuclides
uniformly throughout their spherical approximations (of either the entire fuel element or just of a
single graphite compact) of corroding graphite. The corrosion of the graphite sphere was then
used to assess radionuclide releases from the TRISO fuel directly to the host rock.
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As recommended by Fachinger et al. [2006], we have begun the construction of a quantitative
integrated model on the scale of a fuel compact. Our integrated model includes major features,
events, and processes to evaluate stochastically the release of radionuclides under varying
repository conditions through time. In this report we present our analyses of the primary coupled
process considerations for the SiC layer of the TRISO particles. The analyses assess the
relevance of these processes at repository conditions. Future work will consider uncertainties in
material properties for the porous media transport processes. This will include assessment of
whether or not the SiC layer porosity would render it effectively impermeable until after
corrosion breach, as well as parametric uncertainties in the material properties of the other layers
to the extent data are available.

Numerous studies have been reported on measuring radionuclide releases from TRISO fuel
under reactor conditions [Friedland et al., 2009; Friedland et al., 2011; Demkowicz et al., 2013;
Kirchhofer et al., 2013; Chaou et al., 2014; Deng et al., 2015; Demkowicz et al., 2016; Hunn et
al., 2016; Morris et al., 2016; Bower et al., 2017; Cao et al., 2017], and modeling these processes
[Miller et al., 2002; Boer et al., 2010; Powers and Wirth, 2010; Khalil et al., 2011]. For these
studies the fuel may attain an operating temperature of 1200 °C. However, under geological
repository conditions the temperatures are much lower, and the fuel will evolve over much
longer time than operations in the reactor.

In a previous study [Gelbard, 2003, and see the update in Appendix A of this work], we showed
that an exact analytical solution can be obtained for the transient diffusion of a fission product
through a multilayer TRISO particle. For that analysis, the layer thicknesses were constant. We
now consider the effects of barrier layer corrosion while the fission product is simultaneously
radioactively decaying and diffusing through the barrier layer. Barrier corrosion creates a
moving-boundary diffusion problem.

Transport within a domain with a moving boundary is a well-studied problem [Kucera, 1985;
Tao, 1986; Crank, 1988; Shyy, 2007]. But we have not found such analysis for TRISO fuel. In
this work we apply the analysis techniques developed for heat conduction with an ablating
surface to a corroding diffusion barrier. In particular, our problem is simpler because the
corrosion rate is independent of the fission product concentration. This results in a linear system
of equations for each time step that does not require an iterative solution.

We begin in Section II by discussing the release mechanisms from TRISO fuel particles.
Estimates of the time-scales for corrosion, diffusion and radioactive decay are given in terms of
simple expressions. Nonetheless, these expressions are later shown to be fairly useful at
estimating the relative timing of these three processes on fission product release. In Section III,
the model is presented of a core region that has a uniform fission product concentration, enclosed
within a barrier of SiC that provides a diffusion barrier for fission products. Because of
corrosion, the SiC barrier thickness decreases with time, thus resulting in a moving-boundary
problem. The moving-boundary problem is reduced to a fixed-boundary problem using two
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transformations that are derived in detail. In Section I'V the numerical discretization of the
coupled partial differential and ordinary differential equations is given in detail. In Section V the
mass fraction of released fission product is given for a broad range of fission product
diffusivities in SiC. This broad range is necessary since data have not been found for the
radionuclides of interest at the temperature of interest. We conclude in Section VI with
observations from this work of a bounding value for the fission product diffusivity. Diffusivities
larger than the bounding value indicate that if brine contacts the SiC barrier, diffusion may
release fission products before the barrier has corroded. However, for diffusivities that are
smaller than the bounding value, then diffusive releases will be minimal until the barrier is
removed/breached by corrosion. This conclusion may be different if the properties of SiC allow
porous media processes to occur prior to corrosion breach at expected repository temperatures.
In our future work, we will evaluate the potential for such processes in SiC and delineate the
range of potential radionuclide release via aqueous diffusive pathways in a model that integrates
quantitatively porous media behavior of the TRISO particle layers and the surrounding compact
matrix graphite.

13
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ll. Evaluation of release mechanisms for non-ruptured TRISO particles —
consideration of geologic repository environment

For release analysis, we assume that all the layers remain intact upon removal from the reactor, and
the fuel has cooled to a temperature that is far below the maximum fuel operating temperature of
1200 °C. Ruptures/fractures of the SiC layer would permit faster pathways for radionuclide release,
which may substantially decrease its barrier function for containment. Continuing radioactive decay
will keep the fuel temperature above the ambient temperature, but after at most about 2,000 years
(depending on fuel enrichment and burnup, and repository thermal design), the fuel is close to the
ambient repository temperature. Even for initially intact layers, there are three mechanisms that are
considered here for release of fission products: (1) helium pressure buildup that could rupture the
main barrier which is the SiC layer [Van den Akker and Ahn, 2013], (2) generalized bulk diffusive
transport through the layer, and (3) aqueous corrosion of the layer. These processes are not totally
independent. Corrosion reduces the layer thickness, which may reduce the effective tensile strength
to retain pressure within the particle, and thus facilitate layer rupture. Corrosion also results in
thinner layers which decreases the diffusive transport path length. In this work we consider the
coupled processes of barrier corrosion, diffusion of fission products through a corroding barrier, and
radioactive decay. Although the SiC layer is chosen as the barrier, the analysis in this work is
general. The analysis may be used for any system of a corroding barrier that acts to retain any
radionuclide in the core region, which has a much shorter diffusion time-scale than that in the
barrier. As shown by Fachinger et al. [2006], measurements of porous media diffusivities for
graphite and pyrolytic carbon are much higher than the threshold values constrained below for
effective bulk diffusion through SiC versus SiC corrosion. Future work implementing our integrated
conceptual model will evaluate the SiC layer for its potential porous media properties prior to
corrosion thinning/breach and explicitly include porous media diffusion through the other layers.

The corrosion rate of irradiated SiC and pyrolytic carbon in different aqueous solutions has been
reported by Fachinger et al. [2006]. Their data are plotted in Figure 3 in this work from their
Table 5 and Table 3, respectively. The cumulative probability for total failure of the SiC layer
due to stress and corrosion according to Van den Akker and Ahn [2013] varies between 7,000
years and 1.4 x 10° years for SiC corrosion rates of 4.09 x 10 g/m?/day and 2.03 x 10
g/m*/day, respectively. Assuming corrosion without stress, these same corrosion rates would
lead to SiC layer lifetimes of 7,500 years and 1.5 x 10° years, respectively, by using Eq. (I1.5) as
given below. Thus corrosion with pressure buildup that may fail the SiC layer, reduces SiC
barrier lifetime by less than 10% compared to SiC layer lifetime just due to corrosion without
pressure buildup. As shown in Figure 3, the aqueous corrosion rate of pyrolytic carbon at 90 °C
is 2.2 x 107 g/m?/day at atmospheric oxygen levels and is more than two orders of magnitude
slower than that for SiC at the same temperature. Thus if the OPyC layer remains intact, it may
provide substantial protection of the SiC barrier to corrosion by aqueous solutions such that the
SiC layer may have a lifetime of up to 2 x 10° years [Van den Akker and Ahn, 2013], which is
substantial for performance time frames of a geologic repository. In most geologic systems, the
15



OPyC layer would likely become saturated with the aqueous phase, but would substantially
reduce the contact area on the SiC. Even without corrosion of the SiC, diffusion through the SiC
barrier still needs to be considered.

1.0E-04 /.\
® Pyrocarbon Fachinger et al., 2006
m irradiated SiC .
= &
> 1.0E-05 /;\
[ 6,780 yrs.
E | 2 average
% u lifetime
E - 39,200 yrs.
8 10E06 average = ———— 1,000,000 yrs. =
é 104,000 yrs. lifetime lifetime
average
lifetime @
1.0E-07 , | | |
20 40 60 80 100

Temperature (C)

Figure 3. Data from Fachinger et al., [2006] for aqueous corrosion rates of SiC at various
temperatures for different brines. For the average aqueous corrosion rate at 25 °C, a 35
micrometer thick SiC layer lasts ~100,000 years, and at 90 °C the layer lasts ~7000 years.
Aqueous corrosion rate for OPyC at 90 °C shown for comparison and corresponds to
lifetime of ~1,000,000 years.

Diffusion data at high temperatures in SiC have been collected by Malherbe [2013], but we
found no diffusion data in SiC for any of the radionuclides given in Table 2 at repository
temperatures. Data for diffusion of **Cl, °°Sr, and '**Cs through graphite in different brines
range from 1.2 x 107" m?/s to 6.3 x 107"* m?/s [Fachinger et al., 2006]. For non-corroding
layers, the problem of determining radionuclide releases by diffusion has been reported by
Gelbard [2003]. The challenge is that the diffusivities of radionuclides in Table 2 through SiC
and pyrolytic carbon need to be estimated. Such basic principles calculations have been reported
for radionuclides by De Bellefon and Wirth [2011], Ko et al. [2016], Minato et al. [1994],
Rabone et al. [2014], and Rabone and Lopez-Honorato [2015], and should be considered in
future work for the fission products in Table 2 at repository temperatures.
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For this work we establish what are the minimum diffusivities in SiC for which diffusional

releases are significant. Thus, accurate diffusivities may not be needed if the diffusivities can be
shown to be bounded to be below the minimum diffusivity to be important relative to corrosion.

Table 2. Some radionuclides (Rn) of interest for geological repositories.

Rn Half-life 1= In(2) Decay Product
tl/Z (years) tl/Z
(1/sec)
1297 1.57 x 107 1.4 x 107" 29%e
30CI 3.01 x 10° 73 % 10 OAT
22%Ra 1.60 x 10° 1.7 x 1071 2R — 218pg _y 214pp 2145
214p _y 210pp, _y 210B; _y 210pg
206Pb
7Se? ~3.0x10° ~7.3 x 10 TBr
PTc 2.13 x 10° 1.0 x 1013 9Ru
*Np 2.14 x 10° 1.0 x 10 23pa — 3U— 2Th — 2°Ra —
225AC N 221Fr N 217At N 213Bi N
213P0 N 209Pb N 209Bi
*2Pu 3.76 x 10° 5.8 x 10 28— 24Th — 24Pa — 2*U—>
230Th N 226Ra N 2221{1,1 N ZISPO N
214pp, _y 214 _, 214pg _y 210pp
210Bi N 2101)0 N 206Pb

a.  Note that the National Nuclear Data Center (NNDC - https://www.nndc.bnl.gov/) provides a value of 3.27 x 10° years from Jorg et al.

[2010], but has not fully included the more recent measured values of 2.78 x 103 years from Dou et al. [2014].

Consider a constant corrosion rate of k£ and the mass of the layer given by m. Then by a mass
balance [Peterson and Dunzik-Gougar, 2011; Van den Akker and Ahn, 2013],

dm
dt

= —Ak,

where all the variables are defined in the Nomenclature section.

17
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For a spherical particle with a layer with inner and outer radii, R; and R, respectively, in which
the inner radius is constant, Eq. (II. 1) becomes

d( 4 4 d
This equation reduces to
dR,

Eq. (II. 3) can be readily integrated to provide the layer thickness as
kt L
HO =R -Ry=L——, (t= ) (11.4)

where L is the initial layer thickness at # = 0. In Eq. (IL.4), the condition in parentheses is
required so that corrosion is not considered at or beyond the time that the layer thickness is zero.
To get a physical feel for the time to completely corrode the SiC layer, consider

p =3180 kg/m’,
k=45x10°and 2.9 x 10° g/m*/day= (5.2 x 10" and 3.4 x 10'* kg/m?*/s), and
L=35%x10%m.

The corrosion rates &, correspond to the average corrosion rates in brine at 90 °C and 25 °C,
respectively from Fachinger et al. [2006]. From Eq. (II. 4),

3180)(35x 107°
. pL ( 5_;2 10-13 ) = 2.1x 10" s = 6.8 x 103 years .
~ k ](3180)(35%x 107°) . ) - :
34 x 10-14 = 3.3 x10**s = 1.0 x 10° years

Thus, the time-scale to corrode the SiC layer varies between ~7,000 and 100,000 years, for
temperatures of 90 °C and 25 °C, respectively. These time-scales are given in Table 3. For
comparison, a 40 um thick OPyC layer with a density of 2100 kg/m’ [Lopez-Honorato, 2008],
has a corrosion lifetime of ~1,000,000 years at 90 °C.

18



Table 3. Time-Scales for processes in 35 um thick layer of SiC.

Process Time-Scale Time-Scale (years)
Expression
Diffusion B2 3,900 (D = 102° m%/s) to 39,000 (D = 102! m%/s)
Tdiff = 5
Corrosion _pL 7,000 to 100,000
Tcorr = 7
Radioactive o 1 bty 2,300 to 22,700,000
Decay dec =217 In(2)

Because the diffusion time-scale depends on the layer thickness squared, small reductions in the
layer thickness by corrosion can have a very significant reduction in the diffusion time-scale,
making this process more important. If however the corrosion time-scale is much longer than the
diffusion time-scale, then geometry changes need not be directly coupled. In this case the
solution given by Gelbard [2003] may be used with the outer radius time-varying.

Of the three process in Table 3, the one with the shortest time-scale will control the release. For
the time-scales given in Table 3, the time-scales are generally comparable ranging from
thousands to tens of thousands of years. Thus these processes should be modeled simultaneously
as is done in this work.

Conversely, if one process has a much longer time-scale than the other two processes, then that
one process can be ignored compared to the other two faster processes. For example, %I has a
half-life of 16,000,000 years, which is about two orders of magnitude larger than the corrosion
time-scale of 100,000 years, and the diffusion time-scale of 39,000 years for a diffusivity of 107!
m?/s. Thus radioactive decay of '?°1 may be ignored for releases by diffusion or corrosion.
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lll. Diffusive transport of a decaying radionuclide through a spherical shell
barrier that is corroding

Consider a spherical shell silicon carbide barrier with inner and outer radii R; and R>,
respectively as shown in Figure 4.

Receding
surface

0

Figure 4. Schematic of spherical shell silicon carbide barrier with inner and outer radii of
R; and R: respectively, and surrounding a core with a spatially uniform fission product
concentration. The core is shaded a light gray color. The outer radius decreases with time
due to corrosion.

Within the barrier, the concentration of a fission product will vary due to Fickian diffusion and
radioactive decay. For spherical symmetry, the concentration is a function of r and t, and is
governed by

a—C=23<r26—6)—1c (R, <7 < R,) (1L 1)
ot r2or\ or =T = e '
The core corresponds to the region 0 < r < R;. For TRISO fuel the core consists of the fuel
(e.g., UO») kernel, the porous pyrolytic carbon layer, and the IPyC layer. The core is not
discretized in this simplification as each layer has a diffusivity that is much, much higher than
for the SiC layer. In this case, the core concentration is well approximated as spatially uniform,
given by C; (t). The concentration in the barrier at R; can be expected to be proportional to the
concentration in the core. For convenience in this work, the concentrations at this interface are
taken as equal, but the analysis can also be applied if the proportionality constant is known. To
maximize the release, the concentration at v = R, (t) is taken to be zero. For convenience, the
initial concentration in the barrier is taken as zero, but the analysis can use an initial
concentration profile when available. The boundary conditions are therefore given by
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C=0,atr = R,(t)andt >0, (111.2)
C=C.(t),atr = Ryandt > 0, and (111.3)

C=0at R, <r < Ryand t =0. (I11. 4)

The inner radius R, is constant. The corrosion rate determines R, (t), the outer radius as a
function of time. It is assumed that R, is time-dependent and known, but is independent of the
fission product concentration.

A mass balance on the concentration in the core for diffusion into the barrier, and radioactive
decay is given by

4 dc, ac 4
§T[R% E = 47TR%D <E)r_R = §T[R%/1€1 (0 <r < Rl) (IH 5)
The initial condition for the core is given by
C, = C,(0) att = 0. (I11. 6)

Egs. (II.1) and (II1.5) with conditions given by Egs. (I11.2), (II1.3), (I11.4), and (I11.6) comprise
the system to be solved. We now introduce two transformations that simplify the coupled system
of core and barrier into a single linear partial differential equation and a linear ordinary
differential equation.

Let the function P(r, t) be defined such that [Ozisik, 1980]
P(r,t) = rC exp(At). (I11. 7)

With this definition, the two terms in Eq. (III.1) with derivatives are given by

ac —AP(r,t) exp(—At) + exp(—At) %_}t)

Frie " and (I11. 8)
d ac %P
E (TZ W) = EXp(—/lt) Tﬁ. (IH 9)

Substituting Eqs. (I11.7), (IIL.8), and (I11.9) into Eq. (IIL.1) results in

dP
—APexp(—At) + exp(=At) 5¢ D a%p 1 Pexp(—At)

= T—Zexp(—/lt) U " (111.10)

r

This reduces to
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apP d%p

= =D=3. (111 11)
The boundary and initial conditions become
P =0,atr = R,(t)andt > 0, (II1.12)
P =C R, exp(At),atr = R;andt > 0,and (I11. 13)
P=0,at Ry <r < R,(0)and t =0. (1. 14)

Eq. (ITI.11) is the classical one-dimensional Diffusion Equation, but has the advantage that
radioactive decay is incorporated implicitly, and is simpler than Eq. (IIL.1).

The moving boundary can be incorporated into Eq. (III.11) with a transform given by Landau
[1950]. This transform preserves the linearity of the Diffusion Equation for a corrosion rate that
is independent of the radionuclide concentration. In addition, the spatial domain becomes fixed
and normalized from O to 1, which is a significant computational advantage. The new time-
dependent spatial coordinate is defined by

R,(t)—r
R,(t) — Ry’

¢ (1I1. 15)

The receding surface is at v = R,(t), where § = 0and P=0. Atr =R;,é =1landP =
CiR, exp(At).

We now transform Eq. (III.11) from the variables (r, t) to the variables (&, T). T is used for time
in the new set of variables so that it is clear when the expressions are for the new or old set of
variables. Once the derivation is complete, t is substituted for T. Because ¢ is a function of both
r and t, the transformation is not simple. Therefore, a couple of extra pages for the derivation
details are given in this work.

The total differential of P is given by

dP = (Z—I;)g dT + <Z_§)T dE. (11 16)

The subscript on the brackets is the variable that is being held constant. From Eq. (III.16) the
partial derivative of P with respect to # holding  constant is therefore given by

(20, (7,20, +28), ).

By taking the partial derivative of ¢ with respect to t in Eq. (III.15) we have
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dR, dR,

(E) B (R2(t) —Ry) ar (Ry(t) — 1) dt
at

Solving Eq. (II.15) for r results in
r= R, — §(R; — Ry).

Substituting Eq. (I11.19) for r into Eq. (II1.18) results in

- (R,(©) — R,)? " Ry(D —RD?

(@) B k) -RGE a-p ar,
o)y (R, = Ry)? - (R —Ry dt

(111 18)

(111.19)

(1. 20)

Substituting Eq. (III. 20) into Eq. (IIl. 17), and noting that T = t, we have that for the left side of

Eq. (IIL.11)

1-9k
(50). = Gr). i (5) -

For the right-hand-side of Eq. (III.11),

&)~ Ge), o).+ ), (5.

However,

<6T> _0
or/,

Therefore the second partial of P with respect to r is given by

7 =)~ (3), 5. ) = ), (5

This reduces to

2
7= (), (), 3. (5.

(Il1. 21)

(II1. 22)

(111 23)

) . (I1L.24)

(11 25)

Because the second partial derivative of ¢ with respect to r at constant t is zero, Eq. (III. 25) can

be reduced further to

0?P 1 ?(9%P
orz <R2(t) - Rl) <a§2>T '
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Substituting Eqs. (I11.21) and (I11.26) into Eq. (II1.11) results in a single equation in the (¢, T)
variables with a fixed domain that includes the changing domain effects, and is given by

i (1_5)% o = D o°p 0<¢é<1,R R II1.27
(ﬁ)g-l_ (RZ_R1) <a_€)T_[R2_R1]2(a§2>T ( <{<1LR,> 1)( ! )

dR
In general, R, and d_tz may be expected to be vary with time as different brine compositions

dR
contact the TRISO fuel particle. Nonetheless, if R, and d_tz are independent of P, Eq. (I11.27)

is linear.

The boundary conditions for Eq. (II1.27) are for a fixed domain and simplify to

P=0,até=0andT >0, (I11. 28)
P =C,(T)R,exp(AT),até =1andT >0, and (I11. 29)
P=0,at0<é¢é < land T =0. (I11. 30)

For convenience, define the recession velocity V by

V= dR, 1. 31
_ dT ) ( . )
and the initial barrier thickness as

L =R,(0)—R,. (I11. 32)

With these definitions for a positive constant value of V = k/p,
R,(T)—R, =L —VT, (111. 33)

and Eq. (II1.27) can be expressed as

apP (é—-1v sopP _ D 0%P
<E)E @G- (a_f)t L —Ve]? <a¢*2>t (L-Vt>0), (111. 34)

where t has been substituted for T. In this work, V is constant and determined from
experimental data. The length scale given by L — Vt, is the time-dependent thickness of the
barrier. Thus, (L — Vt)¢& corresponds to the radial position distance measured inwards from the
outer radius of the barrier. To ensure that there is a barrier thickness to apply Eq. (I11.34), the
condition L — Vt > 0 is imposed.
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Eq. (II1.34) has the form of a one-dimensional convection-diffusion equation where the effective
convective velocity is given by (§ — 1)V, which varies with position. Because ¢ < 1, the
effective velocity is negative, except at the core surface. Because increasing ¢ corresponds to the
inward radial direction, a negative effective velocity corresponds to convection in the outward
radial direction. Thus corrosion adds to the flow of fission products radially outwards from the
barrier. As time progresses, the barrier thickness given by L — V't becomes smaller. Because
this thickness is in the denominator for both the convective and diffusive term, the effective
convective velocity and the effective diffusivity increase with time. The effect is greater for

diffusion because the barrier thickness is squared in the denominator of this term on the right
side of Eq. (I11.34).

At the surface of the core, corresponding to ¢ = 1, the effective convective velocity is zero. This
is consistent with no corrosion effects propagating to the core surface, since the corrosion is
occurring at the outer surface of the barrier. Similarly, if the recession velocity V is zero, then
the convective term is zero. This is consistent with Eq. (II1.34) being reduced to just the
diffusion equation, but with ¢ as the spatial coordinate instead of 7.

To determine the boundary condition on P at £ = 1 from Eq. (IIL.5), the partial derivative of C
with respect to  needs to be expressed in terms of P. From Eq. (I11.7),

9c _ At [1 e _ L 11135
or = exp(=At) r or rz]' (I1L.35)
From Egs. (I11.22) and (I11.23) we have that
<6P> _ (ap) (65) _ 1 <6P) il 95
or/, \0&) . \or), Ry —R,\d&).’ L 35)
Substituting Eq. (I11.36) into Eq. (I11.35) results in
(E)C) o 1 (ap) B 1. 37
o), |RVE—D\3E) T RZ| (HL.37)

Substituting Egs. (I11.37) and (II1.8) into Eq. (IIL.5) results in the boundary condition at £ = 1 as

dP et Ae—MPl _32)9"“[ 1 <6P) Pl (Ae—“P
£=1 £ §=1

- R, |R(t—L)\3&), R? Ry

— . (IIL38
dT R, R, >§,=1 (I11.38)

This reduces the boundary condition on P at{ = 1 to

dP _3D[ 1 (9P\ P . 2
dt R, [(Vt — 5 (a_g*)t B R_ll §=1J (11139

26




with the initial condition
P =C;(0)R, att =0and ¢ = 1. (111.40)

In Eq. (IIL.39), Vt — L is negative. The fission product concentration decreases radially away

from the inner surface at R;. However, ¢ increases radially inwards towards the inner surface,

oP 1 daP
and thus — is positive. Thus the term (—) is negative. Because P and R are
t

a¢& (vt-L) \o¢&
positive, the entire right side of Eq. (I11.40) is negative or at most zero. This indicates that the
fission product concentration in the core will decrease with time.

One useful observation is that the decay constant A, which is specific to a fission product as
given by Table 2, is not used to obtain a solution for P. Thus once P is determined, all the
values for C in the barrier and core are determined for any fission product by multiplying by the
same factor of exp(At) in Eq. (IIL.7). This feature will be used in Section V to construct a single
plot of fission product retention for a range of D and V that may be used for any fission product
given the appropriate value of A.

In summary, the system to solve is Eqgs. (I11.34) and (I11.39), with boundary conditions given by
Egs. (I11.28), (I11.29), (I11.30), and (I11.40). Once P is determined as a function of ¢ and ¢, then
Eq. (III.19) may be used to determine P as a function of r and t. Then Eq. (III.7) may be used

to determine C as a function of r and t.
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IV. Numerical Discretization

Eq. (I11.34) is solved using second-order central finite differences for the spatial derivatives,
and the Crank-Nicholson method for time stepping [Press et al., 2007]. For convenience,
define

. &=V
j — \Si
A= e (IV.1)
and
. D
Bl=—;, (IV.2)
[L -Vt

where the subscript i corresponds to the grid point index, and j corresponds to the time level.
Also let h be the spacing in £. Then the spatial discretized form of Eq. (I11.34) is given by

dp; _Bj(Pi+1 - 2Pi+Pi—1)_A]"(Pi+1_Pi—1).

dt h2 i 2h (IV.3)

In our notation, the grid point index i, varies from 1 to n, where i = 1 corresponds to & =
0 at which P = 0. Grid point n corresponds to the core region, and has the same concentration as
the inner surface of the barrier. For the Crank-Nicholson method, let Pi] "1 be the value of P at

grid point i and time level j+1. Then Eq. (IV.3) becomes for the interior grid points (1 < i < n),

Jj+1_pJj j J j j J
2R _ L B A +pf[_23_’ Lo [B_A
At i=1{h2 " 2h ¢ h? +11h2  2h
L [Bitr ait . B+t Bt At
Jj+1 Jj+1 Jj+1
ge 1) h2 + zlh + [_2 h2 l + P hz zlh . (1v.4)
Rearranging Eq. (IV.4) so that the values of P/** are on the left side, we have that
e |AtBIYAcAlT AtBIFY L [aeBitt Al
i-1 h2 + 2h =5 2+2 h2 + P 2 2h =
; |aeBl aeAll [ AeBd ; |atal  aeB
i1 p2 + 2h +F |2 hz 2|+ F, 2h R (Iv.5)

29



For the first grid point at & = A, we utilize the boundary condition that P = 0 at £= 0. Thus for i =
P Pij_1 =0, Pl]_+11 = 0, and Eq. (IV.5) becomes

. . 5 1
pitt [_2 ., AtBJ“l jo1 [AEBTH s AtAl*
1 h? . h? 2h
;[ AtBI i |acal  atpd
=P 2= -2+ P | -5 | (IV.6)
Eq. (II.39) for the n-th grid point is given by
dP, 1 P —-P,, P,
—=3 — ¥ IV.7
dt {Rl(Vt -L) h R? (¥ 7)
Applying Crank-Nicholson method to Eq. (IV.7) results in
. . . . 1 .
piti _ pi _ 3DAt 1 P,{“—P,{_*11+ 1 B-B, B B (1V.8)
n n 2R1 (Vt]+1 - L) h (Vt] - L) h R1 R1 '
The final form of the n—th equation is given by
; 3DAt ; 3DAt 3DAt
b [ : ] +p/ 1 - . +
n 2R h(Vti+1 — L) 2Rih(Vt/*1 —L) = 2R;?
Y 3DAL 3DAt i [ 3DAt ] 5
=h Yt gavo—n e | rrwo—nl VY

The tridiagonal system of n equations for Pij Ti=1,2,..,n)is given by Eq. (IV.6) as the first
row, Eq. (IV.5) for rows 2 to n-1, and Eq. (IV.9) as the n-th row. This tridiagonal system is
solved each time step which does not require iteration [Press et al., 2007].
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V. Calculation Results

To demonstrate the coupling of corrosion and diffusion, consider a SiC layer as given in Figure 4
exposed to brine. The conditions are

C=0,atr = 420 umandt = 0, (V.1)
C =Cy(0),atr = 385umandt =0, and (v.2)
C=0at 385um <r < 420 umand t = 0. (V.3)

As given by Eq. (I11.34), there must be a finite thickness to the barrier layer which is given by the
requirement that Vt/L < 1. Therefore the calculations are carried out to Vt/L = 0.9999 with 150
time steps. Once this limit on the simulation is reached, the barrier is assumed to be thin enough
so that there is no diffusion barrier. All the results were computed with n = 50. Convergence
was checked by repeating a calculation with n = 100, and there was no noticeable difference.
Similarly, there was no noticeable difference when using 100 time steps.

The mass of fission products in the core and barrier at any time is given by
Ry

4
M(t) = §7erC1 + f 4nr?C dr (V.4)

Ry

where C is a function of r and t. The effects of radioactive decay are already included in Eq.
(V.4) by the determination of C; and C. The first and second terms on the right in Eq. (V.4)
corresponds to the decaying fission product mass remaining in the core and in the barrier,

respectively. Ifall the fission product mass remains in the core, then with time this mass is given
by

4
§nR§(:1(0)e—M : (V.5)

Thus, the mass fraction of fission products retained in the core plus barrier system is given by

4 R
3 TRIC,(6) + lez 4mr?C dr

S RRIC, (0)e M

F(t) =

(V.6)

The ideal barrier has F(t) approaching unity, which in this limit indicates all the fission product
has been retained in the core and barrier system. The retained mass fraction as defined by Eq.
(V.6) is given in Figure 5. The integral in the numerator of F(t) is computed using a trapezoidal
rule.
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As noted at the end of Section I1I, all the values of C in the numerator of Eq. (V.6) are obtained
by multiplying P by exp(—At) /r. Thus the factor of exp(—At) cancels in the numerator and
denominator of Eq. (V.6), and the effects of radioactive decay are not included in F(t).
Therefore, if F(t) is unity, that does not mean that over time the mass of fission product is the
same as the mass initially in the core. The mass of fission product in the core plus barrier system
can be determined by using F(t) and is given by

4
§ancg(O)e—ﬂfF(t). (V.7)
Therefore, given a plot of F(t) for a range of D and 7, such as Figure 5, the plot may be used
for all the fission products in Table 2 by using the appropriate value of A in Eq. (V.7). Thus
separate plots are not needed for different fission products.
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Figure 5. Fraction of fission product mass remaining within the core and corroding SiC
barrier as a function of the diffusivity in the barrier and corrosion rate. The diffusivity
values are shown in the same color as the lines. Solid lines and dashed lines correspond to
corrosion lifetimes of 100,000 years and 7,000 years, respectively.
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Based on Figure 3, corrosion rates of k = 4.5 x 10™ and 2.9 x 10 g/m*/day, correspond to
corrosion lifetimes 7., of about 7,000 and 100,000 years, respectively. Since we have not
found bulk diffusivities in SiC at repository temperatures, F(t) is shown in Figure 5 for fission
product diffusivities of D = 108, 10°, 102°, 10! and 10?*> m%*/s. Given these assumed values
for D, the basic premise of D < D, is valid, because the time-scale to diffuse through the
pyrolytic carbon layers is orders of magnitude smaller than the time-scale for diffusion through
the SiC barrier. Based on Table 3, for diffusivities of 10'® and 10'® m?/s the diffusion time-
scales are 39 and 390 years, respectively. This is much shorter than the shortest corrosion time-
scale of 7,000 years for k= 4.5 x 10 g/m*/day. Therefore we expect as shown in Figure 5, that
the radionuclide diffuses out of the SiC barrier layer for D = 10!® and 10! m?/s before corrosion
removes this layer. Thus there is little difference between the solid and dashed curves of the
same color for these diffusivities, indicating that diffusive release is dominant over corrosion
removal. The solid and dashed curves correspond to corrosion time-scales of 100,000 and 7,000
years, respectively.

However, for D = 10° m%/s, the diffusion time-scale from Table 3 is 3,900 years. In this case
we expect as shown in Figure 5 there are significant differences in the retained fission product
mass fraction depending on the corrosion rate. For corrosion time-scale of 100,000 years, which
is much longer than the diffusion time-scale, diffusion releases nearly all of the fission product
before the SiC layer is removed by corrosion as shown by the red solid curve. However, for
corrosion time-scales of 7,000 years, both diffusion and corrosion are important, but complete
release occurs essentially when the SiC layer is removed by corrosion as shown by the red
dashed curve.

For D = 10! m?/s or smaller, the diffusion time-scale is 39,000 years or longer. Therefore, for a
corrosion time-scale of 7,000 years, most of the radionuclide is released by corrosion as shown
by the blue dashed curve. Similarly for D = 10%? m?/s the diffusion time-scale is 390,000 years,
and therefore most of the radionuclide is released via corrosion even for a corrosion time-scale of
100,000 years.
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VI. Conclusions

In this work we analyzed the combined simultaneous effects of bulk (e.g., solid-state) diffusion
of a radionuclide through the SiC barrier, barrier corrosion, and radioactive decay for TRISO
particles. The analysis is general for a single corroding barrier with specified radionuclide bulk
diffusivity and decay rate. From the time-scales for bulk diffusion, corrosion, and decay,
estimates were obtained on how each process would affect the radionuclide release. Because we
did not find the bulk diffusivities in SiC of the radionuclide of interest at repository temperatures,
a broad range of diffusivities was used in the analysis. Release may occur before the SiC barrier
has corroded if the bulk diffusivity is more than about 102° m%*/s. For bulk diffusivity less than
102" m?/s there may not be significant diffusional release prior to SiC barrier removal by
corrosion.

In the future, the physical characteristics and porous media properties of the TRISO particle
layers and of the encapsulating compact graphite matrix (or pebble graphite matrix), are to be
constrained for integration into a stochastic model of the entire compact contained TRISO
particle fuel degradation. Graphite corrosion as analyzed previously appears to be the slowest
process of all and can be ignored to a first approximation relative to aqueous diffusion through
the graphite.

Based on the analysis in this work, TRISO fuel is a very robust design for retaining fission
products if the protective layers remain intact and preclude radionuclide transport by advection
or aqueous-phase diffusion. Measurements have shown that if the layers composed of pyrolytic
carbon and silicon carbide are contacted by brine, corrosion of these layers may occur. Even if
the corrosion rate measured at 90 °C by Fachinger et al. [2006] is assumed to be applicable over
geological time-scales, the outer pyrolytic carbon (OPyC) layer should last more than about 10°
years. The long lasting OPyC layer would also provide at least some corrosion protection to the
silicon carbide (SiC) layer that is covered by the OPyC layer. However, other measurements
reported by Fachinger et al. [2006] show that SiC corrodes much faster in brine than does the
pyrolytic carbon. Therefore, if the OPyC layer is damaged such that brine contacts the silicon
carbide layer ubiquitously, then there is the potential for the corrosion of SiC as analyzed here
and concurrent radionuclide release. Whether or not the SiC layer corrodes, there is always a
potential release by bulk diffusion through SiC. Protecting the SiC layer from corrosion
increases the time needed for diffusion through this barrier. This slow release through the SiC
layer provides some safety margin. But quantitative evaluation of the porous media diffusion in
the compact graphite matrix and the TRISO layers, at repository conditions is one of the next
major steps in this model development.
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APPENDIX A: UPDATE FOR SAND2002-3966

The last paragraph and figure of Section IV of the report SAND2002-3966 (Gelbard,
2003) should be replaced with the following.

The general multilayer solution given by Eq. (IV.9) approaches the two-layer coupled lumped
fuel and barrier model given previously in the limit of

&€= Dfuel(r3'r2)2/ [Dbarrier(r2'rl)2] >> 1. This is shown as a solid line in Figure IV.2 for the

fraction released as given by Eq. (II.21). The curves for & equal to 1.0, 0.1, and 0.01 were
computed from Eq. (IV.15). The dimensionless time is given by Eq. (II1.8) with the diffusivity
taken as that for the barrier layer. For § greater than about 1.0, the simpler lumped fuel and
barrier model is already adequate for determining the release fraction.
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Figure IV.2. Comparison of fraction released for lumped fuel and barrier model, and
multilayer model for r3/ry = 1.10, and y; =y, = 1. The limit of £ >> 1 is the solution given

in Eq. (IIL1.21) as the lumped fuel and barrier model.
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