3. FISSION PRODUCT TRANSPORT IN TRISO-COATED PARTICLE
FUELS

3.1 Introduction

The purpose of this section is to discuss the potential phenomena (generalized to the term
“factors” in this report) associated with the transport of fission products in TRISO-coated
particle fuel. Fission product transport in the coated particle is a key component of the
source term calculation for the high-temperature gas-cooled reactor and is very useful for
evaluation of factors identified by the PIRT panel. TRISO-coated particle fuel is a
complex fuel form from the perspective of fission product modeling. The multiple
layers, the chemical state of the fission products, the different mechanisms responsible
for gaseous and metallic fission product transport in each layer, and the projected high
burnups and fast neutron fluences make the modeling of fission product transport
challenging. Sections 3.2 through 3.5 discuss fission product transport in the TRISO-
coated particle fuel layer by layer. Each section includes a review of the existing
database for transport in the layer, discusses potential mechanisms responsible for the
transport, and presents results of preliminary scoping calculations for the transport in the
layer. In Section 3.6, a simplified integrated transport model is presented and some
simple sensitivity results are discussed. These results are used to provide a better
understanding of the individual sub-factors associated with the fission product transport
factors identified by the PIRT panel. In Section 3.7, these factors are defined and the
rationale for the selection of these factors to capture the overall complexity of fission
product transport is discussed. Section 3.8, summarizes our findings.

3.2 The Fuel Kernel

Fission product transport in the kernel is complex. Important mechanisms (i.e., factors)
include recoil, diffusion of fission products to grain boundaries, vaporization, and
transport through the interconnected porosity of the kernel to the surface of the kernel and
chemical reaction at the boundary of the kernel. These processes are functions of burnup
and temperature and thus change over the life of the fuel.

3.2.1. Recoil
Recoil from the kernel can be estimated using the following equation:
(RF)recoit = 025 [1-(ri-d) Vi

where RF is the release due to recoil, ry is the radius of the fuel kernel and d is the
average fission fragment range. The average fission fragment ranges are calculated for a
given fuel composition from experimental data [3-1]. Based on fission energies of 107
MeV for krypton and 72 MeV for xenon, the average krypton range is 5.8 microns and
the average xenon range is 4.1 microns in UO, with a density of 10.5 g/cm’. Thus, for a
500-micron kernel, the recoil release fraction is about 1.5%. For a 350-micron kernel, the
recoil release fraction is about 2%.
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3.2.2. Chemical Reaction at the Fuel Kernel Boundary

Fuel kernels are chemically reactive with the surrounding graphite. This is especially
true for UO, kernels. There will be some reaction of the graphite with the kernels to
produce surface layers of uranium carbide or oxycarbide and carbon monoxide (CO).
The structure of uranium carbide is different from the structure of uranium dioxide. The
reaction is not topotactic' and restructuring of the surface material takes place. The
restructuring causes the material to evolve toward a more nearly equilibrium state by
expelling to its surfaces some fractions of the impurities including fission products.
Because these fission products are moved during the recrystallization process to the
exposed surfaces of the fuel kernel, they are usually considered to be released from the
kernel. Because of the temperature dependence of the reaction of graphite with the
kernel, reaction release of fission products can become progressively more important as
temperatures increase.

During normal operations, kinetics of reaction limit the rate of fission product release
from fuel kernels by reaction with the graphite. Out-of-pile studies of the reaction
kinetics are of limited use because the effects of graphite irradiation is not accounted for.
Irradiation of the graphite creates dislocations of the graphite structure that are energetic
and more reactive than unirradiated graphite toward the fuel kernel.

3.2.3. Booth Diffusion

Far more important than either recoil or reaction as transport mechanisms of release
(especially under accident conditions) is the conventional release process of fission
product diffusion through grains to the grain boundaries and subsequent transport through
the interconnected porosity. This mechanism has been studied extensively in the context
of light water reactor fuel behavior. The Booth diffusion model has been used to estimate
the release of fission gases via these mechanisms and has been used to describe fission
product release from the kernel. The release fraction is given by [3-2]:

FR = 1—(%)2[1 —exp(-n’z*Di)/[n* 7*]
n=1

where D' is the reduced diffusivity, which is equal to D'/a” and t, is equal to time. The
two key parameters in the model are a, the effective radius for diffusion, and D the
diffusion coefficient. This equation has been used to establish reduced diffusivities
(D/a®) from integral irradiation and high temperature experiments. This approach
produces a reduced diffusion coefficient that is time-averaged and volume-weighted. The
formulation for diffusion coefficients by Turnbull, which accounts for intrinsic, athermal
and radiation-enhanced diffusion, is believed to be the most accurate for UO,. [3-3,3-4]
The definition of the effective radius is usually taken to be the grain size of the UO,.

! topotactic transition: a transition in which the crystal lattice of the product phase shows
one or more crystallographically equivalent, orientational relationships to the crystal
lattice of the parent phase.
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There are several limitations with the Booth model:

a. The original Booth model was used to describe gas release from a fuel grain and
not a fuel kernel or fuel pellet per se where the gas phase transport in the
interconnected porosity is also important.

10 |
s — FRG ’ l
m5 - - - USA
10°% 4 - = Japan |
|
107® uo;
{rasad on kemel radius r = 250 um) |
f 1g10- |
.E |
2 .
510-12_
=
o b
£
14 _]
510‘
10—16_
10184
— Temparature
2100 18040 1600 1400 190 200 G
10—20 _[_I. I.|= | - | I.I a T LI I'.I L T i - 1 |
4 5 6 7 8 g 10 !
0% T (K] — |

Figure 3-1 Comparison of measured diffusivities of fission gases and some fission
metals in UO; kernels of coated particle fuel [3-5]

b. The use of the Booth model makes it difficult to accurately capture the effect of
burnup on the microstructural changes in the kernel and the subsequent impact on
release.”

> The variability in the reduced diffusivity derived from the integral release
measurements may be quite large when the morphology changes in the kernel with
burnup are considered. Low releases are expected at low burnup. At moderate to high
burnup, the restructuring of the kernel can be extensive resulting in large release. This is
a key shortcoming in using such a simple model to account for very complex fuel
microstructural evolution and attendant fission product release.
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C. The release of some of the metallic fission products, which tend to form nodules
along grain boundaries in the fuel (e.g., Ru, Mo, Tc, Pd), is not governed by this
classic diffusion mechanism.

Despite these shortcomings, many researchers have correlated or “force-fitted” release
measurements to an “effective Booth model.” For coated particle fuels, reduced
diffusivities exist for the fission gases and some fission metals like cesium, silver, and
strontium. The effects of changes in the microstructure with burnup are not directly
accounted for but are implicit in the values used for D. Figure 3-1 is a plot of the values
of D measured on UO; coated particles by the Germans (assuming a = 250 microns) [3-5]
and they form the baseline to be used for scoping analysis presented here. No diffusivity
data exist for noble fission metals like Ru, Mo, Tc, and Pd. Similar data do not exist for
UCO and thus UQO; values are used in the interim.

This effective Booth model has been used with the measured diffusivities for UO, fuel to
determine the impact of time (i.e., burnup) and temperature on the release of fission gas,
cesium, silver and strontium from a 500-micron UQO; kernel. Three specific calculations
have been performed:

e A three-year 900°C irradiation, typical of the average exposure of a UO; coated
particle in a prismatic reactor

e A three-year 1200°C irradiation, typical of the peak exposure of a UO, coated
particle in a prismatic reactor

e A three-year 600 to 1200°C ten cycle exposure typical of peak exposure of a UO,
coated particle in a pebble bed reactor.

The resultant fission product releases are shown in Figures 3-2, 3-3 and 3-4. The results
indicate that time at temperature is important and can make a difference in the release
fraction of the fission products from the kernel. Given the exponential nature of the
diffusivities, as expected the release is dominated by the time at high temperature.
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Figure 3-2 Calculated fission product release from 500 micron UO, kernel at 900°C
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Figure 3-3 Calculated fission product release from 500 micron UO; kernel at 1200°C
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Figure 3-4 Influence of cyclic temperature in a pebble bed reactor on fission product
release from a 500 micron UO, kernel

3.2.4. Vaporization: Fission Product Chemical Form

The estimation of fission product transport through the layers of coated particle fuel
requires an understanding of the gas-phase speciation of fission products released from
the fuel. The chemical environment of the fuel particle will be reducing and different
than exists at any point in the release of fission products for light water reactor cores.
The speciation will be sensitive to the reducing conditions. Furthermore, graphite and
carbon monoxide produced by the reaction of graphite with oxygen liberated by the
fission process can affect the speciation.

Speciation in terms of elemental vapor species and oxide vapor species can be
determined with existing thermochemical data. There are, however, possibilities for
vapor species that are not as well known forming in the environment of the coated
particle fuels. These include impurities left from the manufacturing process such as HCl,
which can affect speciation by the formation of chlorides of the fission products.
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Chlorides are typically volatile. There are recognized databases on the thermochemical
properties of condensed chlorides of most of the fission products. Data bases on vapor
species, especially monochloride and dichloride vapor species or oxychloride vapor
species, have not been as comprehensively compiled though data are available.

More exotic species in the sense that they are less familiar in the analysis of light water
reactor accidents include vapor phase carbide species. There is also evidence for the
formation of the vapor phases of BaC, SrC, ZrC and RuC. Again, the necessary review
of the literature to produce a well-founded compilation of vapor-phase carbides has not
been done.

Another class of species that is not well known in a thermochemical sense is the vapor
phase carbonyls. Metal carbonyls (CO), are well known chemically and used as
precursors for the synthesis of organometallics. Notable species include Ni(CO); and
Fe(CO)s and carbonyls of many other transition elements. These, however, are not the
species of primary interest in relation to the transport of fission products in coated
particle fuels at the high temperatures arising in reactor accidents, because they are not
radiologically important. In these conditions vapor species that are monocarbonyls
(MCO) and dicarbonyls (M(CO);) are likely to be of more interest [3-[6].
Thermochemical data for such species are not abundant simply because there has been
little incentive to look for and characterize such species. This, however, does not mean
that the species are unimportant in the particular situation of interest here. (The level of
knowledge about vapor phase carbides and carbonyls is similar to that of vapor phase
hydroxides 50 years ago. Their existence is not well established, but they proved
important for the understanding of factors other than fission product transport such as
flames, magmatic processes and even some corrosion processes. They were eventually
found by experiment and characterized.)

Speciation of fission products can become more complicated during accidents involving
air and water intrusion. Then, in addition to the vapor species already mentioned, vapor
phase hydrides, hydroxides, nitrides and even cyanides may affect the potential for
fission product release.

The thermochemical data used for the calculation of the vapor speciation are enthalpies
of formation and free-energy functions. The free-energy functions are usually calculated
for vapor species from spectroscopic data, some of which can be very complicated for
high molecular weight fission product species. Enthalpies of formation are usually
derived from mass spectroscopic estimates of the temperature dependencies of vapor
pressures or inferred from transpiration experiments. The uncertainties in the enthalpies
of formation of vapor species can be as high as + 20 kcal/mole.

33 The Buffer Layer
The buffer layer plays a role in the coated particle from the perspective of fission product

transport. Depending on the specific irradiation conditions, the nature of the shrinkage
and densification of the buffer establishes the initial condition for fission product
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transport during irradiation and under accident conditions. The buffer is a porous carbon
layer (~50% dense initially) whose function is to serve as a void volume for fission gases
and act a material to absorb fission recoils and swelling of the fuel kernel. Sometimes the
buffer cracks because of tangential stresses developed under irradiation. Because of the
high porosity of the layer, it has the lowest conductivity of any layer in the coated particle
and thus the largest temperature drop. Depending on the power produced in the kernel,
the temperature gradient in the buffer may cause thermal (or Soret) fission product
diffusion in the layer.

3.3.1. Thermal Behavior of the Buffer

For a first approximation, to calculate the internal temperature distribution in a coated
particle it can be assumed that heat transfer is predominantly by radial heat conduction
and that the outer boundary temperature of the fuel particle is uniform. In a spherical fuel

kernel with uniform heat generation rate, qf" (W/m’), the steady state temperature rise
from the center to the surface of the kernel is given by:

TO — T1 = — qu 1‘12/6kf

Where T, = T(0), T; = T(r;), r; = fuel kernel radius, and kf = fuel kernel thermal
conductivity. Ignoring heat generated in the buffer, the buffer temperature drop is given
by:

T1 — Tz =4qr (1‘2-1‘1)/47'Ckcl‘11‘2

Where r, = buffer outer radius, k. = thermal conductivity of the buffer, and qr =
(4/3)mr’q" = thermal power generated in the fuel kernel. Assuming no gaps develop
between layers, which can cause large temperature drops, similar equations apply to the
temperature drops across other layers (IPyC, SiC, OPyC).

Table 3-1 presents the calculated temperature drop across each layer, and the layer’s
associated thermal properties for an average particle that generates ~ 62 mW of power,
which is about the average power per particle in a pebble bed reactor core (PBR). Thus,
for an average particle, the ~ 10 °K temperature drop across the buffer translates into ~
100 °K/cm gradient across the layer.
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Table 3-1 Calculated Temperature Drops Across Layers of a Coated Particle

Outer Conductivity Denity | Heat Capacity | Temperature
Radius, Kk, P, Cp, drop
m W/m-K kg/m’ J/kg-K AT, °K
Layer
UQO; kernel r; =250 2.5 10960 332 3.92
Buffer r, =345 0.5 1100 1.5 10.88
(50% dense
graphite)
IPyC r; =385 4.0 1700 1.5 0.37
SiC 14 =420 13.9 3200 0.5 0.07
OPyC rs =460 4.0 1700 1.5 0.26
Total AT = 15.5

Figure 3-5 plots the thermal gradient and the temperature drop across the buffer as a
function of the power per particle for a standard 500 micron UO, German coated particle.

As the power increases, significant thermal gradients can develop.

These thermal

gradients lead to increasing thermal stresses in the layer. The stresses in the buffer due to
thermal gradients and densification, if high enough, could cause cracking of the buffer.
Furthermore, high thermal gradients across the buffer (> ~ 1000 K/mm) can drive thermal
diffusion (Soret effect) of fission products across the layer (see Section 3.3.3).
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Figure 3-5 Calculated effect of particle power on temperature gradient and temperature
drop across the buffer layer of a standard 500-micron UO, German particle




Figure 3-6 is a photomontage of different fuel particles irradiated under different power
conditions. As shown in the figure, as the irradiation is accelerated the power in the
particle is increased and the state of the buffer changes. The German LEU UO; particle
from AVR shows very little change in the buffer after irradiation probably because of the
low power being produced (the exact power history is not well know given the nature of
pebble bed refueling). The LEU UCO particle from the HRB-14 irradiation shows a
typical cracked buffer. These cracks can provide paths for more rapid fission product
transport (see Section 3.3.2). The particle in HRB-15A is an example of more severe
cracking of the buffer. The NPR-2 HEU UCO particle was irradiated at an accelerated
factor of 10 compared to that expected in an HTGR. There is significant densification of
the buffer on one side of the particle as the buffer shrank during the irradiation. (The
cause of the excessive shrinkage in the NPR-2 photo is not known with certainty. It is the
most accelerated irradiation ever conducted in the U.S. However, there may have been
some chemical interactions between the kernel and the buffer that contributed to the final
state shown in the micrograph).

Significant
shrinkage of buffer

Severe cracking
Intact Cracked buffer of buffer

German
. HRB-14 LEU HRB-15A LEU NPR-2 HEU UCO
particle UCO particle i
LEU UO.in parti UCO particle particle

Roal 10 x
' ez ) l:pe accelerated
Irradiation irradiation

Figure 3-6 Different states of the buffer in coated particles following irradiation in the
U.S.

Table 3-2 schematically presents this evolution of the buffer relative to particle power.
The table describes possible locations where such powers might be found in a pebble bed
reactor, in a prismatic reactor core or in an irradiation test reactor. In addition, the
thermal gradient that develops across the buffer of a 500-micron UO, kernel has been
estimated and some comments about the condition of the buffer are provided. (Note that
the thermal gradients for a 350-micron kernel in a prismatic core would be about double
that shown here for the same power level because of the smaller kernel size).
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Table 3-2 Effects of Particle Power on the Buffer in Coated Particle Fuel

PBMR low flux PBMR pebble Current Very
Description or ion:
Iocatioﬁ region; PBMR average and prismatic prismatic accelerated
aG\;I'e-:\élgHeR compact peak irradiation limit irradiations
500
Particle Power 251040 60 mw 100 mW 400 mW to
mw 5000 mW
Thermal
gradient 900 ¢
Across buffer <50 K/mm ~ 100 K/mm ~ 250 K/mm ~ 750 K/mm 9000 K/O
(for 500 micron mm
kernel)
Moderat High Excessive
. oderate ; : .
Condition of Uniform tensile tensile shrinkage;
buffer shrinkage stress - buffer and
stress - many fuel side by
som:. cracks side
cracking

3.3.2. Fission Product Transport in a Porous Medium

A complete description of fission gases and vapor in a porous media requires an
understanding of multicomponent gas-phase mass transport. The multicomponent
diffusion equation in the Chapman-Enskog [3-7] approximation is given by:

— x.m.P/RT \—
RT Yo

NN (1) (1)
i x;N,—x N, +§lnT§ 1 | xD, x,D,

=1 [D*tj] ) L2 A m
where:
X; =mole fraction vapor species i
[D+;;]= first Chapman — Enskog approximation of the binary diffusion coefficient
of species
N; = molar flux of species i (moles/cm’-g)
P =total pressure
R = gas constant
T  =temperature
m; = molecular weight of species 1

D" = thermal diffusion coefficient of species i
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This formulation assumes that mass transfer occurs as a result of gradients in chemical
composition (i.e., mole fractions), gradients in temperature® (thermal diffusion or the
Soret effect, see also Section 3.3.3) and gradients in pressure. (Note that as written
above, the slip correction is not included in the pressure gradient coefficient. This slip
correction, which accounts for relative velocity between the molecule and the surface
when the characteristic size in the medium is on the order of the mean free path of the
gas, has proven to be of some importance in the analysis of mass transport through
graphite.) The dependence on pressure gradients can be important for mass transport
across the SiC layer and is dominant in situations in which the porous medium has failed
structurally and macroscopic cracks are present. The multicomponent diffusion equation,
even in the absence of gradients in pressure and temperature, is difficult to solve. It also
yields counter-intuitive results such as osmotic diffusion, barrier diffusion, and reverse
diffusion [3-8]. These counter-intuitive results have generally been confirmed by
experiment.

The solution of the binary form of the diffusion mass transport equation for transport of a
vapor i in radial gradients in temperature and composition for a spherical shell with inner
radius A and outer radius A + J yields:

1y, _ PD(B)AT (4+9), lj !

A dt RT® 2 46 1-x)[1" _7;1/2]4_
DLEPETY (4+9) [ -]
4RAXTZS A§ [7—2715 _]:15]

where the subscript b denotes conditions at the outer radius and the subscript s denotes
conditions at the inner radius. 7 is related to the thermal diffusion coefficients of the
stagnant and mobile gases by:

(&1 p D"

2
P mym, Dy,

When 7 is greater than zero, the mobile gas moves toward cooler regions. From the
above expression, it is evident that temperature gradients have a more global effect on the
mass transport kinetics than just thermal diffusion.

The above development has been in terms of the Chapman-Enskog model because it is
usually more familiar. Most investigators [3-9, 3-10] of mass transport through porous
media have chosen to use the development by Grad (the so-called ‘13-moment’ method)
because it allows the explicit consideration of the porous medium in the so-called ‘dusty

3 There are temperature dependencies in this equation, most notably the gas phase binary
diffusion coefficients, which typically have a T' scaling at the accident temperatures
considered here.
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gas’ approximation developed extensively by Mason and Malinauskas. The isothermal,
binary diffusion (ternary if the immobile porous medium is considered) expression in this
approximation is:

— P — - P B,z
N; = ——Dl-(eﬁ")in +xl-5l-N—xl-}/i——0VP
RT RT u

where:

S =
l Dij (eﬁ’)
o D; (eﬂ)
Vi D, (Kn)
1 X X

D(Kn) ~ D;(Kn) " D, (Kn)

D, (Kn)=§K0,/8RT/;zm,.

Dlj (eﬂ)= ;D*U

& = porosity of the material

T = tortuosity of pore network

Note that in some cases, it has been found necessary to introduce a slip correction for the
coefficient of the pressure gradient term:

w |
N <

B
—2+-K,
u

where v is the mean molecular velocity.

The parameters in the equation are B, the Poiseulle parameter, and the Knudsen
parameter, K,. These parameters are properties of the porous material. An accurate
evaluation of these parameters would require characterization of the material, which
could be very difficult in the case of materials in coated particle fuel, or there would need

to be some model of the material. For graphite, the following correlation has been
established [3-11].

log 0B, = -2.6891 + 1.2983 log; oK,

Given the large interconnected porosity in the buffer, the transport of gases in a porous
medium (to describe the behavior of fission gases and vapors in the layer) has been
examined. Pressure driven diffusion has been studied in porous mediums. References
[3-12] and [3-13] provide a comprehensive overview of the subject. In all cases, the
molar flux of material through the porous medium is a function of the pressure gradient
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across the material. Three different regimes are traditionally considered depending on
the mean free path of the gas relative to the characteristic size in the medium, or the
Knudsen number (Kn = A/dore, Where A is the mean free path). Characteristic sizes could
range from nanopores in a material like an as fabricated buffer to microcracks as might
be typical of a cracked buffer.

For Kn >1, the mass transport behavior can be described using free molecular flow and
the molar flux, given by:

DKn 8p
RT Ty kn

NKn:_ Vp

DKn 2(4/3)apore VRT/Zﬂ'M

where:

Dkn = the Knuden diffusivity,

dpore = the average pore size in the medium,
gp = the porosity of the medium

Tp,kn = the tortuosity

M = the molecular weight of the gas

R= gas constant

T = absolute temperature.

In the transition region, 0.01 < Kn < 1, both viscous flow and diffusive flow are
considered. They can be summed to determine the overall molar flux. Hence:

];7 = ];f visT ]if diff

Dey 6

W RT 1

p.Kn

1
1 . 1 I
DKn DlZ,ga:

DKn = (4/3)21]70}’6 VRT/27Z'M
D

12,gas

Dy -

= Chapman — Enskog — Theory

]iivi:c = _Q Vp
nRkRT

The diffusive flux has the same form as in the free molecular flow regime but the
diffusivity is an effective diffusivity. The effective diffusivity considers the effects of
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Knudsen flow and traditional gas phase mass transport as given by Chapman-Enskog
Theory [3-7] in series. The viscous diffusion term depends on the pressure gradient as
well as the viscosity of the gas, 1, the average pressure of the system, ;, and the
“apparent” permeability of the material, k.

In the continuum region, where Kn < 0.01, the contribution from viscous flow and
diffusive flow are summed to determine the overall molar flux. However, in this region,
molecular flow effects are very small and the diffusive term takes on traditional form
with the diffusivity equal to the traditional gas-phase mass transport value as given by
Chapman-Enskog Theory. Thus:

N = Nyis+ Nay

Scoping calculations for pressure driven diffusion using simple assumptions to
understand the magnitude of some of the factors involved these have been performed.
These equations have been used to estimate effective diffusivities as a function of pore or
crack size. Kr gas at 1000° and 1600°C and pressures in the range of 0.5 MPa to 25 MPa,
have been used to represent particle conditions representative of normal operation and
accidents. Figure 3-7 then plots the effective diffusivities at 1000 and 1600°C
respectively. The results suggest that gas pressure would only be important for
characteristic sizes greater than ~ 0.02 microns. Furthermore, a comparison of the two
figures suggests that the influence of temperature is moderate. The most important effect
is that of the characteristic size of the transport path in the medium. For nanopores,
effective diffusivities are on the order of 3 to 53x10”7 m?%s. By contrast, transport
through micropores or micron sized cracks is much faster, with effective diffusivities
ranging between 10 and 10? m%/s depending on the pressure of the gas involved. By
way of comparison, the Germans assumed the diffusivity of all species in the buffer was
10 m%/s and the US used a value of 10™'° m%/s in their evaluations.

Although the actual pore size in the buffer is not well known, these results suggest that

rapid transport of fission gases and fission product vapors could be expected through the
buffer layer in a coated particle.
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Figure 3-7 Calculated effective diffusivities for Knudsen and viscous diffusion

For these equations, the vapor species transport properties such as binary diffusion
coefficients, viscosity and thermal conductivity would be needed for detailed analysis of
fission product transport by gas phase mass transport. Very seldom are the properties of
gaseous species measured. The transport properties of very high temperature gaseous
species also have not been measured. These properties are typically calculated using
formulae developed for example either by Chapman and Enskog or the formulae derived
by Grad [3-9, 3-10]. In general, these formulae are not strictly applicable to the species
of radiological importance because of assumptions related to the nature of collisions
among the molecules. Calculations of collision integrals must consider inelastic
collisions among the molecules. To do the collision calculations, it is necessary to have
some information on the energy potential involved in the interactions of species such as a
Lennard-Jones potential or a Sutherland potential. At the very high temperatures
associated with coated particle fuel, one approach might be to assume that the vapor
species all behave as hard spheres undergoing somewhat inelastic collisions.

For gas phase, mass transport scoping calculations, a formulation involving one gas and
estimating the properties of the porous material may be utilized in the evaluation.
Accurate modeling would require detailed information about the level of connected
porosity and the tortuosity of the material (which can be determined by measurement) as
well as an assumption about the nature of the porous material. Three common analytic
models for porous materials are found in the literature for transport in graphite and
catalysis.

In the parallel straight-channel model, the porous material is assumed to consist of
parallel channels of diameter d.. Then,
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For the parallel, tortuous channel model, [3-14] the model is the same as that above,
except the channels are not straight:

o’
400

_3rodd,
64 1

B,

0

In the random channel or ‘dusty gas’ model, the porous solid is assumed to be composed
of spherical grains of radius r, with n4 grains per unit volume:

L:EM,,Z(I_HZ/g)
K, 9 ¢ ¢

The dusty gas and the tortuous channel models have been applied to graphite. In
graphites, it is often found that there is a high degree of correlation between the Knudsen
parameter and the Poiseulle parameter. Other models exist in the literature that account
for the presence of distributions of voids and channel sizes in the porous materials.
Within the catalysis literature, multiple populations of channels with distributions of sizes
are considered. To use any of these models completely to calculate the molar flux, the
porosity and tortuosity of the buffer need to be known or estimated. Such information
has not historically been measured for HTGR fuel particles. Accordingly, the application
of these models at this time to coated particle fuel would be limited to scoping
calculations.

3.3.3. Thermal Diffusion

The large thermal gradients in the buffer discussed in Section 3.3, can lead to thermal
diffusion, which must be added to the traditional concentration gradient driven Fickian
diffusion across the layer. The combined diffusive flux for one species can then be
written as:

co

J=-D(VC +
( RT?

VT)
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where:
D = diffusion coefficient
Q* = heat of transport
T = temperature
J = diffusive flux
C = concentration

The second term on the right hand side of the equation is the thermal diffusion
component, or Soret effect. Most of the literature dealing with thermal diffusion (the
Soret effect) relates to gases or liquids. There are a few references dealing with solids.
The heats of transport, Q*, for the buffer and condensable fission products combinations
are unknown. However, the values of Q* range from about —210 kJ/mol to + 50 kJ/mol
for various material combinations in the literature [3-15, 3-16, 3-17]. This corresponds to
values of Q*/R from —25,000 K to + 6,000 K. A value of + 20,000 K can be considered
to determine an upper bound for fission product transport through the buffer layer in the
presence of a temperature gradient.

The influence of irradiation and thermal gradient on the release of fission products from
an intact particle may be scoped out by modeling the kernel and each layer of the coated
fuel particle using a one-dimensional diffusional transport code [3-18]. Based on the
power per particle and the irradiation temperature, the temperature of each material
constituent in the coated particle could be calculated. Based on the power level and time
(burnup), the fission product generation can be calculated. Using the diffusivities of
cesium in the kernel and layers in the TRISO coating from the German experience [3-5],
a diffusivity of 107 m?/s in the buffer layer and a value of Q*/R of 20000 K, a calculation
of the transport of fission products from the kernel and into the coatings under a specified
irradiation history and a subsequent 500 hour isothermal heating at 1600°C may be used
to simulate a traditional German accident heating test.

Figure 3-8 summarizes the result of these calculations. Plotted is the fraction of cesium
in the OPyC layer at the end of the irradiation and the fraction of cesium released from
the particle at both the end of irradiation and the end of the 500-hour high temperature
heating for different particle powers. Two different irradiation conditions are considered:
a three year constant irradiation at 1225°C and a 10-cycle 3-year pebble bed irradiation
where the fuel experiences a change in temperature from 600 to 1200°C ten times over its
three year life, as illustrated in Figure 3-4.
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Effect of Thermal Diffusion and Irradiation on Distribution and
Transport of Fission Products
(Cs as an example, German particle, Q*/R=20000)
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Figure 3-8 Calculated effect of thermal diffusion and irradiation on the distribution and
transport of fission products in the coated particle

The calculated results would indicate that the cyclic irradiation has a strong influence on
the distribution and transport of fission product cesium. The analysis indicates an order
of magnitude more cesium reaching the OPyC layer in the case of the 3-year constant
irradiation at 1225°C than in the case of cyclic irradiation, and three to four orders of
magnitude more cesium released from the particle at the end of irradiation in the case of
constant irradiation at 1225°C than in the case of cyclic irradiation. After the 500-hour
high temperature heating, the cesium release from the particle is an order of magnitude
greater in the case of constant irradiation at 1225°C than in the case of cyclic irradiation.
These results would indicate that the irradiation history has an effect on the concentration
of fission products in the layer and the subsequent release from the particle.

The analytical results also indicate that thermal diffusion (Soret effect) can have a
moderate influence on the transport and distribution of fission products. A factor of ten
increase in power per particle (from 60 mW to 600 mW) would increase the
concentration of cesium in the OPyC and the fraction of cesium released after irradiation
and after high temperature heating by factors of 5 to 10.

These results indicate the important role of irradiation history on both the distribution of

fission products in the coated particle and their release under normal operation and
potential accident conditions. Irradiation has a large impact on the fission product
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behavior in the accident because of the effects of the initial distribution of fission
products in the particle. However, for low power/thermal gradients in German pebbles
(and the low level of acceleration in most German irradiations [3-19]), thermal diffusion
would be expected to be much less important in (modeling of) fission product release. In
cases where the irradiations are of very high power (such as the very accelerated US fuel
irradiations that have occurred in U.S. fuel irradiates in the past) thermal diffusion would
be expected to be important. However, when the full multicomponent nature of the
problem and the effects of pressure diffusion and thermal diffusion are considered
together, the results may show a greater effect of thermal diffusion than the simpler
calculations presented here.

34 The Inner and Outer Pyrocarbon Layers

The inner and outer pyrocarbon layers are dense layered carbon structures. The goal
during fabrication is to make the pyrocarbon as isotropic as possible during the
deposition to ensure the best radiation stability of the layer, which is needed for particle
integrity.

Some data exist on effective diffusivities in the PyC layers. Measured values from BISO
particles (without SiC) have been collected and the results shown in Figure 3-9. [5]
These data suggest that a dense, intact pyrocarbon layer is a very good barrier to noble
gas release with significant diffusional releases not observed until temperatures near
2000°C are reached. The PyC layers do not provide significant barriers to release of
cesium, silver and strontium metallic fission products under normal or accident
conditions.

The mechanism responsible for the transport of gaseous and metallic fission products in
the PyC layer has not been the subject of significant worldwide study. An understanding
of the mechanism responsible for noble gas transport in PyC is limited. A comparison of
different measurements and calculations are overlaid on the original diffusivity data in
Figure 3-10.
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Figure 3-9  Measured fission product diffusivities in low temperature isotopic (LTI)
PyC

3.4.1. Gas Phase Fission Product Transport

The measured diffusion coefficients suggest very slow transport through the inner PyC
layer. Permeability measurements using He and CO [3-20] indicated in Figure 3-10,
suggest very slow transport of these gases consistent with the measured fission product
diffusivity. By contrast, diffusion predicted by the Knudsen diffusion model in
Section 3.2.3 for nano-porosity or viscous diffusion for micro-porosity if applied to the
PyC layer would predict transport rates that are 6 to 10 orders of magnitude faster than
the measured data on BISO particles. These results may suggest either (a) Knudsen
diffusion of noble gases is extremely small in PyC perhaps because the interconnected
porosity is very low or (b) that Knudsen diffusion is not the mechanism responsible for
noble gas transport in PyC.
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Figure 3-10 Comparison of measured fission product diffusivities in PyC to permeability
data, (checkerboard box) Knudsen data, (black and white hatched box) and
viscous (gray box) diffusion estimates

3.4.2. Metallic Fission Product Transport and Trapping

For some of the fission metals like cesium and strontium and even iodine, [3-21, 3-22,
3-23, 3-24] transport behavior in intercalated graphite may be important. Intercalation,
the insertion of guest atoms into a host structure, has been studied extensively and a
diffusion and trapping mechanism has been proposed as the mechanism responsible for
the resultant transport behavior in the material [3-25]. Thus, intercalation may be the
mechanism responsible for the transport of Cs, Sr and perhaps even iodine and CO in the
PyC. A classic diffusion and trapping model has been proposed for modeling the
transport, with trapping occurring perhaps at the carbon crystallite edges and defects in
the graphitic material. (Trapping is the capture of atoms at the atomic level by physical
defects or chemical interaction that impedes transport.)
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Diffusion and trapping can be modeled using a simple modification to classical Fickian
diffusion as shown in the following equations. [3-18]

6_C= DVZC—%
ot Ot

oCr _ wi rC,
Ot N

0
xp=xp —C;

Trapping impedes diffusion. Many times a concentration dependence of diffusivity is
observed, which is an indication that trapping is involved. As the traps get filled at high
atom concentrations in the material, the observed transport increases. Thus, one can also
write an expression for an apparent diffusivity as follows [3-26]:
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Where:
D.pp = apparent diffusivity (m?%/s)
D, = pre-exponential of diffusivity (m%/s)
D = diffusivity (m%/s)
w = trapping rate(/s)
r = resolution or release rate from the trap(/s)
A = jump distance (m)
v, = Debye frequency (/s)
Xt = empty trap density (atoms/m’)
Eirap = trap energy (ev)
Eqife = diffusion constant activation energy (ev)
N = number density of host material (atoms/m")

An initial concentration of empty traps is assumed to exist in the material and a mass
balance on the traps is performed to determine when all of the trapping sites are occupied.
To model the behavior in detail, the trap concentration or trap density is required as well
as the energy of the trap, which is important to model release from the traps accurately.
Irradiation is known to result in the production of traps via defect formation and thus can
increase the complexity of the analysis model.
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A few simple parametric and sensitivity calculations can be used to understand the
magnitude and importance of trapping in PyC layers of TRISO-coated particle fuel.
Figure 3-11 plots the diffusion coefficient of Cs in PyC* and SiC along with the apparent
Cs diffusion coefficient in PyC for different trap concentration levels from 10 to 5000
ppm using the measured 4 ev trap energy for graphite.

Calculated Effect of Trapping on Apparent Cs
Diffusivity in PyC
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Figure 3-11 Calculated effects of trapping on apparent Cs diffusivity in PyC

The transport through the TRISO coating will then be controlled by the lowest diffusivity
in the figure. Under accident conditions, the SiC diffusivity is the lowest suggesting it is
the greatest barrier to cesium release. Under normal operating temperature (800-
1200°C), trapping can lower the apparent diffusion coefficient in PyC significantly. A
comparison of the apparent diffusivities in the PyC with that of PyC with no traps
suggests that the apparent diffusion coefficient can be four to five orders of magnitude
lower than the intrinsic diffusivity depending on the trap concentration. At the higher
temperatures, the release rate from the traps is so large that the effects of trapping is
diminished somewhat.

Diffusion and trapping are dynamic factors. As atoms diffuse through the layer, a certain
fraction is trapped. As these traps are filled, the apparent diffusivity increases. The

* Existing German data were measured on BISO particles. Concentrations are probably
high enough that trapping effects were small and thus the measured diffusion coefficients
are representative of transport without trapping.
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magnitude of the intrinsic diffusion coefficient in PyC (i.e., without traps is high enough
that significant diffusion of cesium into the PyC is expected during normal operation.
The Cs concentration in IPyC is expected to be much greater than the trap density,
perhaps at the level of 0.5 to 1% atom concentration, so the traps would fill quickly and
not in and of itself affect overall transport behavior. In a heat-up event, in which SiC
layer might fail, release of Cs inventory from the IPC layer will not be influenced
significantly by trapping. Thus, it may be concluded that trapping is not an important
effect in the transport behavior in the IPyC layer. However, in the OPyC layer, the Cs
concentration in OPyC is much smaller, on the order of the trap concentration expected in
graphite. Thus, in the OPyC layer the traps can effectively compete for these Cs atoms,
which could result in a much slower transport.

Similar analysis for Sr suggests that given the very low release of Sr from the kernel
during operation, the Sr concentration in the IPyC would be at the high end of the trap
concentration and thus may not be influenced by trapping. In the OPyC, the Sr
concentration is much smaller and trapping effects could be very important.

3.4.3. Influence of PyC Structure on Transport in the Layer

Pyrocarbon has a complex structure made up of different “growth features”, the shapes of
which can vary depending on the deposition conditions, specifically coating temperature
and coating gas composition. Three different types of growth features have been
observed: (a) a three dimensional mosaic of tightly packed crystallites with little porosity
between the crystallites, (b) small crystallites arranged in the form of long twisted ribbon
or fibers which contains a considerable amount of porosity and (c) large crystallites that
are layered. Fission product transport at the microscopic level in this layer (intercalation
and trapping at the edge of the crystallites for example) depends on the nature of these
three types of growth features. A complete understanding of the relationship between
structure and transport is lacking. The differences in measured effective diffusion
coefficients in the U.S., Germany, Russia and Japan, as shown in Figure 3-9 may reflect
differences in the structure of the PyC which may be related to differences in the relative
amounts of the different growth features because of differences in PyC coating
conditions. Thus, for manufactured TRISO fuel, it is important to establish that the
transport-structure relationship implicit in the data in Figure 3-9 is also valid for the
newly produced fuel, if the PyC diffusivities shown in the figure are to be used in a
fission product transport analysis. This might be accomplished by (a) demonstrating that
the PyC produced in the new fuel was fabricated under coating conditions that are the
same as that used in the past and has similar structure to that in the literature, and (b)
demonstrating by experiment that fission product transport is similar to that measured
previously by others.  Significant deviations from the historic transport-structure
relationship could indicate that the historic experimental database on fission product
transport for TRISO-coated particle fuel might not be applicable to the new fuel that is
produced.
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3.5  The SiC Layer

SiC in TRISO-coated particle, fuel is a high-density polycrystalline beta-SiC. It is the
major fission product barrier in the fuel. As with the pyrocarbon layers, data on the
effective diffusion coefficients of noble gases, cesium, strontium and silver have been
inferred from integral release measurements [3-5]. Figure 3-12 plots the effective
diffusion coefficient for noble gases, cesium, strontium and silver.

3.5.1. Transport Mechanisms

The mechanisms responsible for the transport of gaseous and metallic fission products in
the SiC layer have not been the subject of significant study worldwide. An understanding
of the mechanism(s) responsible for fission product transport in SiC is limited. A
Knudsen diffusion mechanism could be postulated for the transport of noble gases and
Ag vapor through the SiC layer especially under normal operating conditions. The
interconnected porosity of the SiC layer is expected to be quite small because the beta-
SiC is very high density (3.21 to 3.23 g/cc is commonly fabricated). Research is being
conducted to understand Ag transport through SiC [3-27]. Under accident conditions,
bulk diffusion may play an increasing role in the transport.

For the other metallic fission products, a mixture of grain boundary and bulk diffusion
has been postulated depending on temperature, with grain boundary diffusion most likely
at low temperatures (e.g., <1000°C) and bulk diffusion at high temperatures (e.g., 1400-
1800°C) representative of accidents. The magnitudes of the activation energies in Figure
3-12 tend to support this theory. A comparison of the effective diffusion coefficients for
fission gases, Cs, Sr and Ag in SiC with more recent measurements on other species in
SiC can be used to infer the potential underlying mechanisms. Figure 3-13 overlays the
original data with self-diffusion data for C and Si in SiC (hatched box) and grain
boundary diffusivities for Fe, Cr (gray box) [3-28, 3-29]. The magnitude and slopes of
the grain boundary diffusivities for Fe and Cr are similar to that for Cs and Sr perhaps
suggesting that grain boundary diffusion may be the dominant mechanisms for Cs and Sr
transport through SiC. The slope of the C and Si diffusion coefficients are similar to that
for Xe at high temperature suggesting that a vacancy mechanism may describe noble gas
transport in SiC.
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Figure 3-12 Measured diffusion coefficients of Xe, Cs, Sr and Ag in SiC
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Figure 3-13 Comparison of data for C and Si self-diffusion coefficient (hatched box) and
Fe and Cr grain boundary diffusivities (gray box) with fission product
diffusivities inferred from integral release measurements on coated particles

3.5.2. Grain Boundary Diffusion

Grain boundary and bulk diffusion may be important in describing fission product
The importance of each mechanism depends on the
temperature, the individual diffusivities in the bulk and along the grain boundaries, and
the area fraction occupied by grains and boundaries. Grain boundary diffusion has been
studied extensively. It can act as a fast diffusion channel in polycrystalline materials.
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Fast diffusion sometimes manifests itself as a very high pre-exponential factor, D,, in the
measured diffusion coefficients. The classic Arrhenius formalism suggests that D,
should be on the order of the product of the Debye frequency and the square of the lattice
spacing for atomic diffusion. (For many materials this is ~ 10° m?%s). However,
experimental values can be 107 greater than this value [3-30] and may be related to the
presence of grain boundaries, defects and surface effects. The influence of grain
boundaries has been studied extensively and three different kinetic regimes have been
found: Type A, B and C [3-31]. Figure 3-14 sets up the analytic picture of a grain
boundary of thickness, 6. The grains are of width d and a uniform concentration of the
fission product, C,, exists across the grains and grain boundary. A segregation
coefficient, s, describes the ratio of the concentration in the grain and in the boundary at
the surface interface. Solutions are then sought to the classic Fickian diffusion equations
in two dimensions in both the grain, denoted by subscript v in the figure, and the grain
boundary, denoted by subscript gb, in the figure.

o

C.(x,y)

Do
Cgb(X,y)

Figure 3-14 Schematic of grains and grain boundary

In Type A grain boundary diffusion, the penetration distance into the grain is much
greater than the grain boundary thickness. In this case, both grain boundary and bulk
diffusion are operative as would be the case for high temperatures and long heating times
as is the case in safety testing of fuel particles. In this case, an effective diffusion
coefficient is measured which is a volume weighted average of the bulk and grain
boundary diffusion coefficient. The concentration profile is given by a classic
complementary error function using the effective diffusivity. For Type A kinetics, these
conditions are summarized below.
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In Type B kinetics, there is much greater penetration along the boundary than into the
grains. In this case, what is actually measured is an apparent diffusion coefficient
sometimes denoted as Pgp,, which is the product (s ¢ Dgy). This regime may be applicable
at high irradiation temperatures. The analytic conditions for Type B kinetics and the
resultant solution to the diffusion equations are given by:
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where the partial derivative term is the measured concentration profile in the sample.

In Type C kinetics, bulk diffusion is “frozen out” and the transport is dominated by grain
boundary diffusion [(th)l/ ? << s3]. This is probably applicable at very low temperatures,
conditions that may be representative of average irradiation temperature experiments. In
this case, the concentration is given by a Gaussian for a point source and an error
function for constant source with the effective diffusivity equal to the grain boundary
diffusivity, Dgp.

These idealized situations are useful to understand the concepts of grain boundary and
bulk diffusion in polycrystalline material. However, in practice the microstructure of the
material is more complex. The application of mixed grain boundary and bulk diffusion in
SiC would require development of appropriate mixture rules to establish an effective
diffusivity through the structure. This is an area of active research [3-32]. Figure 3-15
compares three different idealized microstructures that may bound that expected in SiC as
oriented relative to the SiC layer thickness. The large radially orientedcolumnar
structure, which is found in some SiC, is idealized in the left portion of the figure. In this
idealized case, the volume weighted mixture rule for the effective diffusivity would
appear to be appropriate. At the other extreme is the case of SiC with an idealized
circumferentially oriented laminar structure. In this case, a reciprocal series approach to
establishing the effective diffusivity may be appropriate. In the middle of the figure is an
idealized schematic representation of small-grained SiC, which is the form most sought
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after in coated particle fuel. In this case, there is no exact mixture rule to use, but the two
extreme cases would appear to bound the actual behavior.

1L

|dealized large Small grain Idealized laminar
columnar structure structure structure
Dngb

D, =D(=f)+D,f Deﬁ":D(l—f)+Dbf

Figure 3-15  Influence of microstructure on apparent diffusivity

3.5.3. Influence of SiC Microstructure on Fission Product Transport

The previous section presented the concept that fission product transport in the SiC in
temperature range of interest could be a mixture of bulk and grain boundary diffusion.
Grain boundary diffusion is very sensitive to the microstructure of the material (e.g.,
grain size, fraction of the area occupied by grain boundaries, width of grain boundaries,
segregation effects at the grain/grain boundary interface) and as noted earlier large
differences in diffusivities have been noted in the literature and attributed to
characteristics of the microstructure as well as defects and surface effects. Furthermore,
there are little data on individual diffusivities of the important fission products in both
single crystals and in polycrystalline material that are needed in these models. In the
absence of such data, SiC effective diffusivities have been utilized and have been inferred
from fuel element integral release measurements.

There is also a limited understanding of the linkage between transport, microstructure
and deposition conditions for SiC. Although most historical work on SiC has focused on
optimizing deposition conditions to produce small-grained SiC, the literature is full of
examples where changes in deposition conditions, especially coating temperature, can
result in large, radial, columnar structures at higher temperatures and laminar structures at
lower temperature. At coating temperatures below 1450°C, some alpha-SiC and/or
excess silicon is obtained. The structure is striated with no evidence of individual grains.
Smaller, fine-grained SiC is obtained using a coating temperature between 1500 and
1550°C. Above 1600°C, large, radial, columnar grains of SiC are obtained, with the
crystallite size increasing with increasing temperature. [3-33, 3-34, 3-35] These results
suggest that as in the case of pyrocarbon, any new fuel that is produced which would seek
to reference the transport behavior shown in Figure 3-12 would have to establish that the
transport-structure relationship implicit in the data in Figure 3-12 is also valid for the
newly produced fuel. This might be accomplished by (a) demonstrating that the SiC
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produced in the new fuel was fabricated under coating conditions that are the same as
that used in the past and has similar microstructure (e.g., small grained SiC), and (b)
demonstrating by experiment that fission product transport is similar to that measured
previously by others.  Significant deviations from the historic transport-structure
relationship indicate that the historic experimental database on fission product transport
for TRISO-coated particle fuel might not be applicable to the new fuel that is produced.

3.6 A Simplified Integral Fission Product Transport Model

In the previous sections, the transport mechanisms in each layer have been reviewed. In
this section, a simplified integral model is developed for release from TRISO-coated
particle fuel using some of the ideas and data in the previous sections. Some preliminary
calculations using the model are also presented.

Morgan and Malinauskaus [3-36] developed an analytic solution for depletion of a fission
product through a single coating layer given by:

rp—1_Ka i exp(—D*taj./ 5)sin(a,) |
b7 [2Kan +(4ba, /S)sin’ a, )]+ Ksin(2e,)
where
cot(er,)=(ba,/Ko)—(6/ba,)
K=(A4/V)s

a = the inner radius of the coating,

b = the outer radius of the coating,

A = the surface area of the inside of the coating,

V = the volume inside the coating, and

S = segregation factor (ratio of surface layer concentration to source
concentration).

If the TRISO coating is considered a composite layer then the simple resistance concept
to model can be used for all three layers as one layer and write the apparent diffusivity
D* as

i — 5}PyC 5SiC + 50PyC

D* Deff Deff Deff

IPyC sic oPyC

Where 0 is the total thickness of the three high density TRISO coatings.

This simple model uses effective diffusivities for each layer and can account for trapping
if needed, transport through cracks or pores, and different microstructures. The model
also accounts for the effects of a depleting source and can consider partitioning(s)
between coating layer and kernel.

3-32



This model can be used in conjunction with the Booth release model from the kernel to
calculate the diffusional releases from the particle during a constant 1600°C heating and a
depressurized conduction cool down. Thermal diffusion is not included in the model and
no segregation was assumed (S=1). (Note that the matrix material sorbs metallic fission
products and thus the results are not a complete model for the entire fuel element. As
referenced earlier, the model should be viewed as a scoping tool to understand what
factors and factors are important to fission product transport in the particle.)

Figure 3-16 and Figure 3-17 plot the calculated fractional release for various fission
products during post irradiation heating at 1600°C following a constant three year
irradiation at 1200°C typical of a peak fuel particle in a prismatic gas reactor and a ten
cycle three-year 600 to 1200°C cyclic irradiation expected in a pebble bed reactor. The
results suggest that the irradiation temperature has at best a modest influence on the
release at high temperature, given the long time at temperature in these calculations.

Calculated Fractional Release from TRISO
coating at 1600°C accounting for release from
kernel following 1200°C/3yr irradiation
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Figure 3-16 Calculated fractional release from a coated fuel particle during 1600°C
heating following a three year irradiation at 1200°C
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Calculated Fractional Release from TRISO
coating at 1600°C accounting after 3yr PBMR
irradiation
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Figure 3-17 Calculated release from a coated fuel particle during 1600°C heating
following a three-year ten-cycle PBR irradiation between 600 and 1200°C

The calculated diffusional releases from a conduction cool down (see Figure 3-18)
following a PBR irradiation are shown in Figure 3-19. The conduction cool down is
characterized by a slow heatup in the maximum fuel element temperature to a peak
temperature of ~ 1600°C followed by a gradual temperature decline over the course of
hundreds of hours.

By comparison to the releases during a constant high temperature heating in Figures 3-16
and 3-17, only silver and strontium releases from the particle are calculated given the
magnitude of the diffusivities in the layers and the time/temperature profile in the
accident scenario given in Figure 3-18. These results illustrate the importance of time at
temperature on the magnitude and time of the calculated releases.
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Figure 3-19  Calculated fractional diffusional release from TRISO coated particle

during a conduction cooldown following a three-year ten-cycle PBR
irradiation
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Table 3-3 presents the results of two sensitivity studies: (a) a case where all temperatures
are increased by 100°C and a case where the diffusivity in the SiC layer has been
increased by a factor of 10 over the base value. The results show a modest impact of
between two and six on the overall release for silver and strontium and little impact on
either noble gases or cesium.

Table 3-3. Calculated Effect of Increased Temperature and Increased SiC
Diffusivity on Fractional Diffusional Releases from TRISO Coated

Particles.
Case
Base +100 °C 10X SiC Diff
Fission Product

Kr/Xe 0 0 0

Ag 0.27 0.59 0.98

Cs 0 0 2.54E-05

Sr 0.0098 0.026 0.06

As a final sensitivity study, the influence of the segregation factor on the overall
diffusional release from the particle was examined. The segregation factor coefficient
can be used to account for the build up of fission products that may occur near cracks
because of the fast diffusion at the grain boundary. Figure 3-20 plots the fractional
release versus dimensionless time for four different segregation coefficients (1, 5, 10, 50).
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Figure 3-20 Effect of segregation coefficient on fractional release during heating

The results suggest that the fractional release of a fission product at a given time can
differ by a factor of two to three depending on the magnitude of the partitioning that
exists at the interface. Reference [3-5] suggests that segregation factors between 0.3 and
3 have been measured for some fission products. The simple calculation suggests that
segregation or the build up of fission products at the interface between layers may explain
some of the variability that has been observed in heating tests of coated particles
irradiated to nominally the same conditions. The model presented here, although simple,
can help scope out the importance of different reactor parameters on the source term from
an ATGR.

3.7 Fission Product Transport in Failed Fuel Particles

Fission product transport in failed fuel particles is expected to be a major contributor to
the gas reactor source term. Fission product release from uranium contamination in the
fuel element matrix (compact or sphere) as well as from particles with missing layers
may also be significant contributors. The transport model depends on the half-life of the
fission product and whether it is metallic of gaseous.
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3.7.1 Short-lived Fission Gases. For short-lived fission gases, the release is expressed
in terms of the release rate to the birth rate (R/B) ratio for the particular fission gas. The
R/B is from failed particles and from uranium contamination in the fuel element matrix
(compact or sphere) is expressed for gas specie i as:

(R/B)l = ffail (R/B)fail,i + fU-contamination (R/B)U-contamination,i
where

frii = particle failure fraction

(R/B)rili = release rate to birth rate ratio per particle failure for gas specie 1

f U-contamination = Uranium contamination fraction

(R/B)U-contamination,i = release to birth rate for gas specie 1 due to U contamination.

The uranium contamination is based on the elemental impurity level in the compact
matrix material as determined by chemical methods. The sum of the heavy metal
contamination and the initial failed particle level is determined by QC measurements on
the fuel elements via destructive burn leach measurements. Subtraction of the burn leach
results from the chemical results on the fuel element matrix material will provide the
initial particle failure fraction. (Subsequent failures under irradiation would add to this
source term.) The (R/B) correlations are based upon the Booth equivalent sphere gas
release model. These correlations may be generally expressed as [3-37]:

(R/B) = (3/x) [ coth(x) — (1/x) ]
where

x =[(na)/D]"

A = decay constant for the fission gas isotope = In2/T 15 (s7)
T 1, = isotope half life (s)

D/a*> = D’ = reduced diffusion coefficient (s™)

a = radius of equivalent sphere (m)

coth(x) = [ exp(x) + exp(-x) ]/ [ exp(x) — exp(-x) ].

The equivalent sphere radius, a, is equal to the kernel radius when considering (R/B) for
failed particles and is proportional to the raw graphite grain size of the matrix when
considering (R/B) from uranium contamination.

Several correlations for reduced diffusion coefficients to be used in (R/B) calculations
exist in the literature [3-5]. A few of the frequently referenced correlations are:

The US Model [3-38] which contains a unique reduced diffusion coefficient
correlation and also differs from the classic Booth Equivalent Sphere formalism
presented above in that it contains a diffusion parameter, multiplicative
temperature and burnup functions and an empirical factor.
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The British Model [3-2] that incorporates intrinsic diffusion, vacancy diffusion
and athermal diffusion (a function of fission rate density) terms in its reduced
diffusion coefficient.

The German I and II Models [3-39] that incorporate two separate sets of
temperature-dependent reduced diffusion coefficients.

A comparison of the four models for Kr-85m (R/B) per failed particle is presented in
Figure 3-21. Input parameters for this comparative calculation are representative of fuel
irradiated in the NPR-1A experiment. On-line gas release measurements from the
experiment indicated that Kr-85m (R/B) per failed particle was 0.028 at a time-average
volume-average temperature of 977 °C. [3-40]. This experimental value compares almost
exactly with the calculated German II value of 0.029.
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Figure 3-21 Comparison of failed particle model (R/B) results

3.7.2 Long-lived Fission Gases and Fission Metals. The release of long-lived fission
gases and metals is modeled using the diffusion models presented earlier in this section
using measured values for effective diffusivities for the kernel and each layer in the
TRISO-coated particle. When (a fuel performance model predicts that) a given layer has
failed, the release is usually calculated assuming that the failed layer offers no resistance
to mass transport. This assumption is generally conservative.

It is important to consider mass transport through each layer individually since different
fission products have different levels of retentiveness in each layer. For example, a
particle with a failed SiC layer but intact PyC layers will release cesium but not noble
gases under normal operation because the PyC layers retain noble gases up to very high
temperatures. More sophisticated models that account for mass transport through a crack
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or via nano-porosity as discussed earlier could also be implemented but historically have
not been undertaken given the additional data needed for such mechanistic models.

3.7.3 Water and Air Ingress. In the event of water ingress, release from particles with
exposed kernels has been measured (as discussed in Section 2) and some semi-empirical
models exist that account for the change in release as a result of the hydrolysis of the
kernel during the steam exposure. [3-2, 3-3]. In the event of air ingress, oxidation of the
intact particles is considered and simple empirical models exist to predict particle failure
based on experimental data [3-2]. However, modeling of the release of fission products
is lacking. If a layer of the particle has been consumed in the oxidation, the modeling
could conservatively assume that the layer no longer exists. For initially failed particles,
the air would convert the UO; fuel kernel to higher oxidation states. The accompanying
change in the microstructure of the kernel would increase the release.

3.8. Fission Product Transport Factors

Based on the previous sections, there is a wide range of parameters that influence fission
product transport in coated particle fuel. These include:

e Parameters on the macroscopic scale such as the burnup of the particle, fast
fluence (as a surrogate for radiation damage), the temperature of the layer, and the
partial pressure of a gas or vapor.

e Microscopic parameters related to the structure of the material such as the
porosity and tortuosity of the porous medium, and the grain boundary
microstructure.

e Parameters related to the chemical speciation of the fission products of interest
including the stoichiometry of the fuel and its changes during normal and accident
conditions, thermochemical data such as free energies of formation, vapor
pressures and adsorption isotherms, and transport properties such as binary gas
phase diffusivities and heats of transport.

e Physical parameters that result in multidimensional and multicomponent effects
including segregation and concentration of fission products as a result of cracking,
and azimuthal temperature gradients.

To include all of these factors in the six PIRT tables were judged by the PIRT panel
members and the NRC to be somewhat excessive given our state of knowledge about the
importance and knowledge levels of some of the more detailed factors. As a result, a few
higher level-factors were identified to account for most of the individual factors identified
in this section. The factors, identified by the PIRT panel members, and their definitions,
are found in Table 3-4. These factors were applied to each of the appropriate layers of
the fuel from the kernel out to the fuel element (matrix materials). Not all factors are
found in each layer since as discussed in the section, some of the factors may only be
unique to one or two of the layers.
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Table 3-4 Fission Product Transport Phenomenon Identified by the PIRT Panel

Factor Definition

Condensed phase diffusion Transport of condensable fission products by inter-
granular diffusion and/or intra-granular solid-state
diffusion (grain boundary and/or bulk diffusion)

Gas phase diffusion Diffusion of gaseous fission products through layer
(Knudsen and bulk diffusion through pore
structure, and pressure driven permeation through
structure including such sub-factors such as holdup,
cracking, adsorption, site poisoning, permeability,
sintering, and annealing)

Thermodynamics of fission Chemical form of fission products including the

product-SiC system effects of solubility, intermetallics, and chemical
activity

Intercalation Trapping of species between sheets of the graphite
structure

Trapping Adsorption of fission products on defects

Fission product release Passage of fission gas products from the buffer

through failures, e.g., cracking | region through regions in the SiC layer that fail
during operation or an accident

3.9 Summary

This review suggests that knowledge of the spatial and temporal temperature distribution
in the reactor is an important factor for understanding fission product release from
TRISO-coated particle fuels. Releases are likely to be dominated by particle failures
during the accident. Thus, the source term must consider particle performance and impact
of the failed particle configuration on the subsequent transport of fission products.

Different mechanisms are likely responsible for the transport of gases and metals in
different layers. Gaseous transport can be described using pressure driven diffusion
models through porous media but the use of these models requires information on the
connected porosity, the characteristic size of the porosity and the tortuosity of the porous
media, which are not well known for the layers of the TRISO coating. Metallic fission
product transport is probably a combination of grain boundary and bulk diffusion
depending on the temperature and specific fission product of interest.

A preliminary assessment suggests that the power generated in the particle determines
conditions in the buffer (cracked versus uncracked). This in turn defines the initial
conditions for fission product transport. With the exception of cracking, multi-
dimensional effects may be less important. The calculations presented here suggest that
Knudsen diffusion is consistent with rapid transport through the buffer and cracks but not
intact PyC. Segregation/concentration of fission products at cracks can lead to greater
releases and may explain some of the variability seen in accident heating tests. Thermal
diffusion as a result of large thermal gradients (Soret effect) across the buffer would tend
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to be most important under the cases of high power generation in the particle that leads to
larger temperature gradients that typically correspond to very accelerated irradiation
conditions that are not typical of gas reactors.

In all of these aforementioned calculations, the factors such as pressure driven and
thermal diffusion have been examined individually. However, the literature contains
many examples that indicate when all of the factors are modeled simultaneously,
counterintuitive results may be obtained [3-6].

Effective diffusivities have been obtained from previous German and U.S. work, but the
research did not always focus on the mechanism involved and the researchers did not
always reduce the data with a specific mechanism in mind (e.g., Knudsen diffusion
parameters, trapping parameters). The measured effective diffusivities in PyC and SiC
are consistent with both older and more recent transport measurements. Furthermore, the
aforementioned assessments suggest that trapping is important in OPyC layers where
concentration of fission products is on the same order as the trap density. Trapping is
much less important in IPyC and SiC layers because the trap concentration. Is expected
to be much less the fission product concentration in the layers. Sensitivity studies using
currently available effective diffusivities and educated guesses on trapping parameters
and the simple multi-layer diffusion and trapping model presented here can help scope
out these issues in more detail.

Fission product transport at the microscopic level depends strongly on the microstructure
of the individual layers in the coated particle and the microstructure depends on the
deposition conditions used to fabricate the layer. The understanding of the linkage
between transport, microstructure and deposition conditions is not complete. Instead
there is an implicit empirical relationship between the measured transport, the underlying
layer structure, and the deposition conditions as implied by the measured effective
diffusivities for the different layers for a specific manufactured fuel. Thus, for any new
fuel that is produced, if the historical fuel fission-product-transport data are referenced, it
would be important to establish that the transport-structure relationship implicit in the
historic data is also applicable for the newly produced fuel. Significant deviations in the
historic transport-structure relationship would raise questions about how much of the
historic experimental database on fission product transport for TRISO-coated particle fuel
would be valid for the new fuel that is produced.
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