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ABSTRACT

The Yucca Mountain Project of the U.S. Department of Energy is investigating the
suitability of the unsaturated zone at Yucca Mountain, NV, for a high-level nuclear waste
repository. All of the nuclear waste will be enclosed in a container package. Most of the
nuclear waste will be in the form of fractured UO7 spent fuel pellets in Zircaloy-clad rods
from electric power reactors. If failure of both the container and its enclosed clad rods
occurs, then the fragments of the fractured UO» spent fuel will be exposed to their
surroundings. Even though the surroundings arc an unsaturated zone, a possibility of
water transport exists, and consequently, UO2 spent fuel dissolution may occur. A
repository requirement imposes a limit on the nuclide release per year during a 10,000 year
period; thus the short term dissolution response fron'_n fragmented fuel pellet surfaces in any
given year must be understood. This requirement necessitates that both experimental and



anatytical activities be directed toward predicting the relatively short term dissolution
response of UO2 spent fuel. The short term dissolution response involves gap nuclides,
grain boundary nuclides, and grain volume nuclides. Analytical expressions are developed
that describe the combined geometrical influences of grain boundary nuclides ad grain

volume nuclides on the dissolution rate of spent fuel.

INTRODUCTION

The initial release rate observed for some highly soluble radionuclides in UO; spent
fuel leaching tests can be several orders of magnitude greater than the release rate that
occurs a half a year fater [1,2,3]. This has been termed "rapid release” and it has
contributions from the inventorics of the dissolving radionuclides on the fragment surfaces
of broken spent fuel pellets and from the dissolving radionuclides in the subset of grain
boundaries contiguous to the fragment surfaces. Thus, in terms of geometrical
characteristics of spent fuel, the surface area of pellet fragments and the number of grain
boundaries intersecting a fragment surface area are both important physical quantities in an

analytical representation for release rate.

In order to begin quantitating these available but limited experimental observations,
and more importantly, to provide a basis for additional experimental planning, a
preliminary dissolution response model is being developed that depends explicitly on
statistical density measures of fragment geometry and grain boundary/volume geometries.
The statistical concepts of the model arise physically because spent fuel fragments and their
associated grain boundary attributes have a random or stochastic geometrical character
when considering the available spent fuel for a repository.

The model is derived by first considering an arbitrary set of fragments. The volume
of each fragment is decomposed into spatial domains that are approximated by pyramidal
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subvolumes, with their apex at the center of the fragment. This spatial decomposition
describes the set of fragments in terms of the number of pyramidal subvoluraes per unit
size class, which is a probabilistic density function. Within each pyramidal subvolume, a
number density for the grain boundary/volume size classes can also be desciibed in terms
of probabilistic concepts. In fact, the analytical representation for the number density of a
grain boundary/volume distribution is also a probabilistic density function that was
discussed previously [4]. This approach was initially developed to describe deformations

statistically for particles cf granular materials [5].

Using the density functions for fragments and for grain boundary/volumes, an
expression can be written for the expecied values of exposed grain volume surfaces and
their associated radionuclide inventories being dissolved at a grain volume dissolution rate.
Also, an expression can be written for the expected value of exposed grain boundary
surfaces (here it is assumed that a grain boundary has a small but finite leaching width) and
their associated radionuclide inventories being dissolved at a grain boundary dissolution
rate. For an arbitrary sample of spent fuel fragments, and neglecting the cladding gap
dissolution response, the sum of these two expressions is the fragment dissolution rate. As
discussed in the next section this dissolution rate has an explicit statistical dependence on
the grain boundary/volume size distribution and on the fragment size distribution of the

sample.

GRAIN AND FRAGMENT STATISTICS FOR DISSOLUTION RATE

The rate of dissolution of a body depends on two vector functionals; one duseribes

the local removal rate of materizl per unit area per unit time at points on the surface uf the



body and the other functional describes the surface area evolution as the body decreases in
size due to dissolution. The objective here is to develop a preliminary model for the
functional describing the surface area evolution. For spent fuel, this depends on grain and
fragment geometries. In the case of a body, or a set of uniformily shaped bodies, with a
simple geometry (sphere, cylinder, block, etc.) that dissolves with a constant and spatially
uniform removal rate, the problem of analyticaily representing the dependence on surface
area evolution is tractable in an exact, deterministic sense. This follows because the initial
geometrical shape is easily represented analytically; and this shape remains time invariunt

(i.c., a sphere remains spherical) as the shape decreases in size due to dissolution.

However, in the case of spent fuel fragments, the set of bodies (fragments) are not
initially of a simple geometrical shape and they also have a domain of sizes. In addition,
there may also be a domain of material removal rates that may not be spatially uniform;
particularly for fragment surface areas that have exposed grain boundary dissolution and
grain volume dissolution simultaneously. Thus, for spent fuel, frapmeni surfaces, and
their exposed grain boundary area and grain volume area, are appropriately described in a
stochastic or probabilistic sense. Hence, a model for spent fuel dissolution rate would not
be classical deterministic with respect to surface area measures, Nevertheless, expected
values and conservative dissolution rate estimates can be calculated on the basis of
statistical measures of the fragments, the grain boundaries, and the grain volumes that are
contained in a unit spatial volume, ¢.g., a fuel rod. To simplify the concepts of a stochastic
dissolution model that incorporates statistical measures, only fragment statistics are

considered first; and grain boundary and grain volume influences are addressed later.

To develop these fragment statistics, consider a single fragment as illustrated in
Figure 1; but to begin the development, assume the zone of dissolution has zero thickness.

The surface geometry can be approximated by a finite set of exterior surface planes that



enclose the fragments’ volume. An example of a plane (base of the triangle) is illustrated in
Figure 1; and its position is shown after a time interval of dissolution has occurred. The
areal size of any surface plane can be represented by choosing two orthogonal vectors in
the plane, say p and g, whose dimensions are such that their cross product is a
perpendicular vector directed inwardly to the fragment, and its magnitude is the area of the
plane. Each of the planes i~ a base for a pyramidal subvolume of the fragment. The height
of this pyramidal subvolume is a perpendicular vector from the base plane to the center of
the fragment. This height vector will be denoted as h, note that it is parallel to the cross
product vector (p x @) which can be written with Cartesian tensor notation as ejjk pjdk
where ejjx is the alternating tensor. This method of selecting a set of approximating
exterior planes to represent a fragment’s surface, each with their vector attributes, p and g,
along with their associated height vector h forms a spatial subdivision of a fragment into
pyramidal subvolumes. Furthermore, each fragment in a set of fragments can be
subdivided; thus, a large number of pyramids with their associated vector attributes (p, g,
1) can be identified. Given these vectors to describe 3 pyramid, recall that the volume of a
pyramid is written in Cartesian tensor notation as hie;jx pjau/3.

As viewed from the pyramidal volumes, it is this volume that is being dissolved at a
material removal rate; however, the only exposed surface would be planes parallel to the
(@ x ) plane for the case of spatially homogencous removal rate for a pyramid subvolume,
Then, assuming that the material removal rate is spatially homogeneous for a fragment, a
pyramid from a fragment dissolves one-dimensionally along its height vector attribute h.
The removal rate along vector | can be represented as a velocity, Hyh, where Hy has
dimensions per unit time and the velocity has length units of vector jj. If the dissolution
began at time t=0, then at some later time t=-t, the dissolution front has progressed along
vector fi to a position represented by Hyh where Hy is the integral of Hy over the time

interval (1=0 to t=t) with Hy=0 at t=0. At this later time, the surface area at the dissolution



front has been reduced from (p x g) initially; because the magnitudes of vector auributes p
and g are each red_uced by the factor (1-Hy). Thus, at time t = 1, the (p x @) area becomes
in Cantesian tensor notation ejjk pjqk (1-Hy)2. Using this area and the removal rate, the
volume rate of material removed at tirne 7 is Hy hy €ijk Pjdk (1-Hy)2 per pyramid. The
species dissolution rate, for the different radionuclide species, can be represented in terms
of their inventory per unit volume times the volume dissolution rate. Thus, denoting the
inventory per unit volume as Iy for the "K!" radionuclide species, and assuming that it is
uniform within a fragment (recall that the grain boundary and grain volume influence will
be added later), then the dissolution rate for a single pyramid with attributes (p, g, h, Hv,

Hy) at time T is

Dvk (7) = Ivk h; ek pjax (I-Hv)2 Hy o))

Now, the summation of the dissolutions from a sct of pyramids defined from a set
of fragments can be obtained by "counting” the number of pyramids at each attribute value
(R, g, b, Hy, Hy). Here, the mathematical assumption is made that the number of
fragments in a unit volume is large and that the even larger number of pyramidal
subvolumes from dividing the fragment volumes would be countable and regular within a
neighborhood of each value of the vector attribute domaia; this amounts to assuming thata
probabilistic density function can be defined for the pyramids. Before defining this density
function, the list of attributes will be denoted as f; writing f for (9, g, b, Hy, Hy) resuhs in
a shorter notation and simplification in formulas. The physical concept of f is that it
identifies a particular class of pyramids; and in a unit spatial volurre of fragments about a
spatial paint ¥, it is meaningful to count the number of pyramids with the attribute value f.
This unit spatial volume can be wken as the volume of fragmented pellets in a spent fuel
rod, or for purposes of analyzing dissolution tests, the volume of fragments used in the

testing apparatus. Furthermore, since this number of pyramids may change over time as



dissolution progresses (for example, the small ones may disappear), it is necessary to also
consider the value of time at which the number of pyramids are counted. With this
definition for an attribute variable and the remarks on the number of pyramids, a physical
definition for a pyramidal density function is as follows: let the density function F(x, 1, f)
denote the probable number of pyramids at spatial point x, time 7, and attribute value f per
unit spatial volume per unit attribute volume. The function F can be of discrete, countable
histogram and/or continuous form. For later purposes of integration over argument
variables in the density function F ‘he spatial domain of x values is a volume space B and
the attribute domain of f values is an attribute space {f}. Using the notation just defined,
the density function F, and equation (1), a probabilistic dissoiution rate for radionuclids
species "K" in a spatial volume dx about point x and in an attribute volume df about

attribute value f at time < is written as
Dvk (x. 1, ) d f dx = Ivx hi i pjax (1-Hv)2 Hy F(x, 7, ) df dx @

where the differences between grain boundary and grain volume dissolution rates and
inventories within a fragment are neglected. Equation (2) is idealistic, but it is believed
worthwhile to consider the consequences of an ideal experiment in which fragments were
all the same (spatially homogeneous) size and shape, and thus, the pyramids would all be
the same height. Assume that the dissolution velocity Hyh is spatially uniform and
constant in the volume B. Then, for a set of pyramids held stationary in volume B, the
time evolution of the density function F depends only on the attribute variable Hy which is
the integral over time of Hy. In this case the dissolution rate response, when integrated

over spatial volume B and attribute space {f) can be written as

Dvk (t) = 11 { I[]va h; eijx pyak (1-Hv)2 Hy F(x, 7, ) df dx



=3lykPFp (1 - Hyt)2Hy for0<t< 1/Hy A3)

where P = h; €ijk Pjqi/3 is the average pyramidal volume, Fp is the number of pyramids in
spatial volume B, Hyt is the value of Hy at time 7, and at T = 1/Hy dissolution of the
fragments is completed. Equation (3) shows that for everything idealized, the geometric
surface effect on dissolution rate response is quadratic in time and that it spans a finite time
domain that depends on the fragment size and the material removal velocity. For sample
sets of fragments of equal initial mass, each uniform in shape and spatially homogeneous,
the set with the small sized fragments will have the largest initial surface area; and
according to equation (3) the highest sample dissolution rate response over the shortest time
interval. Although equation (3) is an idealized case, equation (3) can be applied for some
special cases where grain boundary effects are neglectable; for example, the inventory of a
radionuclide in the grain boundary is neglectably small or the dissolution rate of the grain
boundary is the same as the grain volume for a radionuclide with a spatially uniform

inventory.

However, there exist some cases where the grain boundary inventorics of
radionuclides are believed to be concentrated and where the grain boundary dissolution
rates may be larger than the adjacent grain volumes. In order to represent these influences
of grains on dissolution, consider a brief review, along with some minor modifications, to
the description of grain boundary/volume statistics discussed in reference [4]. In reference
[4], the individual grains were subdivided into pyramidal volumes analogousiy to the
previous discussion for fragments. For grains, the exterior surface of each grain was
approximated by planes; and each plane was described by two orthogonal vectors, 3 and b,
such that their cross product vector gave an effective measure of the area and orientation of
the plane. These planes became base planes for a pyramidal decomposition of the grain
volume, the height of the pyramid was a vector ¢ from the base phase to the center of the



grain; and ¢ was parallel to the cross product vector of 3 x b. Thus, pyramidal subvolumes
of grains, with physical attributes of (a, b, ¢) are analogs of fragment pyramids whose
physical attributes are (p, g, h); only the size of grain pyramids are typically orders of
magnitude less than fragment pyramids. Because of this, the analysis that follows has
"two length scales” involved. Finally, in order to represent vectorially the material volume
contribution for a radionuclide from grain boundary dissolution, the width of a grain
boundary is divided by two and the halves are assigned separately to the pyramidal
subvolume of their adjacent grain. Thus, half-widths of wg are the vector dimensions
assigned to a grain boundary. In terms of Cartesian tensor notation, the volume of a single

grain boundary between two adjacent grains is 2wc; ejjk aj bx.

In a unit volume of a fragment there will be large number of grain boundaries
whose combined volumes (exposed to dissolution) must be represented. Thus, a density
function for the number of grain boundaries, or grain pyramids, will be a useful function
and is an analog to that given for the pyramid density of fragments. The atiribute variables
for a grain boundary are (3, b, ¢, w); which for shorthand notation will be denoted as g.
Then, just as for fragments, the spatial coordinate x and a time value 1 are added to define a
grain boundary density function G (x, T, g). The value of G at a spatial point x, a ime 1,
and attribute value g gives the probable number of grain boundaries per unit spatial volume
per unit atribute velume of g. In the case of the grain boundary density function, G, the
spatial domain of x is within a pyramidal spatial domain from the set of fragments, and it
will be addressed in the following. The grain attribute domain for variable g will be
denoted as {g].

In order to separate the contributions from grain boundaries and grain volumes to
dissolution rate for a radionuclide species "K", the inventories in a grain boundary for the
*Kh" radionuclide will be denoted as Ink and the inventory in a grain volume for the "Kth"



radionuclide will be denoted with Iyx as used previously. Now, the dissolution of a
fragmeat surface, when decomposed into pyramidal basal planes, will expose an area of
grain volumes and an area of grain boundaries. The sum of these two areas is the total area
of the basal plane. The basal plane area without the grain boundary area at time T was
represented previously in equation (1). This leaves a representation for the exposed grain
boundary area to be developed. To develop this expression imagine a straight line parailel
1o vector [; on an expused basal plane; this line will intersect a nurnber of grain boundaries.
Each grain boundary that is intersected will have two half thicknesses, each in vector form
is wg, and each is directed into the adjacent grain vojlume. The addition of the wg
thicknesses of all grain boundaries that the straight line intersects gives a vector measure of
the total grain boundary thickness in a direction parallel to vector p. This vector of grain
bourdary thicknesses is given by the following !ine integral over a p* vector length on the
fragment surface

*

Xn(p® = I] (? wep ejjk a; by G(x, t, g) dx; dg G
{g

Similarly, in the g direction of the basal plane the vector of grain boundary thicknesses over

a g* vector length can be written as

nt
Xnl@® = { j} § wen Sijk 8j b GG T, 8) dxj dg )
glo
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Physically, equations (4) and (5) provide the probable thickness for the number of grain
boundaries with widths wg that the dx; line intersected in spatial volume elements of

€ijk 2j by dx; along lines (0 to p*) and (0 to g*) when their number density G(x, T, g) is
known per unjt volume. Since this is the accumulated thickness of all grain boundaries, the
cross product of vectors Xy (p*) and Xnp(g*) with their orthogonal vectors g* and p*,
respectively, give the areas for edges of grain boundaries exposed on a basal plane of a
dissolving pyramid. In Cartesian tensor notation this probable area is expressed by two

scparate terms as
ArX, g*) = esmn Km (p*) ‘i‘n (6a)

Ar@ X)) =¢tmnP’m Xa @) (6b)

The firse gives the area from the integrated (summed) grain boundary thickness in the p
direction crossed into the g direction; and the second gives the area from the integrated
(summed) grain boundary thickness in the g direction crossed into the p direction; both arc
on the basal plane of a pyramid.

In addition to these two areas, there also exist the probatility of a grain boundary
plane oriented such that its nonmal is parallel to the pyrarnidal height direction h; in this case
the area contributions to equations (6a) and (6b) would be zero. However, this grain
boundary areal contribution to the pyramidal surface exists duning dissolution and can be
represented by an integration along the pyramidal height vector h. This is an accumulation
of probable grain boundary thicknesses at a point on the pyramidal base plane as the
dissolution front propagates ir: the height direction h, thus
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hi
Xj@= | ({ WCj emkl 3k b) G(x, 1, 8) dxm dg Q)
(g}

The total probable grain boundary thickness from exposed boundary edges on the
basal planes of pyramids in equations (4) and (5) can be approximated by the mean value
theorem of integral calculus to remove the "small length scale” and obtain

Xm@*)= | wem cijkaj bk p*i Gdg
{2)

Xn(@*)= | weqecixajbkq’iGdg
{g)

Combining equations (6) and (8), the two contributions to edge areas of grain boundaries

exposed on the basal pyramidal planes for dissolution are

Ar(X.9*) = [ €fmnWem Sk 3j b p°i ¢ Gdg %2)
{g)

Ar(X,p*)= [ €fmnWenCik 25k q"i p'm Gdg 9b)

{g}

Finally, the other area of grain boundary surfaces exposed per unit length h* inthe h
direction over the total area of the base plane (p* x g*) of a pyramid is defined from

equation (7)
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A, h%) = [ ;} wcj emke 3 be €jin p*i 4"n Gdg ©¢)
gl

The sum over equations (9) gives the to'al probable area of grain boundary exposed on a
pyramidal base plane whose nominal areal dimensions are given by (p*, ¢*). Then, given
that the dissolution rate of grain bounda:ies in the pyramidal height direction his at a
velocity of Hph, the probable volume rate of grain boundary material removed by all three

areal contributions of equatons (9) is

Ve=Ar X g Hphy+ A, X, p¥ Hp hy + A X, h*) Hp hyy (10)

Using equation (10), the dissolution rate for - adionuclide species K from grain boundaries

is given for a single pyramid of attribute value f by

. X .

Dgx (1) =Igx V8 an
where Igx is the grain boundary inventory of radionuclide species K £<r unit grain
boundary volume. Equation (11) can be used to find the grain boundary dissolution rate

for a set of fragments by summing over the probable number of pyramids of the fragment
set. Thus, for the number of pyramids given by F df dx, equation (11) for 7 near zero

becomes
Dgk (x. 7. H) df dx =Ipk VB F(x, 7. D df dx (12)

where the attribute variables of £ must be extended to contain Hp also.
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An expression can now be written for the early time (T near zero before the
formation of a zone of dissolution illustrated in Figure 1) dissolution rate response ‘rom
both grain boundaries and grain volumes. Recall that equation (2) was for a surface at
some arbitrary time T, but at early times (1-Hy1)2 is essentially 1, then the exposed grain
volume area is the initial pyramidal base plane (i.e., p x @) minus the exposed grain
boundary areas given in equations (9). For t near zero, the grain boundary areas of
equations (9) are evaluated on the initial pyramidal base plane; thus, p* is equal to
p* and g* is equal to q. Then, the reduction of surface area due 1o exposed grain boundary
area can be easily made by writing the grain boundary volume removal rate as a velocity
relative so the surface Hyh. Thus, the Fiph of equation (10) would be replaced with (Hp -
Hy)h- Making this change in equations (2), (11) and (12) is the easiest way of expressing

ti:e combined contributions; which for early times and for radionuclide species K is

Dk (x, 7,0 df dx = Iy h; ejji pj q Hy F(x, 7, D df dx

+(Igk Hp - Ivg Hv) § (€4mn Wem €ijk aj by pi qn e + e4mn Wen €ijk 3j bi Qi Pm e
{g)

+ ejin wWej emke ak by pi Gn hm) G(x, 1, g) dg F(x, 1, ) df dx 13)

Equation (13) describes an early time dissolution process where. the grain volume surface
areas with their inventory Iyx are dissolving along vector h at a rate Hyh and the grain
boﬁndary surface areas with their inventories Ipg are dissolving at a rate Hgh. Note

however, that the two grain boundary terms with exposed edges are dissolving at a rate
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Hgh and removing a grain boundary widt!: wg of material adjacent to each grain. These are
to be compared with the last grain boundary term, which represents the effective
dissolution of grain boundary planes whose normals are paraliel to the height vector h of
the pyramid. For times near 1 = 0, these planes would be near the initial base plane

(Hy = 0) of a pyramnid, However, for later times, and assuming that Hph is greater than
Hyh, these planes would reside interior to a pyramidal volume of height

h(1-Hy). This evolves into a zone of dissolution illustrated in Figure 1. Thus, there
would be two dissolution fronts, one on exterior pyramidal grain surfaces propagating at
Hvh and one interior to the pyramidal subvolume that dissolves grain boundaries as it
propagates along vector b at Figh and also dissolves lateral grain boundary planes (those
with thickness direction normals along f) in passing. Thus, after a period of time, equation
(13) would not describe the dependence of dissolution rate on the positions of the two

dissolution front; and their current sizes (i.e., p* x g*).

Equation (13) can be extended such that the assumption of 1 near zero no longer
need apply; however, other assumptions are required. The other assumptions are
necessary to describe whether or not the exterior grains fall off as the grain boundaries
dissolve along h over distances greater than the dimensions of the grains and whether the
width of the grain boundary wg continues to increase in time as the time increases. For
purposes of this preliminary modelling, it will be assumed that grains do not fall off and
that the grain boundaries have a single dissolved width wg as the grain boundary
dissolution front propagates iato the fragment pyramidal volume. The first assumption is
proposed as reasonable for unoxidized UO» spent fuel because some few undissolved
material ligaments on lateral grain boundaries would be sufficient to hold grains to
fragments. The second assumption is made primarily to simplify the model development

that follows. Alternative assumptions to both of these can be made and dissolution rate
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expressions derived; however, these two are proposed as conditions on the preliminary

model developed in this paper.

The above describes a two front dissolution problem, one front is on grain volume
surfaces at position Hyh along b and the other front is on grain boundary surfaces at
position Hph along [, where Hp is the time integral of Hg. Thus, the atiribute variables of
f must be extended to contain both Hp and Hp for this latter case. Now for grain boundary
dissolution at constant width wg, the grain volume surfaces that are between the pyramidal
base plane at Hyh and Hph have already dissolved as the grain boundary dissolution front
propagates past them. Thus, only the exposed grain volume surfaces that coincide with the
pyramidal fragment base plane located at Hyh are dissolving; aad their rate of dissolution is
along vector b ai a propagation rate of Hyh. Using th= assumptions and their
consequences discussed above, the form of equation (13) can be modified for the long time
dissolution rate response. First, the area of the grain volume dissolution front is to be
modified with the factor (1-Hy)2 to account for the decreased lengih in vectors p and g at
positon Hyj along the height vector. This area is further reduced by subtracting the area
of the exposed grain boundary edges and the lateral plane grain boundary areas which were
dissolved, except for a few ligaments, as the grain boundary dissolution front propagated
into the pyramid. Secondly, the area at the grain boundary dissolution front is reduced by
the facior of (1-Hp)? to account for the decreased length in vectors p and g at position Hgh
along the height vector. Making these modifications to equation (13), the dissolution rate

for a number of pyramids Fdfdy is rewritten as

Dx (.7, 0) df dx =Ivk Hv [(heegik Piak - | (h¢ €2mn Wem €ijk 3j b Pi Gn
{g}

+h¢ €imn Wen €¢jk 3j by Qi Pm
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+hy €¢mn Wen €jjk &) bk @i Pm) G(%. T, 8) dgi (1-Fv)? Fix, 1, df dx +

Isk Hp | (e¢mn Wem Sijk 3j bk Pi n he + cmn Wen eijk 3j bk Gi Pm by
{g)

+ €jin WCj €fkm 2k bm Pi qn he) G (x, T, g} dg (I-Hp)? F(x, 7, f) df dx (14)

Equation (14) was derived based on two assumptions; one was that exterior surface grains
do not fall off and the oth.er was that the width wg of grain boundary dissolution was a
constant and the same value everywhere in the set of pyramids. Although equation (14)
has many terms, it can be observed that when the magnitude of the grain boundary
dissolution width lwg lis small compared to the grain sizes dimensions le |, and la land
ib [, the volume of the dissolved grain boundary material will be small compared to the
pyramidal volume. Thus, for the dissolved grain boundary volume to influence the overall
dissolution rate, the product of dissolution rate Hp and the inventory Igg of the grain
boundaries must be very large. These conditions may possib!v exist for some high burnup
fuels, since it is believed that the more soluble radionuclide species migrate to and are
trapped in grain boundaries [1,6). However, additional dissolution testing is necessary to
provide both data and an understanding of the dissolution rate response of spent fuel. At
this point, the above dissolution rate equation is available that incorporates both a grain
volume dissolution front and a grain boundary dissolution front, both of which can
propagate at different velocities. It will be necessary to perform additional experiments to

determine these velocities. However, from relatively short term experiments, an upper
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bound estimate on these velocities may be possible and the effects cf grain boundary
dissolution rates be assessed for those radionuclides which are believed to be concentrated
at grain boundaries. Nonetheless, for the ideal case of uniform fragments dissolving at
constant rates Hy and Hp, Equation (14) predicts that the grain boundary dissolution rate
contribution in a fragment decreases as (1-Hp7)? in time and the grain volume contribution

for a fragment decreases as (1-Hyt)2,

Physically, the first term on the right hand side of equation (14) repres.ius the
dissolution rate on an exterior surface of exposed grain volume area minus the area from
previously dissolved grain boundary edges th:t intersect this exterior surface; and the
second term represents the dissolution rate on an interior surface front of all grain boundary
volumes (grain boundary areas with width wg). The exterior surface dissolution front is
propagating at a material removal rate Ivk Hyhg. The interior surface dissolution front is
propagating at 2 material removal rate Ipg Hghy. The position of the interior front relative
10 the exterior front is (Hp - Hy)h at any time T where Hp and Hy are the integrals over
time of Hp and Hy, respectively. The material between Hph and Hyh was illustrated as a
zone of dissolution in Figure 1. If this zone of dissolution becomes constant in thickness
after some transient period of time, then the rates Hp and Fly become equal also.
Physically, one would expect that a finjte transient time interval exists and that Fip
approaches Hy; because the transport of dissolved material from the interior surface front
outward to the exterior surface front becomes exceedingly more difficult in the narrow and
tortuous pathways that increasely extend into a fragment along the dissolving grain
boundaries.

‘This leads 1o a conjecture that even if Hp is initially much larger than Hy, within a
few grain size lengths it would be reduced. A simple phenomenological time response for
Hp can be developed from a linear diffusion process to give Hp(t) = (Hpo + Hpo1)1/2;
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where Hp and Hgp are both constants. This form of Hp is monotonically decreasing in
time. However, when Hp becomes equal to Hy, then physically, it should remain equal to
Hy thereafter; assuming that all other environmental conditions remain the same. While
this is a physically reasonable conjecture, experiments are necessary to test it. Certainly,
one may find that this conjecture is not supported merely because grains on the exterior
surface fall off as the interior front propagates into a fragment. Future experiments will
thus determine the directions of future model developments. However, this preliminary
model development can be used to plan future experiments and the quantitites that need to

be measured in those experiments.

Finally, the previous expressions for dissolution rate response from exposed grain
volume and grain boundary areas of spent tuel fragments did not explicitly address an
initial dissolution "pulse" rate of the volatile radionuclides that are transported out of the
UO;, fragments during reactor operation to the cladding-fragment surfaces [1]. These
volatile radionuclides are believed to form a concentrated layer on fragment surfaces. In
this case, the heterogeneity of this layer can be represented in the dissolution rate
expressions by generalizing the inventory term Iyg. In this generalization, the inventory
vk could be represented as a function of Hy to describe the concentration and layer

thickness of the volatile radionuclides that reside on the surfaces of spent fuel fragments.

SUMMARY

The dissolution rate response of spent fuel radionuclides can depend on the
dissolution rates over grain volume surfaces and over grain boundary surfaces for a set of
fragments. Since fragments are geometrically somewhat arbitrary in size and shape, plus

the interior characteristics of grain boundary/volume geometries are not readily described in
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a detzrministic sense, statistical concepts were applied to describe both fragments and
grains within a fragment. This approach results in a “two length scale” problem; one length
scale is a2 measure of fragment size from broken spent fuel pellets, and the other length
scale is a measure of grain size in fragments of spent fuel. With this approach, a
preliminary dissolution rate model was developed that consisted of expressions describing
the dissolution rate from the radionuclide inventory on exposed grain volume surface times
the intrinsic material removal rate of grain volumes plus the dissolution rate from
radionuclide inventory on exposed grain boundary surface times the intrinsic material
removal rate of grain boundaries. In the near future, the equation:s of this dissolution rate
model will be used to analyze further the data obtained from specially designed grain-sized
dissolution tests [7]. For these tests, the grain-sized particles, with their associated grain
boundaries, are produced by crushing spent fuel fragments; the fracture planes of the
crushed fragments are primarily the grain boundary planes. The purposes of these tesis are
to measure grain houndary inventory heterogeneity and the long term "matrix" (grain
volume) dissolution 1xte. In addition to this application, this preliminary mode) for
dissolution rate will be used to plan additional spent fuel dissolution tests and to assess the
potential of the tests to isolate the influence of inventery, surface area, and intrinsic material
removal rate. In this way, a mechanistic understanding of the dissolution process will be

attained.
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