<

Coire ¢
B

Journal of Nuclear Materials 173 (1990) 185-213
Worth-Holland

185
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IN LITHIUM-BASE CERAMICS
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MISTRAL is a theoretical model developed to describe tritium transport and release in fine-grained ceramic materials for
tritium breeding applications in fusion blankets. The model includes as relevant physical processes tritium diffusion in the
effective bulk (grains and grain boundaries), adsorption, recombination and desorption at the breeder surface and diffusion
through the network of pores. A key improvement of the model, compared with those already in the literature, consists of a
better characterization of the processes at the breeder surface and their linking to the bulk and pore regions. The sets of
governing transport equations and corresponding boundary conditions are formulated together with the choice of the
computational algorithm. A computer code with transient capabilities has been develeped based on the model, It aims at
describing tritium release for several transient conditions relevant for in-pile tritium recovery experiments and for fusion
blankets. To assess the range of applicability of the model, severai calculations have been performed and the results of the

analysis are herein presented and discussed.

1. Introduction

The processes by which tritium migrates through
lithium-base ceramics (e.g. Li;O, LiAlQ,, Li, SiO,,
Li,ZrQ,) are complex and of considerable interest for
solid breeder blanket components for fusion applica-
tions. They determine the rate at which tritium will be
released from the breeder material and, consequently,
the tritium inventory build-up that results from irradia-
tien in in situ tritium recovery experiments or in fusion
reactors, Tritium, which is generated in the candidate
breeder materials primarily by the ®Li(n,a)T reaction, is
believed to diffuse through the grains to the grain
boundaries and, then, along the grain boundaries to the
network of interconnected pores. At the solid /gas inter-
face between the effective bulk and the pores, tritium
desorbs in molecular form as T,, HT, T,0 and HTO
depending on the chemistry of the solid and gas-phase
and then percolates through the network of fine pores
to a purge stream which convects the tritium out of the

* Work supported by the US Department of Energy under
grant # DE-FGO03-86ERS52123,

breeder. In materials of interest, the underlying kinetics
of the rate-controlling mechanisms of the release are
very complex and strongly dependent on the breeder
microstructure, the temperature. the purge gas composi-
tion and the irradiation history.

In general, tritium release may be diffusion-con-
trolled or constrained by surface processes such as
adsorption and desorption. As a ceramic breeder under-
goes changes in temperature and/or changes in purge
gas composition, it may move from a regime dominated
by diffusion to a regime dominated by desorption
processes or {0 a transition regime where both mecha-
nisms control the refease. Therefore, to fully interpret
the results which are becoming available from in-pile
tritium recovery experiments and to understand the
synergistic interplay of the several transport processes
which take place within the breeder, there is a strong
need to develop more comprehensive models and in
turn better predictive capabilities, Although much work,
both experimental and theoretical, has been reported in
the literature on the behavior of hydrogen isotopes in
metals [1-4], until very recently few publications existed
treating the problem of hydrogen isotope behavior in
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ceramic breeder materials. Several authors have at-
tempted to outline a theoretical approach to the prob-
lem. but no comprehensive theories have emerged yet.

This paper describes the tritium transport model
MISTRAL. which has recently been developed to at-
tempt 2 more realistic and accurate description of the
complex multiprocess sequence that characterizes tri-
tium behavior and release in fine-grained lithium-base
ceramics. The acronym stands for Model for Investiga-
tive Studies of Tritium Release in Lithium Ceramics.
The model includes: diffusion through the grain: diffu-
sion along the grain boundaries; adsorption, recombina-
tion and desorption at the solid/gas interface; and
diffusion along the network of interconnected pores. A
key feature of the model covers the kinetics associated
with the transfer of tritium generated in the bulk to the
surface and from the gas phase onto the surface and
vice versa, which are of prime importance in modeling
tritium behavior in ceramic breeders and deserve de-
tailed study.

The model development is presented in section 2
including the definition of the geometry and the analyti-
cal formulation of the governing transport mechanisms,
while section 3 outlines the numerical treatment and the
computer code development, More detailed information
about the model can be found in ref. {5]. Section 4
presents the results of the calculations carried out to
assess the range of applicability and the flexibility of
the proposed model. This is followed by the summary
section. The comparison of model predictions with re-
sults available from in-pile tritium recovery experiments
to assess the adequacy of this tritium transport model is

_presented in Part II of this paper [6], The symbols and
notations are given in a separate nomenclature section.

2. Description of the model
2.1, Modeling background

The most important part in developing a physical
model of any sort is the identification of the controlling
physical processes and the definition of the differential
equations which govern the evolution of the phenomena

‘under investigation, For tritium transport behavior in
ceramic breeder materials in a typical fusion environ-
ment, the potential number of contribution mechanisms
may be very large. The limited amount of experimental
data acquired so far leads to the following tentative step
description:

1. Production of tritium gas within the grains, primarily

by °Li(n,a)T reactions,

2. Migration of atomic tritium to the grain boundaries
by intragranular diffusion.

3. Motion of the gas along the grain boundaries to the
network of interconnected pores within the solid
breeder.

4, Adsorption, desorption and surface reaction of tri-
tium and tritium compounds at the solid/gas inter-
face.

5. Diffusion of tritium and tritium compounds along
the interconnected pores and release to the purge
flow.

&, Convective transfer out of the breeder by the helium
purge stream.

Some tritium beyond that needed for concentration-

driven diffusion and desorption will remain in and on

the solid breeder because of chemical solubility, precipi-
tation of tritium compounds and radiation-induced
trapping. Depending on the specific design of the
blanket with regard to coolant, structural material and
purge stream, some tritium may also be lost to the -
coolant stream through permeation.

Which of the above processes are rate limiting for
tritium release and contribute the most o the tritium
inventory within the solid breeder depend on the oper-
ating temperature range, the chemistry of the gas phase,
and microstructural parameters, such as grain size,
specific surface area and pore size distribution,

Presentation of this modeling analysis needs to be
prefaced by showing the features of the mode!l and how
it relates to those already in literature.

{A) The model can be classified by the geometry of
the effective bulk, surface and pore regions which is
used for the physical and mathematical analyses. The
selected multiregion, heterogeneous model configura-
tion depicts a more realistic picture of the different
morphological regions of the breeder and allows a
better description of the transport mechanisms which
are effective in the bulk of the solid and gas phases and
at the interfaces between solid and gas.

(B} Early tritium release models from ceramic
materials were based on the assumption that diffusion
in the grain would be rate controlling and only recently
an attempt has been made by Kopasz et al [7] to
include a simplified desorption-flux boundary condition
to the solution of the diffusion equation in the grains.
However, in general, these models were unable to satis-
factorily interpret many of the data obtained from
in-pile tritium release experiments and their applicabil-
ity was limited to few particular cases. As yel, no single
fundamental method of calculating tritium release ex-
ists, the major reasons being: (1) many potentially im-
portant variables are involved, the mathematical de-
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scription of which may be complex, (2) the data against
which the hypothesis can be tested are themselves sub-
ject 10 considerable uncertainties. On the other hand, it
is important for the model to properly describe the
underlying physics. because fits with physically un-
sound models to experimental data by adopting suitable
parameters will fail whenever extrapolations are needed
10 new ranges of operating conditions.

(C) Physical processes at the solid /gas interface in
ceramic breeder media are currently poorly understood
and their modeling is limited. In fact, many of the
existing models assume an effective bulk diffusion with
or without a desorption flux boundary condition at the
breeder surface where the concentration of the diffusing
substance is obtained by neglecting any kind of trans-
port mechanisms into the solid from the surrounding
gas phase. In contrast, in several experiments the char-
acteristics of the purge gas, such as its composition and
flow rate, have been identified as crucial factors clearly
indicating that the phase-boundary region between the
solid and the gas may strongly affect the overall kinetics
of the release. This capability has been incorporated in
this model which focuses on the kinetics associated with
transport processes at the breeder surface, such as ad-
sorption and desorption.

(D) Contrary to previous mathematical models,
which can be applied to analyze transient conditions
limited 1o changes in temperature, MISTRAL has a
greater flexibility and is able 1o analyze several transient
conditions such as changes in temperature and tempera-
ture gradient, changes in purge gas composition, and
changes in reactor power (i.e. neutron flux), all foreseen
in a fusion blanket operation. .

(E) As a final remark, the numerical algorithm
selected to solve the governing partial differential equa-

Grain (T)

s
-
-

tions in the present model is particularly suitable for
parametric analysis. It can be applied to determine
functional dependence and also to provide insight into
the interrelationships of the various operating condi-
tions and material properties which may affect the
behavior of tritium in the material.

2.2, Definition of the model geometry

The model proposed in this work is based on the
concept of interconnected and open porosity, which is
perhaps the simplest model for diffusion and flow in a
porous solid. The occurrence of interconnected pores
represents a realistic condition for the structure of the
ceramic breeder. In this case, it is not the total porosity
but the open interconnected porosity which is the key
parameter that needs to be characterized for the ceramic
breeder before, during and after the reactor operation.
According to the indications provided by Elbel {8], for
as-fabricated cases, the amount of open porosity can be
substantial, in particular for cases with high total poros-
ity, ranging between 80-100% of the total porosity. The
pores can then be represented as interconnected cylin-
drical capillaries having some effective radius and length.
To account for the shape and orientation of pores in the
real geometry, an adjustable constant, the tortuosity 8,
is included. Although ceramic grains are irregular poly-
hedrons, for ease of calculation the model is presumed
10 be composed of spherical grains. More detailed
structural models have been proposed by Wheeler 9]
and by Wakao et al. [10], but often these are of such
complexity that they become difficult to validate and to
use conveniently.

The unit cell in the model has been identified as the
cylindrical portion of the solid that surrounds each
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Fig. 1. Schematic diagram of the multiregion model.
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interconnected channel and it is characterized by: (1) a
¢ylindrical interconnected pore of effective length. L.
and average radius. r,: (2) a coaxial cylindrical cluster
of spherical grains of radius, r,. A schematic diagram of
the multiregion model is shown in fig. 1. In general, the
quantities that are known are the solid breeder speci-
men characteristic length, L, the average grain radius,
r,. the specific surface area, Syer (after Brunauver, Em-
mett and Teller [12]). the theoretical density of the solid,
p. and the porosity. ¢,. The effective length L, for the
interconnected pore channel has been defined by
Youngquist {11] in terms of the characteristic length of
the specimen as follows:

(L/L) =38, (1)

where, 8 is the torwuosity factor, § can be estimated
from 1/¢, for as-fabricated breeder materials based on
the mode! of Wakao et al. [10]. However, the tortuosity
factor can be much higher as indicated by the experi-
mental data of Krasuk et al. [13] for example, although
it is not always clear how 1o differentiate between the
effect of longer diffusion path and of slower effective
diffusion due to the pore size distribution, These are
often combined when expressing the tortuosity factor as
indicated by Satterfield [14].

Lo=L5. (2)

An estimate of the average pore size, r,, may be
obtained from the void volume-surface area formula
suggested by Aris [15}:

2 ®
Fi™ —F——v o
P p(1-ey)Seer
Once the average pore radius r,, has been determined,

the number of grains per interconnected pore system,
N, can be derived from the following expression [5):

2mrpL,
N‘ip = m . (4)

The volume ¥;, of each interconnected pore system may
then be expressed as:

Vip - wrif,Le. (5)

The total number of interconnected pore systems (i.e.
unit cells) in the specimen of volume V is given as:

Ny= Ve, / Vi (6)

The shape of the cross section of the unit cell is de-
termined by the average radius of the grain and the
average radius of the interconnected pore, and it may be

represented by a regular polygon of a certain number of
sides, N4,. that has to be determined by simple geo-
metrical considerations.
The vertex angle., @, (radians) can be evaluated as:
Nyides — 2
Om w( 4Yyides ) 7
Nyiges ( )
The number of grain boundary paths per grain, Ny,. is
calculated from:

Nsbl = 4‘-':"/@. (3)

The number of grains per grain boundary path. Ny, is
given by:

Nub - 1/‘ngg' ’ (9)

According to the model, the grain boundary path length
is the average distance the gas will migrate on the grain
surface before desorbing to the pore and it may be
defined on the basis of geometrical considerations as:

tp=2(0+7), (10)

where a factor of 1/3 was introduced to average over
the path length. For a grain boundary of thickness ¢,
the volume of each grain boundary path, ¥}, is:

Voo = rd©15/2. (11)

Finally, approximating ¥}, as a slab of transversal area
Ags and average length x, yields:

A3b= Vlb/xsb. (12)

2.3. Theoretical treatment of tritium transport in solid
breeder media

A systemn of differential equations governing the
space and time evolution of tritium in each morphologi-
cal region of the breeder, such as grain, grain boundary,
surface and pore has been derived. The equations that
describe the behavior of the gas are essentially diffusion
equations in the breeder butk and along the network of
interconnected pores and rate equations that govern the
transport at the interfaces between different phases. An
adequate set of boundary conditions has been proposed
to correctly couple the individual transport processes in
each morphological region of the breeder,

2.3.1. Diffusion in the grains

Individual grains are assumed to be discrete, homo-
geneous, isothermal spherical particles. Tritium is as-
sumed to be uniformly generated by breeding reactions
in the grains and at this stage the atoms are assumed to
be completety insoluble in the matrix. Grain sizes are
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typically of the order of microns and each grain can
reasonably be assumed to be isothermal.

The governing diffusion equation for the concentra-
tion of gas atoms C; in the grain may then be written
as:

3C,(r. 1) 3*C,(r. 1) aC(r. 1)
—-5— D(T) Py 57

+@(1). (13)

where Cp(r, 1} is the tritium concentration within the
grain, at spatial coordinate r and time ¢, D (T) is the
tritium diffusion coefficient in the grain as a function of
the temperature T, #(¢) is the volumetric tritium gener-
ation rate in the grain at spatial coordinate r and time
1, and r, is the grain radius.

The diffusivity in the grain is given by an Arrhenius
function as:

D,(T) = Dyg exp| — E;(T)/RT]. (14)

where Dgo is the pre-exponential factor for diffusion in
the gram. E,(T) is the activation energy for diffusion in
the grain and is a function of the temperature T, and R
is the universal gas constant.
The boundary conditions assumed for the grain are:
(a) symmetry condition at the center of the grain:

[-—e——ac‘(:‘ ) =0 (15)

(b) continuity of the concentration at the boundary
between grain and grain boundary:

( ) ;bg b(o I), (16)

wherc G,(r;. 1) is the grain concentration at the gram
surface, C ,,(0 1) is the concentration at the grain
boundary/ grain interface (i.e., at the beginning of the
equlvalem grain boundary path in the shape of a stab).
¥; is the volume of each grain and Wy (= Vo, Nypg) is
the equivalent gram boundary volume assoc:aled with
each spherical grain. The factor ¥,/ ¥}y, in eq. (16) is
introduced to account for the particular geometry of the
model.

2
7

2.3.2, Diffusion along the grain boundaries

In the proposed model the grain boundaries are
supposed 1o prevent intergrain communication and to
be high-diffusivity pathways which are fed by lattice
diffusion from the grain interior. In this study, grain
boundary diffusion is believed to be much faster than
grain diffusion and is not considered to be rate control-
ling. Mathematical treatment of grain boundary diffu-
sion is included in the model to provide flexibility for

later applications, The grain boundary is represented as
a uniform. isotropic pathway in the shape of a slab of

“average thickness 1. average length x,, and average

cross section Agy. within which diffusion occurs in
accordance with Fick's law but at a rate different from
the bulk. Several authors [16-18] agree that the thick-
ness of the grain boundary 7, is much smaller than any
other dimension of the system and that in a domain
only a few atoms thick it is reasonable to neglect lateral
concentration gradients. In addition, the grain boundary
dimensions are of the order of the grain dimensions
and. thus, the grain boundary path can be assumed to
be isothermal. With these assumptions, the one-dimen-
sional time-dependent diffusion equation for the grain
boundary then becomes:

3C,,(x. 823G, (x,
e[ L],

where Cy,(x, 1) is the tritium concentration within the
grain boundary, at spatial coordinate x and time f,
D (T) is the tritium diffusion coefficient in the grain
boundary as a function of the temperature T, and X, is
the average grain boundary length. The diffusivity in
the grain boundary is given by an Arrhenius function
as:

Dy (T) = Dyo exp| — £ (T)/RT], (18)

where D, is the pre-exponential factor for diffusion
along the grain boundary, and Eg(T) is the activation
energy for grain boundary diffusion and is a function of
the temperature 7.

The following boundary conditions are assumed for
the grain boundary region:

{a) flux-matching condition at the interface between
grain boundary and grain:

Qa7

) . 3G (r. 1)
dmr Ny D, (T) |,
NG L (19)

where N, and Ay, represent the number of grains per
grain boundary and the equivalent grain bomdary
transversal area, respccuvely The factor 4=r? rf rtepre-
sents the surface of the grain.

{b} fux-matching condition at the effective bulk and
phase boundary interface:

aC
Dnh(r)[q—:i

=By exp[ ~ Ey/RT| (1 = 8) Gy (xgs. 1), (20)

X=X
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The tritium concentration Cpp(Xgp. 7) in the effective
bulk region just beneath the surface is determined by
the adsorption/desorption processes as shown in the
previous equation, where the right-hand term represents
the rate of filling of surface adsorption sites by tritium
atoms. In eq. (20), 8 is the total coverage and B, is the
pre-exponential factor proposed by Pick [19]=1X
10/ /Ns (m/s). where N is the density of surface
sites,

2.3.3. Treatment of surface processes

After migrating along the grain boundary paths,
tritium reaches the solid /gas interface where it desorbs
into the pore, in combination with any oxygen or hy-
drogen present at the surface.

Adsorption and desorption of gases onto surfaces, as
well as surface reactions of the adsorbed species, are

Gas-Phase

Surface
{Phase-Boundary)

complicated phenomena, and their modeling can be
built with various levels of sophistication. The model
presented here is based on the idealized potential energy
diagram at the surface shown in fig. 2. The solid surface
is assumed to be covered with a number of sites at
which atoms of the adsorbate may be held. The forces
which hold them there are either physical, such as van
der Waals® attraction, or chemical, in which the ad-
sorbate-adsorbent bond approaches an ordinary bond
in strength and in which the chemical nature of the
adsorbate may be significantly different in the adsorbed
state. Such adsorption is generally called chemisorption,
to distinguish from the former, which is called physi-
sorption.

In tritium release experiments, what is regarded as
the desorption step really involves two processes: (1) a
surface reaction between tritium and chemisorbed hy-
drogen to form surface bound HT or HTO, and (2)

Solid-Phase

Euds = Activation Energy for Adsorption

Ep = Activation Energy for Adsorption from the Bulk
Edes = Activation Energy for Desorption

Ediss = Activation Energy for Entering the Bulk

Ediff = Activation Energy for Bulk Diffusion

Es = Solution Energy

Fig. 2. Potential energy diagram for hydrogen isotopes at the surface used in the model.
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desorption of the surface bound HT or HTO. These
processes can be expressed as

T+ Ha HT,,.
T, + OH, = HTO,,.
HT,, = HT,,.

HTO,, = HTQ,,,.

where the suffix (s) represents a surface bound state and
the suffix (g) represents a species in the gas phase, The
activation energies of either the surface reactions or the
actual desorption of the surface bound atoms may be
strongly dependent on the surface coverage. In the
model 10 describe the kinetics of adsorption and desorp-
tion of tritium-bearing species, the fluxes of tritium
atoms from the bulk to the surface and the fluxes of
molecules from the pore to the surface and from the
surface to the pore must be included. A rate theory
formulation has been used to model surface phenomena
and the details of the scheme adopted in the model are
hereafter outlined.

At this stage, the model assumes that the hydrogen
in the pore are either completely in their reduced states
or completely in their oxidized states. Thus, in the
following equations {¢) could refer to species HT, T; or
H, in the former case, or to species HTOQ, T,0 and H,0
in the latter case. The (j) notation, instead, refers to the
individua! H and T atoms irrespective of their chemical
states.

The following fluxes to and from the surface are
included in the surface model representad in fig. 3.

(1) Flux of tritium atoms (atoms/m" s) entering the
surface from the bulk side. This flux can be formulated
with an expression similar 1o that used by Pick in ref.
(19):

R = ks(T)Cpu(xp. £)(1 - 8). (21)
where Cpp(x,, 1) is the tritium concentration just be-
neath the surface at time ¢, '/ is the fractional cover-
age for the adsorbed species (f), 8 is the total coverage.
§=T,87, (1-8) is the fraction of sites available
and the rate constant kg(7T'), a function of the tempera-
ture, can be expressed as:
kg{T) =P, exp[ -Eﬁ/RT] . (22)
where E, is the activation energy for adsorption from
the bulk, and S, is the pre-exponential factor proposed
by Pick [19) =1 x 10"/ ,/R§.

(2) Flux of diatomic molecules of species (/) (mole-
cules/m’s) entering the surface from the pore-side.
Each molecule strikes the surface, dissociates and is
adsorbed as two atoms:

RY =k (T, 0)C (2, )1 0), (23)
where C{"(z, 1) is the concentration of the gas species
(i) along the pore at spatial coordinate z and time ¢,

~
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Y 2 Adsorption from the pore
3 Desorption 10 the pore
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Fig. 3, Schematic of the surface processes included in the model.
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and the rate constant k'4.( 7. 8) for dissociative adsorp-
tion is given by Boudar et al. [20] as:

N, RT
(1) a - 9.-%;
“ads(T' ) \/SXIO"":.' Mtr)
xexp(~E,g (T, 8)/RT). (24)

where E, (7, 8) is the activation energy for adsorption
from the pore. as a function of the temperature and of
the degree of coverage. o is the condensation or trap-
ping coefficient. (usually ¢ = 0.4), N, is the number of
adjacent sites (usually N, =4), R is the universal gas
constant. T the absolute temperature and M molecu-
lar weight of species (i).

(3) A pair of adsorbed atoms of species () and (g)
(with corresponding coverages 8/ and 8'9’) combines
and desorbs as a molecule of species (i),
{molecules/m’ 5):

RY) w kg (T, 0)896°D, (25)

where the rate constant kg, (7, 8) for associative de-
sorption is given by Boudart et al. [20] as:

RTN,
kdes(T’ 6) = i"v.-ﬁ;:}s:— cxp(wEdes(T’ 9)/RT), (26)

where E (7, 8) is the activation energy for associative
desorption as a function of coverage, h is Planck’s
constant, R is the Universal gas constant, N, is
Avogadro’s number, Ns is the density of surface sites
and N, is the number of adjacent sites.

It is important to realize that it is the surface cover-
age 8 which determines the flux from the surface and
not the concentration in the bulk, and that the surface
coverage can differ considerably from the bulk con-
centration.

Generally, the surface barrier model proposed by
Pick et al. [21,22] includes also a flux of atoms leaving
the surface and entering the bulk. Indeed, a complicat-
ing factor with all adsorption studies arises from the
fact that adsorbed tritium-and hydrogen atoms on the
surface may penetrate the phase boundary into the
bulk. A typical reaction scheme for the interaction of

hydrogen with a metal was formulated by Wagner {23] '

about fifty years ago as follows:
H’Z‘lgas) Tlem 2Hadsv
Hnds = Hbu + .,

H,, denotes a hydrogen atom in the bulk. H,,, is the
(atomic) chemisorbed state and » a free adsorption site.
(4) According to the previous reaction scheme, this

dissolution flux of adsorbed atom entering the bulk
{atoms/m"* s) can then be characterized as:

R = ki (T)6, (27)

where the rate constant k4, (T) as a function of the
temperature can be expressed as:

K giss (T) = atg exp[ = Eqiuo/RT ). (28}

o, is the pre-exponential factor and Egy, is the activa-
tion energy for atomic dissclution into the bulk.

Balancing the adsorption fluxes at the surface (phase
boundary) from the pore and from the bulk regions
with the desorption flux into the pore and the dissolu-
tion flux into the bulk, vields the following system of
rate equations governing the coverage for each adsorbed
species {j):

(K]

d( st ) - 9'\‘;'-+ z,,((l{)ﬂilzn__ E"lc(f‘;)mtsn - msj)’

(W) )
(29)

where y'{’ is number of atoms of species () which
adsorbs or desorbs per each gas molecule of species (/).
In eq. (29), ®] =0 for (j) = hydrogen.

However, in this study the main emphasis is directed
towards the adsorption and desorption processes and is
assumed that a negligible bulk uptake occurs (i.e., Y’
-+ 0). Moreover, other surface processes, conceptually
possible proposed by Baskes [24] and by Richards [25].
such as direct desorption from the bulk to the gas with
or without pausing and recombining on the phase
boundary, or direct dissolution into the bulk of atoms

* coming from the pore, and which may be easily incor-

porated in the proposed surface model, are ignored in
this analysis for ease of calculation,

Therefore, neglecting dissolution into the bulk and
inserting the proposed expressions for the fluxes RT
%47 and RY? results in:

d[Nsb (=, )]
axmev ]

= kﬁ(T)Cgb(xsh' :)[1 - 8(:. ’)]

+ TAPRUT, )= (1~ 8(z. OF
)
= Lo kaal T 0)8(z. 0)08(2, ). (30)
i)
where the summations include all the gas species (i) in
the gas phase and all the species {g) adsorbed on the
surface. The factor {4} represents the number of atoms
of species { /) adsorbed per molecule of species (/) while
the factor yf) represents the number of atoms of
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species ( f) that desorb after recombining with any atom
of species (g).

2.3.4. Diffusion equations through interconnected pores

In the interconnected pore system the flux of each
gas species should depend on the gradients of all the
other species and of temperature. Therefore, by neglect-
ing radial gradients, the following one-dimensional dif-
fusion equation is used for determining the concentra-
tion of each gas species (i) along the interconnected
pore:

aCiMz, 1 i 3CIN (2, ¢
._Pé_._)=%[pé::r(r)_f_6.:_)]
+@(=2, 0, (31)

where C;”(z, t) is the concentration of molecules of
species (i) along the pore at spatial coordinate z and

time 1, DY(T) is the effective pore diffusion coeffi- °

Patt
cient for species (i) as a function of temperature T,

@41z, 1) is the volumetric source/sink term for species
(i) in the pore at spatial coordinate z and time 1, and
z;, is length of the interconnecied pore systern and is
equal to the effective pore length, L, defined by eq. (2).
Note that the behavior of helium in the pore is ne-
glected under the assumption that the concentration or
partial pressure of helium is much larger than that of
the tritium and/or hydrogen gas species and that the
hetium in the pore is stagnant. The following boundary
conditions are assumed for the pore region:

(a) zero gradient for each species (i) at the beginning
of the interconnected pore (i.e, no diffusion fux at
z=0):

{a_cgf_%_(;ﬁ]:-o_o' (32)

(b) given concentration for each species (i) at the
end of the interconnected pore system (2 = z,.):

C;i)(zip’ t) = C;:J)rse' (33)

Diffusion of a gas in a porous medium is com-
plicated by the fact that different diffusion mechanisms
may in effect depend on the structure of the porous
material. According lo Youngquist [11), three different
regimes are possible, namely, (1) ordinary diffusion in
which molecular collisions dominate the diffusion pro-
cess, (2) Knudsen diffusion in which collisions of the
diffusing molecules with the porous solid dominate the
diffusion process, and (3) a transition region between
the above two diffusion regimes. Which regimes is in
effect depends on the ratio of the mean-(ree-path of the
diffusing species, A, to the characteristic pore radius,

r,p- A value of A/, £ 0.10 results in ordinary diffusion.
while A/ri, 2 10.0 results in Knudsen diffusion. and
0.10 £ A/r,, < 10.0 results in transition region diffusion.

To estimate the applicable regime. the mean-free-
path, A, and the representative channel radius, r,,. must
be estimated. An estimate of r,, is given by eq. (3).
while the mean-free-path (in meters) can be obtained
from the {ollowing expression:

koT
i t 3 l—-—ll-ﬂ——--, . 34
o y2mol,p (34)

where ky is Bolizmann's constant, o, is the constant in
the Lennard-Jones [26] potential energy function for
the molecular pair (i, /) (here o, is in meters) and p is
the gas pressure in Pascals.

For flow of binary mixtures (i, /) in a single capillary
{which is often employed to represent flow in a porous
medium), the Knudsen diffusion coefficient, D{’, is
given by:

N 8RT
DENT) = i"ip\f pey i (35)

Note that in this case the rate of diffusion of species (i)
is independent of component (/) and is proportional to
the capillary radius r,,. '

For ordinary diffusion at low pressure, the Chap-
man-Enskog formula for the diffusion coefficient, D{",
given by Bird et al. {27] can be employed, namely,

TV 1/MD +1/M0

P"i.le.r ’
(36)

where in eq. (36) T is the absolute temperature in K.
MO M are the molecular weights of gas (¢) and (/).
p (atm) is the total pressure of the gas mixuure, o;; is
the constant in the Lennard-Jones potential-energy
function for the molecular pair (i, !} (here. o, in A),
and &,, is the collision integral.

Finally, for the transition region, the expression for
the transition coefficient. DY’ derived by Youngquist
[11] is proposed

A

D{N(T)=1.8583x1077

DUNT)=1 1- oAy, 1 .
=V B T Bem | e

where A, is the mole fraction of species (/) and where

a=1=MI/MD (38)

The pore diffusion coefficient, D{')(T) for flow within
an individual capillary is then calculated from egs.
(35)-(37) depending on the diffusion regime. However.

the effective diffusion coefficient in the pore. D{M(T),
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can be substantially different from D{"(T). For exam-
ple. for cases where there is a wide distribution of pore
sizes. the effect of a series of constrictions and e¢xpan-
sions can significantly lower DJ(T). In addition. if
diffusion occurs at least partially in the Knudsen reg-
ime. the effective diffusion coefficient can be lower than
that based on the average pore radius of ¢q. (3). Because
of these uncertainties regarding the value of D,,. a factor
fop is introduced to enable the analysis of the effect of
varving the pore diffusion coefficient on the tritium
release behavior,

DT =fopDy"(T). (39)

The source/sink term % for the species (i) in the
pore system, that appears in eq. (31), may be expressed
in terms of the rate of adsorption from the pore on the

phase boundary %3, and the rate of desorption into
the pore RY’ according to the following expression:
@i =2[RINT, 0) - NPT, 8)] 0. (40)
The factor 2w, in eq. (40) is introduced to convert
fluxes of atoms at the surface in volumetric source into
the pore and the constant o, may be defined as:
NSSBETPVgNgip
- 8 BP 41

wy v, | (41)

2.3.5. Effect of reactions in gas phase

In many experiments such as TRIO {28], MOZART
[29] and VOM-23 {30] addition of small quantities of
hydrogen to the helium purge (up to about 1% by
volume of hydrogen) was found to substantially en-
hance the tritium release. In this study, special effort
has been addressed to model the effect of hydrogen in
the system and to interpret the experimental data avail-
able.

Adding hydrogen {protium) to the purge results in a
build-up of hydrogen partial pressure in the network of
pores, and in an increase of the adsorption flux of
hydrogen-bearing species on the surface. As a result of
the competition for active sites at the surface, hydrogen
(which is generally present in a much larger quantity
than tritium) basically replaces the tritium collected on
the surfaces, whose coverage decreases. This effect is
known as swamping.

The available data at this stage are not sufficient to
describe the kinetics of the chemical reactions in the
pore. Therefore, the approach to modeling the gas phase
pore chemistry is to assume that the reactions among
the hydrogenic species are fast enough for chemical
equilibrium to be maintained. In this respect, the surface
may act as a catalyst and therefore play a crucial role in
the kinetics of these reactions.

The reaction scheme proposed is then:
{H. = X} + (T, - X) = 2(HT - X). (42)

where in the reduced state X vanishes and in the oxidized
state X represents oxygen. Then. assuming local chem-
ical equilibrium for the system under consideration
(interconnected pore with H and T-bearing species). one
can calculate the final concentrations of H. (H,0). T
(T:0) and HT (HTO) in the pores from the following
relationships:

[C;HT-X)]:
C;T;-X)cpl!‘f;-)‘l
K, (1) for reduced states, (43)
K.(2) for oxidized states. (44)

The model can describe any of the species T,, H; and
HT or the species T;0, H,O0 and HTO under the
assumption that for the latter any kind of oxygen activ-
ity is neglected (i.e., all oxygen present in the pore
system is assumed to be combined with hydrogenic
species). The equilibrium constants, K.,(1) and Ko(2),
are temperature dependent with an approximate value
of 4. Values of X (1) in the gas phase used here are
based on those calculated for different temperatures by
Jones [31].

2.3.6. Characterizarion of the tritium release

At each time-step the release of tritium is expressed
in terms of the gradient of the concentrations of the
tritium-bearing species in the system calculated at the
end of the interconnected pore system for the different
tritium concentration species as follows:

'.-rri':', 0 3C;”(:, r) )
A= N )y D;.m[ T Yiiy »
8P T contining =L,
species (i)
(45)

where v is number of tritium atoms per gas molecule
of species (). ‘

A normalized formulation for the tritium release rate
is obtajined by dividing, at each time-step, the above
expression with the tritium generation rate in the solid
breeder volume associated with one interconnected pore
system which represents the unit cell in the model.

nrd,

o= gV N

gt gip

[acsn(z 1)
x X Dé;’.[—*"-a_.—-]:_,_vcﬁ’- (46)

T containing
species (§)
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2.3.7. Characterization of the inventory componenis in the
different regions of the model

The concentration of each gas species at ench time-
step. as well as its location (within the grains, within the
grain boundaries, onto the breeder surface or within the
interconnected pore). are of particular interest in gas
release and inventory studies. These quantities are of
further value in that. when summed 10 obain the total
mass of gas within the unit cell at various times. an
account is kept of how well mass is conserved through
the course of the computations (including transport
across the system boundaries).

The tritium inventory components. in the different
morphotogical regions of the breeder may be defined as
follows:
~ Tritium inventory in one grain:

Is(t)=4wj:'Cs(r, 1)ridr. (47)

- Tritium inventory in the grain boundary (normalized to
one grain):

Tt
ING) =Angs,,,j0 Cyo(x, 1) dx. (48)
~ Tritium inventory on the surface (normalized to one
grain); .
L (1) = SBETPNSVggT' (49)

— Tritium inventory through the interconnected pore {nor-
malized to one grain):

'n'ri% T L‘
Iip(’)" F ARG f }:
e 0 T conwining
species (i}

C(z, 1ydz  (50)

2.4. Summary of the main modeling assumptions

Because of the complexity of the tritium transport
phenomena which take place in solid breeders under
irradiation, some suitabie simplifying assumptions have
been introduced in the theoretical model development
as follows,

1. Although solid breeder grains are irregular poly-
hedrons, they are assumed to be spherical for ease
of calculation.

2. Elongated interconnected pores are assumed across
the solid breeder. Their occurrence is important
because they provide an easy path for tritium re-
lease.

3. Uniform generation of tritium throughout the solid
breeder grain.

4. The grain boundaries shut off intergrain communi-
cation.

5. The grain boundaries are assumed 1o be very high
diffusivity paths which are fed by lattice diffusion
from the grain interior. In this stage of the model
development. the results of the calculations carried
out using this model have been obtained by using a
value of D,, much higher than D,. By modifying
the grain boundary diffusion coefficient the model
can account for transport retardation by grain
boundaries as well as enhanced diffusion.

6. The thickness of the grain boundary, fy,. is much
smaller than any other dimension of the system,
Consequently, no attempt is made tc model diffu-
sion perpendicular to the grain boundary.

7. A simplified barrier model is incorperated to model

tritium surface processes. The dissolution flux of

atoms entering the bulk from the surface has been
assumed negligible.

Second order or associative desorption and dis-

socialive adsorption are assumed to occur at the

surface,

9. No oxygen activity effect has been included (i.e., all
oxygen present in the pore system is assumed to be
combined with hydrogenic species).

10. No radiation-induced trapping within the grain.

11. No tritium retention within the pore because of
sintering and consequent partial or complete closure
of the transport paths.

12. No solubility effect is included.

13. The effect of LiOT precipitation which can be im-
portant at low temperatures, in particular for Li,O,
is not included.

i4. The available data are not sufficient to describe the
kinetics of the chemical reactions occurring in the
purge. Therefore, the approach used to model purge
chemistry is to assume that the kinetics of the
relevant chemical reactions occur fast emough so
that local chemical equilibrium in the pore is always
maintained.

&

3. Numerical algorithm and code development

To make the problem amenable to analysis, an effi-
cient method of solution is needed to solve the system
of governing differential equations and associated
boundary conditions. In general, few of the analyses are
exact in the sense that mathematical approximations are
required in solving the equations represented in the
model, Analytic solutions of the problem are usually
restricted to relatively simple, idealized geometries and
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boundary conditions. and the corresponding results may
not be fully applicabie in realistic situations. In particu-
lar. tritium transport in a ceramic media is too complex
for analytic treatment and numerical solutions of the
governing partial differential equations are required,
However, this need no longer presents a barrier to
implementation of a model with the extensive libraries
of computer code packages now available. A unique
method does not exist a priori and an enormous variety
of numerical techniques. with intrinsic advantages and
disadvantages. are available. A compromise between
accuracy in the prediction and computational time re-
quired for the execution must often be reached. In
particular. in transient analysis, and especially for prob-
lems involving systems of stiff ordinary differential
equations (rate equations). the use of very small time-
steps to advance the solution may degrade the calcula-
tion execution efficiency and considerably increase the
need of high CPU times. For numerical algorithms
based on finite-difference schemes the accuracy of the
algorithm and the required computational time strongly
depend on the number of spatial nodes and the discreti-
zation error is limited by choosing sufficiently small
time-steps.

3.1. Dimensionless form of the governing equations

A nondimensional formulation of the equations and
associated boundary conditions outlined in the previous
section is hereafter described. The nondimensional posi-
tions within the model are defined as follows:

n=r/r, (51)
£= x/xgb' (52)
f“ :/:ip' (53)

The grain diffusion time constant is used for nondimen-
sionalizing the time. It is defined as:

Y= 13/ Dy (34)
The nondimensional time may then be expressed as:
T=1/,. (55}

The nondimensional tritium production rate is defined
as:

G GG (56)

The nondimensional tritium concentrations are defined
for the grain and grain boundary regions respectively
as;

u=C /. (57)

W o Clh/"'.sh' (58)

The nondimensional concentrations of species (/) in the
interconnected pore system are defined as:

= C0 . (59)

where the following normalization factors for the con-
centrations caleulated in the different regions of the
model are defined as:

(d's fnd \hgmax' (60)
V
‘r’i V gmax' (61)
o, NeipVs gmx 1. {(62)
Eqgs. (13) and (17) then become:
du(n. 'r) D(T) [ 8%u(n. 1) +.2_3“(”l"")
ar o an 1 07
+d(r), (63)
and
aw(¢. 1) Dy (T) i *w(f, 1)
or ( B xib 3¢’ . (64

In order to consistently solve the system of rate
equations governing the dynamics of the adsorbed
species on the breeder surface, one has to couple at each
pore increment A{ and time-step At the processes of
adsorption from the bulk and from the pore and de-
sorption into the pore.

In general, the concentration of each species (i) in
the interconnected pore system is affected by three
different simultaneous processes: (1) diffusion through
the pore, (2) adsorption/desorption at the surface
{phase boundary) and (3) reactions in the gas phase.

This initial version of the model MISTRAL assumes
that the hydrogen isotopes in the pore are either com-
pletely in their reduced states or completely in their
oxidized states. Thus, in the following equations the
index (i) could refer to species HT, T, or H, in the
former case, or to species HTO, TyO and H,O in the
latter case. The index ( j) refers to the individual H and
T atoms, irrespective of their chemical states.

An effective nondimensional concentration within
the pore. at each nodal point k and at each instant n
for each gas species ( j) can be expressed as follows:

; vl .
”:nll‘:,...t (‘d)( £ ) (9&”“ 8”) (65)

0 h)
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where the summation includes all the gas species (i) in
the pore and the term y'4’ represents the number of
atoms of species () per molecule of species (i), The
minus sign in the second term of eq. (65) accounts for
the fact that for 837}, , < 8{/} there is a depletion of
coverage on the surface (i.e. release of gas from the
surface to the pore system).

The system of rate equations in nondimensional
form to be solved for the coverage of species () at sach
nodal points, k, is then:

débﬁ” 1 Z 7 m
2 = R (T v
—(0(")4-1"91‘:'") ](1—81&“1)

- mdes(T)BHrz-nak.u+l
F Rpea (T Wi par (17X = Ok 1),

(66)
where:
oN, Wip
RaaslT) = VEx 10~z VRT gt
Xexp(-—Eﬂig;—'a)), (67)
mde,(T)"Z(J—vy;;;)lP.exp(-&%ﬂ)- (68)
A gbTt de: ’
mb,.,(r)aﬁo( S‘:ETPV ) N:’ exp(_E ,g o)).

(69)
The last term on the right-hand-side of eq. (66) is =0
only for (j) =T (tritium). All the symbols vsed have
been explained in the previous section and have been
summarized in the nomenclature section at the end of
this paper.

At each time-step Ar the solution of the system of
rate equations provides at each nodal point through the
pore k the new values 64/}, of the coverage for the
adsorbed species { 7).

The system of eqs. {31) describing diffusion of species
(i) along the interconnected pore system becomes:

W, 1) T PR T )
T zip ‘5? D, 3§'

+ 903, 1), (70}
where #{7(¢, 7) is the nondimensional source/sink term
in the pore defined in eq. (40) for the gas species (i) and
is evaluated as the net flux of molecules of species (i)

into the pore (i.c.. desorption minus adsorption Muxes),
In terms of nondimensional variables the source/
sink term for the species (i) at each nodal poim k

through the interconnected pore svstem and instant n
is:

G =2 k(T 0611 -6,

~ k(T 0)wgtllh (1= 0., 0. ()
An iterative-type numerical procedure is required to
advance the solution for the coverages of each species
(/) adsorbed onto the surface and for the concentra-
tions of species (i) into the pore. In order to decouple at
each pore-increment and time-step the solution into the
pore from that at the phase boundary and to avoid a
lengthy iterative scheme, the following expression for

@4 is proposed in €q. (70) at each nodal point k and
time n:

g}:‘) y‘(j‘)[ 8" "+1 U)] [ h ”el Ilk.u )
ka1

_ ( !zbk..fzf I, )] ‘ (72)

where y{}} represents the number of molecules of species
(i) per atom of species (). The terms in the second
parenthesis represent tritium production, changes of the
inventories in the grain and grain boundary respec-
tively, and they differ from zero only if (i) represents a
tritium-bearing species.

Finally, eqs. (43) and (44) expressing chemical equi-
librium among the diffusing gas species in the pore
become:

[u(HT-K)l Kq(1) for reduced states,  {73)
P Xy (= %) idi

K q(2) for oxidized states,  (74)

where in the reduced state X vanishes and in the oxidized
state X represents oxygen. The conservation of totat
number of atoms for each hydrogenic species before
and after the reaction in the gas phase yields to:

hydrogen atoms = [20tH:=%) 4 HT=X0) o

- [2 1= X) g HT =X ]nher- (75)
tritium atoms e [20‘T='x‘,+ U‘HT"X’]mwm
- (20X 4 Um'r-m]“tm_ (76)

The boundary and interface conditions in terms of
the nondimensional variables become:
~ Jor the grain region:

u(l, 7) = w(0, 7). (")
(——T——a“(",; 1) )n_o-o. (78)
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- for the grain boundary: reg:'on:

4zrlNg b[au(n ) u[ﬁw(ﬁ, 'r)L-o‘

n=1 "‘:me 0§
(79)
gh aw(é. T)
xl_b [ ]i-
= Bow(1, 7)(1 - 8) exp(—Eg/RT), (80)

~ for the interconnected pore region:

(auw(;, 72);-0_0‘ (81)

I)”)(1 T) purge/“"ip' (32)

The nondimensional forms of the tritium inventory
components given in egs. (47) through (49) to be
evaluated for the grain, grain boundary and surface at
each nodal point k& through the pore and instant n are
defined as:

-~ Tritium inventory in one grain:

hom [ 2] + e 1= (1-4)]

n,..-1

+ MZ_:Z U(m.n [("!('") + %7_,)3
_('q(m) - 923’-)3]. (83)

— Tritium inventory in the grain boundary (normalized to
one grain):

E x..-l

ot T Z (84)

mm2

Igb MaT 2 +wﬂ

- Tritium inventory on the surface (normalized to one
grain):

T
Fo, = 2210 (55)

o'

The nondimensional forms of the tritium inventory in
the pore, given in eq. (50), is at each instant n:

— Tritium inventory in the interconnected pore {normal-
ized to one grain};

- 1
Tp, = ): Y(iﬂw' -
® T containing “ sp
species (7)
-1
y A8

x| of, 5 4o S+ }: g arl.  (36)

mm2

In eq. (86). ¥ represents the number of tritium atoms
per molecule of tritium-bearing species (/).

3.2, Initial conditions

The evaluation of the initial conditions is required to
start the transient calculations and to advance the solu-
tion. Two cases are in general possible: (1) reactor
start-up, and (2} steady-state. In the case of reactor
start-up, at =0 there is no tritium generation in the
system and therefore the concentrations of tritium in
the grain, grain boundary, surface and pore regions are
equal to zero. Hydrogen may be added to the purge
before or after reactor start-up. In the latter case, no
hydrogen is present in the system at ¢ = 0. In the former
case, the initial value of the nondimensional concentra-
tion of H, at the mouth of the interconnected pore is
given by:

vM(1, 0) = Ciii) fy, (87)

and its distribution along the pore is obtained by solv-
ing eq. (70) at steady-state. The value of the hydrogen
coverage is obtained by solving eq. (66) for (j)=H at
steady-state, which is not linear in 8, by using an
iterative scheme.

In the condition of initial steady-state, to calculate
the initial concentrations of gas species included in the
model, the system of egs. (63}, (64), {66) and (70) and
corresponding boundary conditions has to be solved by
setting the left-hand-side terms equal to zero. In par-
ticular, at steady-state, the source term given by eq. (72)
for the diffusion equation governing the concentrations
in the interconnected pore reduces to the tritium gener-
ation in the bulk in the case of tritium-bearing species
and vanishes for species not containing tritium. Besides,
the concentrations of gas species in the pore must
satisfy also the equilibrium relationships (73), (74), (75)
and (76).

The final concentrations of gas species present in the
pore are at this point fully characterized, and so is the
flux of tritium atoms at the solid/gas interface. The
system of nonlinear algebraic equations obtained by
setting equal to zero the lefi-hand-side term in eq. (66)
is solved. The process is iterative and consists of solving
for the value of the coverages, using an attempted value
for the coverage to determine the corresponding activa-
tion energy for adsorption and desorption. The process
is repeated until convergence is reached between the
attempted value and the calculated one, and it is carried
out at each pore-increment,

For the steady-state evaluation of the tritium con-
centration in the effective bulk, just beneath the surface,
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the boundary condition shown in eq. (80) is modified as
follows:

Bow(1. 0)(1 — 8) exp{ — Ey/RT ) sy Ao Nyng
- 1, 4(0). (88)

which may be solved for the trilium concentration in
the grain boundary w(l, 0). Finally, the steady-diffu-
sion equations in the grain and grain boundary regions,
obtained by setting equal to zero the lefi-hand-side term
of eqs. (63) and (64). are solved in series by using the
boundary conditions given in egs. (77), (78). (79) and
(80). The process is carried out for each pore-increment.

3.3. Calculational procedure

The proposed numerical algorithm is based on a
finite-difference scheme whose accuracy and required
computational time depend on the number of spatial
nodes. The Crank-Nicolson [32] scheme was used be-
cause of its good stability even for large tithe-steps.
Several numerical methods were tested to efficiently
solve the system of rate equations which comes from
coupling the surface region with the pore and the bulk
regions. The choice and implementation of the solver
formulated by Gear [33,34] has represented an im-
portant step in the development of the code. To solve at
each time-step and at each spacial node the coupled set
of time-dependent nonlinear partial differential equa-
tions describing the transport processes, the choice of
an overall integration scheme, which couples all the
regions of the model, requires an iterative type numeri-
cal procedure, which often needs long running times
consistent with the required accuracy of the predictions.
In order to avoid a lengthy iterative scheme to advance
the solution in each region of the model, the integration
procedure has been consistently decoupled for each
model zone by defining adequate interfacial assump-
tions for the different regions of the model, as indicated
hereafter. The calculations are carried out for the grain
and grain boundary regions first, followed by the surface
region and finally for the interconnected pore system.
The evaluation of the initial conditions is required to
start the transient calculations and to advance the solu-
tion, and the initial values for the concentrations for all
the species included in the model are evalvated as
described in section 3.2,

The solution procedure consists of first solving the
grain and grain boundary regions in series, for each
pore length increment A{, by defining the proposed
boundary and initial conditions. The value of the cover-
age from the previous time-step is used to ¢valuate the
boundary condition shown in eq. (80) and the values of

the tritium concentrations in the grain and grain
boundary, wu(n. 7) and w{f =) respectively. are
evaluated for the next step for the grain and grain
boundary nodes, This assumption is reasonable because
in the range of temperatures of interest. 8 tends 1o be
small and for the very small time-steps used in the
computations change in the term (1 —4) from one
time-step to another would have a negligible effect on
eq. (80).

The system of rate equations governing the dynamics
of the adsorbing and desorbing species included in the
model is then solved for the pore nodes considering the
fluxes into and from the surface. whose magnitudes
vary through the pore length. In this regard, the incom-
ing flux from the bulk that goes onto the surface is fully
characterized by the value of the tritium concentration
in the effective bulk just beneath the phase boundary
w(l, ) at a certain pore-increment, and the total cover-
age at the previous time.step 8, ,. The adsorption and
desorption fluxes from and 1o the interconnected pore
system are fully characterized in terms of the effective
pore concentrations for the species (i) given in eq, (65).
which include the values of the pore concentrations at
the previous time-step and the change in coverage which
occurs in the interval Ar, Because of the dependence of
the heat of adsorption on the degree of coverage, the
system of rate equations is clearly nonlinear. However,
for ease of calculation and based on the fact that
changes in & from one time-step to another tend to be
very small, the value of the total coverage at the previ-
ous time-step has been used to evaluate the correspond-
ing value of activation energy for desorption. The sys-
tem of rate equations is then solved to evaluate at each
pore-increment, and for each gas species, the new values
of the coverages at each time-step. The next computa-
tional step consists of solving the diffusion eq. (70) for
each gas species (i) included in the model through the
network of interconnected pores. The coupling between
the surface-bulk system and the pore region is repre-
sented by the source/sink term %" which is char-
acterized by eq. (72). Finally, the effect of reactions in
the gas phase is included by solving at each pore-incre-
ment eqs. (73), (74), (75) and (76). The final values of
the concentration in the pore region are then de-
termined along with the retease of tritium from the end
of the interconnected pores, which is expressed in terms
of the gradient of the concentration of tritium-bearing
species, as shown in eq. (46).

3.4. Code accuracy and convergence

The modeling of tritium transport and release in
solid breeders is based on the integration of a system of
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continuity equations of mass. Therefore, it is particu-
larly important to account how well mass is conserved
(including mass transport across the system boundaries)
through the course of the calculations. For this reason,
the concentrations of species in each morphological
region of the breeder (i.e.,, within the breeder grains, the
grain boundaries, the surfaces and the pores) are of
interest in gas release studies. In this respect, in the
code MISTRAL, an accurate control is carried out at
each time-step lo verify that the mass balance within
the different breeder regions is maintained. 2,(¢) rep-
resents the normalized tritium release as function of
time, so that f(r) = 1 — &,(1) is the fraction retained in
the ceramic at time r. While the time-dependent con-
centration results are useful, it is nonetheless difficult to
visualize and assess the accuracy of the results based on
the concentrations alone. Therefore, an important indi-
cation of the code accuracy and stability comes from
the fact that at steady-state the condition £,(¢) =1 has
to be satisfied. Besides, this value has to be kept through
the evolution of the calculations if nothing in the system
is changed. When a variation is induced, the values of
key quantities such as concentrations, coverages, inven-
tories and release change, but, after sufficiently long
times, the release has to reach the steady-state condition
again of &, (¢)=1.

As a compromise between the accuracy of the resulis
and the computational time required for the analyses,
the following numbers of nodal points in the different

Table 1
Properties data and parameters used for the analysis

regions were chosen to carry out the calculations: grain:
10; grain boundary: 10: and pore: 20.

4. Description of the model capabilities and results of the
calculations

The tritium transport model MISTRAL has options
which allow the handling of complicated transient con-
ditions, which are often representative of typical in-pile
tritium experiment conditions and which are all ex-
pected to occur during the operation of a solid breeder
blanket in an experimental or commercial fusion reac-
tor. In particular, the model can analyze temperature,
purge gas composition and tritium generation rate tran-
sients and any combination of these.

The calculation of the space and time evolutions of
the tritium and tritium-bearing species concentrations
in the different phases, as well as the kinetics of the
release, requires the introduction of specific input data
to specify the state of the considered candidate breeder
materials together with the operating conditions, namely,
tritium generation rate, temperature distribution, purge
gas composition and their time-dependent evolutions.
The as-fabricated state of the material is generally de-
scribed by defining the pellet or specimen geometry, the
average grain radius, the specific breeder surface area
(BET), the density, the breeder porosity and the tortuos-
ity of the pores. All the other geometrical quantities

Material

Tritium generation rate, ¢ (10'° atoms/m’s)
Average grain radius, #, (10"%m)

Density (TD), p (kg/m)
Porosity, ¢,

Tortuosity, &

Pore diffusion factor, fpp

BET ares, Spgr (m*/kg)

Breeder volume, V {(m*)

Purge flow composition

Grain diffusion pre-exponential factor, Dyy (m?/s)
Grain diffusion activation energy, E; (kJ/mol)

Bulk adsorption pre-exponential factor, 8, (m/s)
Bulk adsorption activation energy, £z (kJ/mol}
Adsorption activation energy, E,4, (kJ/mol)

Heat of adsorption as a function of 8, Q(8) (kJ /mol)

Desorption activation energy, E,. (@) (kJ/mol)

LiAlO, Li,Si0,
0.55 432

0.5-] 13

2610 2350

0.19 0.20

1/¢, 1/e,

0.04 0.04

700 710
1.5x10°% 364
He+0.1-0.01~0.001% H, He+1% H,

1.99% 107 [42)

2.1x107' (42]

90,4 [42) 64142)

1x10%/,/Ns [19] 1x10%/,/Rs [19]

10 {(parameter) 10 (parameter)

20 20

(Fischer's data) [38] (Fischer's data) [38]
(at about 600° C) (at about 600°C)

Ensu* Q(0) oo+ 0(8)
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relevant for the caleulations are intrinsically evaluated
in the code. The purge flow condition is described in
terms of its partial pressure and chemical composition.

and its evolution during the purge gas composition

transient,

In order to assess the applicability and flexibility of
the model, several examples were analyzed for candi-
date fusion blanket ceramics such as LiAlO, and
1i,Si0,, whose properties are summarized in table 1,
The results of the analysis are hereafter presented and
discussed. The comparison of model predictions with
results available from in-pile tritium recovery experi-
ments, carried out 10 assess the adequacy of this tritium
transport model, is presented in Part II of this paper [6).

4.1. Transiens tritium release behavior after a temperature
change

Modeling studies on the behavior of tritium release
and surface coverages during temperature transients
using the proposed MISTRAL model for lithium meta-
silicate (Li,5i0,) are presented by the authors in ref.
[35]. Here, as an example of applicability of the model
for a case of temperature transient, the analysis of the
release behavior after an increase in temperature is
presented for the LiAlQ, samples irradiated in the
MOZART experiment purged with helium ¢ontaining
protium. The properties and parameters used for this

T v ¥ i
MOZART Experiment

LiAO2 - Sampls $1

rg 0.5 ~=1um

ngY = 700 m¥Kg

Qo) (Fischer's Date)
purge : He +0.01%ii;
temperaiure 1 600 <> 650 °C

axm wbservad .
=+ waleulated - DpgyyIReL)

Normalized Tritium Release (R/G)

0.5 - yalculated - 0.3 & Dot Ref) A
wess calculated « .25 x Dpey(Ref.)
0 ] M ] L 1 L
o 1 2 3 5 6 7

4
Time, t {hr)

Fig,. 4. Calculated and observed tritium release after a tempera-
ture increase at constant purge composition for the aluminate
sample $1 irradiated in the MOZART experiment (run 3.6).
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Fig. 5. Effect of changes in purge gas composition on the

tritium release.

case are summarized in table 1. During the temperature
transient the gas composition and the tritium generation
rate were unchanged and kept to He + 0.01% H, and
5.5 x 10" atoms/m’s, respectively. Fig. 4 shows the
tritium release rate which has been normalized to the
tritium generation rate for this specific case. To il-
lustrate the effect of the pore diffusivity, curves for
three effective pore diffusion coefficients are shown:

0.oas, - — + T T
. .
rg=0.5-um
aT = 700 mit/Kg
Qo) (Fitcher's Do)
0 020 Fesesees, purge: He ¢+ %Hy 1]
H temperature : $50°C
& }
:
g oot .
2 i
- i
£ '
3 | 1 |
:.“‘.E 0.010 .}
£
]
.‘h ) *¢s 0,001 ~> 0.17 Hy
0.005 | Y ees 0.0L -> 0% H, |
fravscecy ."..
. oo c‘...'.
0.000 L °.°°'°oooo_';80t¢o. sasesesbesstsd
0 1 2 3 4 5 [-]
Time, t (hr)

Fig. 6. Elfect of changes in purge gas composition on tritium
coverage at a pore location 2 = .25z,
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Fig. 7. Effect of changes in purge gas composition on hydrogen
coverage at a pore location z = 0.255;,,.

Dy, (ref) (=fppDp), 05D, (ref.) and OZSD', "(ref)
Pore diffusion can be seen to be quite important in
controlling the peak and slope of the release curve
following the transient. For comparison, the normalized
observed release profile is also indicated. The model
predictions agree best with the measured profile for the
case of 0.25D,, (ref.).

4.2, Transient tritium release behavior after a change in
purge gas composition

Several recent in-pile tritium extraction experiments
such as TRIO [28], MOZART (29} and YOM-23 [30]

0.02%
ey

-

AT
2.020 T EO AR
0.015

_ T Coverage

have shown that the tritium release and the inventory
are strongly affected by a change in purge gas composi-
tion. In particular. addition of small quantities of hy-
drogen to the helium purge (up to about 1% by volume
of hydrogen) was found to substantially enhance the
tritium release by effectively causing a reduction in the
tritium surface coverage and inventory. It becomes then
crucial for a model to have the capability to fully
characterize the effect of changes in purge gas composi-
tion, and, in particular. to include different gas species
and to attempt the description of competitive simulta-
neous effects that occur in the pore and phase boundary
regions.

As a typical example selected to test the applicability
of the MISTRAL model for the case of a change in
purge gas composition, the analysis of a LiAlO, sample,
with the same material properties as summarized in
table 1, has been carried out. Two cases have been
analyzed where the purge gas mixtures of He + 0.01%
H, and He + 0.001% H;, respectively, were replaced by
the gas mixture He + 0.1% H.. The reactor power (i.e.
the tritium generation rate) was unchanged as was the
temperature which was kept at 550° C. Fig. 5 shows the
tritium release profile for the two cases. Figs. 6 and 7
show the tritium and hydrogen coverages respectively.
The analysis indicates that the increase of hydrogen
(protium) in the purge results in a build-up of hydrogen
partial pressure in the network of pores, which increases
the adsorption fluxes of hydrogen-bearing species on
the surface and therefore the hydrogen coverage. Hy-
drogen basically swamps the surface and replaces the
tritium adsorbed there, which therefore desorbs to the
pore and diffuses out of the pore to the purge. A clear
indication of the swamping effect which occurs at the
breeder surface along the network of pores is shown in
figs. 8 through 10, which show the coverages and the
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“\m\\%\*§,\\w

\\\\\\\\

S

Fig. 8. Predicted tritium coverage distribution through the interconnected pore during assumed purge transient (T = 550° C; purge
change = He +0.001% Hy; — He+0.1% H,).
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Fig. 9. Predicted hydrogen coverage distribution through the interconnected pore during assumed purge transient (T = 550° C; purge

HT concentration through the interconnected pore sys-
temn for the case of a purge transient from He + 0.001%
to He + 0.1%. In the figures z/z;, represents the effec-
tive nondimensional pore length (z = 0 is the beginning
of the interconnected pore, z = z;, is the end or mouth
of the interconnected pore system).

4.3. Transient tritium release behavior after a reactor

power change

The model can be applied to investigate cases of
change in reactor power (i.e. tritium generation rate).
For this particular case, the water-cooled solid breeder
blanket design proposed by Gohar et al. [36] for the
International Thermonuclear Experimental Reactor

HT Conceniration
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change = He+ 0.001% H; = He+0.1% H,).

203

(ITER) was analyzed. This example has been chosen
because cyclic operation, which is anticipated for ITER,
creates a very complex situation for the prediction of
the tritium release behavior in the breeder material,
which in turn is affected by the combined effect of
changes in temperature and tritium generation. A more

detailed description and discussion of the results of the

tritium analysis carried out for a solid breeder water-

cooled blanket for ITER are presented and discussed by

the authors in ref. {37].
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Here, results of the tritium release and inventory
calculations are presented only for the solid breeder
outboard region 1 of the blanket for the case of an
operating scenario with 1000 s burn time and 100 s
dwell time with quasi-instantaneous rise and fall. The

Fig. 10. Predicted (nondimensional) HT concentration distribution through the interconnected pore during assumed purge transient

(T =~ 550° C; purge change = He + 0.001% H; — He+0.1% H,).
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Fig. 11. Temperature distribution under pulsed operation at equilibrjum in the outboard region 1 (over half the solid breeder layer
thickness) of a proposed solid breeder blanket for ITER.

solid breeder material investigated was Li SiO, which,
together with Li;0O, is one of the solid breeder candi-
dates selected for the ITER design. The material prop-
erties used in the transient tritium analysis are sum-
marized in table 1. The helium purge contained 1% H,
and the solid breeder volume was equal to 3.64 m®, The
cyclic temperature distribution adopted for the analysis
is shown in fig. 11 over half the solid breeder layer
thickness and only for three operation cycles. For this

1.50 T T T T
ITER Solid Breeder Blanket
— Outboard Zone 1 ]
L2 LLSIO: - rg = 13 um
= Sper = T miKy
~ 1.23 & quw(Fischer's Daa) 1
@ urge: Ho+ 1%H;
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QO Bum t = 1000 ¢ - Dwell lime = 1)) s
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:""': 0.75 |
[
[
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®
sE.. 0.23
= |
- i
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Q -4 | 10

4 8
Time, t (hr)

Fig. 12. Predicted tritium release in the outboard region 1
under pulsed operation (bumn time = 1000 s, dwell time =100 )
for a proposed solid breeder blanket for ITER.

case, the temperature of the solid breeder reaches ther-
mal equilibrium during the first bumn ¢ycle at a maxi-
mum value of 775 K. It then drops to a minimum value
of 392 K during the 100 s dwell time before returning to
steady-state during the next burn time.

Fig. 12 indicates that the normalized tritium release
is = 0.95 after 10 h. Fig. 13 shows the evolution of the
inventory components under pulsed operation. The total
tritium inventory in the solid breeder is modeled as the

1000 ' ' | !
E ITER Solid Breeder Blanket :
I Outboard Zone | :
LLSi0¢+ 1 = 13 pm
100 gslﬁ"'f miKg ]
E C9) (Flscher’s Data) E
’a I purge: He+ 1%H: tota) ]
-~ 10 | Pulsed Operation - 100 Power oo """ —
m E essassmmians pusudsmanay g
E i grain
2 1E }:
5 - 3
E 0.1 ¢ ]
E oot
E E
=
£ 0.001
=
3.0001
0.00001 i
’ : 8 10

4 8
Time, t (hr)
Fig. 13. Predicted transient inventori¢s in the different regions

of the blanket (burn time w1000 s, dwell time =100 s) for a
proposed solid breeder blanket for ITER.
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sum of the inventory in the effective solid (grain and
grain boundary), the tritium retained on the surface and
the inventory in the pore. Under the assumptions of this
model, the grain boundary component is very small and
atmost negligible. The total tritium inventory that will
be reached at steady-state is = 23 g, For this case, the
inventory build-up after 10 h is about half of the
steady-state inventory 1o be auained. For the case in-
vestigated, the largest contribution to the inventory
comes from the surface (i.e., in fig, 13 F, = I,4)

4.4, Parametric analysis on single parameters

Modeling studies play a very important role in iden-
tifying key parameters affecting the release kinetics and
the controlling processes, One way to obtain this infor-
mation and therefore to gain a better understanding
and insight of the investigated processes is to carry out
parametric sensitivity analyses, i.e., to solve the problem
for various values of the physical and chemical parame-
ters under consideration and study the corresponding
variations. A previous modeling study carried out by
the authors [35] for a metasilicate sample irradiated in
the LISAl experiment, under temperature transients
with a pure helium purge, clearly identified the specific
surface area of the breeder (BET), the activation energy
for desorption and the diffusion coefficient in the pores
as important factors affecting the predictions of tritium
release and concentration distributions. With the aim of
showing the applicability of the model 10 examine the
influence of several controlling parameters, an analysis
has been carried out for the case of a change in purge
gas composition in a lithium aluminate sample, with the
same material properties as those summarized in table
1, at a constant temperature of 550° C and at a constant
tritium generation rate equal to 5.5 X 10'® atoms/m’s
for a change in the hydrogen content of the helium
purge from 0.01% H, to 0.1% H,.

In particular, the effect of the following key varia-
bles on the kinetics of the release has been analyzed: (1)
effect of the specific surface area of the breeder; (2)
effect of the magnitude of the activation energy for
desorption and its dependence on the degree of cover-
age; and (3) effect of the diffusion coefficient through
the interconnected pore system.

Finally, an analysis of the tritium inventory build-up
and release retardation which may result from radiation
effects is presented for the proposed ITER solid breeder
blanket of ref, [36} with Li SiO,.

4.4.1. Effect of the BET area on tritium release
The analysis was carried for three values of the
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Fig. 14. Effect of the specific surface area on tritium release.

specific breeder surface: 350, 700 and 1500 m?/kg, The
three resulting transient release curves are compared in
fig. 14 which shows that the magnitude of the peaks and
the kinetics of the release are markedly affected by the
value of the specific surface area. The highest and
broadest peak = 4.4, which occurs after a time-lag of
about one hour after the change and over a time period
of about 2.5 h, corresponds to the case with the largest
BET area, while the lowest and narrowest peak = 3.3
results for the case with the lowest value of BET area.
This trend seems to be reasonable and may be justified
on the grounds that the larger the BET area the larger
the amount of tritium adsorbed on the surface, and.
therefore, the larger will be the swamping effect whereby
the adsorbed tritium is basically replaced by hydrogen
and released to the pore causing a peak in the release
profile.

4.4.2. Effect of the heat of adsorption on Iritium release

In theoretical models of tritium release from ceramic
breeders, the activation energy of desorption is an im-
portant variable. Estimates of this quantity may be
made from the heat of adsorption, Q(7, #). on the basis
that the activation energy of desorption is equal to the
sum of the heat of adsorption and the activation energy
for adsorption,

Edes(T' 6) - Eﬂds(T- a) + Q(T' a) (89)

Usually. the activation energy of adsorption is small so
that lh.c activation energy of desorption is usefully
approximated by the heat of adsorption. It follows that
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the activation energy of desorption is a function of the
degree of coverage, just as the heat of adsorption is.
Unfortunately, virtually no data are available for E,,,,
Q and E,,, as a function of # for hydrogen or water
adsorption for any lithium-base ceramic. A notable
exception are the data provided by Fischer [38] for the
LiAlO,~H 0, system at about 600° and which have
been used in the calculations reported in this paper. The
analysis has been carried out for three levels of heat of
adsorption Q(f) as a function of the coverage: (1)
assuming the Q(#) profile given by Fischer [38]; (2)
0.50(8); and (3) 1.20(#). The activation energy for
adsorption was assumed constant and equal to 20
kI /mol.

Fig. 15 shows the release profile as a function of
time for the three different vaiues of Q(#). The analysis
indicates that the magnitude of the peak of the release is
significantly affected by this key parameter, being higher
for the reference value of (). In the case of 1.20(8),
the peak of the normalized release is not quasi-instanta-
neous but occurs after a time-lag of about one hour,
and its magnitude is substantially smalier than the value
for the other two cases investigated, The reason can be
seen from the corresponding slopes of the tritium cover-
age variation with time for the three cases shown in fig.
16. The value of the tritium coverage corresponding to
0.5Q(8) is = 0.0006, while for the cases with Q(8) and
1.20(#) is =003 and = 0.05, respectively. However,
there is a much greater difference among the gradients
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Fig. 16, Effect of the heat of adsorption on tritium coverage at
a pore location 7 = 0.25z;,.

following the purge composition change for the three
cases, the gradient being the steepest for the lowest
value of the heat of adsorption.

For purge gas composition transients in particular,
the variation of the activation energy of desorption with
coverage (and in effect of heat of adsorpticn for small
activation energy of adsorption) is a key factor. It is
believed that the sudden tritium release peak observed
when the hydrogen content is increased can only be
explained by the variation of the activation energy of
desorption with 8, as can be seen from earlier modeling
attempts for hydrogen purge transients presented and
discussed in ref. [39]. Such a variation has been ob-
served in metals and oxides before and can be explained
in terms of surface heterogeneity and interactions be-
tween adsorbed molecules as reported by Trapnell et al.
[40). In other words, on a heterogeneous surface, there
will be a tendency for the most active sites to be
covered first, both because adsorption is likely to pro-
ceed more rapidly on them, and also because in a
mobile layer, even if there has been random coverage
initiaily, there will subsequently take place a spreading
to the most active points, Thus, as the coverage in-
creases, sites of lessening activity will be covered so that
the heat of adsorption continuously decreases. The de-
crease of the heat of adsorption with increasing cover-
age may also be explained in terms of the forces of
repulsion between molecules in the adsorbed layer. It is
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Fig. 17. Effect of the coverage dependence of the heat of
adsorption on tritium release profile.

clear then that, as the coverage decreases, desorption
will occur from sites of increasing activity and Eg,
continuously increases with decreasing coverage.

An example of the effect of using a constant Q as
compared to a coverage-dependent one, @(§) is shown
in fig. 17. The tritium release peak, as expected, is much
sharper and closer to experimental observation for the
@(8) case as compared to the Q= 180 kJ/mol case.

The reason is that even a small change in 8 can create a |

large change in the rate of adsorption/desorption be-
cause of the exponential dependence of rates of adsorp-
tion and desorption. If E,,, and E,, were constant, the
only effect on the rate equations would come from the
factors 8 and (1 — #)? which occur over a larger char-
acteristic time.

4.4.3. Effect of the pore diffusion coefficient on tritium
release

The effect of the pore diffusion coefficient on tritium
release from the MOZART LiAIO, sample foliowing a
temperature transient has been shown in fig. 4. Here the
effect on tritium release following a purge transient is
discussed. Three cases were examined: (1) D, (ref)
(i.e. fopDp), (2) 01D, (ref), and (3) 0.01D,  (ref.).
Cases (2) and (3) were investigated to analyze the effect
of an inhibition of the diffusive step through the net-
work of pores existing in the breeder, on the amount of
gas released 1o the purge. This inhibition may result
from phenomena such as incomplete interconnection of

the pores. partial closure of the pores {(which would
affect the diffusion regime) caused by grain growth or
sintering effect. wide distribution of pore sizes as well as
from fabrication. defects. Fig. 18 shows the tritium
release profile for the three above cases for a change in
the hydrogen content in the helium purge. A strong
effect can be observed on the magnitude of the peak
and on the kinetics of the release. When the effective
pore diffusion coefficient is reduced by a factor of 100
the magnitude of the peak is = 3.8 and is almost the
same as for the case with the reference pore diffusion
coefficient, but the slopes of the two release curves are
significantly different, indicating for the former case a
very slow return to the steady-state condition (e.g.,
R, =1). When the effective diffusion coefficient in the
pore is reduced by a factor of 10, the peak of the release
increases to = 4.5, but occurs after a time lag of = 1-1.5
h after the change and also over & longer period. The

" trend of the predicted profiles may be explained on the

grounds that the amount of released tritium depends
strongly on the time for hydrogen to diffuse through the
pore and to be adsorbed onto the breeder surface as the
hydrogen partial pressure increases, but also depends on
the time for the tritium-bearing species to diffuse out
once they desorb from the surface. A very low diffusiv-
ity through the pore results in a build-up of tritium

partial pressure in the pore and therefore to an increase
of the tritium coverage,
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Fig. 18. Effect of the pore diffusion coefficient on tritium
release.
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4.4.4. Tritium release retardation and inventory build-up
cawsed by radiation effects

It is commonly accepted that in the pres¢nce of
radiation damage the gas atoms diffusing in the ceramic
lattice will interact with the damage and will be tempor-
arily retarded or trapped, as noted by MacEwan [41].
However, for a lithium-base solid breeder for fusion
applications, a reliable knowledge of the [ield is still
limited and many reaction mechanisms under irradia-
tion conditions are not yet completely characterized.
Therefore, instead of attempting a2 modeling approach
aimed at including new phenomenclogical steps in the
already complex tritium transport sequence, it may be
useful, at this preliminary stage, to suggest a set of
effective diffusion coefficients for trapping.

The reason to introduce these apparent diffusion
coefficients, which would be particularly useful for
parametric analyses, is to better characterize the phe-
nomenological sequence and to. evaluate the relative
contribution of different release mechanisms which, un-
der substantial radiation damage, can significantly re-
duce and retard the tritium release rate and, thus,
increase the tritium inventory in the system. In other
words, each grain of the ceramic breeder has to be
treated as a homogeneous matrix with a unique diffu-
sion coefficient, Dy <Dy describing the transport of
atoms to the gram edge In addition to radiation-in-
duced trapping within the grains, the occurrence of
restructuring, grain growth and sintering can slow down
diffusion through the network of narrow interconnected
pores, which provide a pathway for the release of tri-
tium-bearing species once they have desorbed from the
breeder surface, as was discussed in the previous sec-
tion.

Based on this observation, a diffusion coefficient
D;:,’ < D{!) can be introduced 1o describe the effective
diffusion of gas-species (i) through the pores. A para-
metric analysis at steady-state has been performed, for
two different levels of temperature, to show the effect of
varying the diffusion coefficients in the grain and pore
regions of the solid breeder respectively, on the tritium
inventory components.

The analysis was carried out for lithium orthosilicate
(Li,Si0,) using the material properties and data sum-
marized in the second column of table 1 and for a
helium purge containing 1% H,. The breeder volume of
3.64 m® corresponds to the outboard region 1 of the
design proposed by Gohar {36},

Figs. 19 and 20 show the tritium inventery compo-
nents as a function of an effective normalized grain
diffusion coefficient for 250°C and for 650 ° C, respec-
tively. D; /D, =1 represents the reference case, where
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Fig. 19. Effect of the intergranular diffusion coefficient on the
tritium inventory components for a proposed ITER blanket at
250°C.

no effect of retardation of tritium diffusing through the
grain is assumed. Note, however, that because of the
uncertainties associated with the tritium diffusion coef-
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Fig. 20. Effect of the intragranular diffusion coefficient on the
tritium inventory components for a proposed ITER blunket at
650°C.
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ficients in the grain, it would be more realistic to
enclose the reference case within a band characterized
by D, W/D =1, A strong dependence of the inventory
in the grain, which scales as the inverse of D, /D,
may be observed, while the tritium inventori¢s on the
surface and in the pore are virtually constant in cach
case. The inventory components depend alsp on the

level of temperature. At 250° C the grain component of |

the inventory is dominant for values of D, /D, <20,
while for the case at 650°C it becomes dormuant only
for D, /D < 0.3. At the reference case (i.e, D; rw/D
- 1), the tola] inventory for the case at 650 °C is mostly
due to tritium adsorbed at the breeder surfaces and is
= 7 g, while for the case at 250° C the grain component
is largely dominant and the total inventory has been
evaluated to be = 1000 g,

Figs. 21 and 22 show the magnitude of the tritium
inventory components for different values of the effec-
tive pore diffusion coefficient for operation at 250°C
and 650°C, respectively.

The reference condition corresponds 1o D,(,:E_P/D;jr’,
= 1. The domain D" v i) <1 portrays typical condi-
tions of low pore dlffusmty caused by factors such as
incomplete interconnection of the pores and partial
closure due to sintering effects. As may be observed
from the analysis of the curves, a change in the pore
diffusion coefficient has virtually no effect on the mag-

nitude of the inventory in the grain, but strongly affects
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Fig. 21. Effect of the diffusion coefficient in the pore on the
tritium inventory components for a proposed ITER blanket at
250°C.
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the inventory in the pore which scales as the inverse of
D;:,). , and the tritium retained on the surface that
increases as Dy decreases until a saturation level is
reached. This latter tritium inventory component scales
as the concentration of tritium species in the pores as
pore diffusion decreases and as the factor {1 —8)%,
which controls the filling of adsorption sites at the
surface. This factor decreases as the value of the total
coverage increases 1o its maximum allowable value equal
o 1((1 ~8)2 =0 for § = 1)

As in the previous case, the inventory components
depend on the temperature level, At 250°C, the grain
component is still dominant over all the range of
Di» '/Dgf,’, investigated. For the case at 650°C, in the
domain of interest (i.e, D{ /D; <1), the contribu-
tion of surface inventory is always dominant.

5. Summary

The tritium transport model presented in this paper
builds on and substantially improves on the theoretical
models on the subject already existing in the literature.
in particular that of ref. [39]. It is based on a more
accurate geometrical description of the breeder, and it
allows for both steady-state and transient analyses. A
key improvement is the simultaneous treatment of dif-
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fusive processes in the bulk of the breeder and along the
newwork of pores and surface processes at the solid /gas
interface. which may all be rate controlling for tritium
release. In this respect. the MISTRAL mode! provides
an adequate selection of transport mechanisms and
numerical methods. able to reproduce most of the oper-
ating conditions expected 10 occur in a solid breeder
during irradiation in in-pile tritium recovery experi-
ments or in an experimental or commercial fusion reac-
tor. These operating conditions include changes in tem-
perature, purge gas composition and reactor power. The
flexibility and applicability of the model are demon-
strated by application to several cases which represent
typical transient conditions of interest. Other key issues
relevant for tritium transport behavior addressed in
conjunction with this analysis have been: (1) identifica-
tion of the key parameters which may affect the release
kinetics as well as the overall tritium transpori behavior,
such as the specific sirface area of the breeder, activa-
tion energy for intragranular diffusion, activation en-
ergies for adsorption and desorptibn, grain size, pres-
ence of hydrogen in the purge, and the effective diffu-
sion coefficient for tritium/hydrogen diffusion in the
pore; and (2) identification of the rate-controlling step
in the transport sequence leading to tritium release.
MISTRAL is particularly suitable for parametric
studies and, in this regard, is of particular significance
in gaining insight into the interrelationships of the
various operating conditions and material properties
which affect the kinetics of the release. A parametric
analysis was carried out to investigate the effect of key
variables, such as the BET area, the heat of adsorption
and the diffusion coefficient in the pores on the tritium
release. The final example studied with the aid of the
model analyzes the effect of trapping of the diffusing
tritium-bearing species in the grain and in the intercon-
nected pores, which may be caused by radiation effects
and which may substantially increase the fraction of
tritium retained in the material. Several observations
can be made as a result of the analysis. First, the
breeder microstructure (e.g., BET area, grain size,
porosity, pore size distribution and tortuosity) has a
very strong influence on tritium transport behavior and
may influence the overall kinetics of the release. For
example, the effective pore diffusion can be much slower
than expected, depending on the pore size distribution
and degree of interconnection of the pores, and, there-
fore, on the fuel microstructure and on the irradiation
time and temperature. Thus, it is important that the
breeder microstructure be characterized before and after
irradiation in particular for determining the BET area,
the fraction of open porosity and pore size distribution.

Second, in order to accurately calculate the tritium
release from ceramic breeder materials for fusion appli-
cations, the refationship between surface coverage and
adsorption and desorption activation energies must be
known. Third, the strong dependence of the tritium
release on variables like the BET area. the heat of
adsorption (in effect the activation energy of desorption
for very small activation energy for adsorption) as a
function of the surface coverage, and the pore diffusion
indicates the importance of accounting for the adsorp-
tion and desorption processes as a function of the local
pore concentrations. This highlights the short-comings
of the simpler tritium transport models developed in the
past and represents a major shift in the modeling focus.
Indeed, all existing models tend to oversimplify the
diffusive step through the network of interconnected
pores and to neglect any kind of linking between the
surface 'and the pore regions. We believe that this cou-
pling is crucial to correctly account for the fact that the
breeder surface acts like a key interface controlling the
rate of both the filling of adsorption sites from the bulk
and from the pore, as well as the desorption of tritium
into the pore.

The model has received extensive verification over a
wide range of transient operating conditions and can be
regarded as state-of-the-art based on the current level of
understanding of tritium transport and release behavior
in lithium-base ceramics. It must be pointed out, how-
ever, that although the model represents a major step
forward in tritium modeling, there are still many areas
that could be improved and in which new meodels could
be added to develop more comprehensive predictive
capabilities, Particular area of improvements for MIS-
TRAL that should be emphasized in the future include:
- better modeling of the chemistry aspect of surface

reactions;

- inclusion of oxygen in determining the pore con-
centrations of the different hydrogen / tritium species;
- inclusion of the effect of LiOT precipitation which is
particularly important at low temperature, with em-
phasis on characterizing the time constants for pre-

cipitation and dissociation, and on accounting for a

bulk source term;
~ inclusion of a dissolution {lux from the surface to the

bulk;
= better characterization of radiation-induced trapping.

Nomenclature

Agn transversal area for the grain boundary
pathway (m*):
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concentration of tritium atoms in the grain
{atoms/m’);

concentration of tritium atoms at the edge
of the grain (atoms/m’);

concentration of tritium atoms in the grain
boundary {atoms/m’);

concentration of tritium atoms at the grain
boundary /grain interface (atoms/m’);
concentration of tritium atoms in the effec-
tive bulk region just beneath the surface
(atoms/m®);

concentration of gas species (i) in the pore
(molecules/m’);

concentration of gas species (i) at the be-
ginning of the interconnected pore (i.c.,
z = 0) (molecules/m’);

concentration of gas species (i) at the end
of the interconnected pore (ie., z=2,)
(molecules/m’);

concentration of gas species (/) in the purge
(molecules /m’);

intragranular tritium diffusion coefficient
(m?/s);

intergranular tritium diffusion coefficient
evaluated at the minimum temperature
(m?/s);

intragranular tritium diffusion coefficient
including trapping (m?/s);

pre-exponential factor for intragranular
diffusion (m?/s):

diffusion coefficient in the grain boundary
(m*/s);

pre-exponential factor for the diffusion in
the grain boundary (m?/s);

pore diffusion coefficient for species (i) for
Knudsen regime (m?/s);

pore diffusion coefficient for species (1) for
ordinary regime (m?/s);

pore diffusion coefficient for species () for
transition regime (m?/s);

pore diffusion coefficient for species (i)
(m?/s);

effective diffusion coefficient in the pore
for species (i) (m2/s);

diffusion coefficient in the pore including
trapping (m’/s);

activation energy for dissociative adsorp-
tion, (J/mol); '
activation energy for adsorption of atoms
from the bulk, (J/mol);

activation energy for associative desorption
(J/mol);

km

ads
ki

des

kdiss

activation energy for intragranular diffu-
sion (J/mol):

activation energy for diffusion in the grain
boundary (J/mol);

ratio of D 10 D,

tritium production rate per unit volume
(atoms/m’ s}

nondimensional tritium production rate;
maximum tritium production rate per unit
volume (atoms/m’ s):

effective source/sink term in the pore sys-
tem (molecules/m’ s).

non-dimensional source term in the pore
system;

Planck’s constant = 6.6262 X 107 Js;
Boltzmann's constant = 1.380662 x 10™%
1/K;

rate constant for adsorption of species (i)
(m/s);

rate constant for desorption of species ()
(m~%s~1y;

rate constant for dissolution into bulk
(s™')

rate constant for adsorption from the bulk
(s'x

index indicating molecular gas species in
the pore; _

tritium inventory in the grain (bulk) (g}
nondimensional tritium inventory in the
grain;

tritium inventory component in the grain
boundary (g);

nondimensional tritium inventory in the
grain boundary;

tritium retained on the breeder surface (g):
nondimensional trittum inventory on the
surface;

tritium inventory in the pore (gh
nondimensional tritium inventory in the
pore;

total tritium inventory (g):
nondimensional total tritium inventory:
index indicating the generic atomic species
in the gas phase or at the phase boundary;
equilibrium constant for reduced hydrogen
states;

equilibrium constant for oxidized hydrogen
states;

geometrical length of the pore (m);
effective length for the interconnected pore
system (m);

adsorbate mass (g):
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molecular weight of species (1} {g/mol):
Avogadro's number = 6,022169 x 10* par-
ticles /mol;

number of grain boundary pathways per
grain;

number of grains per grain boundary path-
way:

number of grains per interconnected pore
system;

density of sites (in general
sites/m*);

number of sides of regular polygon repre-
senting grain and pore unit cell:

number of adjacent sites (in general N, =
4%

gas pressure (Pa);

heat of adsorption (J /mol);

universal gas constant = 8.3144 I /mol K:
tritium release rate (atoms/grains);
normalized tritium release;

parameter for adsorption flux from the pore
defined by eq. (67);

parameter for desorption flux to the pore
defined by eq. (68);

parameter for adsorption flux from the bulk
defined by eq. (69);

flux of tritium atoms from the bulk to the
surface (atoms/m? s);

flux of molecules (/) from the pore to the
surface (molecules/m? s);

flux of molecules (/) from the surface to
the pore (molecules/m? s);

flux of atoms () from the surface 10 the
bulk (atoms/m? s);

radial position in the grain. (m):

average grain radius (m):

average pore radius (m);

sticking coefficient or probability for ad-
sorption:

specific surface area of the breeder (m*/
kg);

absolute temperature (K):

time (s);

thickness of the grain boundary (m);
nondimensional tritium concentration in
the grain;

volume of the breeder (m’ /kg);

grain volume (m’ /grain): '
volume of single grain boundary path (m');
grain boundary volume per grain (m’/
grain);

volume of interconnected pore system (m’);

=1x10'

')

£
tif(s. 7))

w(§. 1)

nondimensional species (/) concentration
in the pore:

effective nondimensional species (/) con-
centration in the pore used for adsorption
calculation:

nondimensional tritium concentration in
the grain boundary;

axial position in the grain boundary (m):
grain boundary effective path length (m)
axia! position in the interconnected pore
system (m);

effective length of the interconnectied pore
system (2, = L) (m).

Greek Lerters

Qy

By

pre-exponential factor for dissolution into
the bulk (m/s);

pre-exponential factor for adsorption from
the bulk (m/s):

tortuosity factor;

porasity of the breeder:

number of atoms of species (/) per gas
molecule of species (i);

purge flow rate (m’/s);

nondimensional radial position in the grain;
time normalization constant (s);
mean-free-path of the diffusing species
through the pore (m);

universal vibration frequency = RT /N, h
=k T/h=1x10" s,

total coverage (fraction of adsorption sites
occupied);. .

coverage for the species (/) (fraction of
sites occupied by atoms of species ());
fraction of the surface uncovered by any
atom;

solid theoretical density (kg/m’);
condensation coefficient (¢ = 0.4);
constant in the Lennard-Jones potential
energy function for the molecular pair
(i )y

nondimensional time:

normalization constant for tritium con-
centration in the-grain (atoms/m’);
normalization constant for tritium con-
centration for tritium concentration in the
grain boundary (atoms/m?);
normalization constant for concentration
of species (i) in the pore (molecules/m’);
collision integral;

nondimensional axial position in the grain
boundary;
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nondimensional axial position in the inter-
connected pore system.
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