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A model has been developed to describe the tritium transport behavior in lithium-

containing ceramics in out-of-pile experiments.

This model includes several transport

mechanisms, such as tritium diffusion in the grains, adsorption and desorption at the
grain surface, and diffusion through the network of interconnected pores. A computer code
has also been developed, based on the model. The code was used to calculate the tritum
release in CREATE III and OSI-E23 out-of-pile experiments. The model results were found

to be in good agreement with the experiment.
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1. Introduction

Interest in the use of solid lithium-based
materials as tritium breeders for fusion blan-
kets has grown since the late 1970s [1]. Solid
breeders are currently being considered in
Phase 3 in ITER [2,3]. Tritium behavior and
transport in the blanket are particularly
important in determining whether they will be
used. The tritium behavior also determines
the width of the operating temperature win-
dow for the solid breeder based on acceptable
tritium inventory levels. A large inventory is
undesirable from both a self-sufficiency as
well as safety point of view [4].

Because of the importance of tritium
transport in solid breeder blankets, several
experiments have been done to evaluate the
feasibility of utilization of various breeding
materials in a fusion power plant and to deter-
mine the tritium retention and release charac-
teristics of lithium ceramics as a function of
different parameters such as temperature,
microstructure, purge gas flow rate and
chemical composition, generation rate and
burnup [5]. Tritium recovery experiments have
focused on the release process with the objec-
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tive of characterizing the rate-limiting phe-
nomena [6].

One type of experiments is the out-of-pile,
where the sample is placed in a container and
irradiated while the container is sealed. The
container is then opened and the released trit-
ium is measured. The results of the out-of-pile
experiments are accurate, due to the close-
ness between the samples and the measuring
device, which decreases the losses due to leak-
age and adsorption.

In order to successfully model tritium re-
lease in ceramic breeders, it is necessary to
have a precise physical understanding of the
relevant mechanisms involved. Such an un-
derstanding has been sought for many years,
but is yet to be achieved, due to experimental
difficulties and the very complicated nature of
the processes involved.

To generate confidence in the results pro-
vided by models and to assess their predictive
capabilities, it is necessary to compare com-
puted results with experimental data. In this
respect, calibration analysis must be carried
out in parallel with model development and
aim at defining the confidence level of the
predictions for the ranges of parameters and
operating conditions to which the model can
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be applied and to assess the influence of key
variables affecting the overall kinetics of the
release.

A model has been developed to describe
the tritium transport behavior in out-of-pile
experiments. This model includes several
transport mechanisms, such as tritium diffu-
sion through in the grains, adsorption and
desorption at the grain surface, and diffusion
through the network of interconnected pores.
A computer code has also been developed,
based on the model. This code can be used to
calculate the tritium release in out-of-pile ex-
periments.

2. Model description

The developed model divides the material
into a number of unit cells. Fig. 1 shows a
schematic diagram of the model unit cell
which contains a number of grains, surface,
and pore. The grain boundary diffusion in the
present model is bypassed. This was adopted
in the subsequent analysis due to lack of data
on the tritium diffusion coefficient and the di-
mensions of the grain boundaries.

The number of grains, Ny, in a unit cell is
calculated from [7]:

2
1-¢) Tiple
Ng == ez (1)
€ Vg

where; ¢ is the porosity, rp is the pore radius
and vy is the grain volume. L. is the effective
pore length, calculated from [8]:

Le=— 2)

7

where L is the pore length.

There are two types of hydrogen isotopes
inside the unit cell: the tritium (T or 3H) pre-
sent due to the lithium irradiation, and the
hydrogen (H or !'H) present due to diffusion
from the purge gas, which usually contains a
small amount of hydrogen.

The equation describing the diffusion in-
side the grain is [7]:

2
8Cg(r,t):Dg(T) 0 Cg(r,t)+g oCg (r,t). 3)
ot or? r or
Where Cy(r,t) is the tritium/hydrogen

concentration in the grain at position r and
time t (at/ms3), Dy(T) is the tritium/hydrogen
diffusion coefficient in the grain as a function
of temperature T (m2/s). Note that there is no
term to account for tritium generation in eq.
(3). This is because in out-of-pile experiments
the tritium is extracted from the sample after,
and not during, irradiation, and hence genera-
tion.

The boundary conditions used to solve the
above equation are:
1- Symmetry at r=0

(6Cg(r,t)j 0. )
r r=0

2- Convection at r=ry

- Dg(t(an:r,t)) = (ER/.; - ERdiss)As/g : (5)
r=rg

Where % is the flux of atoms going to the sur-
face from the grain (at/m?2 s) and Haiss is the
flux of atoms going to the grain from the sur-
face (at/m?2 s). As/g is the surface area per
unit grain area.

There are four types of surface fluxes com-
ing in and out of the surface, as shown in fig.
2. Those fluxes are:

1. A flux of atoms (tritium or hydrogen) enter-
ing the surface from the bulk side [9]:

‘.Rﬂ = kﬁCg(rg ,t) (l— 5) , (6)
kﬁ(T)z Loexp(— Ep / RT). (7)

kp(T) and fo, are in (m/s). fo can be estimated
based on the vibration frequency of the atoms
[10]:

1013

ﬁoz\/N—s}

(8)
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Fig. 1. Schematic diagram of the model unit cell.
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Fig. 2. Schematic diagram showing the different hydrogen
species and fluxes in the model.

where 0 is the total surface coverage, defined
as the fraction of surface sites filled with T- or
H-atoms, E; is the activation energy for
adsorption from the grain (J/mol), Ns is the
number of surface sites (sites/m?2), and R is
the universal gas constant (J/mol K).

2. A flux of molecules of species (i) (tritium or
hydrogen-containing molecule) entering the
surface from the pore side[9]:

i
Wads

=k o) cptilzh) (1-0), ©)
and kaas¥(T,6) (m/s) is calculated from [11],

kW (T0) = exp (- 2E,44O)/RT) .

0 Zadj RT
Jax103z IM®
(10)

where; CofY (z,t) is the concentration of gaseous
species () in the pore at position z and time ¢
(molec/m?3), Eads(6) is the activation energy of
adsorption (J/mol), o is the condensation or
trapping coefficient, zaqj is the number of adja-
cent sites, and, M: is the molecular weight of
species (i) (kg/kmol).

3. A flux of molecules of species (i) leaving the
surface to the pore (the desorption flux) [9]:

R = ke T.0010%, (11)

1N szadeT
KaelT, @) = ————exp(-2Eqe(O)/RT),  (12)
2 Nah

where; Edes(6) is the activation energy of
desorption (J/mol), Na is Avogadro’s number
(part/mol), h is Planck’s constant (J s), 8% and
6J are the surface coverages of atomic species
k and j, respectively, that constitute the mole-
cule (7). The factor 2 in the exponential is due
to the fact that two atoms desorb to form one
molecule.

4. A flux of atoms leaving the surface to the
grain [J]:

SRdisszkdisg-rﬁ7 (13)
stadeT
aisdT.0) =— T 00 (~Eqif0)/ R (14)

A

where Eudiss is the activation energy of dissolu-
tion (J/mol).

The surface coverage of tritium, ér, is ob-
tained by solving the coverage rate equation:

d(NsOT ) _ oT o T HT ol HT
dt :mﬁ ~Ryiss 2R 504s + Rads — 2R fes ~ Res-
(15)

Similarly, for hydrogen:

d(N.@
M:gﬁH _iR|d_|iss+2€R

H HT H HT
o B 2 AR~ 2R (&~ R s

ads ads
(16)
The total surface inventory, 6, is equal to
the summation of the surface coverages of the
hydrogen and tritium, i.e.:

0=0r +0y . (17)

The activation energies of the four fluxes
are related through the activation energy of
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solution, Es, as well as the heat of adsorption,

Q[12]:

Es :(Ediss_Eﬁ)—(Edes_Eads), (18)

QzEdes_Eads- (19)

The pore is modeled as a straight cylinder
of length Le.. Pore diffusion is assumed to be
one-dimensional. For gas species (i) [7]:

an(lkznt) 0 (i) an(lkZ,t) (i) (i) 2
= 27 _~ 1D OLP \4Y R _R “

at 2 | Prett— 5 | " (laes mﬂxnp
(20)

where; Dpesf? is the effective pore diffusion
coefficient for species (i) (m?2/s). The factor
(2/rp) is the ratio between the peripheral area-
to-volume of the pore (m) [5].

There are three regimes possible for the
calculation of Dpeg(T), depending on the pres-
sure, temperature and mass of the diffusion
atoms. These regimes are [7]:

1. Ordinary diffusion in which molecular colli-
sions dominate the diffusion process.

2. Knudsen diffusion in which collisions of the
diffusing molecules with the porous solid
dominate the diffusion process.

3. A transition region between ordinary and
Knudsen diffusion.

Estimation of the applicable regime de-
pends on the ratio of the mean-free-path of
the diffusing species, A, to the characteristic
pore radius, rip.

The boundary conditions used for solving
the pore diffusion equation are [7]:

1. Zero concentration gradient for each species
(1) at the beginning of the interconnected pore:

{Qﬂi&ﬁgl -0 21)
oz '
z=0

2. Given concentration for each species (i at
the end of the interconnected pore system:

cpLe )= C{lrge. (22)

The concentrations of different species in
the pore can be calculated with the aid of the
following equations [7]:

Nyt +2Np, =Ny, (23)

NHT +2N'|'2 = NT , (24)
2

Lﬂﬂll_:K (25)

N7, Ny,

where; Nu2 is the number of Hz molecules in
the pore, N1z is the number of T2 molecules in
the pore, Nuris the number of HT molecules in
the pore, Ng is the total number of hydrogen
atoms in the pore, Nr is the total number of
tritium atoms in the pore, and K is the equilib-
rium constant, which is estimated from tabu-
lated values for different temperatures given
by Jones [13].

3. Numerical approximations and solution
techniques used in the code

The system of diffusion equations in the
different regions of the model is solved by us-
ing a forward difference approximation for the
time derivative and a control volume scheme
for the spatial derivatives in both the grain
and the pore. Each grain is divided into (n7
nodes, while the pore is divided into (nz
nodes. Therefore:

Iy
Ar=——, and (26)
nr-1
Az =i. (27)
nz

Applying mass balance with forward time
derivative results in the following equations.

a. The grain

Dg(T)At( r
Cgp+1=Cgp+ 9 [( k-1 )chp_ +( k )chp
k KT ar? Uncae K1 kel
I _ I
— (%22 +(k)2]Cg£], (28)
fk-1/2 fk-1/2
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Where the subscript, k, represents node posi-
tion in the grain, and the superscript, p,
represents the time step.

The boundary condition nodes are:

g()

cglt=cgP +3—2——(cgl -CcgP),  (29)

and

DQ(T)At Mr-1 2

(Ar)2 Tnr-1/2

At
(Conr1 ~Cofr) " -(Raiss=% 5 )As /g (30)

Cdanr prl_ Cgrﬁ)r +

b. The surface
The surface coverage of tritium and hydro-
gen at time step (p+1) is calculated from:

At
oPl_gP . =
T T Ns
T T T, HT P
(mﬁ SRdlssJFZSRads“LRads 29/")dzes_mdesJ '
(31)
p+1_ p At
05" =06 N
s
(32)
wH _wH omt L @HT _ogHe _gHT)P
g diss ads ads des des
c. The pore
D, (T)At
1
oot —Cpf + P
(AZ) (33)

(Cph_y+Cpb, - 2Cpm)+ S CIR T

p
ads) )
Tip

The subscript, m, represents the node
position in the pore. The boundary conditions
in the pore become:

’ D, (T)At 2At , . .
Cp/™ =Cpf + W(szp _Cplp) r (mg)es mggs)p
ip
(34)

and

D, (T )4t
Cpp+1 Cpr?z“‘p—(Cpr?z_l"‘ZCpurge
(42)?
(35)
~3Cpfy)+ p(“R(') Rids)P

The time increment, At, is chosen to be
small enough to avoid the stiffness of the
coverage equation, this small At satisfies the
maximum constraint for stability conditions,
which is found at the grain surface [14]:

D, At
P L 2At  (1-0)2<1, (36)

(Az)%  tip

which corresponds to the last pore node (z=Le).
The tritium release rate, RR, is computed
from:

RR = N (3 x AZxZn D, Cp? 37)

where the summation is carried over all trit-
ium-containing species.

4. Model results and comparison with exp-
erimental data

Comparison between the results of the
model and the experimental data is necessary
in order to validate the developed model and
show that it can produce reliable results. The
experiments chosen to perform this compari-
son were the CREATE III [15] and OSI-E23
[16] experiments. Both experiments selected
for model validation used LiAlO,, which is con-
sidered to be the most promising solid breeder
material [2].

In the CREATE III experiment, LiAlO, sam-
ples weighing from 50-100 mg were irradiated
in NRX reactor for 48 h, flux averaging 7x1012
n/cm?s. The temperature was estimated to be
<370K. He-1% H; sweep gas was used at flow
rate of 0.5 1/min. All extraction tests were per-
formed at 873K for 4 hr.

The total tritium recovered, which includes
the free tritium, tritium released during the
anneal and the residual tritium in the ce-
ramic, ranged from 0.37 to 1.11 GBq per gram
for samples with natural 6Li enrichment, and
from 7.4 to 16.6 GBq per gram for samples
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with high ¢Li enrichment. The amount of
residual tritium was generally less than 1% of
the total [15].

In the OSI-E23 experiment, short irradia-
tions in OSIRIS reactor of 3 to 5 mm spheres
of lithium aluminate have been performed.
Under a thermal flux of 1.3 to 2x102 n/cm? s
the tritium produced in the sphere was 3.7 to
4.5x10% Bq, depending on the sample weight
(=100 mg).

The sample container (quartz) was opened
under a gas flow a few weeks after irradia-
tions, enabling measurements at room
temperature. The sphere is then allowed to fall
in the furnace (generally preheated at a con-
stant temperature), and the tritium released is
measured.

More than 30 experiments were run in
pure argon or in argon plus 0.1% hydrogen at
a flow rate of 0.5 ml/s [16].

Table 1 includes the input data used in
the computer code to calculate the tritium re-
lease from both experiments.

The heat of adsorption, Q, was obtained
from Fischer data, in which Q changes with
the total surface coverage [12]. The activation
energy of adsorption, Eads, was chosen to be
25 kJ/mol, which is between 15-50 kJ/mol,
the range suggested by Badawi and Raffray
[4]. However, a few code runs with different
values of Eads produced no effective change in
the results. The value of the activation energy
of desorption, Edes, was obtained from the rela-
tion in eq. (19) i.e.,

Eges = Eqds + Q (38)

The activation energy of solution, Es, was
chosen to be 40 kJ/mol, which is an average
value between the activation energies of 25
kJ/mol for LipO [17,18] and 55 kJ/mol for
Al;O3 [19], which are the two materials used to
produce the LiAlO; [15, 16].

The number of nodes in the grain, surface
and pore is chosen arbitrarily. However, in-
creasing the number of nodes did not have an
effect on the results.

Fig. 3 shows a comparison between the
calculated and measured fractions of tritium
released (the total tritium release/ the total
tritium generated) for a period of 10 min in the
CREATE III experiment. The figure shows that

there is a good agreement between the experi-
mental results and the model results. There is
a difference of 13% between the calculated
release and the measured release at about 2
min, and of 6% at about 3.5 min.

Fig. 4 shows a comparison between the
calculated and measured fractional tritium
release rates for a period of 1 hr. The figure
shows that there is a shift of about 3 min be-
tween the calculated and the measured peaks
of the tritium released from the sample. The
calculations predicted a faster HT release than
the actual case. The main reason for this error
is that the model does not account for the oxy-
gen present in the sample. The presence of
oxygen in the pore, and hence of HTO and T->O
will slow the pore diffusion, which is a func-
tion of the mass of the diffusing species [7].
Slow pore diffusion will cause a slow tritium
release form the pore and thus will shift the
peak towards that measured in the experi-
ment. However, accounting for the presence
of the oxygen in the model is not feasible at
this point because there is no data available
on: (1) the activation energies for oxygen sur-
face reactions, (2) the activation energies for
OT and OH surface reactions, and (3) the
number of surface sites available for oxygen in
a sample.

The value of the maximum fractional re-
lease rate produced by the model was found to
be <5% different from that produced by the
experiment (see fig. 4).

5. Summary and conclusions

A model has been developed to describe
the tritium transport behavior in lithium con-
taining ceramics. This model includes several
transport mechanisms, such as tritium diffu-
sion in the grains, adsorption and

1.0
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0.84 .

0.6 -
--- Experiment

0.44 — Model

0.2

Fraction of Released Tritium

0.0

0 2 4 6 8 10
Time (min)

Fig. 3. Comparison between calculated and measured
tritium release (CREATE III).
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Table 1
Input data from CREATE III and OSI-E23 experiments

Material CREATE III OSI-E23
LiAlO2 LiAlO2
-3
Weight (kg) 0.1x10-[14] ?l'é]xlo
Theoretical density (kg/m3) 2610 [0] 2610 [6]
Porosity (%) 36 [14] 25 [15]
-6
Grain radius (m) 0.4x10°6[14] ?1';]4”0
Pore diameter (m) 1.29x106[14] 1.3x10°6*
Purge gas composition He + 1% H, Ar + 1% Ha
g8 P [14] [15]
Purge gas pressure (atm) 1.0 [14] 1.0 [15]
Grain diffusion coefficient: 2x109 [10]
Preexponential (m2/s), Do 2x109[16] 90.3 [16]
Activation Energy (kJ/mol), 90.3 [16]
Ea
2
S 12x10°
T A
% 1.0x10-3 --- Experiment
8 sox10+ — Model
2]
@ 6.0x10%4
<@
&  4.0x10+4
3 .
5 20x10%
g 0 —
T 0 10 20 30 40 50 60

Time (min)

Fig. 4. Comparison between calculated and measured
tritium fractional release rates (OSI-E23).

desorption at the grain surface, and diffusion
through the network of interconnected pores.

A computer code has also been developed,
based on the model. The code was used to
calculate the tritium release in CREATE III
and OSI-E23 out-of-pile experiments. The
samples in both experiments were made of
LiAlO>. The case considered from the CREATE
IIT experiment had a purge gas of He+1% Hj
and the other with a purge gas of pure helium.
The case considered from the OSI-E23 experi-
ment had a purge gas of Ar+0.1%Ho.

From the analysis of the model results and
the comparisons with the experimental data, it
was found that there is a good agreement be-
tween the CREATE III experiment and the
model results, with a maximum error less
than 15%. There is a time difference of about
3 min between the measured and calculated
peaks in the OSI-E23 experiment. The calcu-
lated HT release was found to be faster than
the measured release. The difference is attrib-

uted to assuming that there is no O, present
in the system. There was less than 5% error
between the calculated and measured frac-
tional rate of tritium release.
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