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Modeling Tritium Behavior in Li,ZrO3*

M. C. Billone
Energy Technology Division
Argonne National Laboratory

Abstract

Lithium metazirconate (Li,ZrO,) is a promising tritium breeder material for fusion reactors because
of its excellent tritium release characteristics. In particular, for water-cooled breeding blankets

(e.g., ITER), Li,ZrO; is appealing from a design perspective because of its good tritium release at

low operating temperatures. The steady-state and transient tritium release/retention database for

Li,ZrO; is reviewed, along with conventional diffusion and first-order surface desorption models

which have been used to match the database. A first-order surface desorption model is
recommended in the current work Both for best-estimate and conservative (i.e., inventory upper-
bound) predictions. Model parameters are determined and validated for both types of predictions,
although emphasis is placed on conservative design predictions. The effects on tritium retention of
ceramic ricrostructure, protium partial pressure in the purge gas and purge gas flow rate are
discussed, along with other mechanisms for tritium retention which may not be dominant in the
experiments, but may be important in blanket design analyses. The proposed tritium
retention/release model can be incorporated into a transient thermal performance code to enable
whole-blanket predictions of tritium retention/release during cyclic reactor operation. Parameters
for the ITER driver breeding blanket are used to generate a numerical set of model predictions for

steady-state operation.

*Work supported by the United States Department of Energy/Office of Fusion Energy. under

Contract No. W-31-109-Eng-38.




L. INTRODUCTION
Lithium metazirconate (Li,ZrO;) is considered an attractive tritium breeding material for fusion

reactor blankets because of its excellent tritium release properties, even at relatively low

temperatures (e.g., < 350°C). Several DEMO reactor de:signsl'2 and the ITER driver blanket
de:sign3 have specified the use of Li,ZrO; in either sintered-product pellet form or pebble-bed

form. The thermal and tritium performance properties of Li,ZrO; and Li,O have been compared

by Billone in Ref. 4, along with approaches to modeling tritium transport in these two ceramic

breeder materials.

The tritium retention/release database for Li,ZrO; has undergone significant expansion during the

past five years. The steady-state database comes from post-irradiation measurements of tritium
inventory [I in weight parts per million (wppm)] in samples which have been irradiated in in-
reactor purge-flow tests. Examples of such tests are the EXOTIC series (pebbles and pellets),
BEATRIX-II Part II (pebbles), CRITIC-II (pebbles) and SIBELIUS (pellets). These data are

generally normalized to the tritium generation rate (G in wppm/hour) to give a tritium residency -

time (T = I/G in hours). The generation rate is taken from the last reactor cycle which is assumed

to operate at a constant temperature profile and purge flow rate and composition for a time long
enough to establish steady-state retention and release. Data from transient testing come from
several methods: the difference between the transient release rate (R in wppm/hour) and the
generation rate (G in wppm/hour) can be determined by integrating (G - R) in response to a sudden
change in temperature or purge-protium-content to give the change in steady-state inventory (Al);
the time-history of the release rate represents a detailed form of transient data; and the time-histories
of the release data from post-irradiation isothermal anneal tests and/or temperature ramp tests

represent a detailed form of transient data. In addition, data are also obtained from samples




irradiated at very low temperature and subjected to a post-irradiation isothermal anneal and/or
temperature ramp tests. Finally, laboratory tests have been used to characterize the response of

unirradiated Li,ZrO; to moisture and hydrogen isotopes in the gaseous form.

In terms of models used to interpret tritium retention/release data, diffusion, first-order surface

desorption and diffusion-desorption models are generally used, although surface adsorption and

e . . . 5.6 .
second-phase precipitation models are also included in more detailed treatments.” The decision

as to the degree of modeling sophistication required depends on the extent of the database and the

application. MISTRAL’ is an example of a fundamental first-principles code for analyzing both

transient and steady-state performance of ceramic breeders. However, several possible draw-
backs to using MISTRAL as a design code are: a) the database is not extensive and thorough
enough to allow determination and fine-tuning of the many pre-exponential constants and activation
energies incorporated into the models; b) MISTRAL, which performs the analysis for a local radial
slice of solid breeder, does not have the internal capacity to repeat this calculation many times to
account for poloidal, toroidal and radial variations in operating conditions in order to generate a
“whole-blanket” result; and c) it is difficult to incorporate and/or couple MISTRAL to a whole-
blanket code which generates time- and space-dependent distributions of tritium generation rates
and temperatures. TIARA® is an example of a code with less-detailed, steady-state models for
diffusion, first-order surface desorption, solubility and second-phase precipitation. Model
parameters are determined from out-of-reactor testing of irradiated and unirradiated samples.
Validation is performed by comparing code predictions to inventory data derived from post-

irradiation data from samples which have been subjected to in-reactor purge-flow testing.

However, several possible draw-backs to using TIARA as a design code are: a) to date, only

model parameters for Li,O have been determined and validated; b) the code is restricted in

application to steady-state operation; and c¢) separate calculations must be performed for each radial




layer in a module and for each module in the poloidal direction with no internal means of

tntegrating the results to obtain a whole-blanket result.

The objective of the current work is to generate a model for Li,ZrOj tritium retention/release which

reasonably matches, or at least bounds, the database, and yet is simple enough to incorporate into a
whole-blanket code for design analysis of breeding blanket performance under steady and cyclic
operation. Progress in model development is discussed in this current effort. Sample design

calculations are presented for the case of the ITER driver blanket operating in a steady-state mode.

The effects on tritium retention of ceramic microstructure, protium partial pressure in the purge gas
and purge gas flow rate are discussed, along with other mechanisms for tritium retention which
may not be dominant in the experiments, but may be important in blanket design analyses.

Additional test results, not included in the current work, are highlighted.

2. Diffusion vs. First Order Surface Desorption Models

Before the development of more sophisticated codes such as MISTRAL and TIARA, modeling of
tritium behavior in lithium-based ceramics consisted of single mechanism (e.g., diffusion or
desorption) or dual mechanism (e.g., diffusion and desorption) models. Both diffusion and first-
order surface desorption models lead to the result that the steady-state tritium inventory [I in weight

parts per million (wppm)] is linearly proportional to the tritium generation rate (G in wppm/hour)
with the proportionality constant equal to the tritium residency time (T = I/G, where T is commonly

expressed in units of hours). For a single spherical grain, the diffusional residency time is related

to the geometry of the sample according to

T=2/(15D) (1)




where a is the grain radius (in m) and D is the diffusion coefficient in m*/hour. For the same
geometry, the desorption residency time is related to the geometry of the sample according to
T=a/(3 k) @)

where K is the desorption rate constant. For each mechanism, there are two constants which can be

determined by matching predictions to data:

D =D, exp [-Qu#(R T)] 3)

and
k=k, exp [-Qge/(RT)] ©)
where D, and k, are pre-exponential constants, Qg and Qg are effective activation energies for

the respective mechanisms, R is the universal gas constant {8.314 x 10~ kJ/(mol*K)] and T is the

absolute temperature in K.




For porous, polycrystalline samples, it is customary to assume spherical grains and to use Eq. |

for the diffusional tritium residency time. However, in the case of the desorption residency time,

the volume to surface-area ratio term (a/3) in Eq. 2 is replaced by (a, py,) , Where a; is the specific
pore-solid interface area (in m"/g) for interconnected porosity and p,, is the theoretical density of

the ceramic in g/m”. In addition, excess protium in the purge gas is assumed to enhance tritium

release and to reduced tritium inventory. The adsoption of protium onto the surface of the ceramic
is assumed to be proportional to the square root of the protium partial pressure[ (P,,)*’, where Py,
is in Pa]. Thus, the surface desorption model predicts that the residency time for a porous solid

purged by excess protium can be expressed as:
-1
T=[a; P k, (Pyp)™]" exp [Que/(R T))] ©)

Based on steady-state data alone, it is difficult to determine which mechanisin is rate limiting unless
the sample microstructure and the operating conditions are varied in a controlled manner. Both
mechanisms result in a linear dependence of inventory on generation rate and an exponential

increase in inventory as the temperature is lowered. However, for a spherical single crystal, the

diffusion inventory increases as a~ while the desorption inventory increases as a. Also, for

samples purged by He + H,, the diffusional inventory is independent of the protium content in the

purge while the desorption inventory varies inversely as the square root of the protium partial
pressure. It is more common to use porous, polycrystalline samples to study tritium behavior.
This often results in a complication in the interpretation of the data. As the grain size is increased.
the porosity tends to decrease and the pore-solid surface area tends to decrease, resulting in an
increase in both diffusion and desorption inventory. Special fabrication procedures are required to

increase the grain size at a constant pore-solid surface area. Furthermore, changes in the sample




microstructure and/or operating conditions during the in-reactor testing period may result in a

change in the rate-limiting mechanism or a change into the transitional regime where both

mechanisms are rate-limiting.

The mathematical solutions for transient diffusion vs. desorption appear to be quite different, but
the numerical results are quite similar. Two examples are given in the following. In the first case,

a spherical grain at uniform temperature T and zero initial tritium concentration experiences a step-

function increase in generation rate from O to G. The release-rate fraction (F, = R/G) for a

diffusion controlled mechanism is given by

F.=1-(6/m) X (1/n)) exp [-n° ©° /(15 1)] 6)

where the sum in Eq. 6 is from 1 to e and 7 is defined by Eq. 1. For F, < 0.2 or t/T1 < 0.015, the

short-time approximation to Eq. 6 may be used:

F, = 2.745874 (t/1)>° (62)

For longer times up to F; = 0.95 or /T = 5, the intermediate-time solution to Eq. 6 may be used:

F = 2.745874 (0> - 0.2 (V1) (6b)

The first-order desorption solution to the same problem is given by




F.=1-exp(-t/1) (7N

where T is given by Eq. 2.

The two solutions (Eq. 6 and Eq. 7) are compared graphically in Fig. 1 for the same value of T

and, hence, the same steady-state inventory (time integration of G-R) and the same area under the
fractional release rate curve. The diffusion solution initially rises more quickly from O to about 0.8
than does the desorption solution, but it approaches the steady-state solution of 1 more slowly.
However, with experimental error in measuring tritium release, with generation rates that rise
quickly (but not instantaneously) with time, and with temperature gradients generally associated
with in-reactor test samples, the response time_history is distorted and it is very difficult to
determine diffusion-controlled release from desorption-controlled release based on the non-ideal,

experimental release-rate history.

The second comparison example consists of the same spherical grain at the same steady generation

rate. After steady-state release has been obtained, the temperature is increased instantaneously
from T, to T, resulting in an increase in release rate fraction to above 1 and a decrease in steady-
state inventory (AI). The corresponding decrease in residency time is from 7, to ©,, which implies

an increase in diffusion coefficient if diffusion is rate-limiting or an increase in the desorption-rate
constant if desorption is rate-limiting. The mathematical solution to this problem for the diffusion-

rate-limiting case is

F_=1+(1/T, - )(6/m) T (I/n’) exp [-n° " (15 )] @)




The mathematical solution to this problem for the desorption-rate-limiting case is

Fn- =]+ (11/12 - 1) exp ('U’Tz) (9)

The two solutions are compared in Fig. 2 to experimental data from EXOTIC-6 transient

#E0121208, which involved an increase in average breeder temperature from 368°C to 468°C.” In

Ref. 7, based on a diffusion best-fit to the data, the residency times of T, = 3.5 hours and 1, =

0.28 hours were determined. As shown in Fig. 2, using the same residency time value in the

desorption model (Eq. 9) results in nearly identical results. With these residency times, both

models give the same inventories at T| and T, as well as the same inventory change (AI). Based

on trittum measurement errors, on possible distortion of the tritium release time hisﬁory as the
signal travels long distances in purge tubes form sample to monitoring instrumentation, on the
effects of temperature gradients through the sample and on the non-instantaneous nature of the
temperature increase, it is, again, very difficult to distinguish mechanisms based on these transient
results. Both models give a step change in release-rate fraction of 12.5 for the specified residency
value times, while the data gives a peak change of only 5.5. Both models give approximately the

same asymptotic return to steady-state.

In summary, diffusion, diffusion/desorption, and desorption models have been used to interpret
tritium release data and to predict tritium behavior in blanket designs. In terms of steady-state
results, the diffusion and desorption models give the same predictions when the same residency

time values are used. The time-dependent predictions from the two models are too close to allow a




distinction in rate-limiting mechanism based on most available transient data sets for Li-ZrOs.

However, for other lithium-based ceramics, such as Li,O, for which single-crystal lattice

diffusivity has been measured, the calculated diffusion inventory is orders of magnitude lower than

. . . 6 .
the inventory measured after in-reactor purge flow experiments.” The surface desorption rate

constant determined for Li,O from very controlled tests gives much better agreement with

measured tritium inventories than does the diffusion coefficient. Thus, within the solid breeder
analytical and experimental communities, there is general agreement that surface desorption is more
rate-limiting than diffusivity for the microstructures which have been extensively tested and are
recommended for design application. In general, of course, these are fine-grained samples with

grain diameters on the order of 1 um.

In the current work, the desorption model is selected over the diffusion model for detailed
evaluation and validation because there are stronger physical arguments for it being more rate-
limiting than diffusion and because it is simpler to apply to design problems for which there are

large temperature gradients and, in some cases such as ITER, cyclic operation.
3. Tritium Retention/Release Database

3.1  Steady-state database

Direct measurements of tritium inventory in Li,ZrO; cylindrical-pellet and pebble samples have

been made following in-reactor purge flow tests. Tables 1 and 2 summarize the pertinent

microstructural parameters and operating conditions for samples irradiated in the EXOTIC 3-6 tests

9.
(pellets and pebbles), the BEATRIX-II Phase II test (pebbles),’ the CRITIC-II test (pebbles),”




and the SIBELIUS test (pellets)." For the pellet data, the tritium inventories are quite low (£ 0.1
wppm) for average breeder temperatures > 390°C and local temperatures > 340°C. However.

when scaled by the generation rate to give residency time, T < 5.4 hours under the same operating

conditions. Figure 3 shows the variation in residency time for porous pellets with the volume
averaged temperature. The variation in model parameters (e.g., grain size, pore-solid surface area,
protium pressure) is not large enough and/or consistent enough to justify one model (e.g., surface
desorption) over another (e.g., diffusion). These data do not scale very well with the square of the
grain size, as would be suggested by a diffusion model. With the exception of the one SIBELIUS
data point at 100 Pa protium pressure, the majority of the data are at the same protium pressure

(300 Pa), making it difficult to justify surface desorption based on protium pressure. Normalizing

the pore-solid surface area to 0.9 mzlg, gives a variation of 0.44 to 1.67 in this surface-desorption

parameter. The pore/solid surface area scaling gives results which have only marginally less

scatter than the results with grain-size-squared scaling. For the most interesting case (EXOTIC-4,

Capsule 16.1 with T = 5.4 hours), the pore-solid surface area is not given. Finally, it is difficult to

determine an effective activation energy from Fig. 3, because of the insufficient number of data
points, the scatter in the data points, and the temperature-gradient effects which are not included in
the analysis. In principle, an upper-bound residency time correlation could be established for the
given temperature regime, but there would be no confidence is assuming that the activation energy
would be high enough to extrapolate the residency times to lower temperatures and still represent a

lower bound.

The pebble bed data in Table 2 represent a large number of individual data points for individual
pellets: 1 for EXOTIC-6, 38 for BEATRIX-II/Phase-II and 40 for CRITIC-II. However, there is
a high degree of uncertainty in assigning a local temperature for each pebble and, hence, each data

point. Table 2 summarizes the range of inventories measured for each region of the pebble bed and




the corresponding temperature range. The tritium residency times are plotted in Fig. 4 as a
function of average sample temperature. The pebble grain sizes are about an order of magnitude
higher than the pellet grain sizes. Specific pore/solid surface area is reported only for the CRITIC-
II pebbles. The BEATRIX-II/Phase-II pebbles are expected to have a similar value. The 94%
dense EXOTIC-6 pebbles are expected to have a significantly lower pore/solid surface area than the
80-85% dense pebbles for BEATRIX-II and CRITIC-II. If the results were normalized to a
protium pressure of 300 Pa, then according to the surface desorption model the BEATRIX-II
results would be multiplied by a factor of only 0.95 and the CRITIC-II results would be multiplied
by a factor of 0.58. In general, tritium inventories are quite small (< 0.3 wppm) for T 2 400°C.
Higher inventories are measured for the EXOTIC-II pebble bed (2.4 wppm at an average
temperature of 360°C and local temperatures of 315 to 425°C) and the CRITIC-II pebble bed
(6.3+4.6 wppm at an average temperature of 285°C and a local temperature range of 170 to
400°C). While these pebble results are quite good for validating models for tritinm
retention/release, they are not adequate for distinguishing between diffusion and desorption models

or for determining an effective activation energy.

3.2 In-reactor transient tritium release data

For the EXOTIC-5, EXOTIC-6 and CRITIC-II tests, a humber of transient tritium release curves
were recorded following a change in temperature or protium content in the purge gas. For
BEATRIX-II, transient release data are available only for changes in protium content in the purge.
In Ref. 7, the data for EXOTIC temperature transients are tabulated in terms of the diffusional

residency times which gave either the best fit to the inventory change (AD) and/or the time

dependent release. The At = AI/G values are determined by integrating over time the transient

release rate (R) minus the generation rate (G). The determination of At in this manner results in

values which are independent of models and, hence, can be used to determine model parameters




tor either a ditfusion or a desorption model. The major uncertainty in this approach is associated
with the long periods of time for which the final release rate is close, but not equal, to the
generation rate. Following temperature increases, the release rate seems to come to a steady-state
value which is slightly above the generation rate. The opposite occurs following a temperature
decrease in that the apparent steady-state release rate is slightly below the generation rate.

However, in the detailed tables in Ref. 7, it is not clear which residency times were determined by

this method. It appears that most of the residency times in Ref. 7 were determined as values of ©

which give a best-fit of the diffusion model to the measured transient release rate data vs. time. As
shown in Fig. 2, a surface desorption approach would have led to essentially the same values of

tritium residency time.

The values of residency time reported in Ref. 7 based on temperature-change data are shown in
Fig. 5 (pellet data) and Fig. 6 (pebble-bed data) vs. the inverse of the average temperature in K.
The scatter in the data is more than an order of magnitude for the pellet data (more samples with

different microstructures) and less than an order of magnitude for the pebble data.

3.3 Transient data from postirradiation isothermal anneals and/or temperature ramps

In addition to the data described in the two previous subsections, data are also available in the
literature for samples irradiated at low temperature and subjected to laboratory postirradiation
isothermal annealing and or linear temperature ramp testing. Uncertainties associated with these
data sets are: possible release of some of the tritium during irradiation; spatial distribution of
tritium following irradiation, level of tritium remaining in the samples after testing. These data

have not yet been used to validate the proposed surface desorption model.

4. Determination of Parameters for the First-Order Surface Desorption Model




4.1 Transient data for Li,ZrO; EXOTIC-5,6 pellets

The motivation for separating the residency time data for cylindrical pellets (Fig. 5) from the
residency time for pebble beds (Fig. 6) is the large difference in microstructures (grain sizes and
specific pore/solid surface area) for the two types of samples. Both the larger grain size and the
implicitly smaller pore/solid surface area of the pebble beds suggest that inventories and residency
times should be higher for the pebbles. However, even with this separation of databases, the

scatter in the data is too large to allow model parameters to be selected with confidence.

The authors of Ref. 7 suggest ways to filter and group the data. Residency times determined from
the first reactor cycle (approximately 25 days) tended to be smaller than residency times determined
from subsequent cycles. Residency times determined from temperature decrease transients tended
to be smaller than residency times determined from temperature increase experiments. For design
application, the main interest is in long-time behavior. For ITER application the long-time

behavior at low temperature is of particular interest.

In Fig. 5, the pellet residency times have been determined from temperature increase and
temperature decrease experiments at reference purge flow conditions (He+0.1%H,, 0.3 MPa
pressure, 100 mi/minute flow rate). The results of the first 25-day cycle of operation have been
omitted from this plot. Also, the data are separated into temperature increase and temperature
decrease values. While, for a specific sample, it may be true that temperature rise experiments lead
to higher values of residency time than do temperature decrease experiments, the scatter of results
from sample to sample appears to be greater than this effect for any one sample. Best fit

correlations to the values of residency time data are:

Temperature rise experiments: T=exp (-12.569 + 8.309x10°/T), hours (10a)




Average of all data: , T=exp (-12.068 + 7.911x10%/T), hours (10b)

Temperature decrease experiments: T = exp (-11.577 + 7.536x10%T), hours (10c)

Because the scatter is so large for the residency times of these samples and the effective activation
energies are relatively close (69 kJ/mole for Eq. 10a, 66 kJ/mole for Eq. 10b, and 63 kJ/mole for
Eq. 10c), it is recommended that the best-fit correlation to all of the data (Eq. 10b) be used as a
first estimate of the tritium residency time for pellets with microstructures and purge conditions

within the range of those for EXOTIC-S through -6 samples.

4.2 Transient data L1,ZrO, EXOTIC-6 pebbles

In Fig. 6, tritium residency times are shown for temperature rise and temperature decrease
experiments for the EXOTIC-6 Li,ZrO, pebble bed. As expected, there is less scatter in the
results, because all of the data come from the single pebble bed, whereas the pellet data came from
samples with different microstructures. The data from the first reactor cycle have been omitted
from this data set. The best-fit correlations to the temperature rise data (1), all the data (2) and the

temperature decrease data (3) are:

Temperature rise experiments: T = exp (-18.7916 + 1.3291x10%T), hours (11a)
Average of all data: T = exp (-15.328 + 1.1033x10%T), hours (11b)
Temperature decrease experiments: T = exp (-13.237 + 9.609x10°/T). hours (1lc)




4.3 Best-estimate and upper-bound correlations for pellets

[t is assumed that the effective activation energy derived from the transient data is representative of
the rate-limiting surface-desorption mechanism. The directly-measured tritium inventory data
(normalized to the generation rate to give residency time) are used to determine the pre-exponential
factor for best-fit and upper-bound correlations. Figure 7 shows the results of this exercise for the
cylindrical pellets used in EXOTIC-3,4,5,6 and SIBELIUS. The SIBELIUS data point has been
normalized to the EXOTIC protium level of 300 Pa, by assuming that the residency time for
surface desorption varies inversely with the square root of the protium pressure for protium/tritium
ratios >> 1. Eleven data points are shown in Fig. 7. Only ten are used in the analysis. The

EXOTIC-3 residency time of 0.75 hours at an average temperature of 630°C appears to be

unreasonable. The best fit correlation (t,; in hours) to the steady-state data is

T, = (300 Pa/Py,)*° exp (-12.222 + 7.911x10%/T) (12)

The “reasonable” upper bound correlation (T, in hours) is derived by matching the four highest

residency times at a given temperature (see Tables 1 and 2): 2.4 hours for EXOTIC-3 sample at an
average temperature of 405°C, 4.6 hours for EXOTIC-4 sample at an average temperature of
410°C, 5.4 hours for EXOTIC-4 sample at an average temperature of 360°C, and 0.34 hours

scaled to 0.20 hours for SIBELIUS sample at an average temperature of 545°C. The results are:

T, = (300 Pa/P,)** exp (-10.644 + 7.911x10%/T) (13)

The results from Egs. 12 and 13 are shown in Fig. 7.




4.4  Best-estimate and upper-bound correlations for pebbles

The data in Fig. 4 have been normalized to a protium pressure of 300 Pa and replotted in Fig. 8.
For the BEATRIX-II data, the residency times have been scaled by (270/300)°3 = 0.95, which is a
small correction. The CRITIC-II data have been scaled by (100/300)°° = 0.577. Although the
CRITIC and BEATRIX data sets represent inventory measurements from a large number of
pebbles, it is difficult to use the data for model improvement and validation because of the
uncertainties in the temperature of each pebble. The horizontal lines in Fig. 8 represent the range
of temperatures in the region in which the pebbles were selected. These ranges are quite large for
BEATRIX and CRITIC samples. The vertical lines represent the average value and standard
deviation of the data. However, plotting the average value vs. the average temperature is
misleading. All of the pebbles within the temperature region would have to be measured in order
to get a true average. This is particularly true of the CRITIC-II outer ring pebbles for which
inventory values varied considerably. It is less important for the hotter inner rings (T > 400°C)
where inventories are quite low. The EXOTIC-6 data point in Fig. 8 is a true average value
because the tritium in the whole sample was measured. Thus, it has a higher weighting value for

correlation refinement and validation than do the low temperature CRITIC-II data.

Given the large uncertainties involved in interpreting the inventory data for pebbles, it was not
possible to determine a best-fit and an upper-bound correlation for residency time. In considering
tritium residency time correlations (Eq. 11a-c) determined from transient EXOTIC-6 data, it was
observed that Eq. 11a is very consistent with the residency time derived from the post-irradiation
measurement. Thus, with only a small modification, it is recommended for design calculations.

For temperatures below = 400°C, the correlation is believed to give an upper bound on the tritium

residency time. This observation is certainly true for the CRITIC-II data from the 170-400°C




region of the bed. For temperatures above =~ 560°C, the correlation is a lower bound of the data.

Thus, the correlation is arbitrarily limited to a residency time of 0.1 hours for T > 560°C.

T,, = (300 Pa/P,,,)* exp (-18.259 + 1.329x10%T) for T < 833 K (14a)

and

T, = 0.1 (300 Pa/P,)* for T > 833 K (14b)

5. Design Application

Equations 12, 13 and 14 are used to calculate best-estimates and upper-bound estimates for the

Li,ZrO; breeder layers of the lowest-breeder-temperature ITER design described by Y. Gohar in

Ref. 12. Table 3 gives the masses, tritium generation rate, minimum/maximum temperature, and
calculated inventory for each layer, as well as the total. Calculations were performed by integrating
the product of the generation rate and residency time, with the spatial variations in temperature and

generation rate included in the calculation. The sintered product design is assumed to consist of

fine-grained (~1 um), low density (~70%) Li,ZrO; cubes. The pebble bed design is assumed to

consist of coarse grained (10-40 um), high density (~94%) large pebbles with diameter of 0.5 mm
(e.g., EXOTIC-6 pebbles) packed to ~ 60% packing fraction and smaller diameter pebbles with the

same microstructure packed to about ~14% packing fraction.

The best-estimate of the tritium inventory in the sintered-product pellet design (SPBE) is only 12 g,
even with a minimum temperature of 267°C. The upper-bound estimate for the sintered-product
pellet design (SPUB) is 58 g, which is still reasonable from a design perspective. The pebble-bed

upper-bound (PBUB) actually only applies to the EXOTIC-6 pebble microstructure and not to




Li,ZrO; pebble beds in general. The estimated inventory of 280 g is considered a significant

amount by design standards. Most of the inventory is concentrated in the third layer (farthest from
the plasma) of design configuration #3 which has the lowest values of T, /T .. Using data from
BEATRIX-II/Phase-II and CRITIC-II type pebbles with smaller grain sizes (5-10 pwm) and

densities (80-85%) would lead to lower calculated inventories for the pebble bed design.

A major uncertainty in using the residency time approach to extrapolate to design conditions is the
effect of the reduced protium-to-tritium ratio in the design. The data base for the correlations
involves over-purged systems with protium-to-tritium ratios ranging from ~70 (CRITIC-II, end-
of-life) to ~2200 (EXOTIC-4, Capsule 16.1); Currently, the proposed surface-desorption model
considers the ratio of tritium to the square-root of the protium pressure in determining the tritium
inventory. It remains to be demonstrated what minimum value of protium-to-tritium ratio is

required in order for this model to be valid.

6. Discussion

The present work represents a first attempt to develop a simple model to be used in the
extrapolation of transient and steady-state tritium release/retention data to design applications. The
next stages in the model development involve:

a. normalizing the data to specific surface area -- used to determine the ratio of
interconnected pore surface area to solid volume -- as well as to the square-root of the protium

pressure;

b. exploring methods for reducing the scatter in the determination of residency time
from the EXOTIC-5&6 transient data; Currently, some scatter reduction was achieved by

eliminating data from the first 25 days of irradiation and separating the data into temperature rise




vs. temperature decrease data. In the process of doing this, it has been observed that using only
the residency times determined for the final temperature of a temperature change reduce the scatter

significantly. There is certainly analytical justification for doing this;

c. exploring two-mechanism diffusion/desorption models to rationalize the difference
in apparent activation energies between fine-grained/low-density pellets (66 kJ/mol) and large-

grain/high-density pebbles (111 kJ/mol);
d. fine tuning the model parameters and validating the model by using it to integrate
over the temperature distribution of the sample and comparing predicted inventory to measured

inventory;

e. incorporating the laboratory data for tritium release during postirradiation annealing

of the samples;

f. using laboratory data on surface adsorption/desorption and solubility of moisture
and gaseous hydrogen isotopes to explore slower mechanisms of tritium retention/release than

those observed in the over-purged, in-reactor experiments (e.g., see Ref. 14)

g. continue to test modeling assumptions and refine model parameters against data

which are forthcoming (e.g., EXOTIC-7&8)

7. Conclusions

Progress in modeling the tritium retention/release behavior of Li,ZrO; sintered-product pellets and

pebbles has been reported. A surface desorption model, which includes the effects of specific




surface area and protium pressure in the purge -- has been proposed and tested against available in-
reactor tritium release data and post-irradiation measurements of tritium inventory. Transient, on-

line data from the EXOTIC-5&6 experiments on low-density, fine-grained Li,ZrO; cylindrical

pellets have been used to determine an effective activation energy (66 kJ/mol) for surface
desorption. The pre-exponential factor in the model has been adjusted to achieve both best-fit and
upper-bound model parameters for extrapolation of data to blanket designs such as ITER. A
similar approach was used to derive an upper-bound surface desorption effective energy (111
kJ/mol) and pre-exponential factor for the high-density, large-grain-size pebbles tested in the
EXOTIC-6 experiments. The models were applied to the design conditions for a candidate ITER
driver blanket to predict the distribution of trittum inventory is such a blanket design.
Recommendations are made on how to improve the modeling effort by including more data sets

and more sophisticated models.
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Table [.

following irradiation in EXOTIC-3, 4 and 5 in-reactor purge flow tests. Numbers in parentheses
below the experiment number are the capsule number. All samples are solid or hollow cylindrical
pellets. Operating conditions apply to last reactor cycle prior to shut-down.

Summary of microstructure, operating conditions and measured tritium inventory

Parameter EX-3 | EX-3 | EX-4 | EX-4 | EX4 | EX-5 | EX-5 | EX-5
(L 2. a4 142y 1 (6. L (7.0 2L | (18.1)
Mass, g 3575 | 3575 | 594 58.9 34.6 21.3 20.0 16.0
Density, %td 79 79 86 85 79 77.5 74.5 74
Open Porosity, % 20 20 14 15 21 19.5 25.5 26
Pore-Solid ) 0.4 0.4 0.9 0.9 --- 0.9 0.9 1.2
Surface Area, m' /g
Grain Diam., um 2.5 2.5 1.0 1.0 0.7 0.9 0.8 1.1
Protium Partial 300 300 300 300 300 300 300 300
Pressure, Pa
Generation Rate, | 0.0227 | 0.0241 { 0.0158 | 0.0191 | 0.0209 | 0.130 | 0.144 | 0.137
wppm/hour
Temperature, °C 650 425 460 680 380 460 480 410
Inner
630 405 410 635 360 430 450 390
Average
610 385 360 590 340 400 420 370
Outer _
Li Burnup, at.% 0.1 0.1 0.13 0.13 0.13 1.8 2.05 1.9
Inventory, wppm 0.018 0.06 0.075 { 0.001 | 0.117 | 0.007 | 0.009 0.1
Residency Time, 0.75 2.4 4.6 0.05 5.4 0.05 0.06 0.73
hours




Table 2.

Summary of microstructure, operating conditions and measured tritium inventory

following irradiation in EXOTIC-6, BEATRIX II (Phase II), CRITIC-II, and SIBELIUS in-
reactor purge flow tests. All samples are solid or hollow cylindrical pellets. Operating conditions

apply to last reactor cycle prior to shut-down.

Parameter EX-6 EX-6 SIB. EX-6 BEAT.-II CRITIC-IT
(21.1) | (2L2) (24.2) Phase-II
Sample Form Pellet Pellet Pellet Pebble Pebble Pebble
Bed Bed Bed
Mass, g 9.22 10.58 1.00 8.16 29.5 203
Density, %td 73 81 81 94 (peb) 80-82 (peb) 80-35 (peb)
52.5 (bed) 53 (bed) 53 (bed)
Open Porosity, % 27 19 19.5 6 (peb) 14-16 (peb) 14-16 (peb)
Pore-Solid 1.5 0.8 - --- (0.34%0.12) | 0.34%0.12
Surface Area, mzlg
Grain Diam., um 1 2 1 10-40 10 5-10
Protium Partial 300 300 100 300 - 270 100
Pressure, Pa
Generation Rate, 0.252 0.227 0.064 0.27 0.443 0.026
wppmv/hour
Temperature, °C
Inner 485 495 550 425 985 900
Average 450 455 545 360 - -
Outer 440 445 540 315 395 170
Li Burnup, at.% 3.01 3.02 0.8 3.11 3.1 0.5
Inventory, wppm 0.009 0.015 0.022 2.4 0.32£0.01 6.3+4.6
(395-770°C) | (170-400°C)
0.15%£0.12 | 0.009%£0.009
(770-945°C) | (400-750°C)
0.032+0.01 | 0.002+0.002
(945-1025°C) | (750-900°C)
Residency Time, 0.04 0.07 0.341 9.5 0.72+0.02 2441178
hours (395-770°C) | (170-400°C)
0.34+0.27 0.4%£0.5
(770-945°C) | (400-750°C)
0.072£0.023 | 0.078%0.116
(945-1025°C) | (750-900°C)




Table 3. Summary of ITER Driver Blanket Design A Parameters for 100% Dense Beryllium
Layers and 70% Dense Solid Breeder (Li,ZrO; ) Layers. The design consists of 24 breeding
modules in the poloidal direction. The inventory calculations are for sintered-product-best-estimate
(SPBE) correlation, sintered-product-upper-bound (SPUB) correlation and pebble-bed-upper-
bound (PBUB) correlation. The purge is assumed to be He at atmospheric pressure (0.1 MPa)
with 0.1% H, and a flow rate giving a protium-to-tritium ratio > 10 locally and ~ 20 on the

average.
Config./ Mass Generation T i/ T I(SPBE) I(SPUB) I(PBUB)
Layer MT Rate, g/day T g g g
| Jd 1 ]
e
3/1 15.559 75.396 425/764 0.4 2.1 1.6
3R 23.338 56.995 313/667 2.4 114 313
3/3 23.338 23.291 267/417 5.5 26.5 169
2/1 5.386 16.010 357/785 0.2 1.1 1.5
22 5.386 11.254 297/564 0.8 3.9 13.8
1/1 5.574 24.584 338/605 0.6 3.1 5.6
12 8.360 18.772 271/550 2.1 10.2 56.8
Total 87 226 267/785 12 58 280
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Fig. 1. Comparison of analytical solutions for first-order surface desorption and bulk

diffusion for an isothermal spherical grain in response to an instantaneous increase in generation
rate at time t = 0. Tau is the residency time and is equal to the steady-state inventory (I) divided by
the generation rate (G): tau = I/G. Both models have the same steady-state inventory, but slightly
different time dependence.
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Fig. 2. Comparison of diffusion and desorption model predictions to the tritium release rate

data (normalized to the generation rate) vs. time for the EXOTIC-6 transient E0121208 for Li;ZrOs
capsule 21.2 exposed to an increase in average temperature from 368°C to 468°C. Both models
use the same tritium residency time and give the same long-time decrease in tritium inventory. The
diffusion model prediction is essentially coincident with the data after 0.2 hours when the data are
shifted by 0.2 hours. The desorption model predictions also give good agreement with the data.
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Fig. 3. Tritium residency time derived from EXOTIC-3 to -6 and SIBELIUS Li,ZrO;

cylindrical-pellet inventory data. The residency time is determined from postirradiation inventory
data divided by the generation rate during the last cycle of irradiation. The average pellet
temperature is used to derive 1000 K/T, where T is in K. Grain sizes range and densities range
from 0.7 to 2.5 um and 73-86%, respectively. The horizontal bands show the range of
temperature from T to T, for each sample. Temperature range is 315-680°C.
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Fig. 4. - Tritium residency time derived from EXOTIC-6, BEATRIX-II/Phase-II and CRITIC-II

Li,ZrO; pebble-bed inventory data. The residency time is determined from postirradiation inventory data
divided by the generation rate during the last cycle. The average pebble-bed-region temperature is used to
derive 1000 K/T, where T is in K. The horizontal lines show the temperature range for the pebbles

examined. The vertical lines show the one-standard-deviation of the measurements. Temperature range is
170-1025°C.
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Fig. 5. Tritium residency time vs. the inverse of the average temperature (in K) for
sintered-pellet Li,ZrO, based on on-line EXOTIC-5 and EXOTIC-6 tritium release data in response
to temperature transients. Pellet densities range from 73 to 81% of theoretical, grain sizes range
from 0.8 t0 2.0 um and Li burnups range from 1.8 to 3.0 at.%. All tests were conducted in He +
0.1 vol.% H, purge at 100 ml/minute and 0.3 MPa. The line represents the best-fit correlation to

the transient data for pellets: T = exp (-12.0684 + 7.911x10%T), hours.
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Fig. 6. Tritium residency time vs. the inverse of the average temperature (in K) for the
EXOTIC-6 Li,ZrO, pebble bed, based on on-line tritium release data in response to temperature
transients. The 0.5-mm pebbles are 94% dense with 10-40 pm grain size and smear density of
52.5%. All tests were conducted in He + 0.1 vol.% H, purge at 100 ml/minute and 0.3 MPa. The
residency time correlations for the temperature increase data (1), the average of the data (2), and the

temperature decrease data (3) are: 1. T = exp (-18.7916 + 1.3291x10%T) hours,
2. T=exp (-15.3278 + 1.1033x10%T) hours and 3. T = exp (-13.2369+ 9.609x10°/T) hours.




Lo EXOTIC 3-6
ﬁ o SIBELIUS
5> 10}
= 3
S .
= Reasonable
i Upper Bound
2 1
) F ©
=
5]
o7
g
2 .1
£ I oo

01 M 2 L " L N N :
1 1.112131415161.71.81.9
1000 K/T

Fig. 7. Best-fit and reasonable upper bound correlations for Li,ZrO, pellet residency time
based on the EXOTIC-3,4,5,6 and SIBELIUS inventory measured directly (after irradiation)
divided by the generation rate during the last reactor cycle. The activation energy is pre-determined
from the EXOTIC-5,6 transient data. The pre-exponential for the best fit correlation is based on an
average of 10 of the data points (EXOTIC-3 residency time of 0.75 hours at an average breeder
temperature of 630°C excluded). The pre-exponential for the “reasonable” upper bound is based
on matching the highest inventory data within a given temperature range. Pellet density and grain
diameter ranges are 73-86% and 0.7-2.5 um, respectively. The SIBELIUS data point has been
normalized from 100 to 300 Pa of purge H, by dividing by (3)*°. Purge flow rate is the standard
100 ml/min.
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Fig. 8. Comparison of recommended upper bound correlation for pebble-bed Li,ZrO,

trittum residency time with pebble-bed data from EXOTIC-6, BEATRIX-II and CRITIC-II
experiments. Experimental residency time is derived from the ratio of the measured tritium
inventory after the irradiation divided by the generation rate during the last test cycle. All results
have been normalized to the EXOTIC-II protium pressure (300 Pa) by assuming that the inventory
is inversely proportional to the square root of the protium pressure. The data set includes pebble
densities of 80-94%, grain diameters of 5-40 pm, pebble diameters of 0.5-2 mm and smear
densities = 53%. The purge flow rate is 100 ml/minute for all test data.




