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ABSTRACT

Lithium aluminate is a candidate tridun-
breeding material tor fusion reactor blankets.
One of the concerns with using LiA102 Is trit-
ium recovery from this material, particularly
at low operating temperatures and high flu-
ences. The data froa various tritium release
experiments with y-LiA102 and related mate-
rials are reviewed and analyzed to determine
under what conditions bulk diffusion is the
rate-Uniting mechanism for tritium transport
and what the effective bulk diffusion coeffi-
cient should be. Steady-state and transient
models based on bulk diffusion are developed
and used to interpret the data. Design calcu-
lations are then performed with the verified
models to determine the steady-state inventory
and time to reach equilibrium for a full-scale
fusion blanket.

I. INTRODUCTION '

Several fusion blanket designs have been
proposed using y-LiA102 as the breeding mate-
rial. Because of its relatively low lithium
atom density (0.28 g/cra3) and low thermal con-
ductivity (resulting in high coolant and
structure fractions In the blanket), a neutron
multiplier (e.g., beryllium) and 6Li enrich-
ment are required in order to attain an
acceptable tritium breeding ratio. While the
problem of tritium breeding in y-LiA.102
appears to have been solved, there is still a
great deal of concern about tritium recovery
from this material, particularly at low
operating temperatures and high fiuences.

The literature data on tritium release
from Y-LiALO2 and related materials are
reviewed and assessed. These data are from
post—irradiation annealing experiments as well
as in-reactor purge-flow and closed-capsule
tests. Through modeling, an attempt is made
to separate out the mechanisms of bulk diffu-
sion, desolution, and surface desorption in
order to determine the temperature dependence
of the bulk diffusion coefficient and situa-
tions under which bulk diffusion is the rate-
limiting mechanism. Considerable emphasis Is
placed on the analysis of TRIO-1 data1'* be-

cause of the degree of temperature and purge
chemistry control In the TRIO experiment and
the quality of the on-line transient release
data and the steady-state retention data.

Based on Che models developed and veri-
fied in this work, design calculations are
made to determine the steady-state Inventory
as a function of minimum operating temperature
for the Blanket Comparison and Selection Study
(BCSS)3 water-cooled design. The transient
behavior of the blanket after an Instantaneous
startup is also characterized to determine the
times at which the Inventory and the release
fractions reach 67.41 and 99X of their equi-
librium values.

II. ANALYTICAL METHODS

Tritium transport In a solid-breeder
blanket consists of a complex series of
events. The approach adopted in this work is
to develop a model based on one mechanism
(i.e., bulk diffusion) and test it against the
data base. The degree to which the model
matches the tritium transient release data and
the steady-state retention (i.e., inventory)
data helps determine the temperature, alcro—
structure, and purge chemistry conditions
under which bulk diffusion is the dominant,
rate-limiting mechanism. For conditions In
which the predictions and the data do not
agree, the difference between the model pre-
dictions and the data helps determine the
magnitude of the other effects and paves the
way for more sophisticated modeling.

Classical solutions exist In the heat and
mass transfer literature to describe the dif-
fusion of a gas In an isothermal, spherical
grain with the grain boundary acting as a per-
fect sink. Several of these solutions have
been integrated over a cylindrical unit cell
of polycrystalllne material with inner radius
and. temperature (rj and T^, respectively),
outer radius and temperature (r0 and To>> res-
pectively), and total generation rate (G) to
obtain analytical approximations needed for
data analysis and design scoping calculations.
Thesa solutions are presented below.



A. Steady-State Inventory

The steady-state tritium Inventory ( )
due to bulk diffusion alone can be expressed
as

where Tg_ls the grain radius, D(f) » D
exp[-Q/RTJ, D o is a constant, Q is the appar-
ent activation energy_ for diffusion, R is the
ideal gas constant, f is the cross-sectional,
area-averaged temperature, and f Is a factor
which accounts for Che temperature variation.
The factor f is given by

f - (8 -D " 1 f6 exp|(Q/RT)

x [7/1 - ljj dn , (2)

d T
r2/r£, r is an arbitrary

th l l t
where &l 1 £
radius, and T » T(n) is the local temperature.

B. Instantaneous Startup

Assuming an instantaneous increase in
generation rate and temperature with zero Ini-
tial tritium concentration, the transient
tritium release rate (R) and Inventory (I) can
be expressed as fractions of their steady-
state values (G and I s s, respectively):

R/G ,-1

n-1

(3)x f exp[-n2n2t/tj dn ,
*m

l/lss - 1 - 490/TT1*) £ U/n"J

x f6 exp[-n2»2t/TJ dn/ f T dn , (4)

where t Is time, \ • r2/D, and I s s is given by
Eq. (1). 8

C. Instantaneous Temperature Change

For steady-state conditions at t < 0, a
constant generation rate, and a step increase
in temperature profile [Tj(n) • T2(n)]» t h e

fractional release rate and Inventory can be
written as:

R/G - 1 + (b/*2] £ Ll/n2)(B - I)"1

n-l

l/t2 - 1) exp(-n2F2t/T2j dn. (5)

n-l

rVi - TZ) dn

. (6)

where T l - r|/15 V{T{), T 2 "
 r | / 1 5 D(T2)» Tl "

TjCn). T 2 - T 2( n) and I,l2 ^ » the steady-
state Inventory after the temperature change.

III. ANALYSIS OF TKIO-L DATA

The TRIO-1 ln-rcactor, purge-flow experi-
ment consisted of 33 runs in which the temper-
ature of the hollow cylindrical sample was
varied from run to run along with the purge
stream chemistry. Thermocouples were used to
monitor the Inner {TjJ and outer (To) surface
temperatures; the generation rate (G) was cal-
culated from the neutron flux distribution
which was monitored by flux detectors; and the
Inventory at the end of each run was calcu-
lated based on Che generation rate and the
critium lost from Che sample through purge
stream convection and permeation. Table I
summarizes the parameters for each run and the
end-of-run Inventory data used In this study
to determine the effective bulk diffusion co-
efficient and the conditions under which bulk
diffusion was dominant. Columns 3 _and 4 give
the volume-averaged temperature (T) and _the
average radial temperature drop fif » fi -
T o ) , respectively, for each run. While Che
thermocouple data Indicated some axial and
circumferential variation In temperature, a
radial heat flow model was used to estimate
the temperature profile as:

T - T + [0.476 - (n/B)]AT (7)

T2

The parameter (l/Gj n o a was obtained by
taking the ratio of Che inventory and the gen-
eration rate deduced from data. The fl(I/G)
represenCs Che one-sigma uncertainty assocl-'
ated with this ratio. The small uncertainty
for Run 33 is due Co Che fact that I was
deCermlned directly from post-1rradlation
measurements.

An analysis of Table I indicates that
Runs 1-8 and 28-33 with procium swamping show
Che Cype of temperature sensitivity one would
expect from a bulk-diffusion process. Equa-
tion (1) was inverted to solve for Che diffu-
sion coefficient D as a function of the
volume-averaged temperature for each of these
runs. Based on pre- and post-test •lcrostruc-
tural analysis, a grain radius of 0.1 (±30Z)
urn was used In the calculation. The results
are shown In Fig. 1. A reasonable fit to the
data was obtained by:

2.»-l) - (-13.7 ± 2.3)

- (35.8 ± 3.9) kcal/mal/RT , (8)

where only Che one-sigma uncertainty In the
raClo (i/G)"1 was Included. For purposes of
comparing Che results of this analysis Co ocher
experimental studies, Che uncerCalncy In grain
size is statistically Included in the cor-
relation to give:



TABLE I

TRIO-1 Test Parameters Used as Input
to the Diffuslvlty Analysis

'OO «5O
T. -C

COO 540

Run
No.

1
2

3

4b

5h

6
7
8

9b

10D

11
l2b
13
14

15
16
17
18
19

20b

21
22
23
24
25
26
27
28
29°
30
31
32b
33

Pur^e
Chemistry

0.1Z H2

1Z H2

0.1Z H2

0Z H2

U.U H2

0.22 02

0.U H2

i

j

1

T
(°C)

592
677

685

627
48'
530
578
627

630
396
488
605
582
684

684
682
677
683
628

639
639
588
533
585
546
530
513
489
474
474
434
531
642

AT
CO

126
127

127

131
131
131
130
126

128
127
128
128
128
126

126
126
125
125
126

116
116
117
109
109
113
109
106
107
107
107
112
111
113

U/S)nos
(10* s)

1.70

1.13

1.56

6.49
14.0
8.54
2.73
0.462

15.0
21.7
24.5
35.9
31.1
19.0

12.1
11.7
12.4
11.6
11.6

46.0
40.3
40.9
48.9
44.7

47.6
51.9
46.1
34.5
34.5
37.3
37.4
20.0
0.498

A(l/5ja

(*)

30.4

91.0

88.0

40.0
22.6
39.4
156.0

1080.0

42.8
30.8
28.0
22.3
30.3
51.7

83.7
83.8
74.8
77.1
76.6

19.0
21.1
20.2
16.7
17.7
16.1
13.2
it.5
10.1
8.3
6.3
5.3
5.6
11.4

a0ne-sigma uncertainties.

Steady-state not achieved.

(-13.7 ± 1.8)

- (35.8 ± 3.9) kcal/aol/RT. (9)

It should be emphasized that both quali-
tative and quantitative lnfortiatIon is gained
from this analysis. The observation that the
data from Runs 1-8 and 28-33 can be rational-
ized by Eq. (1) Is strong evidence that bulk
diffusion is the dominant aechanisn for trit-
ium retention under the conditions at these
runs. Namely, for fine-grain-size Y'LIAICJ
samples purged by a helium stream containing
excess hydrogen (0.1 vol.2), bulk diffusion
dominates over other nechanisns such as sur-
face adsorption and solubility in determining
the tritium inventory in the temperature range

1 I I I
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105 • IO I.IS I.2O I 21 I 30 1.1)
IOO0 K/T

Fig. 1. Diffusion coefficient for tritium in
•y-LIA102 determined froa selected
TRIO runs.

of 400-700*C. Furthermore, the analysis pro-
vides a quantitative determination of the
effective bulk diffusion coefficient.

An Independent method was also used to
assess the degree to which bulk diffusion was
rate-lioiting for tritium release. Several
transient traces for tritium (HT) release were
selected for analysis. Figure _2 shows the
experimental generation rate (G) and release
rate (Re) for Run 8 which was subjected to an
average temperature Increase of 50*C. Figures
3 and 4 show the same Information for Runs 28
and 31 which experienced average temperature
changes of -25*C an<" +10*C, respectively. In-
cluded in the graphs are.the analytically^pre-
dicted release rates (Rn,in, Rnom>

 a n d *aax)
based on Eqa. (5) and (8). Qualitatively, the
comparisons are excellent as the two tempera-
ture-Increase caaes (8 and 31) exhibit burst
releases followed by an asymptotic approach to
equilibrium which depends on the temperature
of the run. The temperature-decrease case
(28) exhibits the expected depression In
release rate relative to equilibrium. Quanti-
tative comparisons are difficult for two rea-
sons. The amplitude and rate of change of the
experimental release-rate curve are not a^
large at t " 0 as the analytical one because
of the finite time (~1 hr) for the temperature
rise. Also, the experimental time to reach
equilibrium is hard to determine because of
the ±10Z uncertainty in the data. However,
the trends in the data strongly suggest that
bulk diffusion Is rate-Halting for these runs
and that Eq. (8) Is a reasonable representation
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400

10 12 14 16 18

HOURS AFTER 28-MAR-I983 13:00 RUN 8

Fig. 2. Comparison of analytical predictions
l^nom) E o r a step increase (50°C) in
temperature at a constant generation
rate (G) for TRIO Run 8.

300

100
0 8 16 24 32 40 48 56 64 72
HOURS AFTER 23-MAY-I983 10:00 RUN 28

Fig. 3. Comparison of analytical predictions
iRrain. Rnom. RmaxJ a n d experimental
results (Re) for a step decrease
(2 5JC) in temperature at a constant
generation rate (5) for TRIO Run 28.

of the diffusion coefficient for v-

IV. COMPARISON WITH OTHEF WORK

K number of other experiments have been
reviewed and compared with the apparent diffu-
sivittes calculated from the TRIO-1 data.
KUeman et al.5-6 measured tritium diffusion in

8 12 16 20 24 28 32 36 40 44 4B
HOURS AFTER 6-JUN-I983 6:00 RUN 31

Fig. 4. Comparison of analytical predictions
(ftnin. ftno*. Kax) *nA experl«ental
results (Re) Cor a step Increase
(10°C) in temperature at a constant
generation rate [G) for TRIO Run 31.

in a related material (a~Al2O3} by recoiling
tritium Into the samples and recording the
transient tritium released during post-irradi-
ation heating. The aeasured activation energy
for the single-crystal samples was 57.1 ± 2.4
kcal/nol.

Wiswall and Wlrsing7'8 measured the res-
ponse of pre-lrradiated Y-'<'A102 powders and
sintered pellets to post-lrradlatlon annealing.
Their results are shown in Fig. 5 for the pow-
dered samples (70-100 mesh) at temperatures of
500, 600, and 650°C. While the grain size was
not specified, a grain radius of 0.1 urn
(authors report submicron fine particle sizes)
was assumed.

Yunker' reported results for tritium dif-
fuslvity In LiAlOj li the temperature range of
400-650°C. Although no details are presented
in the reference, the results are included in
Fig. 5. Yunker1* values of diffusivlty per
particle radius squared were converted to the
points plotted in Fig. 5 by arbitrarily assum-
ing a grain radius of 0.3 ym.

Botter et al 1^ have performed a TRIO-type
experiment (LILA) at Saclay with Y ~ L I A 1 0 2 -
Results were reported for the diffusion coef-
ficient In ~0.2-um-radlus grains based on an
analysis of transient release data In th& tem-
perature range of 430-600°C. The diffusion
coefficients determined from their data are
Included in Fig. 5 along with the values
(straight lines) determined from the TRIO-1
analysis [Eq. (9)].

V. DESIGN CALCULATIONS

Sample calculations were performed for
the BCSS LiA102/H20/FS/Be design to determine
steady-state tritium inventory and response
time. The steady-state inventory based on
bulk diffusion Is calculateduslng Eq. (1).
The input for this study Is G - 866 g/day (1.86
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tritium diffusion in y-LiA102
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x 10~5 wppm/s), rg » 0.1 ym, r^ » 6.5 mm, and
Traax * 1000°C. The outer radius (r0) of the
unit cell was constrained to vary as the mini-
mum breeder temperature (Tmtn) was varied
according to the steady-state, heat-transfer
relationship:

4 k. AT
216 - ljUl " 3 - 1f in j$ - 1] < -r-2 . (10)

kb = thermal conductivity
average heating rate (18

"100
o

where 6 = ro^rI
(1.1 W/m.K), qb

MW/m3), and iT

Figure 6 shows the predicted diffusive
inventory as a function of the minimum blanket
temperature (.TminJ- The sensitivity of Ij to
Tmin i s clearly demonstrted In this figure.
At a minimum blanket temperature of 335°C, the
diffusive inventory is estimated to be ~2 to
~10 kg with a nominal value of 4.5 kg. An in-
crease o£ only 15"C in T o l n results in a 503!
decrease in inventory.

Calculations have also been performed to
characterize the f.ritlum response (due to bulk
diffusion) of a full-scale L1A1O2 blanket to
an instantaneous reactor startup. Figure 7
shows the release rate and inventory fractions
for the reference UA102/H20/FS/8e blanket as
a function of time. Equations (3), (4), and Fig. 7.
(9) were used for these calculations under the
assumption that an average unit cell can be
used to characterize the blanket response.

2S0 300 SSO 400 «50 S00

T • *C

Fig. 6. Predicted inventory for the L1AIO2/
H20/HT9/Be design as a function of

Tain-

Time is expressed in fluence units of MWy/m2

(for a 5-MW/m2 neutron wall loading) and In
the more fundamental units of days, months,
and years. The release rate reaches 67.41 of
equilibrium in ~1 min and asymptotically
approaches 99Z of equilibrium at ~2 mo of
blanket operation. The times to reach thermal
equilibrium have been estimated at ~1 min for
a unit call neat the first wall, ~8 min for an
average unit cell, and ~45 min for a unit cell
near the reflector at the back of the blanket.
Therefore, the model assumption of instantan-
eous startup is reasonable for estimating the
time to reach 99Z of equilibrium tritium
release rate.

The inventory Is much more sluggish than
the release rate. It takes ~6 mo for the in-
ventory to build up to 67.4% of its equllib-
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Tritium response to an idealized
reactor startup for the UAl0,/H20/
HT9/Be design with T a l n - 350*C,
Tmtn " 1000'C, and rg - 0.1 urn.

100



riua values and ~4 yr to reach 99Z of equilib-
rium. The reason Cor this is Chac aost of Che
Inventory is building up in the lower tempera-
ture L1A1O2 grains near the coolant tube wall.
The response time for these cooler grains is
quite slow*

VI. DISCUSSION

The results of the TRIO-1 experiment
dramatize the inpact of purge chemistry on
tritium retention in fine-grained (0.1 urn
radius), low density (~65Z TD), Y"L1AIO2 sam-
ples. The addition of -0.1 vol.Z H 2 to the
hellua purge gas enhances trltlun release and
lowers tritium Inventory to the levels pre-
dicted by the bulk diffusion model. After
TRIO Run 8, the hydrogen was removed (leaving
H 2 impurity levels of ~3 vppm in the sweep
gaa) and the release rate was reduced signifi-
cantly below the steady-state level causing an
Increase of inventory of -1-5 wppm above the
diffusive inventory. It is hypothesized that
surface adsorption becomes demonant under
these conditions for T > 500°C. During
Run 20, oxygen (0.2 vol.Z) was added to the
purge gas after the hydrogen was reaoved. The
excess Inventory built up to greater than
5 wppm and was still increasing at the end of
the run. It took ~30 days of swamping with
protium before this excess inventory was
released (in the form of HTO). Runs 28-33
with protium swamping behaved similarly to
Runs 1-8, indicating no time-dependent effects
during the course of the radiation.

The apparent activation energy for diffu-
sion deduced from the TRIO-1 steady-state data
and checked independently against the tran-
sient data agrees reasonably well with the
results reported by Elleraan et al, Wiswall and
Wirsing, Yunker, and Botter et al. However,
the studies of Guggi et al. l l> 1 2 and Vasiliev
et al. indicate lower apparent activation
energies of 13-14 kcal/mol as compared to the
nominal value of 35.8 kcal/mol derived from
the TRIO experiment. Sample impurities, purge
gas chemistry, and the chemical effect of the
breeder container may have contributed to
these discrepancies.

VII. CONCLUSIONS

The effective diffusion coefficient de-
duced from the TRIO-1 data for tritium in
Y-LiA102 is Jln^D/cmZ.s-1) - (-13.7 ± 1.8) -
(35.8 ± 3.9) kcal/mol/RT. Bulk diffusion
appears to be the rate-limiting mechanism in
tritium transport and the major contributor to
tritium inventory when the system is purged
with helium gas containing added ri2. For a
purge gas with no added H2 and/or with added
0 2, other mechanisms (e.g., surface desorp-
tion) appear to be rate limiting for T > 500°C.
More research needs to be conducted In order
to determine Irradiation and burnup effects on

tritium transport and to determine the optimum
alcrostructure and purge chemistry for tritium
transport.
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