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CONTROL OF TRITIUM IN LMFBR SODIUM BY COLD TRAPPING

C. C., McPheeters and D. Raue

ABSTRACT

Control of tritium in the sodium coolant of
LMFBRs is important for achieving as low as practi-
cable release of radioactivity. Cold-trapping has
been shown to be an effective method for controlling
hydrogen in sodium and should be effective for con-
trolling tritium as well. Two mechanisms for removal
of tritium from sodium have been studied: (1) copre-
cipitation of hydrogen and tritium from solution in
sodium in a cold trap and {2) isotopic exchange of
tritium in sodium with hydrogen in solid NaH in a
cold trap. .

Mathematical models have been developed to des-—
cribe the two mechanisms and experimental runs have
been made to determine their relative effectiveness,
These experiments, together with the models, have
indicated that the coprecipitation mechanism is, as
expected, much more effective in removing tritium
from sodium than the isotopic exchange mechanism.

The model was used to calculate tritium levels in the
EBR-I1 primary system, and agreement with measured
levels was achieved within a factor of three.

The isotopic exchange mechanism by itself cannot
be expected to adequately control tritium in LMFBRs,
Hydrogen sources such as corrosion in the steam
generators will be important factors in controlling
thé tritium level.

INTRODUCTION

One of the objectives of the Clinch River Breeder
Reactor Plant (CRBRP) and future LMFBRs is to achieve
as low as practicable radloactivity releases to the
environment. One of the most difficult radioactive
isotopes to contain in the LMFBR is tritivm (3H) be-
cause, as an isotope of hydrogen, it diffuses readily
through structural materials at the LMFBR tempera-
tures. Cold-trapping the sodium coolant is an effec-
tive method for removing hydrogen from sodium, and it
1s expected that the method should be effective in
retaining tritium and preventing its release. The
purpose of this paper iy to prcsent the results of

studies with godium cold traps and their effectiveness

for removing tritium from sodium under various operat-
ing conditious.

Tritium is produced in the reactor core by three
primary mechanisms: 1) three-particle fission of the
fuel, 2) activation of boron in the B4C control rods,
and 3) activation of boron and lithium impurities in
the fuel, sodium coolant, and structural materials.
One fission in every 200-300 results in a third par-
ticle. These third particles are elther alpha-parti-~
cles or tritons; the alpha-particles being favored
roughly ten to one over the tritons. The fission
yleld of tritium! from LMFBR fuel is expected to be
of the order of 25 to 50 kd/s-Je (2 to 4x10% C1/1000
MWe-yr). Tritium production from the ByC coutrol
rods 1s expected to be approximately 76 kd/s-Je (6.5
x10Y C1/1000 MWe-yr), whereas the combined production
of the impurity sources should be less than 2 kd/s-Je
(2x10% C1/1000 MWe-yr).2 Essentially all of the
tritium generated in the fuel and from impurity
sources is expected to be released to the coolant
sodium, J»"Y whereas as little as 20 percent of that

born in the control rods may be released.5»6 Thus, the
total tritium source, released into the sodium coolant
is expected to be 40 to 90 kd/s~Je (3.5 to 7.5x10%
€1/1000 MWe-yr). To keep the release as low as prac-
ticable, the cold traps will be required to remove at
least 90 percent of this tritium burden.

MECHANISMS OF COLD-TRAP OPERATION

At least two mechanisms are available for control
of tritium in sodium: 1) coprecipitation with hydrogen
and 2) isotopic exchange with hydrogean in solid NaH.
The coprecipitation mechanism ie simple precipitation
from a solution of hydrogen isotopes in sodium.
Tritium should be precipitated with hydrogen in the
same ratio as they exist in solution. The isotopic
exchange mechanism consists of exchanging tritium in
solution with hydrogen in the cold-trap deposit. The
driving force for this exchange 1s proportional to the
difference between the tritium specific activities in
solution and in the solid deposit.

A simple cold-trap model was developed todescribe
the behavior of tritium and the operation of the two
mechanisns described above. The model for the copre-
cipitation mechanism is quite simple in that it is
assumed that tritium precipitates with hydrogen in the
same ratio as the tritium/hydrogen ratio in solution.
In a finite system with no significant hydrogen or
tritium sources, the tritium would be removed by the
cold trap along with the hydrogen, and the tritium
specific activity, Cp, would decline according to the
relationship

C
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where Cpg = the initial tritium specific activity,
d/s-kg,
Cy = the hydregen concentration at any time,
mg/kg, and

Cyo = the initial hydrogen concentration, mg/kg.

The tritium/hyrogen ratio in solution would remain
constant throughout the cold-trapping run.

The hydrogen concentration, Cy, changes during a
cold-trapping run according to the equation
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where C_ = the equilibrium hydrogen concentration

€  based on the minimum cold~trap temperature,
mg/kg .,
efficlency expressed as the fraction of
hydrogen removed by the cold trap in a
single pass,
the sodium flow rate through the cold trap,
kg/s
sodium mass in the system, kg, and
elapsed time from the beginning of the
cold trap run, s.
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The decline of tritium specific activity in a
closed sodium system with no significant hydrogen or
tritium sources during & cold-trapping run cam be
described by combining equations 1 and 2.
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The model describing the isotopic exchange mecha-
nism is more couplex than the coprecipitation model.
This complexity arises from the experimentally-deter-
nined fact that the isotopic exchange machanisa is so
ineffective that hydrogen from even small sources in
the system becomes Important in coprcipitating with
tritivm. This model consists of two parts, and
includes a coprecipitation term and an isotopic ex-
change term. The tritfum mass balance in the system
is expressed as follows:

dcT
Hdt“s'l‘-“c-‘RI
where ST = the tritium source term, d/s?, (zero in
theae experiments),
R, = the coprecripitation remvval term, d/s2, and
Ry = the isotopic exchange renoval term, d/s2.

4)

1f the tritium source term were not zero, it could
be carried through the integration as a constant. This
source ters {s used in models that describe the behav-
ior of tritium in LMFBRs; however, duriug the cold-
trapping experiments, the tritium snurce was zero.

The coprecipitation removal tern was assumed to
be the same as that described by the differential of
equation 3. In describing the isotopi: exchange term,
Ry, it was assumed that the driving force for isotopic
exchange i3 simply the difference betwe¢n the tritium
specific activity in solution and the spacific acti-
vity that would be in equilibrium with thz solid
deposit.

Ry = ka [CT(ave) - CTe] g (5)

= the tritium mass transfer coefficient,
kg/m-s,
A = precipitation surface area, m?
[ (lve) = the average tritium specific asztivicy
in solution in the cold trap, d/s-kg.

cTe = the equilibrium tritium specific ac:ivity
based on the composition of the solid
cold-trap deposit, d/s-kg.

where k

If the isotopic exchange mechanism were solid-
state-diffusion limited, the differences in specitic
activities above would occur in the solid deposit,
and the mass-transfer coefficient would be indepen--
dent of aodium flow rate.

R, may be rewritten as

I
= akA (cTout Te) ©
C.(ave) ~ C
where a = 'g - C Te
Tout Te
and Crp = the specific activity of tritium in the

the cofa trap effluent, d/s-kg. The constant, a, is

used aimply to relate the driving force to measurable

quanticies. Previoua cold-trapping studies? have

shown this conatant to be in the range of 0.5 to 0.8.
From mass balance, RI may also be written

R, = W (Cp ) (€)]

1 T Tout
Combining equations 4, 6, and 7, and integrating
we obtain the equation that deacribes the combined
isotopic exchange and coprecipitation mechaniasms:

E

t
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where D = [E (1- 25 +E.], and
2}

akA
ET =W F okk efficlency of the cold trap for
removing tritium by isotopic exchange,
fractional.

The ratio, Ce/CH. depends upon the hydrogen source
term; the larger the hydrogen source, tlie smaller the
ratio. The term, D, is the sum of the tritiumremoval

efficiencies of the two mechanismu. The term, X cTe'

D

is the final tritium concentration at t + =, If there
were no hydrogen source, D would reduce to Ep ard the
final tritium specific activity would be Crei however,
with a hydrogen source, the final tritium specific
activity is lower than Cp,. In the case where both
tritium and hydrogen scurces exist, the final tritium
level may be either above or below Cr,, depending upon
the relative magnitudes of the sources. The effi-
ciencies were experimentally getermined using the

final tritium concentration, - , and equation 8;
it was not necessary to determine ETe experimentally.

EXPERIMENTAL

The cold-trapping experiments were conducted with
the Apparatus for Monitoring and Purifying Sodium
(AMPS). The AMPS is a .378 m® {10D-gallon), forced
convection sodium system capable of operation at 650°C
(1200°F) and 340 kPa (50 psig) pressure. It is
equipped with two cold traps: one for impurity control
and one for experimental work. Impurity monitoring -
instrumentation, which includes an in-sodium hydr.gcn
meter, a cover-gas hydrogen meter, an oxygen meter,
two tritium meters and a multi-purpose sodium sampler
are part of the AMPS system. Each of the hydrogen
metersd+? consists of a nickel membrane inserted in
the sodium (or in the cover gas) with a vacuum system
attached to the nickel membrane., The vacuum system
18 capable of measuring either hydrogen flux (as an
ion~pump current) or hydrogen pressure (with an ion
gauge). The hydrogen pressure in the vacuum system
reaches equilibrium quickly and car be interpreted as
being in equilibrium with the hydrogen in the sodium.

The oxygen meter is an electrochemical ce11,10»11
the voltage of which is related to the oxygenactivity
of the sodium. The cell uses a solid ThOz-15 wt 2
Y203 electrolyte tube and an air reference electrode.
This type of cell has been used extensively in odium
systems with good results.

The tritium meters!? are similar to the hydrogen
meters in that they use nickel membranes to allow the
tritium to diffuse through from the sodium. They
differ in that an argon-1X hydrogen sweep gas is used
to carry the tritium from the membrane to a counting
chamber where the tritium activity is constantly

monitored.

The mult{-purpose sampler13 waa used both to
take sodium samples for tritium analyses and to
equilibrate scandium tabs and vanadium wires. The
scandium tabs and vanadium wires were analyzed for
hydrogen £ad oxygen content respectively, and these
analyses were correlated with hydrogen and oxygen
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activities in sodium using previously determined dis-
tribution coefficients. The resulta of these analyses
were compared with the hydrogen, oxygen and tritium
meter readings for calibration purposes.

One of the tritium meters was used as a tritium-
injection device to add tritium to the sodium. Argon
containing 200 vgpn hydrogen and tritium with an ac-
tivity of 10x10'9 d/s-m? was passed through the mem-
brane region at a very low flow rate. The tritium
entered the sodium guantitatively, so that the amount
added could be accurately determined by integrating
the gas flow.

The cold-trap used in these experiments was of an
integral economizer-crystallizer design with the econo-
mizer located in the upper half of a vertical pipe
168 mm 0.D. x 7.1 mm wall thickness, [6-in. schedule
40 (NPS)] and the crystallizer region in the lower
half. Svdium flowed into the top of the cold trap,
downward through the economizer into the annulus of
the crystallizer region. The crystallizer was packed
with stainless-steel wire mesh and was air-cooled on
the outer surface. The sodium continued up th: center
section of the crystallizer, thrcugh the economizer,
and out the top of the cold trap. Temperature control
was maintained by varying the input to heaters on the
external surface of the cold trap while the air coolant
flow was maintained constant. The volume of the
crystallizer region was 9300 cm? (2.46 gallons).

The hydrogen source term for the AMPS was experi-
mentally determined at two separate times. The primary
sources of hydrogen were thought to be the two tritium
meters and corrosion of the piping by atmospheric
moisture, Buring all the runs, except run 1-15-76,
both tritium meters were in operation using a sweep-
gas composition of argon + 5 percent hydrogen. For
run 1-15~76, one of the tritium meters was shut dowmn
and the other meter was operated with a sweep-gas com=
position of argon + 1 percent hydrogen. The hydrogen
gource was measured before this change and was found
to be 140 ng/s. Following the change, the suurce
dropped to 8.6 ng/s. The sources were measurnd over
periods of three weeks and one week, respectively.

The day-to-day variations in the source are not known.

The coprecipitation runs were initiated with high
(above equilibrvium) hydrogen and tritfum concentra-
tions. The cold-trap flow was started with a low
cold-trap temperature, and the hydrogen and tritium
concentrations were carefully monitored as the :old
trap removed them from the systenm.

The isotopic exchange runs were conducted dif-
ferently. Both hydrogen and tritium were cold-trapped
to a low level initially and the cold trap was iso-~
lated from the system. Tritium was injected to
increase the tritium/hydrogen ratio, and the hydrogen
concentration was carefully measured. The cold trap
was then started up at the hydrogen saturation tem-~
perature to avoid any transfer of hydrogen into or out
of the cold trap. The tritium specific activity was
then measured as it declined, and the hydrogen concen-
tration was measured periodically to be assured that
it was remaining constant.

RESULTS

Tritium Injections

A total of five coprecipitstion and five isotopic

exchange cold-trapplng runs were completed. Tritium
injections were made prior to each {sotopic exchange
run to increase the tritium/hydrogen ratio at the
beginning of each run. The results of the tritium
injections are suamarized in Takle I. Thr. injections
resulted in excellent recovery of the tritium, Z.e.,
the tritium concentrations observed with the tritium
seter were, in all cases, within 27 percent of the
quantities added. This discrepancy is thought to be
an accumulation of uncertainties in gas flowmeter
readings and statistical counting variations. The
tritium measurement error is thought to be less than
the injection error because the flowmeters were opera-
ting very near the lower end of their range. Uncer-
tainties in reading flow rates could easily reach 20
percent. The data appear to have a negative error
bias that could also be attributed to a bias in the
flcwmeter at the lower end of the scale.

Table I. Tritium Injections into AMPS Sodium

Tritium (kd/s-kg) Diff.
No. Ini. Init. Total Meas. (Z)
1 10.1 2.52 12.6 14.5 +15
2 11.8 2.48 14.3 14.2 -.8
3 23.6 2.78 26.4 26.1 -1.1
4 23.6 1.96 25.5 18.7 -26.8
5 23.6 21.5 45,1 38.8 -13.8

Coprecipitation Runs

The first assumption in the coprecipitation model
i1s that tritium and hydrogen are precipitated in the
same ratio as they exist in solution. This assumption
leads to the conclusion that the tritium/hydrogen
ratio should remain constant during a coprecipitation
run. The tritium/hydrogen ratio was determined as a
function of time during each of the five coprecipita-
tion runs. Some variation was observed in the ratios,
and the limits of these variations are shown in Table
II. Also shown are the hydrogen removal efficiencies
determined with the use of equation 2, and the uncer-
tainties associated with the counting statistics for
the different tritium activity levels of the various
runs.

Table II. Variations of Tritium/Hydrogen Ratios
During Coprecipitation Rurs
H Removal T/H Final T
Residence Efficiency Ratio Conc.
Run No, Time, (s) (percent) (kd/s-mg) (kd/s-kg)
6-18-75 150 40 15 + 312 1.29 + 112
1-17-75 588 100 4.8 + 232 .78 + 122
7-30-75 588 100 28 4+ 33% 1.89 + 10%
9-10-75 264 63 30 + 42 25.9 + 42
9-25-15 192 67 17 + 62 10.0 + 6%

The tritium/hydrogen ratio remained constant
within statistical counting variations for the last
two runs; however, larger variations were observed
during three earlier runs. These first three runs
were conducted at such low tritium levels that the
variations in tritium/hydrogen ratio, although larger
than the statistical counting variations, are not
considered to be significant.

The hydrogen and tritivm reductions during run
9-10-75 are shown in Fig. 1. The data points are the
concentration and specific activity readings, whereas
the curves represent equations 2 and 3 plotted with a
hydrogen removal efficiency of 30 percent. As can be
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Fig. 1. Tritium and hydrogen removal by the

cold trap during run number 9-10-75.

seen from this figure, the coprecipitacion model ex-
presses the tritium and hydrogen reductions very well.

Igotopic Exchange Runy

The isotopic exchange model {(eqiiation 8) was used
to analyze each of the five runs of thia type, One of
these runa (run 1-15-76) is shown in Fig. 2 where the
tritium specific activity and hydrogen concentration
are ghown as a function of elapsed time following the
startup of the cold trap. Equation 8 is plotted using
a tritium removal efficiency of 22 percent. The fit of
the model with the tritium specific activity data is
fair, .t not as good as desired. The tritium level
drops wure rapidly in the first 50 ks of the run than
the model predicts; also the decline continues more
rapidly than the model predicts after 400 ks of elapsed
time., Some slight variations in the hydrogen source
term during these runs could cause these deviations
from the predicted behavior.

Summary of Coprecipitation and Isotopic Exchange

Runs

Equations 3 and 8 were used to determine the cold-
trapping efficiencies of all the runs conducted in this
study. Efficiencies were chosen that reaulted in the
best fit with the experimental data. The results of
this analysis are ahown in Table III where the sodium
residence times in the cold trap, the sodium flow rate
and the resulting tritium removal efficiencies are

listed for each run.

The data in Table III are shown graphically in
Fig. 3, vhere cold~trap efficiencies are plotted va.
sodium residence times. In general, efficiencies

40 T | L
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kd/e-kg
o
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[
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HYDROGEN CONCENTRATINN, mg/kg (ppm)

TRITIUM SPECIFIC ACTIVITY,

10
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0> e Te Yo W I/// 0%
o { | T | 1 [
[o] 100 200 300 400
TIME, ks
Fig. 2. Tritium removal by the cold trap
during run number 1-15-75.
Table III. Cold-Trapping Efficiencies for All Runs
Sodium Sodium Tritium Removal
Flow Rate Residence Efficiency
Run No. (cm®/8) Time (s) {Percent)
Coprecipitation Runs
6-18-75 62 150 40
7-17-75 16 580 100
7-30-73 16 580 100
9-10-75 35 270 63
9-25-75 47 200 67
Isotopic Exchange Runsg
11-6-75 32 290 7.0
11-11-75 32 290 7.5
11~19~75 60 160 2.4
12-8-75 17 550 30
1-15-76 16 580 22

increase with increasing residence times, as expected.
The effectiveness of the isotopic exchange mechanism
is much lower than that for the coprecipitation mecha-
nism; however, the efficiencies increase with resi-
dence time in both cases.

DISCUSSION AND CONCLUSIONS

The specific cold trap used in this study has
demonstrated impurity removal characteristics similar
to some cold traps of similar design that have been
tested in the past.!® Hydrogen removal efficiencies
tend to increase with increasing sodium residence
times up to 300 to 600 s. Tritium removal efficien-
cies were found to increase similarly in che copre-
cipitation experiments.

The data obtained in this work are applicable to
# apecific cold trap and sodium system, and caution
should be used in applying the numbers to syetems that
are aignificantly Jifferent. Large variations in cold
trap efficiencies fror system to system are not ex-
pected; however, the scaling factors are not well
understood and are the subject of continuing work.
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The general conclusions are considered to be valid for
BOst cold-trap systems; however, the uncertainties in
the efficiencies applied to otiier aystems are not
known.

To assess the spplicability of the mathemstical
model developed in this work, a modified version of
equation 8 was compared with tritium data from the
EBR~11 primary sodium system. It was necessary to
modify equation 8 to include the tritium source term
and an overall system-boundary permestion term. The
modified equation is:

S, W ET S
T, -D L T
€= €~ B Cre” W° Mg ot (@

c
where D is redefined as [E,(1- =) + E_ + g]. and P =
H CH T W

an overall permeation constant, kg/s. In the calcula-
tions, Kumar's!S values for the permeation constant,
0.032 kg/s, and tritium source term, 288 kd/s?, were
used, The "equilibrium” tritium concentration for Cp
(if no hydrogen source were present, Cye Would be the
final eritium concentration) was determined using the
following reasoning: The rate of hydrogen deposition
in the cold trap was calculated from the hydrogen con~-
centration in the EBR-II system, the equilibrium concen-
tration based on the cold-trap temperature, and the
cold-trap flow. The rate of deposition was calculated
to be 19 pg/s. The rate of tritium transfer to the
cold trap was calculated using Kumar's source term and
the permeation constant. This transfer rate was

231 kd/s®. The ratio of these rates should be equal
to the tritium/hydrogen ratio in the cold-trap deposit.
This tritium/hydrogen ratio is 12.3 Md/s-mgH. The
equilibriom hydrogen ceoncentration is known based on
the cold trap temperature, and the equilibrium

tritium concentration should be in the same ratio as
that in the solid deposit, .e., Cg = Cex12.3Md/s-mgH
so that Cre was calculated to oe 7 5 kd/s-k.

The hydrogen and tritium removal efficiencies
were taken directly from the data in Fig. 3 so that
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|

H
o

1SOTOPIC
EXCHANGE

COLD TRAP EFFICIENCY, PERCENT
n [
(<] (=]
[

1
0 200 400 600
RESIDENCE TIME, s
Fig. 3. Cold-trapping efficiencies for coprecipita-

tion and isotopic exchange experiments.

Ey = 1 and Ep = 0.3. Figure 4 1s a plot of equation
9 showing the predicted rise of the tritium specific
activity in the EBR-II primary system from an initial
valve of zero to equilibrium at ~1000 kd/s-kg
(27nCi/g) after one month of operation. Also shown in
figure 4 are dats from three reactor-startup periods
over the last three years. In general, the predicted
specific activity 1s within a factor of three of the
observed values, and the activities appesr to rise to
equilibrium in approximately one month of operation.
(The vertical bar represents the range of equilibrium
values that have been observed in EBR~II primarysodium
in recent years). Considering the uncertainties in
some of the values uvsed in this analysis (source term,
permeation data, and correlation between AMPS cold
trap and the EBR-II cold trap), the agreement appears
to be fairly good. Additional tritium data from
EBR-II, along with improved permeation data and addi-
tional AMPS cold-trapping data, should be helpful in
improving the LMFBR tritium behavior model.

Several additional conclusions may be drawn from

the results of this study with the AMPS gystem:

A, The isotopic exchange mechanism is much less
effective than the coprecipitation mechanism
for removing tritium from sodium. The data
produced in this study indicate that for any
given sodium flow rate, the isotopic exchange
mechanism is ouly 10 to 20 percent as effective
as the coprecipitation mechanism.

B. The isotopic exchange mechanism by itself was
not considered a candidate mechanism for con-
trelling tritium in future LMFBRs. This work
has confirmed the previous thinking and has
allowed order-of-magnitude prediction of ex-
pected efficiencies of the mechanism. At typi-
cal LMFBR cold-trap residence times (approxi-
mately 5 min.) the tritium removal efficiency
with no hydrogen source will be less than 10
percent. Normal hydrogen sources in the system
will increase the overall tritium removal effi-
ciency; the extent of removal will depend on
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Fig. 4. Tritium spacific activities obrerved

in EBR-11 primary sodium compared with
the activities predicted by the mathe-
matical model.
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the magnitude of the hydrogen source.

C. Models designed to describe the behavior of
tritium in LMFBRs should account for hydrogen
sources, including corrosion in the steam
generators and permeation through the IHX from
the secondary to the primary system. These
hydrogen sources may constitute the primary
wechanism for removal of tritium with the
primary and secondary cold traps.

D. The equations developed in this work are use-
ful in determining the res;ective hydrogen
and tritium removal efficiencies of a cold
trap. The equations also allow =eparate
determinations of the coprecipitation effi-
ciency and the isotopic exchange efficiency.
Additional work 1s needed (and is planned) to
describe the hydrogen and tritium mass-trans-
fer corfficients and the composition and
location of the impurity deposits, This work
will allov development of a more sophisticated
model for tritium cold-c¢rapping.
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