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Confinement du tritium dans des cuves
en acier inoxydable austënitique

par

C E . Elis, S.A. Kushnëriuk et J.H. van der Kuur

On va employer des cuves faites en acier inoxydable
316L pour le stockage à long terme du tritium. Le tritium
peut être gazeux ou fixé comme un tritiure métallique.
On a réuni les données et les équations requises pour
évaluer l'efficacité du confinement. Si la paroi d'une
telle cuve mesure 6 mm d'épaisseur, alors, à la température
calculée de £348 K en cours de stockage, la quantité de
tritium risquant de traverser la paroi sera négligeable.
En cas d'a-ccident hypothétique, toute cuve et son contenu
pourraient être soumis pendant une période de 2 à 12 heures
à des températures pouvant aller jusqu'à 1073 K. A cette
température, le passage du tritium à travers la paroi
serait très rapide, tandis qu'un échauffement limité à
573 K serait peu inquiétant. On donne dans le rapport la
liste des techniques permettant d'estimer les pertes de
tritium hors des cuves dans la gamme complète des conditions
envisagées.
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ABSTRACT

A vessel of type 316L stainless steel will be used for the
long-term storage of tritium. The tritium may be gas, or fixed as
a metal tritide. We have assembled the data and equations needed
to estimate the efficiency of the containment. If the vessel wall
is 6 mm thick, then at the design storage temperature, <.348 K,
negligible tritium will be released by permeation through the
vessel wall. In hypothetical accidents, the vessel and contents
will be heated for 2-12 h to temperatures up to 1073 K. Permeation
of tritium through the vessel wall is very rapid at this tempera-
ture, although heating to 573 K would be of little concern. Tech-
niques for estimating tritium loss from the vessel over the
complete range of conditions envisaged are listed in the report.

Chalk River Nuclear Laboratories
Chalk River, Ontario KOJ 1J0

March 1981

AECL-7159



THE CONTAINMENT OF TRITIUM IN AUSTENITIC STAINLESS STEEL VESSELS

by

C.E. Ells, S.A. Kushneriuk and J.H. van der Kuur

1. INTRODUCTION

AECL and Ontario Hydro are designing the equipment required
for the storage of tritium extracted from the heavy water of power
reactors. Some parts of the equipment will be exposed to gaseous
tritium; storage or disposal may be either as gaseous tritium or as
a metal tritide. Austenitic stainless steels are often chosen for
use in tritium handling equipment, both because of their low
permeability to tritium compared to other steels and because of
their relative immunity to degradation of mechanical properties
from hydrogen.* In a previous report [1] it was shown that a
storage vessel for the tritium/tritide made from type 316L stain-
less steel should be particularly resistant to any degradation in
mechanical properties from gaseous tritium. Tritium decays to
helium with a half life of 12.35 years, and it has been shown [2]
that the mechanical properties of the storage vessel would be
unaffected by the helium for a wide range of operating conditions.
In this report the containment of the tritium by the austenitic
stainless vessel is evaluated. Techniques for estimating upper
limits of the permeation from the vessel are developed, and the
method of selection of physical constants required for the
permeation calculations is described. Numerical results of
permeation for various operating conditions are presented, as
examples of procedure to follow in estimating the upper bound
permeation in any accident situation.

2. PERMEATION FORMALISM

The permeation of hydrogen through austenitic stainless steel
will generally be reduced by the surface oxide layer, compared to
the permeation occurring when the surface is free of oxide and
other impurities. This reduction is sensitive to the properties of
the oxide, and here we will start by considering permeation through
an idealized oxide-free sheet, Figure 1. This will give a high
estimate of tritium permeation, and in section 6 we will discuss
the effect of surface oxide and other barriers to hydrogen
permeation. With permeation controlled only by diffusion through
the metal the relevant transport parameters for tritium in the
austenitic stainless steel can be written as:

*Throughout this report we will use the term hydrogen to include
the isotopes protium, deuterium and tritium.



Dif fus iv i ty D = Do exo -[ED/RT] . . . ( 1 )

Permeabi l i ty Constant <f> = <J>0 exp -[E<()/RT] . . . ( 2 )

Solubility Constant S = So exp-[Es/RT] ...(3)

D 0 ' $O' s c ED' E<(>' ES are constants, R is the gas constant and T
the temperature. These equations are related by:

* = DS . . . ( 4 )

The concentration C of hydrogen in the metal when in equilibrium
with gas at pressure P is

C = S P2 ...(5)

The flux of hydrogen, F, at the exi t surface of the sheet , x = I in
Figure 1, is given by:

F = -D[<5C/<5x]x=f . . . ( 6 )

but in steady s t a t e permeation

F = fl [Pi^-Po**] . . . ( 7)

where P^, Po are the internal (high) and external (low) gas
pressure , respect ively. Throughout this report we will assume
Po = 0. Using SI uni ts throughout

T is in K
R is in J/(K.mol)
t is in s
i is in in
P is in Pa
D is in m^/s j
<j> I s in m3(NTP)/(m.s.Pa'5)
S is in m^(NTP),m3(metal).Pa"2
C is in ra^(NTP)/m3imetal)
F is in m3(NTP)/(m2.s)



In Appendix A the experimental values of Do, 0O, So, ED, Ep and
Es for hydrogen in austenitic stainless steel are tabulated,
and the best values to use for tritium are proposed. Expressions
for the permeation of tritium through a sheet are developed and
listed in Appendix B.

3. STORAGE/DISPOSAL CONDITIONS

One set of reference conditions for storage of tritium gas
is:

vessel of 316L stainless steel
9.5 mm thick wall [2]

- 1.56 m 2 wall surface area
0.1 m3 volume
containing gas at 1 MPa at room temperature.

If the tritium is stored as a metal tritide, typical storage
conditions are:

vessel of 316L stainless steel
6 mm thick wall
0.5 m 2 wall surface area
0.01 m3 volume
5 x 105 curies (18.5 PBq) of tritium

The design temperature would be in the range 293-348 K for both gas
and tritide.

Two types of accident conditions (fires) are to be considered [3]
During transportation to a storage site the steel container would
be in a protective overpack. Thus even if the outer temperature
of the overpack went to the Regulatory limit of 30 min at 1073 K,
the steel container would conservatively be at 573 K for no more
than 12 h, Figure 2. At the storage site, however, a building fire
could raise the bare vessel temperature to 1073-1173 K, Figure 2.
In this report we will use 2 h at 1073 K for sample calculations on
the latter accident. Also, it will not detract from the generality
of the treatment if we use a wall thickness of 6 mm and vessel area
of 0.5 m 2 for all calculations here.

4. STORAGE AS A TRITIDE

Here titanium and zirconium tritide are the reference
materials. Over the temperature range of interest the tritium gas
equilibrium pressure of the titanium tritide is higher than that of
zirconium tritide [4J; thus it will be sufficient to consider
numerical examples based only on using titanium. Although it might
be feasible to obtain a tritium concentration of up to TiT^.g'
it seems probable that a concentration of about TiTj.n will
be accepted for initial storage, and this assumption will be used
in the numerical examples. To establish which tritium gas pressure



could arise we can refer to the Ti-T(H) phase diagram, Figure 3. At
temperatures up to about 550 K, TiT^.o will exist as a mixture
of a and hydride phase; above this temperature the solid solution
phase is the 0-phase. Where the hydride phase co-exists with a
solid solution the gas pressure is independent of overall tritium
concentration and is a function only of temperature. Although this
dependence on temperature may have an inflection at the eutectoid
it is sufficiently accurate for the purpose here to assume one
linear log P vs 1/T relation over the whole of the temperature
range of interest. A plot, for both Zr and Ti, is presented in
Figure 4. At temperatures above the eutectoid temperature it is
clear from Figure 3 that a small decrease in tritium concentration
below TiT^g will result in disappearance of the tritide phase.
Also, at 1073 K, only a small amount of hydride phase is present at
any time after formation of TiT^.Q. The effect of changing
tritium concentration on the gas'pressure is illustrated in Figure 5
with a single solid phase the pressure decreases with decreasing
concentration. These two situations, viz.

(a) two solid phases present, or
(b) all tritium in solid solution,

require separate treatment.

4(a) Tritide Phase Present

At the design storage temperature, <_ 348 K, the equilibrium
hydrogen pressure of titanium hydride is so low it cannot be
measured. The value at 348 K extrapolated from measurements at
higher temperatures is about 10~9 Pa. At this pressure the permeation
of tritium through the walls of the reference vessel is negligible.
Assuming steady state permeation, the loss is just 0.2 yCi/a*.
However, even this low value gives an inflated estimate of the
tritium escape over a long time, since many years are required to
establish the steady state condition [2]. At 573 K significant
amounts of tritium can escape from the vessel, Figure 6, and about
250 Ci could escape in the first 10 years, Figure 7. In Figure 7,
QT(t] is the tritium leakage per unit surface area of the wall
in m^ tritium/m2. The leakage expressed in curies of tritium per m2

wall area per Pa? gas pressure is denoted by Mrf(t). However, during
the theoretical reference accident of 12 h at 573 K, only a minute
amount of tritium, % 10~16 Ci, will escape via the vessel wall,
Figure 7. Increasing the temperature to 1073 K results in a vast
increase in the amount of tritium escaping. Steady state perme-
ation is achieved in about 2 h, Figure 8, and at that time the
permeation rate is about 0.57 Ci/s. With 105 Ci in the con-
tainer, only about 12 h at this permeation rate would remove so
much tritium that the remaining tritium would be in solid solution
with a subsequent drop in pressure with time. Figure 5

The eqs. B.16 to B.19 apply equally to the constant tritium
pressure obtained from an (a+6)-phase mixture, or indeed to a

*1 Ci - 37 GBq



constant gas pressure from any source. However, at any one tempera-
ture, the pressure from the (a+g)-phase will be much lower than
that from the (g + hydride), Figure 5, and the containment problem
is correspondingly less difficult.

4(b) Tritium in Solid Solution

With tritium in solid solution in the titanium, two general-
izations are possible;

(1) gas pressures at a given temperature will always be lower
than when tritide is present, and thus for a given
time/temperature sequence the tritium escape will be
less,and

(2) gas pressures from a-phase will be too low to be of any
significance for tritium escape, and thus we need only
consider the 0-phase.

Tritium will be in solid solution, for instance, on heating to 1073
K if the tritide stoichiometry was slightly below TiT^.o* Then
the tritium gas pressure [4] varies with the square of the
concentration of tritium in solid solution, leading to a gas
pressure in the enclosure

P = Po exp(-2xt)

where X is the tritium decay constant. Thus the equations for
tritium distribution in the vessel wall and permeation through the
wall, eqs. B.20 to B.23, are somewhat different from the comparable
equations when the tritide phase is present. However, the
numerical results will be significantly different only when the
time is at least of the same order as the tritium half life. In
the accident conditions, 12 h at 573 K or 2 h at 1073 K, tritium
escape will be very similar to the comparable escape for tritide
present, but decreased approximately by the factor:

r -i k

Po (solid solution)

[_ Po (tritide) J
where Po(solid solution) is the equilibrium pressure of tritium
from the solid solution at the accident temperature at the start of
the accident and Po (tritide) is the equilibrium pressure of
tritium from the tritide at the same temperature. Values of Po
(solid solution) can be estimated from the figures in ref.(4).



Note that whereas the equations developed for section 4(a) are
strictly accurate so long as tritide phase is present, any
significant loss of tritium from the vessel containing tritium in
solid solution causes a decrease in gas pressure, and hence reduces
the loss calculated from eqs. B.21 to B.23. Also, eq. B.23 for the
amount of tritium escaping in an infinite time is really applicable
only to the a-phase solid solution.

5. STORAGE/DISPOSAL AS A GAS

When one charge of tritium is placed in the vessel, and no
further tritium added thereafter, the gas pressure at any time
following the charging will be given by

P = Po exp-(At),

If only a negligible amount of tritium leaves the vessel by permea-
tion (or leakage), the tritium distribution in the vessel wall at
any time is given by eq. B.24 and the amount leaving the outer
surface of the vessel by eqs. B.25 to B.28.

To store quantities of tritium gas relevant to the AECL/OH
requirement (about 1 MCi* is produced per year in each reactor),
the gas pressures will need to be of the order of 1 MPa at ambient
temperature, raising the possibility of much more escape from the
vessel than when the metal storage is used. However, at 348 K, a
vessel wall 6 mm thick is practically impervious to tritium; with 1
MPa initial gas pressure the tritium escape is only about 22 Ci in
an infinite time. Increasing the thickness of the vessel wall from
6 to 9.5 mm decreases the escape in an infinite time by about a
factor of 10. For the accident condition of 12 h at 573 K the
steady state permeation condition is not achieved, 'profiles are
closely similar to those in Figure 6) and < 10~!2 ci escapes,
Figure 9. A longer period at 573 K would result in a significant
loss, Figure 9 insert, too large to be given accurately by eq. B.25
or B.26. At 423 K the tritium escape is sufficiently small that
eq. B.25 or B.26 gives a good approximation to the value; in 10
years the escape is only 2300 Ci, Figure 10. At 1073 K steady state
permeation conditions are rapidly achieved, in profiles closely
similar to those in Figure 8. If the excursion to 1073 K occurs
shortly after the vessel is charged to 1 MPa at room temperature,
the initial permeation rate will be about 1 Ci/s. Thus at this
temperature the tritium containment is quite ineffective.

6. REDUCTION OF PERMEABILITY BY COATING

Thus far in this report it has been assumed that the surface
of the stainless steel vessel is very clean, viz. permeation is
controlled by bulk diffusion. However, it is well established that

*1 Ci = 37 GBq



the apparent permeation rate is decreased markedly by the surface
oxide [5-9] which is normally present on the austenitic stainless
steel, e.g., Figure 11. Thus a deliberately produced oxide layer
can be used as a permeation barrier. Layers of other materials,
Figure 12, also could be used as barriers. The problem of containing
tritium in a fusion reactor has provided the incentive for trials
on a number of barrier concepts. This work is particularly applica-
ble to the accident condition temperature of 1073 K here.
Experiments have been described using:

(a) 4 pm sputtered coat of Al on 321 stainless, [15]
(b) a Thermacore Inc. proprietary coating (on a ferritic steel),

[15]
(c) 2 wt% Al added to a ferritic steel, [15]
(d) AI/AI2O3 coating on 321 stainless, [15]
(e) composite of 316-Cu-316, [16]
(f) coatings of Sn alloys, [13], and
(g) in-situ oxide layers, of which Figure 11 represents one

attempt [6].

Most of these experiments have succeeded in achieving some reduc-
tion in permeability. There does not seem to be any report of a
long period, e.g., several years, test on the effectiveness of these
barriers. Thus Bell et al. [9] note that there has been no demon-
stration of such barriers under realistic operating conditions, and
that oxides on type 316 stainless steel were less protective
against hydrogen permeation than oxides on some other materials,
e.g. Incoloy-800 and type 406 stainless. Thus while it is not
possible to claim any substantial reduction in permeation rates for
the oxide layer on type 316 stainless, it is certain that the rates
listed in sections 4 and 5 above are the highest that will be
experienced in practice. Coating with a Sn alloy would be
effective at 293 to 348 K, but at these temperatures the bare
austenitic stainless is perfectly satisfactory for the containment.

7. CONCLUSIONS

1. The diffusivity, solubility constant, and permeability
constant of tritium in austenitic stainless steel are given by:

D = 8.17 x 10~7 exp-[55990/RT] m2/s

S = 3.36 x 10~3 exp-[7213/RT] m3/(m3.Pa')

0 = 2.75 x 10-9 exp-[63203/RT] m3(NTP)/(m.s.Pa!4)



2. Gaseous tritium or metal tritide can be stored in
austenitic stainless steel vessels for indefinite periods
with no permeation of tritium through the vessel walls at
the design ambient temperature range of 293 to 348 K.

3. If the storage vessel and contents jre heated to 573 K for
12 h, the permeation of tritium throuah the vessel wall
during this period is still very small.

4. If the storage vessel and contents are heated to 1073 K
steady state permeation conditions are set up in 2 h, and
rapid permeation of tritium occurs. The permeation at any-
one temperature between 5 73 and 1073 K can be examined with
the data and equations presented in the report.
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FIGURE 1: The-vessel wall is taken to be a planar sheet, with
x = 0 at the inner surface. In steady state permeation
the tritium concentration is linear through the sheet.
In all calculations in this report CT(J,,t) and CT(X,O) X>O
are assumed to be zero. The concentration Or(0,t) is
set by the tritium gas pressure and temperature, through
eq. 5.
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Figure 2: Postulated time/temperature history of primary containment for

(a) fire at storage site and (b) fire of regulatory 0.5 h at 1073 K assumed to
occur during transit.
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FIGURE 5: Hydrogen equilibrium pressure at 910 K for the
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The a- and 6- phases are as given in the Figure 3
caption.
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FIGURE 6: Tritium concentration profile in the wall of a
stainless steel vessel, with gaseous tritium at
constant pressure in contact with the inner surface.
The vessel wall is assumed to be 6.0 mm thick. The
tritium concentration ra.-.io is the quantity CT (x,t)/CT (0 , 0) ,
evaluated from eq. B. 16.
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from eq. B.18. The quantity Op (0,0) is obtained
from the pressure via eq. 5. The inset figure
gives the escape for periods of time which are
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steady state condition.(1 Ci = 37 GBq)
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FIGURE 8: Tritium concentration profile in the wall of a
stainless steel vessel, with gaseous tritium at
constant pressure in contact with the inner surface.
The vessel wall is assumed to be 6.0 mm thick. The
tritium concentration ratio is the quantity CT(x,t)/Qr (0,0),
evaluated from eq. B.16
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FIGURE 10: The escape of tritium from an austenitic stainless
steel vessel, of wall thickness 6.0 mm, from an
initial charge of tritium gas, evaluated from
eq. B.26. The quantity CT(0,0) is obtained from
the initial pressure via eq. 5. The amount of
tritium escaping is sufficiently small that the
calculation is quite valid. 1 Ci = 37 GBq
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APPENDIX A

Permeability, Diffusivity and Solubility of Hydrogen
Isotopes in Austenitic Stainless Steel

A compilation cf experimental values of permeability,
diffusivity and solubility of hydrogen isotopes is presented in
Table Al. In most of these experiments the quantity measured was
one or both of D and <f> , and the value of S deduced from eq. 4. In
the analysis here, it is assumed that

where the subscripts T, p, D denote tritium, protivun and deuterium,
respectively. To assign values to D and <f> we have taken the experi-
mental value at the mid-point of the 1/T range of the individual
experiments, and obtained an average through linear regression
analysis, viz.

D = 8.17 x exp- 55990
RT

(A.I)

correlation coefficient -0.978

>= 2.75 x 10-9 exp- 63,203
RT

(A.2)

correlation coefficient -0.917

The units are as listed in section 2. A plot of all the
diffusivity values from the experiments, Figure A.I, illustrates
the good agreement between various studies, reflected in the value
of correlation coefficient. The value of D from eq . A.I is
compared in Figure A.2 with that of Louthan fad Derrick [A.11] used
in AECL-6844;. it is evident little if any er or is involved in
using the Louthan and Derrick value.

There is a lot of apparent scatter in the various
experimental and derived values of S, Figure A.3. Much of this
originates because S is the small difference between two much
larger quantities, viz.

tn S = ~ In D (A.3)
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The linear regression analysis of the data in Figure A.3

S = 1.17 x 10~3 exp- [lili] (A.4)

L RT J
las a correlation coefficient of -0.103. To have consistency in
:he calculation here eq. A.4 has been discarded and S obtained
from eqs. A.I to A.3,

S = 3.36 x 10~3 exp- I 72131 (A.5)["72131
L R T J

tn Figure A.4 the values of S from eqs. A.4, A.5 are compared with
the value used in AECL-6844. Evidently the value used in AECL-6844
is generally conservative from the viewpoint of helium
smbrittlement discussed there.
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Table A.I

VALUES OF DIFFUSIVITY SOLUBILITY
Gas Allov Temnei-ni-iiye nan/r*,

P
P
P
D
T
P
T
P
P
D
P
D
T
P
D
T
P
D
D
T
D
D
D
D
D
T
P
P
P
D

-

347
316-321
347
347
347
347
347
304
347
347
304
304
304
309
309
304-316
304
Many
21-6-9
21-6-9
A286
304L
316L
316L
316L
A286
316
321
310
310

473
673
673
673
673
823
823
753
623
623
523
523
373
423
423
298
37 3
385
36 8
368
423
473
463
463
473
623
423
423
473
473

K

- 1073
- 1073
- 973
- 973
- 973
- 973
- 973
- 1116
- 723
- 723
- 673
- 673
- 573
- 773
- 773
- 495
- 873
- 673
- 603
- 603
- 673
- 673
- 773
- 773
- 643
- 723
- 1073
- 1073
- 1279
- 1279

AND PERMEABILITY OF

i-7 riusivity

D o x 10
7 E D

25.5
12.9

1.02
0.71
2.1
5.6

12.4
12
12
18
27.2
4.7

5.2
1.95
9.2
5.4
7.0

23.1;

-
5.15
3.20

62022
58871

44380
43542
46054
50660
56940
54847
55684
58848
54400
54000

52796
5170R
56835
56563
48985
59201

_
_

48820
48070

HYDROGEN ][SOTOPES

Solubility

S o x 103 E s

3.15
2.78
2.83
3.13
2.82

3.63
7.89

69.7
8.75

2.2
1.89

8.6
4

4 .5
11.5
0 . 84
1.0
V. 1
4. 5

_
_

6.17
8.6 9

7028
7322
7665
7081
7720

10885
17585
21353
15073

4156
4187

9600
5861

8331
10 363

231
1257

10174
866fi

_
7740
8490

IN AUSTENTIC STAINLESS

Permeability

:Po * 10 i 0 E .

56.2
93.8

80
36.4
74.7
3.7
5.6

146
49.3

27
21.7

234
If).8

124
31.3
23.4
22.4
7.68
5.43

14.2
102
49 .9
21.2
31.8
27.8

66369
64793

69103
66591
67407
55265
61127
67407
65733

59003
59871

64000
59870
68161
65983
61127
62069
57066
57820
59159
67867
6 3421
59439
56560
56560

STEEL

Reference

A.I
A.I
A.2
A.2
A.2
A.3
A.3
A. 4
A.5
A.5
A.6 ro
A.6

A.7
A.8
A.8
A.9
A.10
A.11
A.12
A.12
A.13
A.13
A.13
A.13
A.13
A.14
A.15
A. 1 5
A. 16
A. 16
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Figure A.I: Values of cliff usivity of hydrogen isotopes in austenitic
stainless steels plotted over the temperature range of
the measurements. The numbers are the references;
P,D,T are respectively protium, deuterium and tritium.
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FIGURE A2: Diffusivity of hydrogen isotopes in austenitic
stainless steel. The lower curve is taken from
AECL-6844, the upper curve is the average of the
data in Figure A.I.
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FIGURE A.3: Values of the solubility constant of hydrogen
isotopes in austenitic stainless steels taken
from the literature. The numbers on the curves
are the references; P,D,T are respectively
protium, deuterium and tritium.
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FIGURE A.4: Values of the solubility constant of hydrogen isotopes
in austenitic stainless steels. Curves shown are for
a) value used in AECL-6844,
b) linear regression average of data in Figure A.3, and
c) value derived from values of diffusivity and

permeability constant, eq. 4.
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APPENDIX B

DIFFUSION OF TRITIUM THROUGH CONTAINMENT WALLS: SOME ELEMENTARY
APPROXIMATIONS

Introduction

We adopt the idealized, one-dimensional geometry depicted

in Fig. 1 to simulate the container wall and consider tritium diffusion in

this planar sheet and leakage out of the sheet. Let C (x,t) denote the

concentration of tritium at position x in the sheet, at time t. C(x,t)

is a solution of a diffusion and decay type tritium balance equation

3C (x,t) D32C (x,t)
— r r = ~ AC (x,t), 0 <. x <. 4, t > 0 (B.I)

3 t 3x2 T

in which X is the tritium decay constant and D the diffusivity of tritium

in the container medium; the solution being subject to certain specified

assumptions regarding the initial concentrations of tritium in the wall

and the concentration at the wall boundaries. Knowing C (xrt), the current

(flux) of tritium at the outer wall at time t is then (see eq. (6))

J(x = l,t) = -D
8CT(x,t)

(B.2)

and the total permeation through the wall (i.e. the total tritium leakage)

per unit surface area of wall, Q_(t)r is

t
QT(t) = / J(x = i,t')df. (B.3)

o
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The helium concentration in the wall due to diffusion of tritium into the

wall, for t > 0, is also given by

t
CHe(x,t) = X J CT(x,f )dt\ (B.4)

o

In what follows we derive explicit forms for C (x,t) and Q (t) for

specific cases of interest to us.

The assumed initial and boundary conditions for the cases considered

In all the esses considered it is assumed that there is

no tritium in the wall initially, i.e.

C (x,t=0) = 0, 0 < x < I . (B.5>

At the boundaries x = 0 and x=H, i.e. at the inner and outer surfaces of

the container wall, the tritium concentration is governed, via eq. (5) , by

the immediate tritium environment at these surfaces. We assume throughout

that there is negligible tritium pressure at the outer surface of the

vessel so that, for all cases considered.

C (x = i,t) E 0, all t. (B.6)

There are thr3e distinct forms of tritium concentrations at the inner

wall surface that are of interest in tritium-handling, storage/disposal

facilities. These are:
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Case A: C^ (x = 0, t) = C^ (0,0) , (B.7)

i.e. the tritium concentration at the inner wall surface is effectively

constant (denoted as C (0,0)). This occurs during storage/disposal when

the hydride phase is present in the metal, or when there is a constant

gas pressure maintained as in some tritium-handling equipment.

Case B: C_(x = 0,t) ^Cm(0,0) exp (-Xt) . (B.8)
T T

This occurs when tritium is in solid solution in the metal, with no

hydride phase present and negligible losses or removal of tritium, except

by radioactive decay.

Case C: C (0,t) % C (0,0) exp(-Xt/2). (B.9)

This occurs when a vessel contains an initial charge of tritium gas with

negligible loss or removal of tritium thereafter, except by radioactive

decay.

The conditions of eqs. (B.8) and (B.9) are approximate

conditions that are expected to apply when the loss of tritium by diffusion

is small compared with loss by radioactive decay, or if the loss of tritium

by diffusion is small relative to the tritium content in the vessel.
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General solutions for the tritium concentrations and tritium leakages

pertaining to the initial condition of eg. (B.5) and the boundary

conditions of eqs. (B.6) - (B.9)

It is to be noted that the three boundary conditions

specified by eqs. (B.7) - (B.9) can be expressed as a single condition

= 0,t) = CT(0,0)exp(-at)

in which a = 0 for case A, a = A for case D and a = A/2 for case C. Consi-

der now the solution of eq. (B.I) subject to the conditions of eqs. (B.6)

and (B.10). One procedure to obtain the solution is to substitute

C (x,t) = f(x,t)exp(-at) in the diffusion equation and the associated

boundary conditions. The resulting equation ior f(x,t) and the conditions

on f are of the type discussed in Crank [Bl]. Using the results in

Crank [Bl], the concentration C (x,t) is then seen to be
T

V*,t) = C (0,0) !|(l-x/Jl) -- I k
 2 2 sin —-1 exp(-at)

<L
 n = l n ( k + 2 n X _ ) J

2 2
. nix r /, Dn TT .

sln ~T exPL-W + T-

k = A-a. (B.ll)

Eq. (B.ll) is identical with the result given by eq. (A.4) in AECL-6S44 [2].

The total tritium permeation per unit surface area of wall, by eqs. (B.2),

(B.3) and (B.ll), is
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- exp(-at) ]

£2

_ 2 2 1 2 2
Dn IT cosrnr 1. , , , , Dn IT ,

— - n - j i - e x p [ - ( x + — j - j
n = 1 £2 ( k + DELL, a + D I L L . ,

£ 2

k = X-a. (B.12)

Alternate form for Q (t)/DC (0,0): Numerical considerations

Eqs. (B.ll) and (B.12) really complete the specification

of all the solutions of interest to us, the solutions corresponding to

cases A, B and C being obtained by substituting the a and k = X-a values

appropriate to each case and taking limits when needed (e.g. for case A

when a = 0, the factor — (1 - exp(-ctt)) in eq. (B.12) reduces to t/JL, etc.).

There is however one further feature of the solutions that needs consi-

deration, and this concerns the numerical evaluation of the expressions

for C (x,t) and Q (t). It turns out that for some of the parameter values

of interest (e.g. k = A = 1.792 x 10 s , D <\- 1.5 x 10~ m.s" and

£ -\, 10~ m, whence q = 8,/k/D = 34.6), the series of eq. (B.12) defining QT(t)

converges exceedingly slowly so that the evaluation of Q (t) directly via

the series, if not impossible, is certainly impractical so that an alter-

nate expression for Q (t) is needed. This can be obtained by means of the

Poisson transformation formula for infinite series fB2]. We first illus-

trate in more detail the nature of the numerical problem and then present

the alternate expression for Q (t).
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Consider the factor

A = 1 +2k [ (B.13)

n=l k + —

that appears in eq. (B.12) defining Q (t). The series in A can be

summed (Jolley [B3], p.22, formula 125), the result being

A = —I 3 ; r E -\ ' q = "%- • (B.14)
exp(q)-exp(-q) sinhq ID

For q = 34.6 corresponding to the H, \ and D values listed above, A by

-14
eq. (B.14) is A = 6.7 x 10 . O n examining the expression of eq. (B.13)

defining A it is clear that a subtraction of 14 significant digits in the

-14
sum is needed in order to reduce A to as small a value as 6.7 x 10 ; an

impossible situation for the direct evaluation of A from its definition

in eq. (B.13). The value of D = 1.5 x 10 m-s that was used is the

diffusion coefficient of tritium in steel at 300 K, so is of practical

interest. At a temperature of 450 K, when D ^ 2.7 x 10 m-s , then

for £ = 10~ m and k = X, q = 0.81 and, by eq. (B.14), A = 0.90; clearly

a value that can readily be obtained by summing the series of eq. (B.13)

directly. For the larger q values (e.g. q > 2) when the evaluation of

Q^(t) by the series of eq. (B.12) becomes more difficult, the alternate

expression for Q (t) that needs to be used is
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0 (t) °°
WT v_ r r 2n-l _ j-
DC (0,0) ai L L ŷ -

n=l

2/0
— + y/e") ]

< ^J [exp(-<2n-l)q)erfc<^ - q/e)
2/e"

n=l

- exp((2n-l)q)erfc(-^-^ + qv'e") ] (B.15)
2/9

with y = S./X/D, 6 = Dt/8, , q = jVk/D, k = A-a, a < X.

In eq. (B.15), erfc(x) = l-erf(x), erf(x) being the error function.

Explicit listing of tritium concentration and total tritium permeation

for Cases a. B and C

Because certain limiting processes are involved, and for

convenience, the C (x,t) and Q (t) results corresponding to the three

cases of interest are listed explicitly. It is recalled that all cases

pertain to the initial condition that C (x,t=0) = 0 and the boundary

condition at the outer wall surface of C (H,t) = 0 for all t.

Case A: C .(0,t) = C (0,0), a constant.

By eq. (B.10), a r 0 for this case. Taking the limits a + 0,

k •+ A we find, from eqs. (B.ll) and (B.12),



37

V X ' t } , x 2 r X . m r x
C T ( 0 , 0 ) - 1 ' I ' . 1 ^ 2 1 S 1 " *

n = l n (X + —)

DC ( 0 , 0 ) - S. ( 1 + 2 A i 2 2 1

T , . Dn TT
n = l A + —

TO 2 2 2 2
. 2 r Dn Ti c o s n T r r r , , Do i , i n l , , _ ,+ j I ? (1 - exp[-(A + r-) t]}, (B.17)

. .2, , Dn V . 2 */
n = l H (X + — )

P

or a l t e rna t i ve ly , from eq. (B.15), for i/T/D > 2,

QX(t)___J4t
3,0) *nDDCT(0,

n=l

I [ ( l+2Xt- (2n- l )y)exp(- (2n- l )y)er fc(^-^ - y/e")

n=l

- (l+2)it+ (2n-l)y)exp ( [2n-l)y) erf c ( ^ ^ + y/i") ]
2/e" (B.18)

with y = S./A/D. Note that y/e^ s /x t . For large t , by eq. (B.17),

Q (t) i s adequately given by
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eT(t)
D C ( 0 , 0 ) I ^ L

 Dn2^2 ' " Jtsinhy '
n=l A + n Z

where we have used the results of eqs. (B.13) and (B.14) to write the

last equality. Note too that in the limit \ « — — and when t << \/\,
I

the results in eq. (B.17) reduce to the results quoted in Crank [Bl], eq.

(4.25), p.48.

Case B: C (0,t) % C (0,0)exp(-At).

By eq. (B.10), a = X. Taking the limits a •+ \, k •* 0,

we have from eqs. (B.ll) and (B.12),

— ^ T T - = (1 - f)exp(-At) - ^ I I s l n "ffiXeap [-<X+5s-=-)t], (B.20)
C T < 0 , 0 ) H IT *• n S . 1 - £

n = l

2 (t) <» 2 2

Jl2

or a l te rna t ive ly , from eq. (B.15)-, for the larger I A/D values,

Q (t) <»

DCT(0,0)
 = U I [e*p<-<2n-l)y)erfc(-^i-y/e)

n=l

- exp((2n-l)y)erfc(^2;:i + y/e")] (B.22)
2/e

> 2
with y = l/X/D, e = Dt/Jl . The limit as t + « of Q~(t) , from eqs. (B.21) ,

(B.13) and (B.14) , i s
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= I T ( i + 2A IDCT(O,O) U V i ' n L
 D

 2 2 Xisinhy
n=l X + - ~ -

l

Case C: C T (O, t ) % C T ( 0 , 0 ) e x p ( - X t / 2 ) .

By eq . (B.10) , ce s \/2. Then, by eqs . ( B . l l ) and (B.12) ,

^ = Cd-f) -f I / 7 % 2 sin*fW*t/2)
2 A2

Q (t)
ho7oT d( I h

T n = l X Dn ir
1 " ^

£

or alternatively, from eq. (B.15), for y £ 2,

Q (t)

DC (O,oT "

( B . 2 5 )

( O , o T U_ t f P < ( ' y ) < y ) x p ( ( ) y ) (

( 2 / e ) e x p ( ( n l ) ) e (
2/e 2/e"

(B.26)
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with y = fc/X/D, z = fc/X/2D, 6 = Dt/£2.

In the limit as t + •, from eq. (B.25),

DCT(O,O)
Dn IT cosrm

2 7
Dni

^ 2 2 2 2
2 ,X Dn ir ,, Dn i ,

n=l I (- + —) (X + —)

]. (B.27)

This series, as indicated in AECL-6844, can be summed to yield

DC (0,0) XJlsinhy '
(B.28)

Additional references for Appendix B

Bl J. Crank, The Mathematics of Diffusion, 2nd Edition, Oxford,
Clarendon Press, 1975, p.124.-

B2 R. Courant and D. Hilbert, Methods of Mathematical Physics, Vol. 1,
Interscience Publishers Inc., New York, 1953, p.76.

B3 L.B. Jolley, Summation of Series, Dover Publications Inc.,
New York 14, N.Y. 1961.
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