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Ó�Øä�Nì9¥'ß. 'ß�Nì9¥��q
UYPC�)± –3, Ó�39á�¥*Ñ, ��'
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¦);�pØNì9¥�
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2 nØ�.�O�úª

2.1 ��� ��� PPP CCC ��� *** ÑÑÑ 999 ììì 999 ¥¥¥ ��� ��� ßßß
ÝÝÝúúúªªª

�Ä��PC, d Fick ½Æ, ���g�¥/
ØåNì9¥��*Ñ�§� [13]

∂cT

∂t
= DT

(
∂2cT

∂r2
+

2
r

∂cT

∂r

)
− λcT, (1)

ª ¥ cT ´ � � ß Ý, � © � � � þ ß Ý; t ´
�mCþ; r ´¥�ICþ; DT ´��*ÑX
ê, DT = D0T exp(−QD/RT ), D0T ´*Ñ~ê,
QD ´ * Ñ - ¹ U, R ´ Ê · í N ~ ê, Ù �
� 8.31451 J·mol−1·K−1, T ´ýé§Ý; λ ´��
PC~ê, λ = ln2/τ1/2, 
 τ1/2 ´���PÏ, Ù
�� 4501 U.

b½Ð©��Nì9¥��ßÝ�", K�
ª (1) �A�Ð©^��

cT(r, r 6= Ri , t = 0) = 0, (2)

ª¥ Ri ´NìS».
�â Sieverts ½Æ, NìSL¡?��ßÝ�

NìnS�©Ø�²��¤�' [6,7], ÷v'X

cT(r = Ri , t) = S0T

√
PT exp(−∆HT/RT ), (3)

ª¥ S0T ´��M)Ý~ê; PT �NìnS�Ú
å�Ør; ∆HT ´M)9.

�ÄNì	L¡÷v��/ª�D�>.^
�, k

−DT
∂cT

∂r

∣∣∣
r=Ro

= η(cT|r=Ro − cTf), (4)

ª¥ Ro ´Nì	»; η ´é6D�Xê; cTf ´�
ì9	L¡�>��í¥��ßÝ.

Ú\ÃþfCþ

r̄ = r/h, r̄i = Ri/h, r̄o = Ro/h,

P̄T = PT/PT0, c̄T = cT/cT0, c̄Tf = cTf/cT0,

t̄ = tD0T exp(−QD/RT )/h2,

τ̄1/2 = τ1/2D0T exp(−QD/RT )/h2,

η̄ = ηh/[D0T exp(−QD/RT )]

Ú

λ̄ = λh2/[D0T exp(−QD/RT )],

ùp h = Ro − Ri , PT0 ´Ð©��NìnS��
Ør, cT0 = S0T exp(−∆HT/RT )

√
PT0 ´Ð©�

�NìSL¡��ßÝ, Äkò (1)—(4) ªz�Ã
þf/ª, ,�2- ū = c̄T eλ̄t̄r̄ + eλ̄t̄

√
P̄Tr̄(r̄ −

r̄o) − eλ̄t̄[(
√

P̄T + η̄c̄Tf)/(1 + η̄)]r̄(r̄ − r̄i), ?�Ú
ò§�z�±Cþ ū L«�/ª, ��

∂ū

∂t̄
=

∂2ū

∂r̄2

− λ̄
√

P̄T + (
√

P̄T)· + λ̄η̄c̄Tf + η̄(c̄Tf)·

1 + η̄

× r̄(r̄ − r̄i) eλ̄t̄

+ [λ̄
√

P̄T + (
√

P̄T)·]r̄(r̄ − r̄0) eλ̄t̄

+
2(

√
P̄T + η̄c̄Tf)
1 + η̄

eλ̄t̄ − 2
√

P̄T eλ̄t̄,

ū(r̄, t̄ = 0) = r̄(r̄ − r̄o) −
1 + η̄c̄Tf

1 + η̄
r̄(r̄ − r̄i),

∂ū

∂r̄
(r̄ = r̄o, t̄) +

(
η̄ − 1

r̄0

)
ū(r̄ = r̄o, t̄) = 0,

ū(r̄ = r̄i , t̄) = 0.

(5)

(5) ª¥¹kNìnS�Úå�Ør P̄T =
PT/PT0, � ¦ ) (5) ª, 7 L k ( ½ P̄T, Ù �
{Xe.

Äkò©z [12] ¤�ì9¥��ßÝúª�
\��*ÑÏþúª J = −DT∂cT/∂r ?1È©
O�, ��3v
��;��ÏS, NìnS��
3�Ó�mS�'ßþ�PCþ�'� 10−7 þ?.
=ÒNìnS�oþ�Cz
ó, ��Ñ��'
ß
��Ä��PC. 3d�¹e, �â��PC
5Æ, ���?¿��NìnS����NÈCq
� VTm = VTm0 eλt, ùp VTm0 ´Ð©��Nìn
S����NÈ.

,�ò VTm = VTm0 eλt �\������d
�§, Ò�� PT �L�ª, 2òÙÃþjz, Ò�
� P̄T �L�ª�

P̄T =
1

α1 eλ̄t̄ − α2

+
α1 − α2 − 1

(α1 − α2) e2λ̄t̄
, (6)

Ù¥

α1 =
VTm0

VTm0 − bT
− aT

RTVTm0
,

α2 =
bT

VTm0 − bT
− aTbT

RTV 2
Tm0

,


 aT Ú bT ´������d~ê.
��, �
BuêÆí�, ò (6) ª^XeCq

¼ê�O, =Cq�

P̄T = (β1/ eλ̄t̄/2 + β2/ e2λ̄t̄)2, (7)
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ª¥ëê β1 Ú β2 dê�[Ü��, §�����
���d~êk'. �dÒ(½
 P̄T.

ùp, ���y^ (7) ª%C (6) ª����
~, ©z [14], �������d~ê aT = 2.47 ×
1010 mm6·MPa·mol−2, bT = 2.66× 104 mm3·mol−1,
¿ � PT0 = 30 MPa, T = 300 K Ú VTm0 =
1.03848 × 105 mm3/mol, ¦��[Üëê β1 =
0.894790, β2 = 0.111518 �, 3?¿�;�ÏS
d (7) ªO�� P̄T � (6) ªO�� P̄T ����
éØ�Ñ�u 1.266%, �3� 15 ��PÏ�Ò­
½� 3.6 × 10−4%. ù`²^ (7) ª%C (6) ªäk
v
�°Ý. w,, � α1 = 1, α2 = 0 ½ β1 = 1,
β2 = 0 �, (6) ªÚ (7) ªÒÑòz�©z [12] ¥¤
?Ø���n�íN���¹.

,	, �â¢ÿ9nØO�, ëê cTf 3?Û�
�Ñ4�, �Cq� cTf ≡ 0 Ú c̄Tf ≡ 0.

,�òª (7) Ú c̄Tf ≡ 0 �\ª (5), Ò��'
u ū(r̄, t̄) ����§

∂ū

∂t̄
=

∂2ū

∂r̄2
− 1

1 + η̄

(
β1

λ̄

2
eλ̄t̄/2 − β2λ̄ e−λ̄t̄

)
× r̄(r̄ − r̄i) +

(
β1

λ̄

2
eλ̄t̄/2 − β2λ̄ e−λ̄t̄

)
× r̄(r̄ − r̄0) −

2η̄

1 + η̄
(β1 eλ̄t̄/2 + β2 e−λ̄t̄),

ū(r̄, r̄ 6= r̄i , t̄ = 0) = r̄(r̄ − r̄o) −
1

1 + η̄
r̄(r̄ − r̄i),

∂ū

∂r̄
(r̄ = r̄o, t̄) +

(
η̄ − 1

r̄0

)
ū(r̄ = r̄o, t̄) = 0,

ū(r̄ = r̄i , t̄) = 0. (8)

¦) (8) ª, Äk�� ū(r̄, t̄). ,�ò ū(r̄, t̄) ��
� c̄T, Ò��ì9¥��ßÝúª�

c̄T(r̄, t̄) =
1
r̄

∞∑
n=1

An(t̄) e−(λ̄+ξ2
n)t̄ψn(r̄)

+
√

P̄T(r̄ − r̄o) +

√
P̄T

1 + η̄
(r̄ − r̄i), (9)

Ù¥ ξn(n = 1, 2, · · · ,∞) ´dA��§

sin ξr̄i

[(
η̄ − 1

r̄0

)
cos ξr̄0 − ξ sin ξr̄0

]
− cos ξr̄i

[
ξ cos ξr̄0 +

(
η̄ − 1

r̄0

)
sin ξr̄0

]
= 0 (10)

(½�A��, 


An(t̄) =

[(
F2n

F1n
− F3n

F1n

1
1 + η̄

)
λ̄

2
− F4n

F1n

2η̄

1 + η̄

]

× β1

λ̄/2 + ξ2
n

[e(λ̄/2+ξ2
n)t̄ − 1]

−

[(
F2n

F1n
− F3n

F1n

1
1 + η̄

)
λ̄ +

F4n

F1n

2η̄

1 + η̄

]

× β2

ξ2
n − λ̄

[e(ξ2
n−λ̄)t̄ − 1] +

F2n

F1n
− F3n

F1n

1
1 + η̄

,

ψn(r̄) = sin ξnr̄ − tgξnr̄i cos ξnr̄.

ùp

F1n =
∫ r̄o

r̄i

[ψn(r̄)]2dr̄,

F2n =
∫ r̄o

r̄i

r̄(r̄ − r̄o)ψn(r̄)dr̄,

F3n =
∫ r̄o

r̄i

r̄(r̄ − r̄i)ψn(r̄)dr̄,

F4n =
∫ r̄o

r̄i

ψn(r̄)dr̄,

§��ÏL½È©äNL«� n �wª¼ê.

2.2 NNNììì999¥¥¥±±± –3 ���ßßßÝÝÝúúúªªª

~§^�e, ± –3 Ø´Mu�Ná�¥, Ïd
3NìnS�± –3 Ø¬'ß?\Nì9¥, 
3
Nì9¥�± –3 ¬Ò/¢3. u´, ���*Ñ�
§ (1) �A, ¦)ì9á�¥± –3 ��é¹þ��
��§�

dcHe

dt
= λcT, (11)

ùp cHe ´ì9á�¥± –3 ��é¹þ, �©E,
¡Ù�ßÝ.

� (11) ª�A�Ð©^�� cHe(0) = 0.
Ú\ c̄He = cHe/cT0, ò (11) ªz�Ãþj/

ª, k
dc̄He

d t̄
= λ̄c̄T. (12)

|^Ð©^� c̄He(0) = 0 ¦) (12) ª, ��ì9¥
± –3 �ßÝ�

c̄He =
λ̄

r̄

∞∑
n=1

Gn(t̄)ψn(r̄)

+
[

1
1 + η̄

(r̄ − r̄i) + (r̄o − r̄)
]

×
(

2β1(1 − e−λ̄t̄/2)

+
β2

2
(1 − e−2λ̄t̄)

)
, (13)

ª¥

Gn(t̄) =

[(
F2n

F1n
− F3n

F1n

1
1 + η̄

)
λ̄

2
− F4n

F1n

2η̄

1 + η̄

]
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× β1

λ̄/2 + ξ2
n

[
− 2

λ̄
( e−λ̄t̄/2 − 1)

+
1

λ̄ + ξ2
n

[ e−(λ̄+ξ2
n)t̄ − 1]

]

−

[(
F2n

F1n
− F3n

F1n

1
1 + η̄

)
λ̄ +

F4n

F1n

2η̄

1 + η̄

]

× β2

ξ2
n − λ̄

[
− 1

2λ̄
( e−2λ̄t̄ − 1)

+
1

λ̄ + ξ2
n

[ e−(λ̄+ξ2
n)t̄ − 1]

]

−
(

F2n

F1n
− F3n

F1n

1
1 + η̄

)
× 1

λ̄ + ξ2
n

[ e−(λ̄+ξ2
n)t̄ − 1].

d (13) ª�¦�3�mÃ���, ì9¥�:
?�± –3 ßÝ��ª����;�L§��g�
��, �SL¡?��ª����9þ����,
ÙÃþjþ�� c̄He(r̄i, t̄ = ∞) = 2β1 +β2/2. =S
L¡?�± –3 ßÝ�ª��T?Ð©���ßÝ
� 2β1 + β2/2 �. ù�(J�©z [12] �é�æ^
n�íN�.£ã��¹��� “2 �” ÑkØÓ.

3 nØO��ßÝCz5Æ

3.1 ÄÄÄuuu)))ÛÛÛnnnØØØOOO������ììì999¥¥¥���ÚÚÚ±±± –3
ßßßÝÝÝ���������CCCzzz555ÆÆÆ999üüü���íííNNN���...
���(((JJJ'''���

�é	L¡�ßÝ�±�"= η̄ = ∞ ��¹,
ã 1(a) �Ñ
;�Ã���m�Nì9¥± –3 ß
Ý÷»��©Ù, ã 1(b) �Ñ
NìSL¡þ�Ú
± –3 ßÝ�;��m�Cz. ��, �Ä��n
�íNÚ����díN¤����Ú± –3 ßÝ
���©Ù5Æ´���, �´3ê�þ����
díN�O�(J'n�íN�Ñ�. 
éì9
¥�Ú± –3 ßÝ���©Ù5Æ, ©z [12] ®�

©Û,

3.2 ���ÚÚÚ±±± –3 ßßßÝÝÝ���NNNììì			LLL¡¡¡ééé666DDD
���XXXêêê η̄ ���CCCzzz555ÆÆÆ

ã 2 �Ñ
3;�Ã���m�3 η̄ = 0
Ú η̄ = ∞ ü«4àé6D�>.^�eNì9¥
± –3 ßÝ�»�©Ù. Ù¥�
âÑw« η̄ �K
�, �Ñ
ã 2(a) �ÛÜ��ã, =ã 2(b). dã 2

��, η̄ é��C	L¡ ��± –3 ßÝ�K�
��, éSL¡?�ÃK�, é	L¡?�K��
�. 	L¡?± –3 �ÃþjßÝd η̄ = ∞ �� 0
C� η̄ = 0 �� 0.062. Tê��SL¡?��A
�=Ù��� 1.845 �'´é��, ù`², o�5
`, η̄ �K�´é��. ù«L¡é6D�Xêé
± –3 ßÝK�é��@£�©z [15] ¤��@£
´���.

ã 1 η̄ = ∞ ��Ú± –3 ßÝ���©Ù (a) ÷»��
©Ù; (b) �;��m�Cz

ã 3 �Ñ
3 η̄ = 0 ^�eNì	L¡þ�
Ú± –3 �ßÝ�;��m�Cz. �ã 3 �A,
3 η̄ = ∞ ^�eNì	L¡þ�Ú± –3 �ßÝ
Ø�;��mCz, ���±�". ã 3 L², d
u η̄ �K�, Nì	L¡?�Ú± –3 �ßÝØ2
�±�", 
´��m��5Cz. Ù¥, ��ßÝ
kd"C�, 3�½�m±�2ÅìC�, ���
�qC�". ± –3 �ßÝdÐ©�"�ÅìO�,
3�½�m±�ªCuÙ��� 0.062. �Ú± –3
ßÝ�ù«CzL§�Ð�N
��*Ñ!PC
Ú>.é6±9¤�)± –3 �¢3�\È��Ó
(J: =3;�ÐÏ, ��*Ñ�Nì	L¡?, Ï

fm©�	L¡?Ñvk�Ú± –3; ��X�m
ò�, �Øä�	L¡*Ñ¿\È, 	L¡�C«
���ßÝÒØäO�, ���A, �PC�)�
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± –3 �ßÝ��AO�; 2�5, �ßÝ÷»��
FÝ�5��, *Ñ����\Èþ'PCþ��,
Ï
��ßÝq��mO�
~�, �du± –3
¢3Ú\È, Ï
± –3 ßÝ����mò�
O
�, �����PC���Ù���.

ã 2 ØÓé6D�XêÚ;�Ã���± –3 ßÝ÷»
��©Ù (a) ��9þ; (b) 	��9þ

ã 1— ã 3 ��Ñ
Nì	L¡?��ßÝ
�±ØC (η̄ = ∞) Ú�Ø�Nì	'ß (η̄ = 0) ü
«4à�¹�(J. ,
, ¢S�é6D�>.^
�� η̄ �Ñ´0uù�ö�m�, éd, äN©Û
�ò η̄ �¢ÿ��\úª?1O�=�. ùp, �

©Û η̄ �K�5Æ, ò η̄ ����Cþ, O��
Ñ
3;�ü��PÏ�Ú;�Ã���m±�
Nì	L¡?�Ú± –3 �ßÝ� η̄ �Czêâ,
XL 1. L¥êâL², 3Ó�;��Ï, �X η̄ d
"O��v
���, 	L¡?± –3 �ßÝd�
��Øä~�, ���". 
3k�;�ÏS, 	L
¡?��ßÝ� η̄ �Cz�¹�± –3 �aq, �
3;�Ã���m±�, ��ßÝÑC�", Ï

� η̄ Ã'. TL¥�êâ�ã 2 ¥�­�Ó�Ñ`
², o�5`, η̄ �K�´é��.

ã 3 η̄ = 0 �Nì	L¡þ�Ú± –3 ßÝ��m�Cz

L 1 	L¡?!ü�A����Ú± –3 ßÝ� η̄ �Cz

η̄ 0 1 101 102 103 104 105 106 107 108

t = 2 HL
C̄T 3.7 × 10−3 2.0 × 10−3 5.5 × 10−4 8.4 × 10−5 9.3 × 10−6 9.5 × 10−7 9.0 × 10−8 1.0 × 10−8 0 0

C̄He 3.2 × 10−3 1.6 × 10−3 3.0 × 10−4 3.5 × 10−5 4.0 × 10−6 4.1 × 10−7 4.0 × 10−8 0 0 0

t = ∞ C̄T 0 0 0 0 0 0 0 0 0 0

C̄He 6.2 × 10−2 4.7 × 10−2 1.6 × 10−2 2.1 × 10−3 2.2 × 10−4 2.2 × 10−5 2.2 × 10−6 2.2 × 10−7 2.0 × 10−8 0

3.3 ±±± –3 ßßßÝÝÝ��� 2β1 + β2/2 ���½½½ÆÆÆ

�âþ©©Û, ���Xe½Æ: ?um�
�m�;�¥/pØNì, ì9¥± –3 �ßÝ
¥Sp	$�©Ù, �m��, ßÝ÷»��F

Ý��, 3�mv
��, �?ßÝ%C�ª�
���, SL¡?����´T?�Ð©��ßÝ
� 2β1 +β2/2 �. �NìSÐ©�Ør� 30 MPa!
§Ý� 300 K �, k 2β1 + β2/2 = 1.845. �©¡T
½Æ�± –3 ßÝ� 2β1 + β2/2 �½Æ. w,, T½
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Æéuì9á��±y©Û9�Y�Nì«1U
å©Û´�©kÃ�.

3.4 nnnØØØ���¢¢¢���(((JJJ���'''���

© z [16] � Ñ 
 S » Ri = 35 mm! 	
» Ro = 42.5 mm �¥/Nì3;� 4 cÚ 6 c�
ÙSL¡?��ßÝÚ± –3 ßÝ�'�¢�ÿÁ
(J, Á��� 21–6–9 ýÒ�ØCg, Ãæ�, �
u~§~Øe��. ©z [12] �é��n�íN
Ú	L¡é6D�Xê η̄ = ∞ ��¹�Ñ
nØ

O�(J. ùp�é����díNÚ η̄ = 0 ��
¹?1�A�nØO�Úé'. L 2 �Ñ
¢ÿ(
J�nØO�(J9Ùé' �. L¥êâL²,
�©nØO�Ú©z¥¢ÿ����ßÝ�± –3
ßÝ�'�~�C, ù3�½§Ýþ`²�©'u
± –3 ßÝ� 2β1 + β2/2 �½Æ´ÜÎ¢S�. ,
	, Xã 1(b) ¤«, �©O���©z [12] O��
��O5
uíN�.�ØÓ, 
����díN
�.Ã¦'n�íN�.��C¢S, L¥ 6 cÏ
êâ�Ð�d�Î, � 4 cÏêâ%�d��, ù
g,A8Ïu¢ÿêâØ�.

L 2 ü«ØÓ;�c��¥/Nì9¥�Ú± –3 ßÝ'��'�

C̄T/C̄He ©z [16] ¢ÿ� ©z [12] nØ� �©nØ� �©nØ��¢ÿ��é � /%

4 cÏ 4.25 4.12 4.05 4.7

6 cÏ 2.55 2.62 2.60 2.0

4 ( Ø

1. �éNì	L¡���é6D�>.^
�ÚNìnS��±�����díN��¹,
Ó��Ä;�¥/pØNìnSÚ9¥��PC
Ú*Ñ, �Ñ
Nì9¥�Ú± –3 ßÝ�)Ûn
Øúª.

2. )ÛO��Ñ
�PCÚ*ÑL§¥ì9
¥�Ú± –3 ßÝ���Cz5Æ, òn�íN^
�e¼��± –3 ßÝ� 2 �½ÆU?�����
díN^�e�± –3 ßÝ� 2β1 + β2/2 �½Æ:

=?um��m�;�¥/pØNì, ì9¥± –3
�ßÝ¥Sp	$�©Ù, �m��, ßÝ�FÝ
��, 3�mv
��, �?ßÝ%C�mÃ��
���ª�, �Ò´���, SL¡?����´
T?�Ð©��ßÝ� 2β1 + β2/2 �. AO/, �
NìSÐ©�Ør� 30 MPa!§Ý� 300 K �,
k 2β1 + β2/2 = 1.845.

3. )ÛO��Ñ
Nì	L¡é6D�Xê
é�Ú± –3 ßÝ�K�5Æ, ©ÛéÑ: o�5`,
	L¡é6D�Xê�K�´é��.
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Research on tritium and helium-3 content
distributions in steel wall of spherical pressure vessel

under general boundary condition∗

Liu Yuan-Dong Yin Yi-Hui† Tan Yun

( Institute of Structural Mechanics, China Academy of Engineering Physics, Mianyang 621900, China )

( Received 20 October 2011; revised manuscript received 4 January 2012 )

Abstract
In order to understand the changes of mechanical properties of the wall materials and the carrying capacity of vessel which

contains high pressure tritium, the spatiotemporal changes of tritium and helium-3 content in the wall should be studied during tritium
storage. Taking into consideration the case that the outer surface of the vessel is with general mass transfer boundary condition and
the tritium inside the vessel is van der Waals gas, and also taking into account both decay and permeation of tritium inside the vessel
and decay and diffusion of tritium in the wall material, the analytical theoretical models of tritium and helium-3 content in the wall
are developed and solved, and relevant theoretical formulas are deduced. Through analytical calculations, the curves of tritium and
helium-3 content in the wall versus mass transfer coefficient of the outer surface, storage time and the spatial positions are plotted.
Through analysis, a law called 2β1 + β2/2 time law of helium-3 content is put forward, where β1 and β2 are the coefficients which
are related to van der Waals constant of tritium. The law is proposed: helium-3 content in the wall of the spherical high pressure vessel
storing tritium which is in an open space rises along the radius from outer to inner, and the content radial gradient increases with storage
time. If storage time is long enough, the helium-3 content at any point will approach to its final value, that is, a maximal value at a
relevant point. The ratio of the maximum helium-3 content to the related initial tritium content is 2β1 + β2/2 at the inner surface. The
obtained formulas and understandings can be used as a premise of the safety assessment of tritium stored vessel.

Keywords: steel spherical pressure vessel, tritium decay, helium-3, diffusion
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