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.

1.1 ,.-0/21.304
576�8 �9	7��
:� - � "�#6%6'�*
;�- :7< - ; < H(x, t) = h(x, t)− b(x, t)))

��=>�?�@�ACBEDGF�H�I % ' ζ

ζ =
z − b(x, t)

H(x, t)� ( ) 
:� (Jenssen, 1977).
�7�"�

h(x, t)
�9J�K�L 9 , b(x, t)

�NM7O�L 9 ��P�� )

� -H%�'EQ ��� ;�R�SUT�V�W�X�Y � *!+$,�S �UP�� - � SUT�V�W=- 5�6�Z�[ *]\^ 
_��` X � > , a D ; < ��bdc�e %&'�XGfg' (dh ^iB eUjE� - � ;UR -�k ��� �
'ml7n ��	7� *&o(prq�X � > � . 1.

ζ % ':*ts j����E`m�&u7v , w v���xUy -��dp � (6) AzB � . { 5 f
� ( 5 x, z(ζ),

t -]|7} -U{ 5 `7~ , r
�

x, t - j�� B�� ��P�� .
(

∂f

∂r

)

z

=

(

∂f

∂r

)

ζ

−

1

H

(

∂f

∂ζ

)(

∂b

∂r
+ ζ

∂H

∂r

)

∂f

∂z
=

1

H

∂f

∂ζ

∂2f

∂z2
=

1

H2

∂2f

∂ζ2

∫

f(z) dz = H

∫

f(ζ) dζ

� B � � c&eG�U� �U��> �&x�y -���p �G��� .

∂H

∂t
= −

∂F

∂x
+

Ms

ρ
(1.1)

∂T

∂t
−

1

H

∂T

∂ζ

(

∂b

∂t
+ ζ

∂H

∂t

)

= −

(

u

(

∂T

∂x
−

1

H

∂T

∂ζ

(

∂b

∂x
+ ζ

∂H

∂x

))

+
w

H

∂T

∂ζ

)

1 �������z�z�����G���)�z�������C���t���G�����t���) )¡r¢)£t��¤�¥9¦z��§)�
¨�©m �ª�«�¬­©®
¯±°m²­³ �´� .
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+
k

ρcpH2

∂2T

∂ζ2
+

2

ρcp

A(T )σn+1

zx (1.2)

F = −2

(

ρg

η

)n ∣
∣

∣

∣

∣

∂h

∂x

∣

∣

∣

∣

∣

n−1
∂h

∂x
Hn+2

∫

1

0

dζ

∫ ζ

0

A(T )(1 − ζ ′)n dζ ′ (1.3)

u = −2

(

ρg

η

)n ∣
∣

∣

∣

∣

∂h

∂x

∣

∣

∣

∣

∣

n−1
∂h

∂x
Hn+1

∫ ζ

0

A(T )(1 − ζ ′)n dζ ′ (1.4)

w = −H

∫ ζ

0

∂u

∂x
dζ +

∂H

∂x

(

uζ −

∫ ζ

0

u dζ

)

+
∂b

∂x
(u(ζ) − u(b)))) (1.5)

σxz = −ρg
∂h

∂x
h(1 − ζ) (1.6)

A(T ) = A0 exp
(

−

Q

RT

)

(1.7)

1.2 ���������	�

*�+�, ��
 (1.1)) -d��p �
� 9 , ;$<�*�� 5 *!+�, � , 8�9 , ����������*���� 5*.+�, ���d� .

*.+�, x��E� - 6 ������ $ � � c&e]J�
 2.

!#"%$�&

'�( �d� - *.+ 5 � Ni

`7~
, *�+�$�)�*�*�$�) ∆x

`)
d�
.

+#, $�&

"�#U���&- *�+$, � � 5 *.+�, ` ��� 5 *�+�,�*H1�- ~ , ; B/.�B - *.+ 5 Nj 0`7~
, *!+�$�) �
132�4g`)
d� . *!+�$�) � � 5 *.+$, , ��� 5 *.+$,�*9s j�e

∆ζj = ζj+ 1

2

− ζj− 1

2

(j = 1, 2, · · ·Nj) (1.8)

∆ζj+ 1

2

= ζj+1 − ζj (j = 1, 2, · · ·Nj−1) (1.9)

` 1�- 
d� .
�����

ζ 1

2

, ζNj+
1

2

� ; B�.GB y T�V�W , S�T�V�W `m
�� .

2 57698 hi+1/2 = hi+1+hi

2
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u
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w
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h ff



1.1: ( 5 - *!+$,���� . S - 
 XU#�$ 1

H7I -H( 5 � ,
y - 
 X�#�$ 2

H�I
.
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2 � � � � �

2.1 ���	�

8 9�:=-B> (1.4), (1.5) * '�( �:� �U��
 � [ vd� � c
e
�����7
:� `

ui+ 1

2

= −2
(

ρg

τ

)n
∣

∣

∣

∣

∣

hi+1 − hi

∆x

∣

∣

∣

∣

∣

n−1
hi+1 − hi

∆x

(

Hi+ 1

2

)n+1

×

∫ ζ

0

A(T )(1 − ζ ′)n dζ ′ (2.10)

wi = −Hi

∫ ζ

0

ui+ 1

2

− ui− 1

2

∆x
dζ ′

+
hi+ 1

2

− hi− 1

2

∆x

(

uiζ +
∫ ζ

0

ui dζ ′

)

+
bi+ 1

2

− bi− 1

2

∆x
(ui − u0)) (2.11)

`����
. "�#7�d��- ������������� >�*9s j�e�x�y -���p �9J�
 3 .

∫ ζ

0

I dζ ′ =
ζ ′

1

2
I1 +

j
∑

j′=2

∆ζj′+
1

2

2
(Ij′ + Ij′

−1) (j = 2, 3, · · ·Nj) (2.12)

�����
I
�

u � ~��"� A(1 − ζ)n
��PE�

.

2.2 �	� ���

;�< -B> � #�$
��� ��
 � [ v , ��$
�:� ���
�� *9s j�e!�����7
d� .

Hk+1
i − Hk

i

∆t
= −

F k
i+ 1

2

− F k
i− 1

2

∆x
+

Mk
i

ρ
(2.13)

�����
Fi+ 1

2

� 8�9$: -	> -B"�# ���"� *$# ~ D � `&%�4 �!����� >�*�s j�e�'( �
.

3ζ = 0, ζ = 1 �$)+*)�r« °-,
.0/ ¡) ­©) ��i¥21 ,43-5 � .
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Fi+ 1

2

=
ζ1

2
I1 +

Nj
∑

j′=2

∆ζj′+
1

2

2
(Ij′ + Ij′

−1) +
ζNj+

1

2

− ζNj

2
(INj+

1

2

+ INj
) (2.14)

2.3 ����� ���

?.@&A�-B> � Huybrechts 1990, saito 2002
� s j ^mBED ������	 �Nb p 4.

#E$]��� � { ~�e "&#���� ��
�� [ v ,
' ( ��� �G��
 S [ v *ts j7e�� ����
�� .

∂T

∂t
−

Vi,j

Hi

(

Ti,j+1 − Ti,j−1

2∆ζj

)

−

k

ρcp

1

(Hi)2

1

∆ζj





Ti,j+1 − Ti,j

∆ζj+ 1

2

−

Ti,j − Ti,j−1

∆ζj− 1

2





= −ui,j

Ti,j − Ti−1,j

∆x
+

1

ρcp

A(Ti,j)(σxz)
n+1

i,j (2.15)

�����
2 � - Vi,j

�

Vi,j =
∂b

∂t
+ ζj

∂h

∂t
+ ui,j

(

ζj

Hi+1 − Hi−1

2∆x
+

bi+1 − bi−1

2∆x

)

− wi,j (2.16)

`)
��
. a D�� ��� 2 �=- (σxz)i,j

�

(σxz)i,j = −ρghi

hi+1 − hi−1

2δx
(1 − ζj) (2.17)

`����
.

��$��d� ��� "�# u�vd� { ~ e -�� �� *�s j�e
������
d� .

T k+1
− T k

∆t
−

V k

hk

(

∂T

∂ζ

)k+1

−

k

ρcp

1

hk

(

∂2T

∂ζ2

)k+1

4 ������������ 
• !�"�#�$  &%('*) $ , +�,�#�$  .-&/*) $
• 0213#�$  54�6"� !�"�#�$ �*7]� ¡�8��29�;:  =< . �r���>���>�� 2?A@2BDCFE3G2HIBm�(J�K>L�M"�(NC�&�´¡� m &< ( O�P  .QIR )

°
, S>T ¬U�V L�M9�;N �]� ¡i I<i��� °XW ���IY[Z .0/ ¡) ­©m ­�2\ , ] �(^>:C©��>�����m¥�_&<��& ;`�a¥ *i¡) ­©)  .
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= −uk

(

∂T

∂x

)k

+
1

ρcp

A(T k)σk
xz

n+1
(2.18)

V k = ζ
hk+1

− hk

δt
+ uζ

(

∂h

∂x

)k

− wk (2.19)

x S�� ���������
T k+1

i,j+1

{

−V k+1
i,j

hk
i

∆t

2∆ζj

−

k

ρcp

∆t

(hk
i )

2

1

∆ζj

1

∆j+ 1

2

}

+ T k+1

i,j

{

1 + ∆t
k

ρcp

1

(hk
i )

2

1

∆ζj





1

∆ζj+ 1

2

+
1

∆ζj− 1

2





}

+ T k+1

i,j−1

{

V k
i,j

hk
i

∆t

2∆ζj

−

k

ρcp

∆t

(hk
i )

2

1

∆ζj

1

∆ζj− 1

2

}

= T k
i,j

(

1 −

∆t

∆x
uk

i,j

)

+ T k
i−1,j

(

∆t

∆x
uk

i,j

)

+
1

ρcp

A(T )σn+1

xz (2.20)

V k
i,j = ζj

hk+1
i − hk

i

∆t
+ uk

i,jζj

hk
i+1 − hk

i−1

2∆x
− wk

i,j (2.21)

(σxz)
k
i,j = −ρghk

i

hk
i+1 − hk

i−1

2δx
(1 − ζj) (2.22)

�! �� .
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