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J�����N)PeQ>Sd.�������� �"!qS$#&%�N$'�J$�(��)+* p�,-#�l".�/!m0�+1
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�

JdW CEDFB

�
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���

8ANUm J�!OS+/ �AJ�KLC�A
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��� �

D

���

8:NUm J�!OS+/ �:J�K�C p

,TRip U

2

UWVqSE3�p<NX9AS .
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J$�"��J�Y"Z"[�8"9X� , !&9L\5] , X	Y"^	Z!X>Y0D , 'LV�_4VeJX��N-PRQ	S

.!/#0%1�J+XfY , Z�X>Y p�,SRF�L�a`TVeS . bX[>M4c5D��>.�/f0�1RN�de,TR)/���b

[(��f g�!OS&3�p NEh(ikj=UWV S .

1.2 lnm=o

�L� �
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J��#W�s��Qt ��!OSF#"%fJUEfF5��u4ve,w9:QxV

y

9zUS9�: .
� �"�
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.!/-0%1RJ#jX• t A:JdV |>3{–†— 5(D

x = x (� ; t) (2)

A

M

UH\˜`SVqS . � D+.A/-0!15�L€�•"!eS$#&%>J 3 •�•>E>F(A , ™:kLE	F x N+d

,TRv2H3�5fE>F (label coordinate), šX#"D , ›eNA243�5 pHG
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S . /

�"bL[RN)P :�R$�!/��:JQ‚�ƒ (  X¡ ) �E¢+J(h˜< N�£OQ>S�ˆ&DLb4[>M4cqN�D�¤eJ+¥

1 ¦¨§ª©H«H¬ª­w®W¯w° , §±©w«x²´³WµS¶4·¹¸Oº-²-»-¼¾½S¿wÀÂÁ , ÃwÄªÅHÆTÇ

§±©;«QÈ¹É;ÊHËqÀ¹Ì

Æ , ÍHÆ

ÈOÎWÏªÐSÑÒ§±©H«+ÓÒ²OÔHÕWÖ

Í

¼±×ÙØ´ÚxÛkÜTÝßÞTàªÜF·áÜ±â .
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�
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�
�
�
�
�
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}
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,)-�.*05D
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2 � � � � � �! " ( # $  % )

2.1 &(')&)*,+.-0/(1

,�-E.*0�+"W X�Z32�4V5�5

U

, ,*-E.�0�+B5

R

(7698

, C 5�b�: t = 0,
P

+<;	= �
<7>

e�?A@

+�< W�B)W�C�D�EF2�4 (Lagrangian coordinate) 5

L(G

. W�B"W	C�D�E

2�4IH�-�J�K�L

1E2

7

(

-	J"+<MON i +QPSR

K�TOU�P*R

(

.

V�W
X"1ZY

7�: , ,*-3.�0\[

698

t
P

[<2�4QH

x = x (� ; t) (4)

P�]O^`_baQc

. C

?

5 ,

x (� ; 0) = � (5)

P*R
c

.

d�e

[

R
cZf

D0[!S

GQ1

, ,�-�.*0 (
f

D/.*0 ) i

d�e

( g

d

)
1

S	T

U

6�h

5	5

@

1<i\j

5Fk�l/T

U

5�k

G

S

G K�m3n

D

P

H , W�B*W�C3D�Eo234

@qp�r!1

H

^�s)P
t

K�L

. u�[!S

GtK�vOw 1

H�x

@

x

@bf

D	.*0V5

L(G7@

[yP DQ[�z�{

X3|

D*i	}0~

•�€�K

T

U

L
c

.
f

D3•�‚	i9ƒ0k

N K/L�P�„�…)P
t	c

6�h7†

j�P

[Z‡%W�B�W�C3D3E

2�4

@Sˆ�‰*P*ROc

i , t = 0
P

[

f

D�•�‚�i�ƒyk)T

U

5Šk)T

U

i0jŒ‹Ž•

l*T�C�•�•

€EK�c’‘Q€’“�”

W�B)W3C�D�EŠ234%<<•

^3s

5

K�–Ša

:

KdNQK/L

.

2.2 &(')&)*,+.-Q—™˜

m�n

DI[�š�›OœO•	ž8<7Ÿ� *`

c

2�4�¡

‹

5

U

W�B"W�C	DOEF2�4�¡ , `

K�¢\£

, (� ,
t) <<¤

L\c

u

‹

<"W3B"W�C�DOE¦¥�§ (Lagrangian description), k3COH , š�¨3¥O©

(material description)
‹QL(G

.

2.3 &(')&)*,+.-«ªA¬(­

m3n

D4<<®3¯\[’š�¨9•�‚�[Z°�±

‹

5

U

~Z©

X
€y‹/N

b , ²�•�‚�[<³�´!<’Ÿ3 	`

c

u

‹’€

S!>

m	n

DOµ	D0[�³�´%<

‹	N

b

c

g*h

P)R�c

. š	›Oœ\H�²�šO¨3•O‚0[7¶�·

‹

5

U

Ÿ	 

_Sa

, 5 C�i%T

U

,
6�h

t ¸8SF¹�¨�J�[<2	4 � [�º�¯

‹

5

U

Ÿ� 

_baIc

.
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•�ž

X
€

, š�¨9•�‚�[<³�´

€

[�T

U

§��!<��

c��

J"<'`��

U �

W�B*W�C3D3E

X
€

�

c
	 ‹ L(G

. u�[���


P

, �0[ �
€��rN��

, •�ž

€

, šO¨�•
‚\[Z;�=�<ZŸ	 �`

c

2

4 ( �\kB>��

€

 ��)C!W�X�Z32�4 ) H��

P @

W�B)W3C�D�E�2�4

‹��

:

ayc

.

2.4 &(')&)*,+.-«ªA¬(­������ �"!$#�% , &('(% , )(&('(%

698

t
€

¸

–�c

š�¨3•�‚\[Z;	=	X+*(, Z\H

x = x (� ; t) (6)

P*R
c

. -

h/.

[�01�Q[Z;	=0[�W9B)W�C�D�E�2�43254

c

C76

€

H ,
.

W

[
8�º�¯

� = � (x ; t) (7)

254

U

¸

c

u

‹

i	l/G

P*R�c

.

m�n

D0[59

V

H;:\[4S

Go€3R No¢Œ_baIc

.

u (� ; t) = x (� ; t) � x (� ; 0) = x (� ; t) � � (8)

u

a

2<9�;�X3*(, Z

‹QL G

.

š
¨�•O‚\[Z2	432

6�h�=?>

`

c

u

‹’€

S4> ,
m	n

D0[�@�A

v

v , BC@�A

v

a i�4

N ayc

.

v(� ; t) =
@x (� ; t)

@t
; (9)

a(� ; t) =
@2x (� ; t)

@t2
; (10)

6�h
=�>

H � •

^

[�D

PFE*K G

.

S�T

U

x (� ; t) =
Z t

0
v(� ; t0)dt0 (11)

P*R
c

.
ROc�L

H , @�A

v

i1-

h

2	4 x [3º�¯

‹

5

U;G

b

N a

U

L�c�K N

:

x (� ; t) =
Z t

0
v(x (� ; t0); t0)dt0: (12)
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� 
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3.1 
�� &�� /(1

š�¨9•	‚�[)W X/Z3234+2 -

h

234

‹��

•

�

5 , W X	Z3234 2�~Z©

X�€

H’¤

L/K/L7v

w

, -

h

2�4I[\u

‹

2��

€����

W��Z2�4

‹QL G

.

š�¨3•�‚\[

���

W��4WYX	Z�2�4QH , -

h

2�432��

^

5

U

¸

L

U

, ���

6�8

€

x
[Z;

=

€�L�c

š�¨�•�‚ 2

]

` . šO¨�•�‚

€

[)T

M

T

U

�

a

: , •�‚\[)W�X	Z\H7²

6�8! 

‹�€

�

–�M

b

N a

U

L�c

u

‹�€3K�c

.

3.2 
�� &�� —™˜

m�n

DO[Šš�›�œ9•�ž72FŸ� �`

c

2�4	¡

‹

5

U

-

h

€

�

^I_ a

C’2�4	¡ , `

K7¢�£

, (x ,
t) 2Š¤

L�c

u

‹

2

���

W��<¥�§ (Eulerian description), kEC�H , -

h

¥�© (spatial
description)

‹QL G

.

3.3 
�� &�� ªA¬(­

m�n

DQ[Z³�´ 259

V	v

(
f

D

KdN

:

f3a

[

v

)
‹

5

U

‹�N

b , š	›Oœ 2

6�h

t ¸8S

¹ -

h

€

�

^ _Sa

C7234 x [�º7¯

‹

5

U

Ÿ� �`

c

g�h

P�R�c

. š�¨9•�‚�[#"%$�H

9

V	v

(
f

D

K N

:

f3a

[

v

) [7Ÿ	 0[�&

€�'�€

H

L�c

.

3.4 
�� &�� ªA¬(­������ � &('()(&('

���

W��<¥	§

P

H�š�¨�•�‚�[Z;�=\H , W�B)W3C	D�EF2�4�¥�©

x = x (� ; t)

[�8�º�¯

� = � (x ; t) (13)
P

G

b

N aQc

. � (x ; t) H<§

6�8

t
€

¸

L

U

2�4 x
€�L
c

•�‚\[)W�B*W�C�D	Eb234 ,
`

K�¢�£

, t = 0
€

¸

L

U

"($ 5

U

L

C�;�=

P)ROc

.
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���

W��Z234

P

[ 9�;/X3* , Z H , W�B)W3C�DOEF2�4

P

[9x

a

2 9�¯�9��(5

U

u(� ; t) = u (� (x ; t); t) = u (x ; t)

x (� ; t) � � = x (� (x ; t); t) � � (x ; t) = x � � (x ; t)

S�T

U

u(x ; t) = x � � (x ; t) (14)

P*R
c

.

@�A�X3*(, Z\H

v(x ; t) = v(� (x ; t); t) (15)

=
@x (� ; t)

@t
(x ; t); (16)

B�@�A	X3* , Z\H

a(x ; t) = a(� (x ; t); t) (17)

=
@2x (� ; t)

@t2
(x ; t) (18)

=
@
@t

v(x ; t) + v � r v(x ; t) (19)

u

aVN

[Zœ0H ,
ROc

6�h

t
€

¸

L

U

-

h

[��

^

J x
€

"($�`

c’m	n

D

€

�

L

U

[

œ

P)ROc

u

‹�€��

�)i�l/G

P"ROc

.
�

•\[ x
€

¸

–�c��4K�c

6�h

P

[��QH , •�ž

€���K�c’m3n

D�•O‚

€

�

L

U

[7œ 2Š¥

¢

5

U

L�c

.
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� �

4.1 
���
�� � & ')&)*,+.-�� 
 � &��

R�c’m	n

D�•�‚

€

�

L

U

[�š�›�œQ[

6�h

9�� 2’¥

¢

`

6
h�=?>

2"W�B)W	C�D�E

=

>

( š�¨

=�>

: material derivative)
‹��

¹ , ���

d
dt

(20)

P

¥

¢

` .

dF
dt

�
@F (� ; t)

@t
(21)

•�g , -

h

[

R
c

�

^

J

P

‡��

‹<t

[�š	›
œQ[

6
h

9�� 2Z¥

¢

`

6�h
=C>

2

� �

W��

=�>

‹ �

¹ , ���

@
@t

(22)

P

¥

¢

` .

@F
@t

�
@F (x ; t)

@t
(23)

4.2 &(')&)*,+.-�
�� ª 
 � &�� —™˜

R�c

š3›	œ A [

� �

W#�’¥	§�iF4

NŽa

U

L
cI‹

`

c

.
R�c

6�h

t
€

¸

L

U

x
€

;

= 5��9š�¨�•�‚�H � t
6�h��

[Z;�=�H x + v� t
P)ROc

. 5��Ei�T

U

, š�¨9•�‚

‹�‹

@Z€! 

´ 5

U

�"� A [

6Oh

9�� � A H

� A = A(x + v� t; t + � t) � A(x ; t) =
@A
@t

� t + r A � v � t;

#

b

€

dA
dt

= lim
� t ! 0

� A
� t

=
@A
@t

+ v � r A:

S�T

U

, W9B)W3C�DOE

=�>

[

���

W��<¥	§0H

d
dt

=
@
@t

+ v � r (24)

P

G

b

N aQc

.
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