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!"#! $%&'( Maxwell)*  

! +,-+.*/0120345+.*/06789-:;<=>?@9AB

CD!14-1AEFGHIJ05K+,0-LMNOPHQ

! 

u = ("
0
/2)E

2
= (1/2)E•D

RST@UVWXYZ[\]CD^R_`abcdCe0+,0fG\5g_

NhiNR)*RIJ8jRakYCD^[W Maxwell )*REFABCDG

lG5mnoRK+,A-5g_NhiN8pRqr`sNt-uvG8]. w

x-5q+.*/RsNtlZ+,RST@UVakYC^(08CD! ^RE

F-$%&'RkYy5z{5|,}RkYy02~��. �R��A qr`s

NtR$%&'lZg_NhiNa�Q�J|��NR*�}0�]\kY\

����WBCD��NR*�A-5$%&'a|90��*�)*}RkY

ylZ��dCD��y��0�]\|��R*}R�0|$%*(G\R)

*}a��G5�R$%*a|��9a��\R���R� ¡i�}(¢8

dD̂ RIJ8|��N*�}RkYy0£¤G5K+,A+¥0&'dC|*}

a|$%&'(G\R)*}A¦~§Y\c¨dCD 

 

"©��N0&'dCrN*(ª9*  

! ��NBR«¬0®¯8°x9 SakY5S«¬RNOaV(dC±² 15-1©D

��NR*�A-5^RNO V RrN0&'dC³¬lZR*a´Rµ�R¶

·¸0¹º\kYC»#5»¼5»½©D 

 

 

 

 

 

 

 

 

 

 

 
¾S ¾F 
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n 

x1 
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rN B 

² 15-1. 9�¿0&'dCª9*¾FD 

  

V 

xÀ 
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±"©Á*0ÂªÃ[CIJ8LM`�PHQ0&'dC*D^[arN*

±body force©(ÄÅD´Rª9*(ÆÇdC��ANO*(volume force)

(jÄÅDNO V ÈN0&'dC*R��AÉÊ[CW5rNRËÌW

ÍÎ8ZrN*jNO*jÏ4(8CD 

±»©VR��9 Sa�4\&'dC$%*a5ª9*±surface force©(ÄÅD 

$%*ABCª9*(G\-5(QBYÐ-5Ñ*aÒ]ÓlÔ[ÕÖ]W5

Ñ*j×Ø\ÍÙ¯0ª9*akYC0-5jJÚGÛl8ÎÜ&ÝW��A

BCD 

! �^A5�R°Þ9 SßR9O¿à¾SakYC±² 15-1©D¾S0IQ��

NRxá¬¹-�Râã¬¹0¹äÃ[CDâã¬¹aåæ0çÇdCHØ05

¾SRLMè/éêë@ na5ìí¾SRoî Païð(G\5S«¬lZ³ã

añ�jRaòÎdCDâã¬¹- n Róã(ôã¬¹(G\çÇA~C±9

O¿à¾SRõªaLMè/éêë@ n AçÇdC(kY\jÖ]©D�G\5

¾SßRoîM¦ Pa x(G\5̂ Rð0&'dC*¾FakYCD̂ R*-5

nRóã¬¹±VR³ã¬¹©W nRôã¬¹±VR«ã¬¹©0&'dC$%

*ABC(kYCD¾F - x5¾S5n aòÎG\5�Rñ~(ö~ÃW÷øC

(kY5¾F (x,!S, n)(�dD�^A5¾SùúRûüA5¾F Rö~Ã-!S 0

ýþG5(!F/!S)ù(dF/dS)ABQ5øH5¾S «RÈ\RðA5¾S 0&'dC

*RÿV!=ëùú(ÎdCD^R¾SùúRûüA 

! ! ! ! ! ! ! !

! 

"S#0
lim

"F

"S

$ 

% 
& 

' 

( 
) =

dF

dS
= T(x,n)! ! ! ! ! ! ! ! ! ! ! ! ! (1) 

éêë@

! 

T(x,n)aÎÜdCD 

! 

T(x,n)-5è/éêë@W n ABC9ßRð x 0

&'dCª9*±traction©"-5)*éêë@±stress vector©(ÄÕ[CD^

Rª9*±)*éêë@©-LM9OPHQR*R´#$ML/T
2
/L

2%a&�D

^R´#-5$ML/T
2
/L

2%= [ML/T][1/T][1/L
2
]ABClZ5LM'(PHQLM9

OPHQR���R´#AjBCDøH5$ML/T
2
/L

2%=[ML/T
2
][L][1/L

3
](d[

Õ5LMNOPHQRST@UVR´#0jf)dCD 

! ² 15-1 0)dIJ87*+,-a.Îd[Õ5éêë@

! 

T(x,n)-/�R0¹
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0¹cA~CDLMè/éêë@ njÏ107*0¹0¹cA~CD 

! !    

! 

T(x,n) = {T(x,n)}x " i +{T(x,n)}y " j+{T(x,n)}z "k                 (2) 

       

! 

n = nx " i +ny " j+nz "k                                       (3) 

^^AR

! 

i,  j,  k-5]�jRIJ0523-R7*+,4yñ±x1. x2, x3©R5L

Méêë@ABCD 

! ª9*éêë@±)*éêë@©apR,áAkYCl-ÇR6A7)A~

[Õ5

! 

T(x,n)R x-89A~CRA5:;-L0

! 

T(n)(�dDª9*éêë@±)

*éêë@©-LMè/éêë@ na<Y8](ÎøZ8]^(aªdDz{5

9(ñ~aòÎG8](ÎøZ8]D 

! 

T(n)-éêë@ nR=>ABCD 

!

! 

T(n)Wéêë@=>ABC��akYCÍþ(G\5LMè/éêë@ n a

"n0?@GH

! 

T("n)(

! 

T(n)R=Aa(1)RÎÜ0B�\kY\¢C±² 15-2©D 

 

 

!  

 

 

 

 

 

 

 

 

¾F(x,¾S, n)-qA+R¬¹W AC0&'dCö~Ã¾FR*tA5�Ryñ- n

(¾F(x,¾S, n)W&C9«Aåæ0DREÌ0BC±² 15-2©D¾F(x,¾S, n)a

q&'t(d[Õ5̂ RqF&'0PHC*takYC^(WA~CD"!F (x,!S, 

n)-q&'t(Ï4ö~Ã¾FR*Añ~-FfA-BCDGlG5naòÎG

\]CRA5qA+R¬¹W ACR¬¹0&'dC*tABQ5qF&'t(-GY

8]DÍy5"n("¾F(x,¾S, n)-5n(¾F(x,¾S, n)W&C9«0BQ5"n(

"¾F(x,¾S, n)R8dEÌ-h-QDABC±² 15-2©Dn(¾F(x,¾S, n)aFH

!S 

A- 

A+ 

² 15-2.! ¾S0&'dC* !F (x,!S, n)- A+R¬¹W AC0&

'dC*(ÎÜG\]CDn((j0^[aFHdCD 

¾F (x,¾S, n) n 

"¾F (x,¾S, n) 

 

"n 

 

D 
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ÃIHjRW5"n("¾F(x,¾S, n)JlZ5éêë@(G\-5  

! ! ! ! ! ! "¾F(x,¾S, n) = ¾F(x,¾S, "n)! ! ! ! ! ! ! ! ! ! (4) 

ABCD2KãRª�-5² 15-2 aLMG\5qACR¬¹W A+R¬¹0&'

dC*t(c¨A~ClZ5¾F(x,¾S, n)aq&'t(GH'5qF&'0PH

C*t(G\¾F(x,¾S, "n)aN'A~CD(4)0�]\(1)RûüakY[Õ5

! 

"T(n) = T("n)(8CRA5^[- 

! ! ! ! ! ! !

! 

T(n) = "T("n)                                     (5) 

(OºCDLMè/éêë@ naFHdC(5ª9*éêë@±)*éêë@©

jFHdC^(aªdD̂ [-éêë@=>

! 

T(n)RÍ�R_`ABCW5

! 

T(n)-

na']\pRIJ0ªPÃ[Cl0�]\:QAÃZ0kYC 

 

»©ª9*IC)*0¹RÎÜ  

! ª9*éêë@±)*éêë@©

! 

T(n)aÎØC0-5LMè/éêë@ n R

�05wx-5² 15-3 0)dIJ05)*<=R@0¹(ÄÕ[CSTRUV

!V¶VaòÎdC��WBCD8W�J8Cl-;0EFdC(G\5  

 

 

 

 

 

 

 

 

 

 

 

 

 

^[ZRSTR)*<=R@0¹R��a5+,401289aj�XyNa

xÀ 

x" 

 

x» 

 ! 

T
11

 

! 

T
12

 

! 

T
13 

! 

T
21

 

! 

T
22

 
! 

T
23

 

! 

T
32

 

! 

T
33

 

O 

² 15-3. óãR9AÎÜÃ[CSTR)*<=R@0¹Dôã

R90�]\- x»406789Jº0�]\Y]\]CD 

! 

T
22

 

! 

T
23

 
! 

T
21

 

! 

T
31
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kY\5�R90&'dC|ZÇ8ª9*éêë@Rö~Ã}(G\5øÐÎ

ÜG\�^JD^RXyN0-¼�R9WBCDÀ�R7*406789-»

�Ð�uvdCD57*40678»�R9RJ{554óã0BC9a[\

A5�R9Roî023-7*+,4yñ±x1, x2, x3©0&'dC|À�RZÇ

8ª9*}akYCD 

! x140678óã90&'G5�[][5x15x25x34añ�ª9*Rö~Ã

a5

! 

T
11

,   T
12

,   T
13
(ª�dCD

! 

T
11
-5x1 40678óãR90&'G5x1 4Ró

yñañ~5^R90|678ª9*}Rö~ÃaªdD

! 

T
12
-5x140678

óã90&'G5x»4Róyñañ~5^R90|128ª9*}Rö~Ã5 

! 

T
13
-5x14067óãR90&'G5x34Róyñañ~5^R90|128

ª9*}Rö~Ãa5�[][ªdD 

! Ï10G\5x2R40678óãR90&'G5x1, x2, x34añ�ª9*Rö

~Ãa5�[][5 

! 

T
21

,   T
22

,   T
23
(dCDøHÏ10G\5x3R4067890

&'G5x1. x2, x34añ�ª9*Rö~Ãa5�[][5

! 

T
31

,   T
32

,   T
33
(ª�dCD 

! ^RIJ8S�RZÇ8ª9*Rö~Ã-5´RIJ8ÀxÀ2^(G\5 

! ! !    ! ! !

! 

T = Ti j =

T
11

T
12

T
13

T
21

T
22

T
23

T
31

T
32

T
33

" 

# 

$ 
$ 
$ 

% 

& 

' 
' 
' 
                             (6) 

O�^(WA~CD

! 

Tij  -)*<=R@R0¹ (ÄÕ[CD|_"`Rò>a}

-�RZÇ8ª9*W&'dC9-+,4a0678óãR9ABC^(a)

dD|_»`Rò> j}-�Rª9*W j 4yñañ�^(a)dD)*<=R

@R0¹

! 

Tij-5+,-4WòÎdCZÇ89(yñ0&'dCª9*Rö~Ã

aªdDÀ�R+,49(ÀR+,4yñAbcS�RZÇ8ª9*akYCD 

! 9RLMè/éêë@-5|kY\]CrNRìí«lZ³ñ~}0�C(d

eG\]CRA5|+,40678óãR9}(òÎdC^(-5^R9RLM

è/éêë@ n W|+,4RLMéêë@ }ABC^(a��dCD² 15-3

RXyN0-¼�R9WBCjRR5ßREFA-5�RJ{RóãRÀ�R

9GlkY\]8]DfQRôã0BCÀ�R9A-gjkY8�\jI]R
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JhJli!  

! ôãR9RLMè/éêë@ n-|ôjkalºH+,4RLMéêë@ }

(8�\]CDm�\5(5)lZ!

! 

T("n) = "T(n) ABCD² 15-3A-5x»406

78ôã90��ZÇ8ª9*jY]\BCDóãAÎÜGHª9*aFHÃ

IHjR08�\]CD^[-! (5)0ICDJlZ5/�R+,4R5LMé

êë@0ÍndCóã9RLMè/éêë@ n (/�R+,4R5LMéêë

@AòÎÃ[CS�RZÇ8ª9*

! 

TijakY[Õ5XyNR¼�R9RÈ\0

�]\kY\]C^(08�\]CD 

! :ß-5)*<=R@R0¹

! 

TijRÎÜA5^[a']\��NR*�A-9

a�4\&'dC$%*aEFdCD GlG5

! 

T(n)W nRpRIJ8=>AB

Cl-£o(G\È�gjp7G\]8]DwFlZq0�Ô[Õ5 (6)R)*

<=R@a']C(5

! 

T(n)R(x5y5z =1, 2, 3)0¹-5LMè/éêë@ nR(x5

y5z = 1, 2, 3)0¹(´RIJ08Lr8=A0BCD 

             

! 

T
1
(n)

T
2
(n)

T
3
(n)

" 

# 

$ 
$ 
$ 

% 

& 

' 
' 
' 

=

T
11

T
12

T
13

T
21

T
22

T
23

T
31

T
32

T
33

" 

# 

$ 
$ 
$ 

% 

& 

' 
' 
' 

n
1

n
2

n
3

" 

# 

$ 
$ 
$ 

% 

& 

' 
' 
' 
                           (7) 

s�Rª9*±)*éêë@©

! 

T(n)R x5y5z 0¹-5)*<=R@0¹

! 

Tij(

LMè/éêë@ n0IQ5(7)A<YZ[CD0¹R=AAOºÕ5 

               

! 

Ti(n) = Tij
j

3

" # n j  (= Tij # n j )                           (8) 

ABCD! (8)-5iatÎG\kY[Õ5)*<=R@R i`uR2aéêë@

(¢8G\5LMè/éêë@ n(R«Oa��Hwv0PHCDJlZ5(7)

awx0ÈN- 

! ! ! ! ! ! !  

! 

T(n) = T•n                                       (9) 

(ªPA~CD T -(3x3)2^59RLMè/éêë@ n -^éêë@A(3x1)

2^ABCDÍÙ0éêë@W5(9)RIJ05A>R2^ayGÇRéêë@

0?§Ã[C'5�R?§A>aªd2^a±»zR©<=R@(ÄÅD8W(7)

W0XdCRl-5´{:|AkYCD 
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! (8)2KR}~«RªP

! 

Tij " n j-5<=R@0¹a�J,b0N'Ã[C��k

a89dCª�èABCD<=R@0¹ROAÏ4ò,WP[C,b±^R,

b- j©-5�Rò,0=G\ 1, 2, 3(G\�a�C(deGHßA5^Rª�

èa']CDg�jR?§W�Q�Ã[Hwv0-5�R¹Jº�>R<=R

@0¹ROR�WP[CD^Rª�èa']C(5�-ö�0�9�A~��

ABCDGlG5^Rª�è0�[8]�(0-«�bcR����08CR

A5^^A-^RIJ8ª�aÈ90�d^(-G8]DHJG5�;R! 28

A-5^R<=R@ªPaÉJD 
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!"#$%&'()*!

! Newton&'()*+#$%,%&'()*-./012345+67/8-

9:;<1=>?@;<A8BC/DE1DF1DG"HI<BJK-LMNOPH 

! QR S >TUV,%0WXVU/YRB Z[S\5N1,%&]3&^_&`a

B r1bcBd1%efgB hV1i&3&^_jcB v5k/lm 15-4"H 

! 

("dV) # v!

+%efg&'(nB.opkqo1I<BrWsYR Z[S\>pAtV%ee

uNAv& 

! ! ! ! ! !!!!!!!!

! 

P" = (#v)dV
B( t )

$                              (10)!

+1YRwa Z[S\B5/,%&r'(n-./Hxy1z3{>|k/%ef

g&}'(n+

! 

r " (#dV) $ v&~���e-9:-�/qo1I<B�+�rY

R-%eeuNA�� 

! ! ! ! ! ! ! !  !

! 

L" = r # ($v)dV
B( t )

%                          (11)!

+,%&r}'(n-./H!

 

 

 

 

 

 

 

 

 

 

!

!

#$%��-+1Newton&'()*B�&OP>��/H!

! �"r'(n[��\&QR���+1,%>��k/rV&��&�>�NUH!

! D"r}'(n[��\&QR���+1z3>|k/,%>��k/����!

T(n) 

9� S 

n 

x1 

x2 

,% B(t) 

m 15-4. ,%>��k/,%� Kl�`2n�A�

>��k/�"59��l��~���"T(n)H 

  

 

x! 

O 

r1!, dV  

K 
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! ! ! !"!#$%&'()*+,-!

./)01234567&89:);<=>?3@ABC)DE=,3-./

4 K"FGHIJKL)01234%AM5NO=0123PM4"Q4R$

!#%T(n)&6STUV3-WX=Y./&Z[3/\5 ]Y^&_`M5 aA

+=Ybc4BY./4&/\\;APM4"Q4R$!#%&M\;&()

d3-!

! ! ! ! ! ! ! ! ! !

! 

F" = #KdV
B

$ + T(n)
S

$ dS             ! !  (12)!

ef)>?=Ygh)i23./)0123bjklm!"!#$%&'(n-!

! ! ! ! ! ! ! ! ! !

! 

M" = r # ($K)dV
B

% + r #T(n)dS
S

% ! !!!!!(13) 

Ad3-  

 opI)i23qrs%BY(10)A(12)51,=Y 

! ! ! ! !  

! 

D

Dt
[ ("v)dV
B (t )

# ] = "KdV
B

# + T(n)
S

# dS                 (14)  

APtuv3-wopI)i23qrx%BY(11)A(13)51,=Y 

           

! 

D

Dt
[ r " (#v)dV
B (t )

$ ] = r " (#K)dV
B

$ + r "T(n)dS
S

$       (15) 

Ad3-yz{;B!/!tUBd| D/DtA}+=V3-@&~�)7,=B��

���UV3- 

! ��/4�&��AdX=,3�/4�UBY���5�z)��+K�UY

�/&op5���

! 

v(x
1
,x
2
,x

3
,t)A^&yz��U}D23�q��1uv3@

A��,- Euler&�qA��v3-��B�7&��d��U ?¡v3¢¡Y

��& i£�¤¥;

! 

v
i
n

! 

vi(x1,x 2,x3,t)UVL, ^&{¦��BY 

!  ! !  

! 

"vi(x1,x2,x3,t) =
#vi

#x1
"x1 +

#vi

#x2
"x2 +

#vi

#x3
"x3 +

#vi

#t
"t  

Ad3-§¨5©tUªX=^&yz��«)¬2AY 

!  ! !

! 

"vi

"t
=
#vi

#t
+ (
"x1

"t
) $
#vi

#x1
+ (
"x2

"t
) $
#vi

#x2
+ (
"x

"t
) $
#vi

#x3
 

! ! ! ! !

! 

=
"v

i

"t
+ v

1
#
"v

i

"x
1

+ v
2
#
"v

i

"x
2

+ v
3
#
"v

i

"x
3
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      ! !

! 

=
"vi
"t

+ vk
"vi
"x

kk=1

3

# =
"v

i

"t
+ v•$vi = (

"

"t
+ v•$)vi! ! !    ! (16) 

!"#$%&'()*+,-./0123456!789:;<+=>?@A

BCDE./:;<?12+ i F/0GHIJHEKL(!MNOP"Q"R$

%+./:;<STU 

            

! 

D

Dt
"
#

#t
+ v•$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  !  (17) 

!VW$ D/DtST'(Lagrange./!XYZ&0[\./]!^P&#$ 

_16 àb+=c'(12F/+,-defUEuler+ghXQijHEk+l(

mno'Yp+hql+B12](mro'Ys<+tu0v#B12]"w!

^P&#$%+v\0((17)+ D/Dt'(x-y0z{|"12h_s<tuh`

?}#%!k~�Ep%l+���+,-defU��W#:;<l}#$x

-0��HE���XQ+��KL0G�W#$ 

! HXH(kH���Ux-0����(Z1 v !��v\0�u��#!M

N#"Q_%+MN�' Lagrange+gh���!^P&# (̀���0GW#s

<Z1 v'��y0�!"#$ (17)' 

            

! 

D

Dt
=
"

"t
                                     (18) 

l}#$%+��l D/Dt'(Lagrange./!XYZ&0[\./]!^P&#$ 

! HXH(Euler+ghl'(D/Dt'(17)ab+��Uk�(s<12 v ?��

y0�l'"R��UMN�R#$HXH(%+,-./:;<UJR#!(

�V�'Z1 v U H�H¡\%!?l¢#$s<12 v ?�l'"R,(�

u��£�u�'s<+tu12 v 0¤D��XQ¥�j�&E¦(�0@A

BCDE¦W#?(%+%!U~�"?Qk(�V�'%&U§0¨©"R�

�0l¢#ª«?}#$(14), (15)0 D/Dt?¬C&#+k(%+v\" EulerZ

+gh0v#$

! 

" /"tUJR#h'(

! 

D /Dt " # /#t + v•$!®¯°N&PvR$ 

! Newton+�u�±'(²³T+´µl' D/Dt UJR�((14),(15)+¶0"#$

%+��0·R�k\¸HMN�¹%\$|�? ml}#|«0GW# Newton

+�u�º»'( 
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! ! ! ! ! ! ! !
  

! 

! 
F = m

! 
" = m

d
2
x

dt
2

=
d

dt
(m
! 
v )                       

!"#$%&'()*+,-./% 

! ! ! ! ! ! ! !
  

! 

d

dt
(m
! 
v ) =

! 
F  

01,2%3456'789:;$<'=>?@A1#BC!%&,D(14)' 

         

! 

D

Dt
[ ("v)dV
B (t )

# ] = "KdV
B

# + T(n)
S

# dS ! ! ! ! ! ! ! ! ! ! ! ! (14) 

?<'EEFG1#0H.#I3Newton '45JKLD%456'789:$

MBNO0PQ/R#C0STUBV!DWXY/R#IZ?[\/%(14))]

'^_`DUa Bb!'3cd78efg'456'hiC%^j`D3cd7

8efg?k S*lm/'456'nopq+rC0Xs1#tu%tv%twrI! x

kBpGByz{|rDcdkaefg'B'}~�ML/T
2
/L

2�*��$%&

'}~D%�ML/T
2
/L

2�= [ML/T][1/T][1/L
2
]!"#��%cd78efgcdka

efg'456'}~!�"#IO��%xkB'ka�*cd78efg'

3k S *lm/'456'nopq+rC0WX1#I3cd78efg'C0

'��*��1#f\?%3456'hi;C%3456'nopq+r;C0P

Q/��RIO��%(14)(]'3456'789:CD%3UaB?�e1#
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