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1.2. 0000 3

gooooobobbbobb,0dd xdodoog ogx,np0oodooooogo
gbobobodg,bbbuoogbbbooad,

)
&m0=—@£ (1.1)

O0,0000 k0000000000000 x00 x+6x0000000000O00O,000
O0000000 ,0000 pO0000 pecuox0 00000 O0ODODOO0O,0000000
Joddo, 00 xddddddddoooodd x+oxoddgooooooooa
000000000 bO000bOO000oobOo0oobooooooooboOoooooooon
Oar0000

%(pcuéx):Q(x,t)—Q(x+6x,t)+ph6x

gobobooodtoesxgggn,

O(x + 0x,1) — Q(x,1) + ph

d
E(pcu) - ox

gbobob,&x—-00000000,000 100 00000 bo0oobobbooobDDbO
oo ddnooobooonobobog,ooboon

ou

p p
Ewmza@a%mh (1.2)

oboooboobooobooobood p,e, bk, hOODO0OOOODOO

1.2 0000

000000000000000000000000000000000000000
00 00000000 pea?/k, 000 Aw0D0D00O000,000000 ¥ =x/a,00
0000 ¢ =kt/(pca®), 000000 o =w/Au0000000,

ow 0w , ,
o = Ey +H O<x<l1,¢>0) (1.3)

000000000000000000 H=pd?h/(kAwyOODOOOOODOODOODOOO
00000000000000000000 «0 k0000000000000 000
0000,0000000000000000000000000 HOOOOOOOOO
000000000000000000040000000000,000000000
00000000000 000,000000000000000000,000000
000 (@O0)d

0(13)0000000000000000000000,#(,/)000000000
0000000000000 00000000000000,0000000 w/(x,0)=1,
0000000 w(O0,7)=w(,/)=000000000000



4 1. DOoooooooo

U loobooboooboobooooboboo,oboobooboooboobobbob
gboobo,b00bbooboobboobooobooboboooboobboobooon
gobooboooboobbooboooboobboob,oobboobboo @o)
oboooooobo @o)ybobobgobobobobo

1.3 00O

gboobob a3bobooobooboboo,0bibiobd D00 00000
gobobooboboo,ggoogobbobbodg @ooobbobbouooooobon
gbboggbogo,ggbboobooobuoobobuooobo)yoobbooboon
g

xj=JjAc (j=0,1,2,---,Ny)

l‘nEI’lA; (n:0,1,2,"')

(1.4)

oo0oopoooo0,000 (OO 10000000000O0O00O000O0O0000000
000
u?zu(xj,t,,) (1.5)

godddoooooooooobobobobobob Ay, =1/NOUO0O0OO00oo,A 0000
gbbogobobbooobboooobbo,bbbuoobbbooobbooon
g,ggoobbbobobdddggooooboobobbbooodudgooo,oooooon
goobbbobo,bbbbbduooooooobbb,bbbbbbbbooooogoon
obobobooboboboobobuoobobobooboboA,0AO0ODOnO
gboogobogbodboboobodboobooboobboobooboonboobod
obood,bboooboobbgol1obboob,gobboobooo1boobobo
gbbobooobobobooobbbuoooobobo,bbooobbbooobobbao
goobogoobob,oobbboooobbboooboboobboboooobbogao
gbobobooggn



14. 00O 5

14 OO0

00000 (300000000000 @u/ét0 6u/6x) 000000000000
000000000000000000000000000000000000000
(00000 610000000)000000000,0000000000000010
oooooo

ou u(x; +0x,1) — u(x;, 1)
— m
OxX|y=x; 620 0x

gbobobod,x000dobbb A 0dd0nbboogg

ou

N u(xj+ Ay, t) —u(xj, ) CUjer U
ox

X=X Ax Ax
J

(1.6)

000000000 (000 u)=ulx,n)D0000

@
0x

Uj—uj
~ - 1.7
X=X Ax ( )

goboboboobooboboboooobobobo,boboboboonbg oy
ooooo,1gogooooooogooo aeooooo,oanybobooboooog
gbobboobooboobg20000,

ou Ujrl — Uj
0 L 7 1.
Ox|x=x; 2A, (1.8)

goog,gbdboAaybooooboboboboooobob20b0b0boooog
ogbool1ogoobogoboobooboo,oboboobooboob aouboooobo

goobodgbb200bboobobooood w10 yobbobobbo g
obooob,»yOo10o0o0o0b (=ued200000)0,00 a0 200000000,

Ll
Ox

Vitl — Vj-1 _ l/tj+2—2l/lj+l/lj_2

ey 2A, 472

gbbogobuoguobbogbogbuoobbooboobobuoobbuoobbooo
oboboboo A bDO00O0O0D0OO0DO,vO1000000000D00O00O0

44
Ox
Oo0o0ooogoooggn

_ v(x; + 1A, 1) = v(x; — 1A, 1)
x:)(fj AX

1

Uip — U uj—uj
v(_xj+ %Ax’t) ~ %’ V(.Xj— %Ax, t) ~ At
X

Ax
ooooo,0bd«02000000000000

0*u N uj+1—2uj+uj_1
0x? |x=y, A2

(1.9)

000000000 oA»O00,0002000000000000



1. DOoooooooo

program schemeA
implicit none
' J00000 tendO0O OO0, OO0 dtoutO0 000 0ooooooon
! nx : Jodoooood, dx - godo, dt - 0oOoooooo
! u: 00000000000 (000 nx+1)
! w: O0OOOO (OO0 nx+1)
integer nx, j
parameter (nx=16)
real*8 dx, t, dt, tout, dtout, tend, u(®:nx), w(0:nx)
parameter (dx=1.0d0/nx, tend=1.0d0, dt=1.0d-3, dtout=1.0d-2)
! gooooooao
do j=1,nx-1
u(j)=1.0d0
end do
! dooooooa
u(0)=0.0d0
u(nx)=0.0d0
! J00o00oodoo, oodoooooooono (oddoomd)
t=0.0d0
tout=0.0d0
do
| J0000000o0n (doodooboutput00dooooooad)
if (t>=tout) then
call output(u,nx,t)
tout=tout+dtout
end if
| t=tend 0000000
if (t>=tend) stop
| J000000000000wO OO
do j=1,nx-1
w(j)=(u(j+1)-2.0d0*u(jd)+u(j-1))/(dx*dx)
end do
| J0o0obooo, ooooooooooooo
do j=1,nx-1
u(j)=u(G+dt*w(jd
end do
t=t+dt
end do
end

U20000A0000000000000D000O0OFertran77000000,00 DOOO
goo,gobobobobobobobobobobobobobobobOobOobOobOoD
ubbodbuewggobobooobuoobbooboobo,goboooboobboobooab
gbboobooboobbooboo,boobooobooboboobbooboobobon
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1.5 0O0Doooo

000000000000000020000000000000000000000
0000000 (1.3)0

dbtj _ Ujil —2Mj+1/tj_]

dt A2

+H (1<j<N,-1) (1.10)

ooooobobooooog j=00 j=N,000000000000000DODOO0
goooobobobobobobobob,bobobobobo,obob3bgbog
gobbooogb,gggbobbbouogbobobooogbooo A, B, COoodnn:

utt =yt

< 7 (A:100000)
A
n—1

du; "y
] B e/ e B:100000) (1.11)
dt =ty At

un+l _ . n-1

J J
——— (C:200000
oA, ( )

0000 (1.10)0,0000

 + (W, =2+ )+ AH MO000 A)

i = e = 2 ) e AH (OO DDB) B

Y+ 2y, -2+ )+2AH (D000 C)

u; j+1

J
0000000000 (@O0 y=A/A)0
ooogdACcCoOboobbs,,000000000O0 u’}“DDDDDDD,DDDD

goobobbobbobbbbbddoooogobobobbbouooooooon
(explicitmethod) U0 DO OO00ODOOO0OOBOOOOODOOOOODOOOOODOOOO,

N,—-1
DAt =i+ AH (= 1,2, Ny = 1) (1.13)
k=1

gbobobooogoboboooobbobooogoooo

1+2y -y
- 1+2y -
a=| 7T (1.14)
-y 1+2y

godod (v,-hHooooooooooooooooo,oooobooboi1oboo,0o0d
doooooooooooo,0oo 300000, 000000 3000o0oo0oaa
00 BOOOO (implicitmethod) U O OO OOO
gooocobooooooooboooooooooooooo, L, booooood
0od e, 000 @oobooOH)oooooooooooooooon m=000000
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Lo I Lo
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time time time
20000
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~ ~ ~
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o o o
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I I L of—i
S < S
s N N
[ & o
S S 3
S > =
0
o

.
0.05
time

0.10

.
0.05
time

010

N
s}
S
S
S

0.00

0.05
time

.10

O3:1000bobooooooogooD Ao, ooo ch)yoooooooooo
0,x=025000000000000 (H=0,A,=1/160000000,0000 A, =102,
3x1073,10°00000000000000000000000D00000000O0ODO0
UbobOobOob AOCOO,0000Db0Db0DbODObDO x=0250000000 Ny/4
gobgoboobbooboobobon

gboboobobgoobbooboboobobo,oobobooboboAdDOd
ooooobooooAdlIoogbooboobobobo,obo1oboboboob,bg
gbobooboooboooboobooboboboobooboocobuoo,opoobooo
OO000bO0b0oboboooobob0oboboboO0obodn (multistep method) OO0 OO O

1.6 JOODODOOO

goobobobobooobobo20b0boboboboboooooobon
opoogooboobo #H=0,00000A,=1/16000,0000 A,B,COOU0
gboogobuogboboobboobooobuoo3goboobboobboooobooo

gboooogo:

e JODOOAOUOAODODDODDOODOODOODLOODLOODOOD ADO
0000000000000 ooooooooooto

o

'DDDDu@QzZ}

m=0

4sin(2m+ Drx _ o000
@m+ Dn

~t0Qgoo



1.7. 0000 9

e IO BOOAUOODDDODOOODLDDDOO
e JODOOCOUAUODODODOODOODOOD

gboobboobboooboobbooboobbocoooboobbooboo
OeoObO)yoobooboobooboo,ooboobooboobobobobb 10
gboogobuABUODLDOOOOOOOOOLODLOO,ggbogobuoobood
gboobgoboobbooboobooboobboobbooboobooboo,
gboogboobbogo,0booubboobuooboobbobobuogboob,d
gboboboooobbbogogboboooobobuoooobobbooo

. 0000 A0DO0bOogobOo,booboob HF=000H)OoLooooDo
gbobobobooobobgobobgoboobboobooboosbuonbnod 1y,
O00dx=0250000000 @E00O0O0)DOoDO00O00b0bLO0D i, 00000

2. 0000 B, COO0bOoOobOobDoO,boobobobobboboobg O

1.7 ODOOO

gboogbdoobooboobobbobbobobbuobboebUddwbogn
0,0000000000 w-AuOD0O000000200000000000 0000
U0 uwrnoDoooob r00b00o00obbooobbooobboon gt
gobobooogon

o, 1) = —4nr2ka—“ (1.15)
or

000000 006 00000000000,000 p000 4nr*pcusr000,00
goboobooooobb noobbbbuoooobobbodooogn r+orn g
gbobbobooboobooboobobboboobooboobo

0
E(47rr2pcu 6r) = Q(r, 1) — Q(r + 6r,t) + 4nr’ph or (1.16)
ooodoo,sr—-000000000O00O00O00O000O
1 0 ,0 Pu 20
—(pcu) -2 kr—” v oh=k|Z2 422 o 0<r<a) (1.17)
or o ror

oboboooboobd r-00000000000DOO,0D00OO0ODODDOODODO
OooOo,000000 ou/or=0000,

200000 (1824-1907) 0 00000000000000000000000000O0O0DOODODOO0
oooooooboooobo,oooobooboooooo



10 2. 0DO00O0O0DOO0

goobo@obooboooo)booooobboooobobboo

0 0*u
E(pcu) = 3kﬁ +ph (r=0) (1.18)

oogd
gbbbooggb,goobboooobboooobboooobboooobod
gbobbogobbboooobbooobobbuooobboooo,goobbobooon
oboobog @oboobooboo),bboboobbd)yuobooboobo
opoooboboo,booboooboobbooboobboobo@Wboobobo
gob)gdooboboooooboooooon

rj:jAr (j:()’l’""N)7 Ar:a/]\’,

DDDD,uj(t):u(rj,t)DDDDDDDDDDDDD o 0oooooooooao,d
OOooOoo0o20000u0ououooono
0*u

_up - 21/[0 + u_
or?

I

r=0

gbbbuoooobbbooobbbuoooobbbuoobbboooobobo

ou _ul—u_l_o
orl—o 2A,
0000w, =y, 0000000000O000O00OOOODOODO 2000000
0’u 2u; — 2uy
— = —— 1.19
or*| _, A? (1.19)

gbobobooboobooboob200b0b0b0obo0bOoobo

oo 2

. 0goobogooobo,booobooobooobbooobobooobboobbo
T,,r=q/2000000000000000000 DOOOOOooODOOoODO
goo

2. 00,0,00b00buoobooboobo,ooboobooboobo O

2 Jooogoog

21 0O0ODOOO

ObOooboOoooO(.2)00boodi (diffusionequation) DO OO0, 00000

% =nVu+gq 2.1)



22, 00OO0OO 11

0000000000000 V2=48%0x>+0*/0y*+9%/0z200000000,70000
(diffusivity) 0 00000000000 0000000000000000000O0000
00000,0000000,00000,000000000000000000000
0000000 (parabolic) 0000000000000

00000000000000000000000000,0000000 «0000
0000000000000 A00000000000 ,=A%/p0000000000
D00000000000000000000000000o0a

00000 2.1)000000000 (Poisson) 00O

Viu=—q/n (2.2)

gboooobodoobuoobboobo,bodgnbn (boundary value problem) O [ O [
Ob,000 eliptic) DOODO0OODOODODOODODOOOOOODOODOO,0000
gboobobobobboobooobuooboob 44000 8600

22 OO0O0O04

gbogbobodboobbouoobbodoboobbodoboobobobooboo
gogoobboboboobbbbbbibdddooooooooooooooooobn

(advection equation)

ou ou

E——Ca (23)
O0do0 (0oooomo3oooodgno

%:—C-Vu 2.4)

0000000 Vu = (8u/dx,0u/dy,du/dz) 0 0000000000000 0 ¢000O
0000000000000000000000000000000000000000
0300000 fO000000000

u(x,t) = f(x —ct) (2.5

gobobouoooon

23 O0OOOO

gboboboooobbobuooooboboooobb @woobooo)d

d*u
Eﬁz—w% (2.6)

000000000 (initial value problem) O O O



12 2. 0DO00O0O0DOO0

0000000000000 b0ddl w000, 000000 2r/fw000000
dodooooooooo,ooon p
u

= 2.7

7 iwu 2.7)

googlboogoboobboobbo@uoob«bbooobH)ooobbooboon
gbobbuoogobbbuoodb,ugogobbbuooobboboo

*u ,0%u
—_—
or ox?
OO000000oo0oo0 «00000,00000000000O0DOO0300000000

gooo,gboo

(2.8)

§§:MWM (2.9)
000000000030 00000000000000000,0000«00000
0000000000000000000000000000 (2.8)0 29000000
(wave equation) D D 0000000000000 0O0O000OOO

00000 8)UOooon f,edODODOOOOO
u(x,t) = f(x —at) + g(x + ar) (2.10)

gobbolbodgooobbobbooooobboboooooboboboooo,on
OOoboboooboboboobooboboooboboboobobbooboon (hyperbolic) O
gbobobooogobood

24 J0ODOOOObDDOOODO

000000000000 0,000000000000000000O0DO000 (Navier-
Stokes) [0 0 I

Je

§¥+O“WthVpﬂwWV+F 2.11)

opboogbooob vooobog,pddob,pbdd,yOoooO,000 FOODO

gbobogobobobugob,goobbooobbbuooobbbuoobbbood

gbobobobooboobooboobo
gboobobgdbooobooobuoobbuoobboobbobodgbbooboo

goo

AV, aV, Vs
V. o5+ V, e +V, 7

VW= vy oy
V-VHV=|V.2+V, P + V.3

av, av, av,
Vigw t Vo Vo

gbobodbgobobooobbbobboobboobbuooobooobooobooboo
gbobboooobbbuooobobboooon
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3 Jdogooooog

dooooooooooooooooo,ooooooooooog (yynpoOoooa
od,000o0b0o000oooooboooooooooooooo @ a4eooooo
O0O)HoooOo A, O0A 0000000000000 DOO00000O0O0DOO0000
0000000 @ooooobOoo0oooooooboOo)yooooooooboooOoOoooo
00000000 bOoO000DoObO0o00oobOo00oDbOo0o0o01ooooooa

000000000000 bOo0oooooOoooooooOoooooooooooag
OO0O0O0O000D0O (method of weighted residual) O OO, 0000000000 ¢e(x)
k=0,1,---,MH)OOOOODODOODO u(x,tr)O

N

u(e, 1) = ) (D) 3.1)

k=0
goooooobooobooooooono,oooodod wix)(=0,1,---,N)00O0
gboobooboob1ooboobon

ou 0u
00000000 w() O
d N N
= D A = ) B (3.3)
k=0 k=0

gbobboooobbbuooooboobbboood

1 L ey
Ajk:fowjd)kdx, Bjk:fonwjﬁdx,
0000000000000 000O00000O000O00000C0OO0OOOO00OBOO
0000000 (spectralmethod), 00 0000000000000 O,00000000
O000000000000000000000000000 (finite element method) O O
O0000o0o0ooO00000000o0,000000000000O0O00O0O00COOOO

O0000000oooooo

4 0UUooouooa

gbbobogobbboooobbooobobbooobobbooobbbooobbb
O000000000000000000000400000000000000000
gbogbuodgbooobuogboobobuooboobboobuoobbooboonbbo
gbobbooaooboo

obooboboob1oobooobogod

% = F(u(1),t) 4.1)

‘00000000 (methodoflinesy 000000
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0000000000000000 (G O00000000)00000000000 (1.4)
0000 ¢t,=nA(n=0,1,2,--)0000000000000000

41 0000000

000 @HO00000000,000000000000000000000000
000 ¢t=¢+,000000 w,=u(,)00000000,0000¢,,0000

In+1
Upe1 = Uy, +f F(u,t)dt “4.2)
tn

gobbobooooobbobiboddtduwdodoibi,u,u,--- 0000000 «00
gooboooobbobuoooobobboo @hooobobobuoooobbbooon
goo

42 00000

oboooobod 42uboboooooo, b0 wbboobboobboobo
b, FunDOOoooogooogobobogb @2)yguoo,0b g <ttt 0
rogdbbuogobbodobbooo,uobbobodobboobbuoooboabn
gobooo

Upi1 = Uy + At F(l/tn, tn) (43)

gbbbuoodgbobboooobbb«booobbbuooobbbooooboo,n
gbobboooobbbuooobboooobbobuoooobbboo

du

d*u
+ lAZ_
dt 2

e 4.4
T 4.4)

t=t,

Upil = Uy + At

0A0000000000000000000001000000 A00O0OODOOO
gbobooogn
0@4H0000,A00000000000,00000000000000 0A»)D0
goboboooobbboooboboboogobobuooon,r=000r=10000
gbooobbgobboobbooobobooobooobo,a 01000000
opooobooooooo)i/a,obboobooboobooboobo,opnboobog
O 1/A 0000000000000 00DO00O0O00O0D00O0b0 oApDOOOoDOODO
gbbbuoogoobbbuooobbbooao

43 0OO0O0O0OO0gOoogd

gboboboooobobooooboo,
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(a) Euler method (b) backward Euler method (c) Crank-Nicolson method

_ -3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 _ -3 -2 1 0 1 2 3
Re(MAY) Re(\AY)

U4 000000dudt=Aul @UO0000,)U0000000,cp00000000O0O
gboboobooboooboobboA00obboobboboboo,oobaAar0obbon
oboboboob ae0bobooooDH)baar00boboboooobobooboo,
gboooooooogog

1. 00D (comnsistency): A, D00 000000, 000000000000000000
gbooobooogds;

2. 000 (convergency): A, D0 0O0OOO0OO,0D000000O000O0DOO0ODOO
gooo;

3. 000 (stability): DO O DOO0DOO0OOO;

gboogobobbodboogbooobuoobboobbooboboobooboobn
gboboobooboob l1goboo,obooboobuoobobboboboboobo
gbbboggbbuoobbbooobbooobbobog,bbooobbooon
gboogbobogbodgbobogbuogbboobooboboobuooboobbod
gbobooboob,boobobboobdooboboboboobuooboboboobo
gboobgboobobuoobboobbooboobbuoobbooboobooboo
oboOo @oogossbooon)d
gbboooobbooob,ooobbbooobobbuooobbbuooobbbao
gbogobuogodbooobooobuoobbuoobbooboooboobobn

gooboogoogboo

du

— =2 4.5

o = 4.5)
O00000000 «0A000000000000000000000000000

oooad
Upy = U, + AN, = (1 + AA)u,

goobobooboboogoooooboooboo, b w, oo w, boooogn
gboobooooobobo,0bobod

'T:t*;' —1+aA< 1 (4.6)

0 4500000 ue0000000000000000D0D0O0D0DOO0000O0O0OOODODOOD
oooooooo,0coboAb0b0b0obobooogoo
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14 At=1.0

21 At=2.2

e N WL

-2

s o00bdbdu/dt=-w00000 w0O)=1000,00000000000000000
00000o0Do0o0ooo@o0ooUo<r<ci00O0UOOHDDOO0OUD u=¢"
UboboooA>200000000000000001<A,<20000000000DOO0
goog,0bo0o0gbobooboboobtAa<10b000b00b0ooo0obobooobon

oboobgoboobuoobuooboobo aAa00bo0boobon (-1,000
ooooobg 1 4o bobbobbobbo oo, g
gogoooobobobobobbbbbbbootboddddododooooooooooon
gog

obodaAa=-1000,00000000000D000O0O0O0DO0OODDOOODO
O0<A<L20000000000D0O0DO0@SDO0O00DOO0ODOODDO A0
obooobgooboooog @ enhooboobooboaboobgoobg,bd
gbobbogobbboooobbooobbb,gbbbooobobbooobbobooon
gobobooooboboooobbboog A bbboooobboooo,ooon
gbobobooooboooi1gobobobooooboboooobobonborog
obobooobobooocobouooboboob,oboboobobuoobobboobo
Ooboobobobelnnonoongd

b0 @deboboooo,0bgboboboboboboboboobobobon
0000000000000 00000000000000000¢%0

gooboobooboboboboboboboooobobooooobobobob
goo

J u a by c)lu
7 vi=|lax b, c||v “4.7)
w a; by c3)\w

‘00000000000 0000000,000000000000000000000000O00O000
oo, 000boo0oogobooboooooobooooooboboooooboooboooboooo
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00000000 3x300000000000000,0000000 (4,v, w) — @,V w')
00000

u A 0 O\(u

Slvl=lo a of|v 4.38)

w’ 0 0 A3\
0000000000000 4,0, 400000000000000 48000000
00000000000000000,00000000 @7H)000000000000
LA, LA, LA D00000000000000000000000000000000
000000000000000000000,000000000000000000
00000000

44 DU0O0OOoOooOo@on)

ooooooodd s, <t<t,, 00000 @2)0D000 FOOOODDODOOOO
O, 000000000 v, 000000000 0O00DOODO t,, 00000000000
0000 (backward Euler method)

Upi1 = Uy + At F(I/tn+1, Z‘n+1) ‘ (49)

O,1000b0obooBbOobbobobobboobboobboobD1boobOoobo
gooboo,jgogoboob w,, 000000000 ODOOO0O0O, 000000000
goboo

oboobobooboobboobooboon @50

Une1 = (1= A7) uy (4.10)

Joboddooooooboddoobooooobooooooooooooog a,0 0
goodooo1goooooooooooo @4oydooooo,ooooooon
0odoooodoboooodoooooooobooooooon aAa, 0000000
Ooodooooooodo A, 00000 ooo,ooooooooooooon
godoodouoodoodooooooooouoooooooouooooooon
bbbt ouoooouoouod

oo ouououo, oo ouououo
gododooddooobooouoodoouooooooouooooboooono
%g::Au @.11)

goooouoooooooan,

(I - ANA)uyy 1 = u, (4.12)

00 @O NODODODOOD,A0NxNDOUOOOO,700000) 00000000 uye
gbobogobbooobbuooobboonoboobbAbbogobboo0 @oo
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goooogooo),bbooonNDbDboooobobooobobo,bbooobbooo
gobbbbbouooooobbbobbouooooobbbbonNDbDbbboooooon
gbobooobobuoobobuoobobuoobuobuoo@oobogennon)yog
gooboooobbbooooboobob,oobbbooobboboooobbooo

og3

obobob@3)oooooobouodoybuoobg220b00b0oonog

Upel = Up + %At(Fn + Fn+1) (4.13)

00000000000 (Crank-Nicolson) 0000 (000 F, = F(u,,t,) 0000 0)0

1. 0000000000000000000000000000,000 A’0000
gbobbooogn

2. 00000000 du/dt=aw00000000000000000000 Re(d) <0
00000000 (0 4(c)00)0 O

S duubgooobgn

50 0o0oooggd
gogoogo

oo @dnhouooooooouooo,0d2yuoooooooa
In+1
sz F(u(t),t)dt (5.1)
In

000000000000000000000000000000000000000
(06000000)00000000000,000000000000000000
ooooo0,00t<t<t,,0 FOOOODOODOODOO,00070000000000
0D0000000000000000 0000000000000
000000000 typ=t,+iA000 Fuyp 000000000000

I ~AFpp (5.2)

0000,0000000 (midpointrule) 0000000000 0AHOOOO0OO0O0O
00000000,000000 FOOOOOOODOOO0O00000000000 (&, F,) 0
00 (t,,,F,.,) 02000000

F,qn-F,
F~F,+ 2 "(—1)
A,
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(a) (b) (©) (d) (e)

Fn+1

Fn+1/

tn tn+l tn tn+1 tn tn+1 t‘n tn+1 t; tn+1
Oe:00/00000000000000O0,000D0O0 FFO000D0O0O0O0O@OGOOODO
00000@O0O0000@DOO0000@EO00000000

0000,00000000
I~ IA(F, + Fp41) (5.3)

000,000000 0oAHYODOOOOOOOOODO (torapezoidal rule) 0 000, 000
oooboobd @)y bbb oo FOoboboobooboboobo,oo0og
gbobbooggbobuoooobobbuooooobooo

. 2(Fpi1 — F)) 4(F 12 — Fn)

F~F, t—t,)(t—t, -
A2 ( X +1/2) A

(= 1)(1 = tys1)
0:0200000000,00000000 (Simpson’s rule)
I~ 3A(F, +4F 10 + Fui1) (5.4)

0000,000000A)00000000000000 Fupl F, 0000000
000000000,000000000000000000000000 Fuap0 Fu
0000000000,000000000000000000000000

20000000000
000o0oooooooo
u;+1/2:un+%A,Fn, u, | = U, +AF,, (5.5

ooono
Fn+1/2 = F(u;+1/2’ tn+1/2), Fo = F(u:,+1,tn+1)’ (5.6)

0000000 oOOoDoOOoDoDoooDOo(@oobo0o"ob0o0oooobooooooao
000000 o0o0ooooDH)yoooooooooooo ¢G2oooooooooooon
[0 (modified Euler method)

Upt1 = Uy + AtF(u;kH_]/Q’ I, + %Az), (5.7)
000000 ¢G3))00od0ooooonod (Heun method)

ner =ty + S| Fluty, 1) + F (1)1 + A, (5.8)

n+1°
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RK4
RK3

//”2
an
NN

N

N

-1 0 1
Re(AAt)

Py

-3 -2

O7:000000du/de=2u0000000000000000O00O0O00O0O0ORKsO sOODO
gooobooboooooooobogbobooooboboooobobbob Aa00bODbo
oboobooo, 000 Aar00o0ooooooooooo0 arobgbooooo)g

ooboobobobooooobobo,00b00 b, e0RLODOODOO,

kl = F(Lln, tn)a k2 = F(un + %klAl‘v I, + %At), (59)

Upt1 = Uy + Ath’

gboboboogoobood

ki = F(up, t,), ky = F(u, + kiAn t, + Ap),
1 1 2 18 t (5.10)
Upi1 = Up + 30(k1 + k2),

00000000000000000000000000000 0A)00000000
00000000000000000000000000000000000 4500
oooo,00000

%f#:h+zm+%umﬂ<1 (5.11)
0000000000 4A0000070000000000000000000000
0200000000,00000000000000000000000000000

goboboooobbboooobon

Joogoooooon

00000000000 G6O000000000000000 5400000 0AY)
0000000000000 00000000000,000000000000000
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0000,003000000000000000 0AHhODOOD0DOO0OO0:

kl = F(una tn), k2 = F(un + %klAta L, + %At),
ky = F(u, — kiA; + 2k A 8, + A, (5.12)

Up = Uy + g A(ky + 4ka + k3),

LOOODOOODOOOOOobOOo,A00b00b0b00b000b0bobUbkKsODOOOon
gobooogooooboobo,bobbd, U0 LODO0O00O000,10000 t=1,,, 00
rogoboobooooboo,boobbuooobooobbuoob v, OO DOO0O0D
go,dggobobo3ggobboogooobooooboboboooobon

40000000000

000000 G4H000oA)OOD0,00000400000000000007:

kl = F(un, z‘n), k2 = F(un + %klAta I, + %At)s
ks = F(u, + SkolA 1, + 1A, ks = F(u, + ks, t, + A)), (5.13)
Unr = Uy + 3 0(ky + 2Ky + 2k3 + ky)

goboboooobobboooob,ogobbbooobobboooobbboooU4n
gooooogob,bgbo40b00b0b0ObO0obOobOobOobOobobOobOobDOonDO
g700004000000000000D0O0DOODOODOODOODO,O00DO
gbgobuooboobboboboobooboobobooobbooboobooboo,
gbobooooboooob(@obuoobobuoo)yoobobooboboob 4
gboboboooobbbuoodoboboboooobobuoooobboogo

52 OU00ddddoooodooooobnb

goboo ¢e.hooooooboodg,ggobbob FOO0000oooobbobbooo
gboggbogoooa,bbogogbobobooooboo,bbodgbbooboon
gboood (F.-, Faep,---00)booobbogoobbooobboooobbao
goboboooob FOODODOOOOOOOOO,0bo0000n

'D00400000000000

ki = Fup, t,), ko = F(u, + arkiAn ty + @), k3 = F(u, + (Biki + Boko) A, 1, + BAY),
ks = F(uy + (yiki + yoko + v3k3)Ap ty + yA),  tps1 =ty + (c1ky + c2kn + c3k3 + caka) A,

0000000000000000000000000 oA)DDOOOO0O0000 ay,B1,B,---00000
gobooboobooboooo,oboooboooooboo,boon ¢13)yoooooboooobog (5.13)
ooo0oOooooOooooOoO0ooboo0oooObooooOooobOooooDOboOoooboOooD 2003000
goooooobooooboboooooooooon
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goboboooobboood
gbobbooogbbobuoooobobooooboo,gb FO

—-F,
FxF,+ -1 ""t-1) (5.14)

goobooooobobuoooo g2yuobobooog <t uoono,0oon
gooo,dn

Upel = Uy + %At(3Fn - Fn—l) (5.15)

0000000002000000000000000 (Adams-Bashforth)y 0000300
obobobogb@s)obooooboobo,ooobogoon

Up+1 Up Uy

- %/IA[
Up Up— Upn—

000000000000000 x=uwm/u, 020000
X = (1+32A)x + 1A, =0 (5.16)

oboobdbo,oboboboboboiloobobo,obobobobobooog
gbobaA 0000000000 8@boon

goboobobobbbtbddddidodoooooooooooooooobbbn
obooobdr=1¢.t-1,t,,000000000,00 FO0 020000000000
oooo,30000

Upst = Uy + $5(23F, — 16F,; + 5F,,) (5.17)

obooobooboo400000d

Ups1 = Uy + 52(55F, = 59F, 1 + 37F,_> — 9F,3) (5.18)

gbobooggboogobbuoodbo,gogobboooobboooobbbood
b0 @d8a@)yuudu3ngoobogbbobboboobooboob
gbobgubgbuooboobooobbooobboobbooboobboobbg
gboogobuogboobooobogobuoobboobboobobooboouobn
gbobooboboob@ouobobi1oboboouoboboooobo)oboobd
gbooboboboboobooboobuooboobobobobbobooboaAaO0ODbgd
gboboboooobbbooobboboooobbbuoobbobooooboon

{0000000000000000du/dt=F000000

Uns1 = Uy + AF, + SAZAF]dt + O(AD),
F,_i = F, — AdF/dt + O(AD),

00D000,000000A,/200000000000000 (1500000000000 oAHOO
oooooooooboo
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(a) (b)

AB2 AB2AM3
N
AB3 Z 1 [V
. AB4 . AB3AM4
2o 2o
E E
& _1 A
]
Al -2
1 0 -3 2 1 0 1
Re(AAt) Re(AAt)

U8 @ibibiibddu/dt=Au0 sODOO0DOO0O0O00D0O0DOODOODO (ABsOOO)OO
goboobooooobboooboooobooaBhoooooooobbooooboooDo
oo, 00obooboobboooooobobobooomGUuboobobL sdbboboboobo
gbooboooobooooboobooboo s—-nhoboooooooobooooobooo,0ooog s
oboboobooboobbooboobnb (AB(s-1)AMs O 0O 0O)0O

gbobooubgbogbodgbboobbuoobobooooobbogobobooooo
oboboooboboooboboob yo,G1epoooboboooboobobooo,
gboooboobooboobooboobobbobooboo1booob,boobog
gboodboooooooboobooboobooboobooboobogobagooa,
goobgbobobooobobobobobobooooobobobobobobo
go,dbogbboob,0bodbuoobbobbodgbuoobboobogbooo
oo G1e)bdb Al—-000000 y=0,10,00000000,00000000
gbobo,0bogbogbooboobobobobobobbobbobooboobg
oboooobgbo,gbo0boobod A0 0boob 1o0booboo,ooobog
gobobooodgob,ogobobood

gbooobooooboo

O000ob0dbdl (Adams-Moulton) DU, 0000000000000 0OOOOOO
gboboboooooboog,bd b0 rFrO00oooboooobobbbbood
gboboodbboobbog20bogboboo,bpogboooboboboonon @.13)
oboooo30ogn

U1 =ty + 5A(5Fys1 +8F, — F,y) (5.19)

gbobo,o0b40000

Une1 = Uy + 35 0(9F u1 + 19F, = 5F,_1 + F, ) (5.20)

gbobobobboboboobobuobboobobooooboobo2b00b00bboboo
gobboooobbobooobooboboooobobobuoooobbboooon
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goooooon

doooooooooooobobooboobooooooo, b Ly ooooooaoad
w  Doooooooooodooooboooooooooooooooooooood
u, 0000000, 000000000000000D00000 (predictor-corrector
method) 0000000 0O0OOO0OOOOOOOOOOOOOO FunOOGod4d?200

gobobooogo3ooood

W,y =y + %(SFn —-F,1),

K (5.21)
Upel = Uy + 1_2t(5F2+1 + 8Fn - Fn—l)’

00000000000 (@00 Fiy = Fub,t,)0000002000000000
O0000000000000,000000000000000000030000 @
0000300000000000)I0030000000000000000,000
0000000000000 00000000000,000000000000000
020000000000 @0000000000000000)0000000°000
0000000,00000020000000000,000000000000000
00000000000000000000000 (3 8(b)0

53 OOoooogagg

Oooboobobduy/ae 00000000 ODODOOO,20000000000
0 (leapfrog) U

Uit = Up_y + 20 F (ty, 1) (522)

gbooblioooboboboooobob chbobooobboboooobobobg
Obhobboobooboobddyo,boboob200b00b0on

X =AA = 1+ (1A)2

O0o00oooobooonD w<1OOobobhoooo,00b 20000000 1A <1
gbobooobobbooboobobobooboboobo@wbobboboobo
gboboooog)uoogon

54 200000000000

gboboobooboooboobooboob,booboo2b00bb0obboobooo
obogboobooboobgooboobobo,

I.0b0ooogoboboi1oboooobooboboooobo,

20000000000000000(¢.10000000
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2.2000000000000DL0DOO0O0O0ODDODOOOODO;

gobboggobbobuoooob,goggoobogaa

d*u
7 = F(u,1) (5.23)

goboboooo,0ogoooob20b000oboboodod

Upet = 2Up — Uyy + A%F(un» In) (5.24)

D000000000F=A4000000000000000000000,40000
00 -4<AA?<00000000000000 26000000000 A<2/jw00
000000000000

55 Uooooon

gboboboboobobobobo,bobob AO0bO00b0oboboboobn
ooboodbobAOOb0DbOO0ObLDbOO0,0bbbooobbobbbooboboo
gobobboooobbobooooobobobodu Aabbboooobboboooon
gbobobooggn

gobooo

s0000000000000000000000000 CA*' 000000 CO u0
000000000000000000000000000000000000 4,00
,w0O0O0OO0DOO0OO0000 u,, 0,A00000020000000000 f,,00
0 AuD
— ~ s+1 A S -5 s+1
AU = Uy = By = CAT = 2C(%) = (1 -27)CA; (5.25)

gbobooboog,booobobobooobobbuoodgbbbooobobuooobbbood

0000,00000
CAT Al

el (1= 27|
00000000000000000000A00000000000000O0000
00000000000 é&0000,00000000000000

&

(5.26)

AN = A(E/E)™ (5.27)

000000000000000000000000000000000000000
gbooooboooobo

YOpopooooO000000000000000 Press et al. (1992), Numerical Recipes in Fortran 77,
Chap.16, Cambridge Univ. Press 0 00 00 O
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gooboooooooo

300oboobooobgo ¢12)opogn

u) = u, + LAk + 4k + ks) (5.28)

n+l1

ooooo,0b0df LrO0b000DbOO0, 200000000000 GYHYLOOODO0O OO

ggd
()

n+1

u_ =u, + kA, (5.29)

0000000000000000000000000000,00000000000
0000000000000000000000000000,00000000000
00000000 (embedded) 00,0000000000000000

Au=ul —u® = 1Ak -2k + k) (5.30)

n+l1 n+1

00000000000000000 O0AHDOO0DDOD00000D,000000000
00000000000000000000000000004™
gbobobuoggobobuooobbooogbobuoooob,oobbbooobobod
gobbobboooooobobbouoooooooboobboooooobobobboooaa,
gbboogbogobooobuoobobobuoobbooooobooboboobbao
goboboogoobbobuoooobbboooooboo

0000000000000000000000000000000000000
(x(t),y))00OO0O00,000000

d*x GMx d° GMy
=T A TN -1

doduUUoioooo,MO000000D)H)ODO u=sdx/dt,v=dy/dteD 000,000
+=000000000000¢ 000 VvOM/a, 000 J&/(GM)O0000000,00
oo0n 4 J 4 4

X u X 1%

T G TSR Gt .32
dooooooooooooood (xy,u,v)y=(1,0,0,ve) D00 0000OOOOOO0O
(oooooouoooooo r=v%/[l—(1—v(2))0080]DDD,VOZ1DDDD,V0:\/5
Oo0ooooooHhooooooooooooooooooono (ooooooooo
Hhiodoooooooooooouoooooouooooooooouoouooooooo
O0doooooooooooooo,oooooooooooooooocoooooon

gbobboogobbbuooobbbuoooobobouoobbn O

"Noooooo00000000ooooooooooon
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B

O

U9 @bibiooboboboobobobgoogooooooob,cooboboboooooon
ubobooboobboobooooboobo,oobobooboobobooboooboan
obobobobobom200b0dboobooooooooooooooogonDg

oos

Ob00b0oobobooboboobobouoobobgo (self-excited dynamo) O O O
gbgbbuogbbuodgoobbodboobuoobbuoobboobboobbodo
gboobooobooboobbooobobuoob,oobddYybboobooobo
gobooooboooJsooooboooboooobbo pbboo,boobboon
gogbogboboobooboo,booQbogbbog,boobooboobbo
gboboboggbbbooobbooobbbooobboooobbooonbooon,d
gbobooboobobbo,booboboobooboboobobboboobo
gboboo,gbbuooobobbooobobbuoodbbboobbbooobbooon
gboboboogobboboooobobo,obbbdooobboboooobon

obsb0O0bOgoobgoob,0o0obodb o0

®=na’B=MJ

opoooobd @boobobo, MO0 booboboobbooobooobooD)g
gbboboggbbboogobboooboobob,obbbooobbobuooobbbood

00
o _Q - MQJ

dt  2r  2r&
O00000ooUuooouoooouoon

dJl MQJ

L— = —RJ 5.33

dt 2 ( )

obogb @@coobobooobooboobo,rO00000)0DOOODDOODO
gbobobooooboboogd

1 MJ?
f JBrdr = —a*>JB = ——
0 2 271'
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0 50 100 150
time

U10:p=1,K=2000000000000000000=Qo0,0000000000
oboobooooboobooooboooob

gboo,000bbbdug c,ouoobbobuoooobobobuooebboo,onbbod

dQ MJ?
CE =G~ 2

Uoooodn v2aG/M,000 v2rCL/(GM), 0000 v2oGL/(CM)DUODOO0ODOO
OO000,000 (58.33)(5.34) 0

dJ dQ
- = Q- —=1-7 (5.35)

000000000000 u=R\22C/(GLM) 000000000000 000000

2000000000000000000000002000 (@ 9b)y000oooon
00000000000000,00iG=1,20000000 Q000000000
000 JDO, 00000000

(5.34)

dJ dJ
gfzﬂb—ﬁh gfzmh—wh
(5.36)
B g 2oy
dl’ = 142, d[ - 1425

Oooooooooooé36uogoonon Q-Q,=0000000000000
gobO,b0b0b00ooboobog Q000b000000000000

Ji=+K, JL=+K"', Q =ukK? Q =ukK™? (5.37)

12T, Rikitake (1958), Proc. Cambr. Phil. Soc. 54, 89; D.L. Turcotte (1997), Fractals and chaos in geology and
geophysics (2nd Ed.), Cambridge Univ. Press.
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goboboooob @oooD)oooo ko 1goooboda

K:J@dquh+@dmy 000 K -K?2=Qy/u (5.38)

goobbooboouooooooobboooob,bbobbboodogooooo,oon
gobobooooobbboooobbboooobbobuoooonbood (u,QU
0bd wxooooooogo

1. 0g0oboooooogo ¢3s)budo,botbepdbbo0boobboobD
gbobobooogn

2. 000 w, K OOODOODODODOODOODOOOOO0OOO0O0,00000000000
(00000 10000)0 O

6 UJUouougn

61 00O
Dooooo

100000000000 (finite difference method) D OO0 OO 00O DO (grid) OO 0O
O,0000000000000000000O0DOO000000oDODOO00 0<sx<10
oo

xi=jA, (j=0,1,2,---,N; A, =1/N) (6.1)

00,0000 w,=u(x)0000000000000000O0O0NOOO0OOOOOO
gbobobooogbboboooobobooogn

O0ux)U000x=x;00000000000000000,000000000
g

du d*u d’u d*u
w”:W+Mm4x1Md2 m%3 ;Mﬂﬂx - (6.2)
du 4+ 1 2du sdu L ad'u
Uj-1 :L{j—Axdxx . Axd 5 Axd 3 24Axdx4 +oee, (63)

X=Xx;

obooooobe2ygbooe3)oooooooon

@
dx

I/t]+1 —I/t_

_ 1 AZ d3
x:xj_ 2N, 6Ty

4+ ...

X=Xj

Oooboodoobodoood ;0000 100000000000 200000

du
dx

Ujr1 —Uj-1
=T 6.4
X=X 2Ax ( )
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00000000 (62)0 (630000000000
d*u

dx?

_ l/tj+1—2l/tj+l/tj_1 —iA
- A2 12
szj‘ X

4
,d'u

+ -
tdxt X=X

gboooo,200000000000D0

d*u
dx?

_ Ujr] — 21/tj +uj-1

- 2
X=Xj Ax

(6.5)

O,0000020000000000 4650 x=x; 0000000000000
gbooboboobooboobg,bobbooboos3sbooobooboa
jon04000000000000000000O0O0O0O00000000000 x;, <
x<xpUO00O0000s500000000000000000000000000000
gbbuoggbbbooogobboooobbog,boobbobuoodbbbd «00n
oboboboboboo4b000b0o0oboobDg

du —Ujip + 8Mj+1 - 81/!]'_1 +Ujo

—| = 6.6

dxly, 124, ’ 6.6)
@ _ —Ujip + 16Ltj+1 - 3OI/£] + 16Mj_1 - l/tj_z’ (67)
a2l 22

o0o0ooso0ooooOn
oot 0o ooooooooooon
000 x=xj_,x5,x; 030000 w0
(Mj+1—uj)(X—Xj)(X—xj—1) (Mj—l—uj)(X—xj)(X—Xj+1)
(Xj+1 —Xj)(xj+1 —xj—l) (Xj—l _xj)(xj—l _xj+1)

obobxb200000000,10000200000000000000000

u(x) = uj+ (6.8)

gobooooon

OO0000D0O00bOO0oDO0o0bOO0ooooooOo,00og,opoodx=000100
O00dD0O0oOodoooo e2)0ooo
du Up — U
dxliey A,
0000 1000000000000 odoDooooooooooooo,oo0oad
O0O0D0o0OooDooooo
000000000000 bO000DO00o0OooDO0x=00w 00000000
000000000000 DO0000O, 00000000000 DoD0o0oDooo0ooad
0000 weOOODODOODOODODDOODOOOoOoOooo
00000000 bO00OO00bOO0o0ooooDooDooDOoooogd x=00w«0 10
ooooo

(6.9)

dul - _ (6.10)

dx |x=x,
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gboobobobobooobooobuooboobOoo,opoobooobo e2yuoo

2
,du

xd > +1A3@
X

_ 1
M]—M0+kAx+2A . 623
=X0

+ - (6.11)

X=X0

gbobobobooboo,obb0«02000000 100000

d*u

dou|  _ 2(uy —uo — kA,)
dx?| -,

x=x0 A

(6.12)

obhooboboooboooboub x,0boobooboob,0oon e.10)b

u —u_
2A,

=k (6.13)

goboboogoobobbo,«02000000000

dPu|  wg=2ug+u_y 20wy —ug — kA,)
dx ey, A2 B A2

(6.14)

obooboobooobooobog e1poooooo,0bobboboobooobg
gobobooooobobooon

62 UJUUOOOOOd

gobbobboduoooobbobbuooooobbobuooooobbobboooaad,
Oooboodoboodd g, 00b0doooobogoogoooo@uoo)ooao

g1gdoggogogog
ou 0*u
ot Ox
OO00oogoooo200000o000ooogon

(6.15)

L{l —2 1 l/ll
e 1 -2 1 0
. n .
g0 2 12 L : 6.16
B A2 : (6.16)
Un_> 1 =2 1 {uyo
Un_1 I =2)\uy-

ooooboO@uubibtdbDuw=uw=00000)H)ODOOOOoOoLOOoobOoOoDOoOoDO
000A00000000000,00000000000000 a=-4/A2000 580
gboobgoboobuoobuo,ogbd e -2<AA<00000000O0,

gobobooogn
2

A)C
A<= (6.17)

2n
0000000000000 00000,0000000000000 A, 000000
0,000000000A00000000000000000,0000000000

By00DD0000 4 =2np/A2)(coskn/N-1)0000
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goboboooobobooooboobooo,A,0b0bbboooobbbooobboo 4
gbooobobooboob,bboboobooboobooboobonboe1n)d
gbobooobobuobobooobobboooboboobobooo ®e40bo)O
gobobooogAadodboboboogoobobbooooooboa

go0ol1gbobobobobobuobobobobbboboAb0ObODbODbOoD
gboobobooboooboobuooboobo,ooboobg eanhuoboooog
3pgbooboobobobobooboboboboboobooboboBOOOOO
obobooooboboboooobuoboobobooboboooboob,AO0DbOd
ooogooboobobuooboboobobooboo cogboboobbooboobobo
gbobodoboobobbobooboboobooboboobooboo,ubo
gboogbooobooboobliooobuooAa00boobboobobg coobo
gobobooogoboood

gbobodboobobbobooboobob,obobooboobobboob
ob1oo0boobon

%z—c% (6.18)

Ooboooo,00diboid s =uy,;, J0002000000000000000,0
HEN

Uuo 0 -1 1 IZ0)
p uy I 0 -1 up
C
—| = : 6.19
dt 2A, ( )
Un-1 -1 1 0 Un-1

gobbbuogooobobobuoooobbobbuoooooobobbaaooobbobbog,
oboggboobooobd Aa=+ic/A, 000000000 100000000000
goggobobobbbbbbobobobobbbbbboobootbuduoooooooooon
oboogoooboooobuooA0boobo pal<10ooboog,boonbooAg
obooboon

A, A,
A<— 0000 —=2>c¢ (6.20)
c A

t

000000000000000000000000000 (Courant condition) 0 0 0 40
gogoobbbbbbbbbbbbbtobtodddooooooooooooobbn
gboooogo

63 UDOOOO

opoodo,boobobogbboobooobooobo,ooboooboboobo
gooobooboboboboboboboboboboobobobobobobobo

“CFL 0 O (Courant-Friedrichs-Lewy condition) 0 0 D00 0000000000000 00000OO0
J0o00000o0o0oooooooooooo
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go,gbooboboobbboboddgoooooboboboo,bbbbbbooooooon
gbobboogobbbuaooobn

lgboobogboobuooboobuoobooobuoobooboooo,bdg er
googbooo,gbboobboobuodbooboboboboobooboobbonn
OO 00000ADO0DO0ODO0OO0,000000 r=r-A,/2,00000 r=r+A,/2
ooobo, 0ttt w=uwr) 0o, 0boooadlet

d
E(4ﬂ”l~2ArPCMi) = Q@ric1j2,0) — O(rig1p, 1) + 47T”i2ArPh (6.21)

000000 @00 rap=r+A,/2000000000 (1.150000000000

gggno
Uir1 — U;

Q(risip 1) = —4mri, ok (6.22)
0000000000,0000000
d 2oy — up) — 1| (g — uisy)
E@mﬂ:k+m e 12 + ph (6.23)

goboboooobobbooogobobooooooboag,bbog daayobobooon
000000000 o0A)ODO0D0000000000 (623)000000000000
goboboooobobug,bbooggbobooogboboooobon
goodgboobobooo,oboob,obodboobbooboobooboboo
gbbobogogobboooobboodo,booobbooobbbuooobbbood
Ub0o0oobooobooobooobOodn (finite volume method) D D OO OO OO
goboboooobbbooobobobooooboo

64 OU0OODOO
0DOoooooooo

OO0 x<x<x 0000 {¢e(x)} (k=0,1,--- ,NH)DDDODDODDODODOO,000
X1
f ¢ (0P (X)p(x)dx = cib ji (6.24)
X0

ooooobod (pphoooboboobooooooogon,sbooooooogo
U,qUUH)boooobbobuooooobo,oooboon

N

u(x, 1) = ) u()p(x) (6.25)

k=0

gbobboooobbbud woooobobog

1
() = — f u(x, g(x)p(x)dx (6.26)

k Jxo
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000000000000 00000000000000 000000000000
0000000000000 000000001000000000000000000
30000000 (MO000w(x)00000 ¢;(0px)000000000000)0

0000000000,0000000000000000000000000000
0000000000 (OO00000)0000000 [u 000000000, 000
0000000000000000000000000000000000000000
000000,00000000000000000,000000000000000
00000000 O00O0000

gooboooon

gboogbboobudgboobbodboobboooboobboobuooboo
Oooobooboob,0bo0bbo0bbOon (Galerkin DOODOOOODOOODOO
r6,p0U 0000000 DLO0ODbODbODbO

N-1 N-1
u(r, 0, p) = Z Z[A;"(r) cos my + BI'(r) sin mg] P} (cos 6) (6.27)

m=0 l=m

O0,00000<¢<2r,0<o<nab(@O0000O)OOODODOOOOOO (P(x)0O
gbooobogobo)yboobboobbog,ugbbuobobooboboooooo
gbobboooobbboooobbobod

gboboobobooobobooobooboob,bopboboob ss>=HboOon
bbb, um»bOoobodbobubido<sj<sN-sUUODOOO0oooobooanbg
bl wOodbDh sbodbooobooob,bbodgbbodgbbooboo
O0O0oobgobd (taumethod) OO O

Ooob0o0d -1<x<100000D0OO0OODOeI1S)ODoobooooboooo

Ti(x) = cos(karccosx) (k=0,1,2,--) (6.28)

gbbbouooogboobbbooodgbbbod

TaT D T +60)6 6.29
£1 i(x) k(X)m_E( + 0k0)0 jk (6.29)

000000,000000000000 (-x)20000,0000000 px) =
(1-x)¥000000000000000000000000

d < i .
E E Ajkuk(t) = Bjkuk(t) O<j<N-=2), (6.30)
k=0 k=0

goo

! dx
Ay = f (1 = X*)*TyT; m,

(6.31)
= f(l—x) di
By = \/l—x2
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Oo0odoooooooooouooooogo
Ty4 —4T) o + 6Ty — 4Ty + Ty

(1-X)°Ty =

16
dx2 B 4 b

0000,00A090,B0500000000000000%00000000000
gobobooooon

= (x1) el

_ k+17,2
L | =R, (6.33)

x=%1

Ty

gobobooodgbbbe=0000000000000

N N
Z =0, Z(—l)kuk -0, (6.34)
k=0

k=0

oboooooboe3)poboboooooo

goooooon

gboudgbogobbobboobuodbuoobbobboobooboobbobbo
gboboboooobboogd

% = —u% (6.35)
0000000000000000000000000000000
u(x, 1) = Z u(1)e™ (6.36)
k
0000000000000,000000000000
% = Z Ipuplii—p (6.37)
p

oboooboooog 3o NODOOobobooo,boboobon e3n)d
000000000 oN*»HOODOOD0D0O0000000000000000000 O(N)
gbobboood,NDDObOoooobbbuooobobbbuooobobbodan

gooboobobobobge3nbobobobobooooobooboboboo
0000000000 -—n<x<a000000000 x;=xj/N(-N<j<N-1)OO
g

N-1

u(rp )= ) u(e, (6.38)
k=—N

ou -

= = Zikuk(r)el’”fk”v, (6.39)

dx Y=Y k=—N

By000,0000000000,00000000050,3000000000
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Qo 9, G B G 0N

| | | | |
Xo X1 X1 Xe Xger XN
O1:0000000000000000

00000000000 O0bODO (fast Fourier transform; FFT) O 0 O O O(NlogN) U
000000000000 obOo0o00obobOoboOo0oooo,ob0b0bo0o0oooooOoOoan
FFTOOOOO0O0ODOO0ODO0O000000D0 OWNlegN)ODOODOOODDODOOOOOOO
O00o0ooobooooooooooo,FFTO0boboooooooooooooon
O0000000bOoO00O0,000o0bo0o0o0ooboooo0ooobooooooooa
gooo

65 JUOOQgnd

gbboboogbbboogbbbuooob,oobobbooobobbooobbobo
gobbob @ooo)ybbboooooobobboooooobobboooooon
obobobobodob 0 L,0000000000000000000

m (-xk—l <x< xk)
X — Xk-1
pr) =9 ELTT (< x < x) (6.40)
Xi+1 — Xk
0 (oooo)

obobooo@1nmooboobooboob

N

u(x ) = > ue(x) (6.41)
k=0
goodooo, ool o 0000 x 00000000 ux)OOOOO
gogogo
doodooogog .1y ooo, oo @oobo)ddddooooogaoad

gd
N

d N
7 D Awin() = ) Biaudo), (6.42)
t k=0 k=0
oonO
: by
Ajk = f ¢j¢kdx, Bjk = nf ¢]—d > dx, (643)
0 0 X
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1 ) 1
49, db d¢k] (6.44)

B, = — d K
= o dx dx x+[¢1dx

0
O0o0o0o000o000000000000 BpOOO00O0DO ¢, 02000000000
000000000 o0oOoobOOoooooDoobOooboooD@ooobo2000000
O000dodooD)yoooooooooooooooooooo,00booooog
00 (weak form) 0 0O 00O

100000,0000000000O000O000O0O00D0O00OO00O0O00DOOd
O000oo0o00@oooooooooooodsx-x)000oooooo0ooooon
OHhoOoOoOoOoOooDooooo2200,3000000000000D000O00D0O00DOO
OO00D0O000OO0o0bOOooo0oOoo0bOooD,0boboobo0ooooobooooooooog
ooooooood

gbobobooooon

ou B Pu  0*u

E‘ﬁJ“a_ﬁ O<x<1,0<y<]), (6.45)

gbobobooboboboobobobobuobotdy=00000ww=1,0000
O0w=0000%000000y=0000000000000=0000(@O0O0
y=000O00O00Oo0oo0ooOO)ooboboooooboboboboboobobobooo
gbobobooooboboboooobon O

7 0000

gooboooobboboo,bboooobbbooobobobn

71 0O0O0O0O0O
Ooo00o0o0o0

goob,0bbbobobbbbotbddggoooooobboobbbbooodouogao
oboboooboobo,bobboboo3sbooboobobboobobooboobog
goboboooobobob0 kmb0oooobobo,0bgoboboobobobog
oo10kmdbooooooo, 0000 A0b000O0 LOODODOO0ODbOODOO
oboob (e=h/Lxhdbooobooobodb,oboobooboobooog,

0000000000000 0000000000000D00000000O0
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\ \
T e R I

— i — n(x—A/Z,t)gI 1% ln(x+A/2,t)g

I |:{> I
: - ! LU(x.t)

— —

— o [ =
I ,:{> I
| \.:{>

.:{> i // \L//

T T T T T T

X-02 X X+A/2 X-02 X X+A/2

U12:2000000000000A, 00 D=hr+p00000000DO0O0O00O0OOO@)OO
gbobooooooboboboboboboboooooonoobooboobobob (@Ho

0000000000000000000000000000000000000000
0,0000000000000 (y0OOOOOOOOOOOOODOOO0OOO0OOO

0000 ;0000000000,00@000)0 nx,y,H), 0000 —h(x,y) 00
000000 DGy, 6 = n(xy,)+h(x,y) 00000000 x,yO0OOO000 ux,y,z 0,
vx,y,z) 00000000000,00000000,0000000

1 1
U(x,y,t):Bf u(x,y,z,t)dz, V(x,y,t):Bf v(x,y,2,1)dz (7.1)

h ~h
goobobogd
00000000000000000000000 (vyOOOOOOOOO A% 00
DODDODO0DO0DONODOOODOODOONOOONOODOD,00000 pA’2DOOOOO
go,b0bbodgggoobobobooooion puuouuH)bboooooboo xO
oboboboobobobodb pAUDUODOUOO 1200000040000000
gobo,o00boooad,

d
E(pAZD) = pA[U(x —2.0.0D(x=4,y,0) - U(x+ 3,y,0D(x + 5., t)]

(7.2)
+pA|V(x.y - §.0D(x,y - §.0 = V(x,y - §.0D(x,y - 5.1
Do A-O000O00O00, 000000 @uooooon)
o 9 0
—+ —((h U)+ —((h V)=0 7.3
at+aé(+"))+af(+”)) (7.3)

gboboboobobooboboboobobuoboboobd e=n/hxh, 000

oooooo g ;
Ui _
&+Mmm+®mm_o (7.4)

gobobooogon
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OoodooooooooooooooboooooboD ecxl,exhOOOOO,d
0000000000000 0000000oODbO0000nD zOOOOO pgn—z 00
O00o000o0oooooooooo

on on

—Pga, —Pga
obd (goboobo)yboobbob z0booboOo,boobooboobbo
O00O000ooOOo0,000o0bo00booboooooOo(@bobooooooooo)n

ou on oV on

ov__on  ov._ . on 75
o = Sox ar T %oy (7.5)
000000 (74 (7500 U,vOOOOOD,00000

n o6 ( on\ 0  On

I _ 9 enZl) ¢ Z(en2! 7.6

o ax(g ax)+ay(g ay) (7.6)

gbooo,bbooggaoboo \/g_hDDDDDDDDDDDDDDDDn,U,VDDDDD
gbobobologgoboboogobbbooogboboboooobbboo

oogd

OO000OD00D0O0O hy,, DODO +ghy, OO0 hy/gODOODODOO,000000O

on 0 0

&= 5 = (), (1.7)
ou on

= =t 7.8
ot 0x (7.8)
ov on

= =1 7.9
ot ay (79)

guooouoobobobbbbbbdodoooda,guouobobobbbodoooooobbbn
goo

gobobodgd

00 «0000000000,00000 x;=jA@G =0,1,---,M), y = kA (k =
0,1,---,M)00000000,0000

ni(®) =n(x;,yi, 1), Upt) = Uy, 1), Vi) = V(xj,yi, D, (7.10)

obooobouoobd A=g/MUO000000000O0DO0OO0D0O 7 NH-(7900000
go20000000b0b0b000,0bboooobobood

dnjk _ hj—lkUj—lk - hj+1kUj+1k + hjk—lvjk—l - hjk+lvjk+1 ’ (7.11)

dt 2A 2A
dU j Nj-1k = Mj+1k
= ) 7.12
a5 oA (7.12)
av, -7
Jjk _ gnjk 1 77]k+1’ (713)

dt 2A
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ooodooooodgog @inod,n,, 000000 Ujn,, 000 Ve, 00ooodadoo
O0oo0@12)00,U, 000000 nj6, 12, 0000,000 (7.13)00, Vi O
U000l nmnued00oooouodogoogoaodoooogn,p, 000
0o
Niv2piiags Ujsaprikrzgs Visapraogrnn (P, g0 0O 0)

goooodoo,oodgoodo,dibfd gued U ddooooodoodo
goooododnUnuOdooodoododoo,obdboododoodon
000000000000O0O0oovo

dooooooooooooooooooooooooooooooonoooon
goboooboootooouoobonoobuooobgooboooob,uooogo
oo @2)0dddooooooobobooooooo

2

dnj hy 1 Upig=hj 1 Ujiy N Rjg 1 Vis =1 Vi

dt A A
gooooboo Uji%k(t)zU(xji%,yk,t)DDDDDDDDDDDD,D ROo0oogn

0o

dUp  Mi-dk = Miede dVie  Mjeed = Mk

dr A dr A
00000000000,0000000000000000000000000000
000000000000

Ajyiey Pt Ujied =Mt Uiy PietilVinse = Ringin Vis i
_ + , (7.14)

dt A A

dUmg:nfﬂ%_nﬁﬂ%, (7.15)
dt A

de+%k _ Mjrdk= = Mjrd k] , (7.16)
dt A

oooooa,

epUUIDODOODOOODOOO,
e b, xbOOoooobobOO,ybbOooooobDO,

e VUUDODODO,xOUOUOoooobooo,yboooooboboo,
gooboooobbboooobbobod

Niyiey OSj<SM—-1,0<k<M-1),
Upep (O<j<M 0<k<M-1), (7.17)
Vix O<j<M-1,0<k< M),

000000 (7.14~7.16)0,x» 00000000000,0000000000000
000000000000000 (0 13)00000000000000000 2000

00000000000000000000000000000000%0000

0D000000000000000000
B0000000000000 (staggen 000000000000 D0O0D0OO0OOOOOOO
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(e) g;()
PR
o
—
o m
i

€L UL

1
]
U

(€

1

>
0
>
0
>
0
5
O
b

(2)

Zf Sk

I
T
{r

(2)

1

>
.
>
.
>
O
5
O
>

(1)

1L 2L

1
L1
L}

(@ (0
o(( Z/T/(
-
—
—
7

(1)

T T T T T T ]
Xo Xz X1 Xz Xz Xgp Xz Xy X4

@ O O 0 a6 0 @ @ @

0 13:0000db0bd M=4000)o 0000000 pO,0b000bUO,000O
gbooobvboobooboooobobobobobobooAOo0oboooboo,bo0boon
gbobooboobbooboobooobuooboooboobooboooon

googbboobuodbogobodbogbbogbooobboobuooboo
gbbbuooobooobobbooodab

x=0,all U=0, y=0,all V=0, (7.18)

gpooogooooboo,bbgobobooob,0 4o, 00bbooboono,bd
0<j<M-1,0<k<M-1000000000,00000000000,0<k<sM-1

gbobbxbbod

U0k+% = UMk+% =0,

0,000<j<M-10000y0000

dU .1 Mi1,010 =111 (7.19)
Jk+3 J—3 k+3 Jt3 kt3 .
= 1<j<M-1),
Vj+%0 = Vj+%M =0,
— 7.20
dVi iy _ Mirbaed ~ i G <k<M-1, (7.20)

dt A

gbbodog,buooobbboodobbooobbbooobbbuooobbbood
gbo,gggobobbooodgbbboooobobuogno

ano7

. 000ogboboboboobdbd bbb oboboobo,bobob
gbobogooboboodgbbbooobobooobobog,buoogboog,bod

no(cos(4nx/a) +1) (0 < x<a/4)

1=0)=
=0 {0 (a/4 < x < a)
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goobobobobboodoooooooooboobobobbooog,bboooogo
gbobboogobood

2. 000000 gU0O00oOobbbObOO0O0O0OOoOo,oobbbbbboogo
gbbboooobbbuooobbbuoobobboooobbn O

gooobood

gbobogoboogbobooobbooobba,bugbobbodbbebog
gbobobooobobobooooboboooobo,gbbbooonobobuog ebbogng
gbogbobuodgbooobuboobbouoobbodboobobuoobbooboo
oooooooooooo?®

ou ou ou (977 h & (8 W & (GU ov

U) + %(w)) _— ) (7.21)

o TV TV Y 85x T 250x \ox 6 drox \ ax © oy
OV, Y, b (0 o (0U oV
KAMYTLASEVEARN g Loy - 7.22
a VotV tey 2(’)t8y(8x hU)+ 5. )) 6ay\ox Tay) 7Y

goobog@oobog @3)uuuuoo)yuoobbboooobbobuoooon
gbbbuoodbbboodgbbooobbbuooobobbooobbob,bbooad
U0 o0 edgonobobbooo,gogoobobobboog,gogoobboobbod
gogobbbbb oo bbb (uooooooobn
00000000)000000000000000000 e~c?2000000000
1jogoooboogboobooob,boobooobooboon,

0 0

gz__{m+mU} (7.23)

OF U oy

= = Uge 7 (7.24)
h & W PU

F=U=3o5(hU)+ 2= (7.25)

opoogboooobooboobn FeonOOOoobhoobooboboobooboo
goboboooobbboooooboboooobobod,

dnjiy  (hj+n)Uj = (hjr +nj)Ujn

= 0<j<sM-1, 7.26
dFj Uj(Ujfl - Uj+1) Nj-1/2 — Nj+1/2 .
= 1<j<M-1), 7.27
dr A * A (=j< ) (7.27)
god
_ hj(hj-1Uj1 = 20U+ hjsy Uy h?(Uj—l —2U;+ Uj)
F/ - U/ - 2A2 6A2
h(3h_, —h)) 20 hi(3hu — h))
- __ 6JA2 LU+ (1 + W U, - - 6J+A2 U, (7.28)

D H. Peregrine (1967), J. Fliud. Mech. 27, 815.
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000 @00<x<e¢O000000,00000 0UD00000000000000OO
000)IO (7260 0000000000000000000 0000000000
ni=Wmip+n.1,)/2000000000000000000000000000000
0000000000000 00000000:

1. 00000 9,U, F;0000000
2. 0(7.26),(727)00000000000 5, F,000000

j.obo030ooooodduooooolroooo @2)uddd,F;00 v;0000

oo 8

U0 a0 1000000000DOO0O0O00OO0O0OUOLODOO x=a00000000O00O0
O,x=0000000000000000000DO0DO Wx=0n=Uy) 0000000
gbbbuogbbboogbbobuo,buodgbbbuooobbbooobbbao
gbo,ggdgboobuoogobobod O

72 000
gdod

ogobooooobooboooobo,obooboo,bob@Wo)obbooboob
go,gbbbbobobbdogoooooobobooboboboo,bbbbodooooooon
U0ooo,000000 (econvection) DO OODOOOOOO0DOO0ODOOOOOODODOO
gooo

goobobobooobbbbboddddd p)yooooobbbbbbooogoo
O &y, 000000 —z000000000O0OO0O0DOOOOOOODOODOOO0
gbobyoooboboboogo,bbooogobbbybboooobbobboooon
gboogbobdyobboobbooobuoobbooboobbooboobbood xz
goboobLbooboob,0bdbb o<sx<L0<z<LOOOOOOOOOOOO
Ooobor,00,000000000 =0)00000 To+ATOOOOOOO

obooboboobd » 0000w, 00 POOOCDOO TO, 0000000000
HEN

@+M@+W8_u_ V@+62_u_8_P (7.29)
P\ar 0x dz) P\ ox 072 ox’ ’

ow  Ow ow Pw  Pw\ 0P

ow 0w Loy (O oy P 7.30
p(6t+u(9x "3 ) "V(ax2+az2) P (7:30)

goooog

or or or o*'T T
= (— ), (7.31)

or "ox W Mo Tz



44 7. 0goO0o

odooooouoouoooooooon
ou  ow _
ox 0z
00000000 g000000OO00OOO,vOOOOOOOO,«x000000,0000
gooooood
gddododooooouo, oo oooooouoouoon
0730000000

0 (7.32)

pg — p(1 —a(T —To))g (7.33)

Oo0o0ooooooooooooooooooooooooooooonooogoon
O @O0oooOHhooooooooooooooooooo,o0ooooooon
JdodbbooooobbbbooobbbodouobbbooobobbUoog (Boussinesq
approximation) J 0 00000000000 DO0O0OODOO0O0ODOOO0OOOOO0OOO
odoooooooooooooooooooOo 30)oooon

ow  Ow ow ((’)2_w 82w) 16p

i B 7.34
Ox? " 0z*) poz Tos (7.34)

goddoooouoooboboe=T-T, 000000 (perturbation), p = P—- P, 000
obooob ek, 00000dPy/dz=—-pg 00 O00H)IDODOOODOOODOODO P— p,
r-edbbooobboo,booobbooobboobbooubiol u,w,6,p
gooo

oogd

000 L 000 L?v,000v/L,O0O00OAT, 000000 /2000000000
gobo,o0obooo

ou ou ou 6*u *u Op
— +u—+

o ox Vo T o T a2 T ox

ow  ow ow w dw  Op
— tU— A W— = — + — — = + Pr'Ra#, 7.36
o ax Ve Ttz Tt M (7:30)

(7.35)

00 00 90 8% 0%
E W o (220 737
o ox Ve T (ze i 8z2) (7.37)
ou 0
a—z + a—vz" =0, (7.38)

gbog@obogbogbuogbobboobuogboboobooobuoubdl Ra=
agATL} /) 000000000 Pr=v/x00000000000000O0O0OO0OO0

goo

O0000 x;=jh(0<j<N),z=kh(0<k<N)DODODOOOODO,xx000000
000000 A=1/NOOODOOOOOOOOODOOOO00000000 uy = u(xj,z)
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googobog@ooobooo)yboobobooboboobboobboo 2000
gbobobooggn

gbooooog

O0o0obooobooboobob @3)ubooboobooon (7.35)(7.36)000
oooobooobooooooboobooobobooboboo,oobobobobooo
(artificial compressibility method) DO OO OO OOOOOOOOOO (7.38) 0

op ou ow
20p _ _ou ow
“or T Tox &z (7:39)

00000000000000000000000000 dp/ét=0000000 (7.38)
0000000000000000000000000000000000000000
O000000000000000 s00000000000000000,00000
0000000000000

00000000000000000 (0000),000,0000000000000
0,0 (7.35(7.36)000 (7390 00000000000

2p _&p Op
orr  o0x* 07
gdodooooododouo,dbodooooodo 1/e00boooooouoonoao
O@39)0d0o0dodooooo,dbooooooooooooooooouoooon
DDDDDDDDDDDDDDDDDDDDDDDDDZO,DDDDDDDD(7.39)DD

gbooboobobobo

826_19 _ Ou ow (82p 82p)

(7.40)

or  ox 9z °p

PR (7.41)

gbogbbodgbuodbbobobdudobooooboobbobobooboobbod
Ob00b0de,000000O0OO0ODO,D0DODODODODOOOODOn (7.38)00
gboboggbogbobogobooobuoobbuo20bdgbobogbboobood
O0or»)O0DO0000000e,=0)00000000000000O00O00OODOOO0O
gbobobooogobood

gbooboogogn

gbbogbobdodbbooobuobogbuoobbuoobbooboobbooobbd
ooooooooo,0bobbdn =001, 000000000Db0OD0DODbODO

OOO0O0D0D00000000000000000000000000,0000000000000
oo, 000b00000bobobooooboooboooDo
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t=0.020 t=0.040 t=0.060 t=0.080

014:000000000000 (Ra=4x10°,Pr=7,e=ep=01xh h=1/640000 x,
oobzO00,0000o0100000@WOLOODLOOODO)Y000¢=002,000 ¢=0.320
oo,00oogoo2ibboboboobobobooooooooboboooooo
gboooo,boboobobooboboobobooboobobooboooobobooobo @
gbooooobooboo)booobooo,oboobboobooboo,gobooobobon
gbobooboobbooboobobooboo

gboogobuodbboobuoobbooboobbuoobboobuoobbooobo
gbobbuoogobbbuodobobbbooobbbuoooobbbooa,bogo

p(x0,21) = 2p(x1,21) — p(x2, 2k) (7.42)

gbogbogbooobuoobbuoobubbuoobbogboobuoobbooboo
gobo,bbobboddooooooobboobobboboogoooooobboob,oon
00000000000000,00000000000000000000020

200000000,00000000 x=1/20000000000000000000000000
gbO,b0b00000ocoooooboobobooooooooo,0ooo0oooooboboboooon
gboboooooooboil1ooobooboboboobobooooooobooooooooooboDbaonn
gooooo,0ooooboobo,0oboooobobobooooboooboobobooobDoo
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gooo

00000000020000000000000,0000 (7.35)~7.37), (7.41) 0, O
O wje wi» pjo T (1 < jSN-1,1<k<N-H)00000000000000000O0O0O
0000000000000 00000000000000000000000,000
0000000 AD0,000000000000A,<0G)00000000000O0
0000000000000 000000000000000A, <e0(h)0000000
0000000000000 00000000000000000000 000000
00000000000 e=0WO0000,e00000000000000,00000
0000000000000000000000000000000

gooooobodoboboooboboboboobobboobobobobuobob 14
O,Ra=4x10°,Pr=7,0000 h=1/64,e6=ep=01xh000000000000
020000000000000000000000,000000000000 O

§ UOoooond

81 00OO00n
000000000

1000000og
ou ou

— 4+ c— =
or " “ox
00000000000000000@O0020)0

0 (8.1)

ou Ujpl — Uj-1

—| =c— 8.2

“Oxlier, 2, (5.2
OO00000022000000000000,0 15@O000000000000000
Oo0ooogo
00200000000000000000000000000000 u(x) = sinkx O

goboboooobbbooobboboooboooon e2ypood

ou sink(x; + A,) —sink(x; — Ay) c 1 )
PRl o - Z:snlkAxcoskxj::ckpn—g(kAx)]coskxj(83)

gboboboogobood

‘ol = ck cos kx; (8.4)

20003emi000000000,1KO00O000O000O000O000O0O0OO00OO00O00000
Ov=10°"m%s, 00000 k=14%x10"m%s, 00000 ¢=2x10*K'0000000O
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(200000 (by40OOOO (o)1 000oo
1.04 R 1.0~ R N

0.54

0.54

0.0+ © 004 A\ -

-0.5 T 1 -0.5 T 1 -0.5 T 1
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0

@300000 (e)000000O0DDODODDO

(f) CIP O
1.0 N

1.04 1.04

0.54 0.54

0.0 0.0

00 05 10 00

01510000000 @)HO000<x<10000000000000000 (¢ =1,
A,=1/320000 x000+¢=100«000000000000000,00 3<x<3iO
Du=1+lcos8n(x-1),000000000000(@MOIDDODODND20000400
0000,()(d)0 1000030000000000000000000000030000
00000000,0000000000000000000@)AH000000000000
00000,ClIPO00000O0O0OO00DO0DO0DO00ONO00NO00O00OnOn

000000000000000,2000000000000000000000
o1 - 2ka,?|

oooobooobooobobosbooboo(@uboboobo)obbooboobbo
OOoo00ooO0ooooOoooooboobDooooooooooobooooboooobon,
OoboobooboooobooooobooobooboooboboobodoO (numerical
dispersion) [J 0 00 O
OO00o00oooboobob0ob0ob0bO0bOobOobOobgd (upwind difference method)
oooooboobobooooooooooobobooo eHhuooo ecooboogogoo
oooobooboobuodbbeobodbbO0xboobog,ebonbO x0OO
ODo000doooooob x=x;0000000000000000@OO0)000
ooboobooboboooooooooboobobooobooooooo
oboob1o0boobdo0 cobooboobooo

Uj—u 1
c——" (¢>0000)
ou A,
c—| ={ o (8.5)
0X | y=y, Ujr1 — Uj
= e (e<0000)

obooboogbogooisebool1ogboobobooboobobbooboobo
go,0bogbuodboobbobuodgbgoboboobuogbobboboobaoo
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oboooboOoloooboobo @suoooooboooo

ou Uil — Ui Uing —2U; + Ui
Ry B Y jTUj

ax x:x_/ 2Ax 2Ax

(8.6)

obooboobooboooboboboboob1oobpbo220b00bboOon 82)d
obogboob200«0200000000000000000,c0000000
o, 0bogboooboobobooboboboolibobooobo,oboooboobobg
DDDDDD,DDDDDDDD%lcleDDDDDDDDD,DDDDDDDDDDDDD
OOoo,00000000000000000000 (numerical viscosity) 0 OO0 OO
glgboboooboobobob,bgbobuobob uoboso)yboboobobobg

CIP [

1§00oogoog @nuoog

u(x,t) = f(x —ct) (8.7)

gbobobbr=¢, 0000 «0000000000000000,00000000 t,4
g

u?ﬂ = u(xj, ty1) = u(x; — A, 1) (8.8)

Oooooooooooobooooobood xj-cA 000000000000000
gboboboooobbboogobbbugdr=¢, DOOO0OODO u"(x) = ulx,t,)J 00
gbbbooogbbboood

O0c>0000,20x=x;,x,, 0000000 w"x)000000000O000O

n

u n

—u”

u'(x) = u;l + JA—H(x - X;) (8.9)
gooooooao,
n+1 n n M;f B u;%_l
u; =u (xj—cAt):uj—cA,A— (8.10)

gboboobooboobooboil1obobobo,ooboobobbobooboobog
gbobobooooon
O0030 x=xu,x,x, 0000000« (x)02000000000000

n n

e L (x = x;)(x = Xj-1) (8.11)

i + TZJ(X— .XJ')(X— Xj+1) +

ut -
n _ j+l
u'(x)=u A2
ogooooooao,

=2ut+u_,
YV (8.12)

u  —u" u”
n+l _ . n _.n J+1 Jj-1 1 2 7 j+l1
u;m =u'(x; - cA;) = u; - cAtT + 5(cAy)
X

Obo0obobooobooboobuoobobbO (Lax-Wendrofh) DD OO OO0
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W(x)030000000000CIPO0O0OO®0000000000000,3000
gbobobogob4bb00obbodd,e>00gobD u?,u?_IDDDDDDDDD
gbob1oobooboobod

M
Q)|Q.>
RS

~. 3

X=X, I=Ip
googgo

{u"(x) = a(x - x;)° +B(x — x;)* + Wi(x = xj) +uj, 8.13)

i (x) = 3a(x — x;)° + 2B(x — x;) + i},

Dooooooooooion e,p0 000 W =u*(x;0) D00 & =i"(x) OO,

i, 20w
Ay AL
2 i, 3 —u) ®.14)
8= J -1 J J-1
A, A
000000000000000
Wi = (x; - cA) = ) — el + (cA)B - (cA) (8.15)

0000000000000000000000 #"'000000000000000
000 @nHooo00o0o000o000o0oo0o0n «000000000000000
Wi =0 (x; - cA) = i) - 2cA B+ 3(cA) (8.16)

J

gbobogooooocpboobooobobtboywbobooboboolboboobonbog
goo

ClrObD 100g0boooboobgoboilsuobooobobooobugob 300
goobboobboodud,guggooooobob,bbbobbbboduoooooon
gooobod

82 UJUUUOUOUOUOUOOOObDbO

oboob1o0booboof

ou 0’u
— =n— 8.17
ot "axl ( )
ooooo20000000000000 20000
021/{ Mj+1—2llj+llj_1 1 26414 4
— = - =A"—| + O(A 8.18
Fr i A2 g T OB E19

Xj

300,00,00 (2003),CIPO, 00000
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0000000 wd oo oo oo 200
O03000000000000b0000b0O000o0co0ooooOo,oo0ono
O u
Ox0

Uj + 1OM] +Uj-g 1 26214
12 ST

+ O(AY) (8.19)

x:xj x:x]

0000,A’0000000000 (@000 1/12000002000000 (8.18)0
D00000000000000 8.18)@8.190000 8.17) 00000000

0 (uj+1+10uj+uj_1) I/tj+1—21/£j+1/£j_1

o1 12 -1 A2 (8.20)

000000000000 oAH»O0D0D0000,000000 0AHYDODODODODOOO
oboooob 2000000 @17Hooo @o)y,

LA lig [6 (6ou)_ &u

127x 9x2 Ox0

+O0(AD (8.21)

X=X

ot ”axz

0000,0A)0000000000000000000000000000000 (8.21)
00000,00000000000 oA O000000000000,0000000
oAHYDDODOoDoDOoooo*o

oboob 20003000000 4000b0bbo0o,bobboobooboob
gbbogobbooobbboobbbuooobuooobbooobbooobo o
gooboobbdoooooobob)bbbooooooooboobbboooooooob,on
gbbbuoooobbbuoodobbboooobbbuoono

gboooggob,gbbugbbuogbbugbbuoobbuoobbooboobooooog,
gobboooobbobugoobbbooooobobooo,bbooon

N 0u
a_
X=Xj ox?
-

JoodoooooooonD e=1/10,=6/500040000000010000 20
goooogooooo,ooboboooocoooouoooooo,obobooocoogogn

goobboo,bbobbodddoooooobobooboo,bbbbbodooooooon
gbobboogobbbuooobon

0*u

Ou Ou
0x?

2

(8.22)

]_ I/tj+1—2l/lj+l/tj_1
- 2
X=Xj-1 Ax

X=Xj+1

83 UUUoon

gbobobooggn

Ou ou
i 8.23
o~ ox (829
0000000+¢=4000 400000 AO000000,00 u,(x) = u(x,1,) 0
Uy = Are™* + Ape™* (8.24)

2Geller, R.J. & N. Takeuchi (1995), Geophys. J. Int. 123, 449-470.
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k=0
\é\l i/é//—r’) k:l
T\Q\ /Q/T
N N s
N N
k=4
k=8

Ol6:000<x<1000000000DO0 cos2rkxD000DOODOODODOODODODOO
ooooooboboooogog kg, =40000000D0O0OO0ODODODOODOOD,DO
oood @k, -hHioboooobobobooobob ek=6000000000 k=200
obooboooooooooooooooooogg

oooboboboboboboooobobbobobob e2)ubobobobobobg
gboboboooob,ooobbbuoodgn

et = tty — ik ATEPH + kA3 - (Ky + ) A Age™r Y] (8.25)

ooooboobooboboobobobobob,0boboob0ob0obOol k,kpLOOOO
00,000 2,2k, k+kL0O000000 000)0000000b000b000bD00
gboogbboobudboobobodboobbogbooboooobouooboo
gboogobogbuodbboobooboobobuooboobobbuoobooboobod
OA0O0DO0ODOO0ODOO0DOOO0bOODOOOobOO0bOo0bOobobOobbOOobOo0DOg
oboooobdb k000000
OledoooooooobDk>kL,0000000DO000O000DO 2k,-k000O0O0O
gbboo,gbboogbbbuoodgbbbuoodbbbooobbbooobbogo
Uboobuoobooboobodbdd @uasing DO OO0O0DOOO0DOOO0ODOODOO
goobobooobbboooobobooooobobooobbobooobbbooo,uon
gbobbuoogoobbbuooobboooobbbuoooobbboo
gouodgbogbbobobogbodgboobbobobooboobooboboboobo
goooo,0booooboboooobbuoodbbbooobbooobbboon
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gboogoboobodbboobooboobobooboobobooboooobobon
gbooobgobooboobuooboobooboobooboboobb gboobo
gobobbuooooboo)goobbboooobbbbooogboboobbuoooon
googoboobodbboobuooboobobooobbooboobboobobon
gogoobbbbbbobbbbbbbtotbododduoooooooooooooobn
gbobooboggbbugobbboogobbbooobboooobobooonoo,on
DDDDDDDDDDD%km<k<kmDDDDDDDDDDDDDDDD(DDDDDD
obooboogo)obobooobod
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000000000000 0000,000000000000000DO,00000
O00D0000o0ooDbOOooO sufH00000O00000o0bO0obOOoDoooooboOoog
O0000b00000O0bO00D00oD0bOoOoDOoO,b00b00DO0O0obDO0bOOOobDOD
000 (=00000000) 0000000000000 0000D00D0000O00od
OO0000OO000,0000000000000000D00000000000o0o0agn
O,000000000000

00000000000 000000O000000O00oOoooooooOoooog
00000000 0,000000000000000D000O0000000000000
00000000000 0DO00DO00DOO0bODO0bODO0b0O00ODO00O0OooDOOoO0n
0000000000000 000o00oDOooOo,00D0b0o0oo0ooOoooooDgon
000000 (anelastic approximation) [ 0 O O

000000000000 DO0000000DO00DO00DO00DbOO0ODOO0OD0OO0ODbODOn
000000000000 0000,00b0bo0b0obOOooooooooooog, o
OO000b0o0o0O0o0O0obOOoo0ooooOOob0obOOoobOOoDOob,000bO0bOoOoObOon
O00ooooboboooooboo el)hyoboooooobobobooooooog
O@ee17HooypyODOO)OOODOODOOD,000D000DO030000000000
OoO00oooi1o00000000000%0

0000000000000 000DO0DO0bO00DOO0O0DO0o0O,000b00O0d
0000000000000 0oooooD, 000000000 ooOooooogon
OO0000000O00bO00bO00bO00bO00bO00obO0o0ooDOooOooOOoobOOooODOOo
0000000000000 0D00000DO00D00D000DOO0oDO0Oo0DDOOoO0OoDOOooDg
ooo

0000000000 0,000000@OUOD0O0O (GeanyODOOH)OOUDOODODOO
O0000b0bO0o0obooooo0ddu/dt=Fu,n0O000,000000000,00

POO00D000 (anisotropy) 10 00000000000000000O0O0OOOOOOOOOOOOO
o, 00b00b0oooobooboooobooooobooogooonD @ e1nhooo)o
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bbb «00000000DO0O000obboa,bbbo20000

Ups) = %Mn - %un—l + %AIF(MYHI’IYHI) (8.26)

oo30004d

— 18 9 2 6
Un+l = 17Un — 17Un-1 + 11 Un-2 + ﬁAtF(un+l’tn+1) (827)

gbbogobuogbobbooobooobuoobboobboobobouoobboobb
U000 du/dt =2 00000, A00000000000000000D0

85 O OO

gboogobodbobbobodbbooboboobboobooboobooboo
goobooobbbooobobooobobbooobbbooobbbooo,uoon
gbogbobuodgbooobuoobbobuodgboobobuoobbouobbooboo
gogooobbobbbbobbobobbbbbobobootdudooooooooooon
gbobooboobobbobooboobobooboobobbobooboob
gbbooboggbbo,obbuooobbbuodbbbuooobbbuooobbogao
0000000000000 000000000000000000000,0000
gbgboboobooboobooboobobboboobod
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000000000000000000000000000000,00000000
ooo
Viu+f=0 (8.28)

Joooooobooooobuog (oo booobbooooobooo
OJoodood,djobobdooooobodoooooooooooon 82y ono
0o

ou

_ = 2
o Vu+ f (8.29)

oboboooboooboobo,oobooboboooooo @e2yuobooooonog
obobbobooboo @2)yoooooood
gbo2000000b000b00bo0buooboobOoonbg 290

n+l _ n A (.n n n A (on n n
uy —”jk+A_§(”j—1k_2”jk+”j+1k)+A_g(”jk—l =2y + ) + A (8.30)

000 @oood 020000000000 wi =ulx;,y) DO0MHOOOOO00O0OO
gboobooboobo3uooboobooobood

—4At(AL§ +1)

2
A2

00000000 (1997),“000000> 000000
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gooboboobobooddood 20000b0bobobbboooooubbob A o0o0on
gobobodgg

n+l __ 1 n n 1 n n 1 )
ujk - 2(1+A%/A)2,) (uj—lk + u]+1k) + 2(1+A§/A)2() (ujk—l + u]k+1) + 2(1/A§+1/A§)‘fjk (8'31)

gbobobobod«0000000DO0O00DbO0ObO0O0bO00bOobOobbOOn 8.31)
oboooobobbo @@2)uunbooooon

Witk — 2Ujk + Ujpre Wjoy — 2Uj + Ujky
2 2
Az Aj

+fik=0 (8.32)

ooooo ujkDDDDDDDDDDDDDD”DnDDDDDDDDDDDDDDDD
O (residual) O

n
Jj+1k

n
Jjk

n

n _ n _ n
u’ 2ujk +u u? 2ujk + U,

r’;kE J A% A% +‘fjk
000000,000000000 831)0
-1
Wit =+ (24 2) (8.33)

ddddddooooooooooooooooo,0ob0bboo0oDoooooOoOoOooao
000000000 SOR (successive overrelaxation) D OO0 O OO0 OO0 (8.33)0

-
n+l _ _n 2 2 n
Wit =l + w(A_E + A—g) i (8.34)

obobobiubil o000000,0<w<20000000,0000000000
2000000bobo,oboooboobobobo,ooboboboobobobon
obooooOo,0dbd multignd) OO0 OO0O0O0OOO0OO
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gooboboboobbbtbooddooo,goooooboboobobbooboog,booad
obogoo,0bgobooboobbooboobooboo72000b00000
goobobo,0bbobobbbbotodggooobobboobbbotbdooooood
O0000,0000000000000 <M 0000000000000 0O,00000
UOd/duBuw)y=Au 0000000, 00000000000000

Au=ABu 0000 B'Au=u (8.35)

goobobbobbb 000000 oooooob NOoooog,A, B0O0O0OO0O
ONXNOOOOO2®0000000A000000 w000000000000000

00000000000000000
R®OOOOO0DO0DO0O0OO0OO00O0OO0OO,000000000000000O00000O00O000 B'AO0OO
0000000000000, @8350000 A0 BO0OOOODOOOODOOOOOOO



56 . Uunouogno

0000000000000000000000000000000,0000 Re() O
0000000000000000000
000000000 835 0000,0000000000000000,0000
(powermethod) 0 D0 0000000000000 O0OO0OOOO0OOOO0O weOOOO,
ooo
u, = B 'Au,., (n=1,2,--+) (8.36)

00000000 w, 000000,n>000000 u, =Ayu,_, 0000
B 'Au, = Ayu, (8.37)

oog,0bgboboobd aub NODOODOODDOODOooobOooH)obooobo

000000000®,000000000000000000000000000O0
gbooobooobuooobiooobid xRU0b0000D0000D0O0 4ROD0ODO

gbobobobboobodpybboboob,0 @350t Apsueddbogon:

(A - 2Bu = (1 - Ay)Bu

oboboboboobooooboog,bd 8350

(A—AB)'Bu = u=ou (8.38)

A=A

00000000000000000000000000000,n—>oe0 0000
(A - 2B 'Bu, = omu, (8.39)

000,A-2,B)"'B0000000000 o 000000000 ,0000000 Ak
000000000000000 (@MO000000000 42000000000000
0000000 oy =1/(Ak=4), 0000

Ar = Ao + 1/O'M (840)

gbboooobbudbib gRb000bbooobbbooobbooobobogao
gbo,dggbobbooooobd pybbbooobbbooo,gogobbboood
gboobobooboobooboobobobo,boobobobobbo200000
gbboboggbbbooobbooobbbuooobbooobbbuodb 200
goboboodod,pybooobobobbogo,bbooobbboooon

000000000 W,,0,0000000000100000000000,8.36)0000 4,00
gooooboooobogawuobono,w, 000000000000 DOODO0OOO0ODOO0ODbO0OO



