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00000 k=k0000,00000000000000000.000(@30)00000
gbooooooobooo.

10000000000 0000000000000000,000k<100
0000000000000000000000 (Michalke1964). 000000
0000000000y <00000Q(y)<0,y>00000 Q'(y)>0000
000,Lin000 (Lin1945)000000000000000000000: O
0000000 k< 100000000000 %=1000000000000
00000000.00000,0000000000000000000000
00 (05). 000000000000000,000000000000000
00000D0000000000000000 (Case1960)(0 5b).

gebdooboooooobooboboboboboobDobooD:k<l
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-1 0 U -1 0 U

0 74: 000000000 (0 1)0000000. (a)y<10U(y) =y000,y>10
U(y)=10000000: 000000 y=100000000. (b)y<—-10 U(y)=-100
O,y>-10U(y)=y0000000: 000000y=-100000000.

gbooobugobgdn, -1<e<10000bgobgoboobgobgn.
gbbodbooobuoobbooboboooboobbooboboobog,bo
000000000000 000000O0000000 (Igal999), 000000
gobobuooobbuoogdob.boodgb,ggobbuooobbooobboo
gboobobgobob,booboboboboboboooboboboboon
gogoboob. gbo,bbobbouoooobbobboooooobboo,bodad
gogoobobobboodoooooobobobobboooooooobboobobboooa
000000 (06). 0000DDOOOOO0O0OODOODOODOOOOO. OO0
goboobboobooboboobobooboo,boobooonbuoobbo
. ggobbbibce=00000,00000000000000000000
gog,0obobbotodooo. bogoobobobobbooooobboobob,bodod
gbbodbobbooboooobb.obuoobbooboobbuoobbo
gobbobooooboboooobon.

000000000000000000000000000000000,00
0000000000000000000.000000000000.0000
0000000000000000000000,000k=1,c=000000,
k>1,c>0000000000000,0000000000000,k>1,¢<0
000000000 (05). 000 k—c00000000000000000
0 (de/dk > 0), Iga (1999b) 0 de¢/dk >0000000000000000000
0000.000,¢>0000000,000000000000000000
00y 0000,0000Q(y)>0000000.000000000000
000000000000000000,000000000000000000
0000 Q(y,)00000000: Q(y) <0000000000000000
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0 7.5: (a)0 1(a) 000000000000 k=0.6(c=0.18771)0000000000. (b)O
3)000000000 k=0.6(c=—0.1667)000000000. (¢)03(b)00000000
0k=06(c=0.1667)000000000. (d)0 1(x)000000000000 k=0.9000
0000000 ¢=04349>0000000. (¢)0 1(a)000000000000 A=09000
0000000 ¢=-04349<0000000. (b)0 (¢)0000000,0000y=1,y=—-1
0000000000.0000000000,0000«:00000000000000000
00000: 0000000000000000000000000000.000000000
0000000 (d)0 (¢)0000000000000000000000000000000.

000,000 Q(y)>00000000000000 (Igal999). 00000,
k>1c¢>00000000000000000000,00000000000
0000000.000c¢<0000000000,0000000000000
00000000000000000.

gooobog,bogobbogobb.ogobboooboboooboboa
g,bogdbbooobbboogbobbuooobboog.bbooobboo
gogogooobobbboboobbbbooboddddooooooooon. ogd
gbbodbbodgboogbo,buoobuoobbuoobbuoobbodgbobo
gogbooobogod.
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(© de/dk > 0,M <0

de/dk < 0,M >0

O 7.6: (a)U=tanhy 0000000000000 00O0ODOODDOOD.D00<k<100
O000O0e¢ =000000000000,k>1000000000. (h)OOOOUOOOOOOO
000oo0ooo. -1<e¢.<100000000000O00QCO0OO. (c)ODOUOOOOOOOO
0k>100000.¢ >0000000de/dk>0000000,000000000.0000
0000000, 0000000000000000000000000O000000 dQ/dy >0
000, <00000000000000DO00,00D0000D0dR/dy<0000.

3 ugbouobogoooonod

gbgobgbooboobg,bobbobooboobo,booboobo
googo.bgoboobobbobooboobooboobo. LingboobOoo
0000000, (00b000000O0000O000DbOoOOooDoOooOOoO0)oo
goboboooboooobooobooboobobuobobo.bobo,0bobon
gbobobobobobobooooo,obobobobobobobooon
gobogoooobooboo.obobo,booboobobooboob, oo
gbogobgobobobooboo.

obooob0,0bo0bo0oooobooboobobo0. Lin0DO00OO0o0O0b000b00OD
gobbuooobbuogbboodb,goobbooobbooobb. oo
gbobobobobobobuoooobobobobo,obobobooon
gobbuooobbuooobboodobbo.ooboboo,obbooobbod
gbobobgbobuoooobobo,oboboboboboboboboon
0000000000000 0000000000. Taniguchi & Ishiwatari (2006)
oooobooooooooob pObO0O0bOO0O0ODOOOODOOODOOOD.
gbbodb,obbodbooobuoobbooboooboobbuoobbo
goodooobob,oggoooooobobbbobob. ooooooooo,
gbbodbobooobuoobboobo,bbooboooboobbuoobobo
g, gobbobooooogobobobo. oobbb,0odgoooboboobogad
ggoooo.

gbogoboobooobuoobboobooboobbooboonbobo
goboboooboobobooob,boobobuoboo.bobobobobon
gbgoodobgobobuooboboobob.obboob,boobobon
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0 7.7 (000000000 tanh D000 D00D00000O0OO0O0O. -8<y<80000
jpoo000000000ODOOCOOO0. 0000000 DODOO0O00d0 k< 1O0ODODOOO. O
gbooooooboooooboboooooboooooboooboon.

gobbogooboboogbbobuoodbobobuoogbbboogboboag.
gboooooodb0dtanhDODOODOODOODOOOO,0D00DO0ODODLDOOO
gogoggobobbboboboobbboood. boboobbbboooooogd
gddodoodooooouoououuu,dodoooooooooo
U:gbbugobbuoggbboogbbuoooboboog,buogobobood
gogo.
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0 78 000000000000000000. y1<y<wyp0O0O0O0OO0OO0OO0OO0OO0O0OODOOOOO
gboooob,0boo0obooobooooboooooboooobo:b0bo00boo0ooobooo,00bo000
gboooooboooo.

ggoboobboooo,obbbbodoooo. oo, obobobobooa
goobobbbbbouoooooobobbbbbuoooooobbobobbboogd
goo,bbobboodoooooobboooo. bbooo,oobboobobood
oboobooo,0o0oboboboboboboboooboboooobo’ooon
‘000D0’0000 (0 7). 00D0O0OO0ODOOD0OO0ODOOOOO,000000O0O
gboboo.gbbooobbodbbuoobboa, bbby <y<yddib,d
O00000obD0oboobovubOoD. p=0000,yhw<y<yO0O0OO00,0000
0y 000000 U(y),yy00DODOOOU(y,) 0000000000 00000
gogbboboog,bbuoooobobooboooooboobog,

U(yz) = Uly1)

Uuw(y) = Uly1) + Yo — U1

(v — ) (3.1)

gogb. bbb wdogobbboooobbo,obbbooobbbo. o
O000000000000000000 Q,y0OOooQouoo,000 3.1)00

1 Y2
Q—yrﬂhélQ@My (32)
0000.00000000000000000000000000000000
000000.000000000000000,00000000000000
0,0000000000000000000000000000000000
0000000000000000000000000000000000,00
0000000000.0000000000000000 (08)0000000
00000000000000000. 000000000000000000
0000000.0000000000090,000000000000000
00000000,0000000000000000000000000.00
0000000000000000000000000,00000000000
0000000000000000000.

gr.tex 2019/02/08(00 O0)



ooof ogd cC 55

1 2
k

0 79: 000000000000000000000000000. -8<y<80000 1000
gooooooOo,bo0000500000000. 0000000000000 048 <y <0.56
g00o0000oo0,00000000000000 04462<¢,<0.5080000. 000000
gobooooooboooobooobooooooboobobo. ooboobooobooboooboooobooon
OxooOooooog.

(@) 8 (b) (©) (d) (e)

o S
C

-8

O 7.10: (a)k = 0.2(c = 0.4496), (b)k = 0.6(c = 0.4599), (c)k = 1.09(c = 0.4772), (d)k =
1.6(c = 0.4894), (e)k = 2.0(c=0.4945) 000 000000000000000000. xO00OO
00 y=0480 +00000 y=05600000000000000. 00000 U = 0.4462
0000000000 y=04800000000000 k=020 k=060000,y =048
0000000000000000000,000000000U=050800000000000
y=05600000000000 k=160 k=200000,y=05600000000000
oo.
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4 OD00DO0O0oOoOobouooboobouogoon
HEN

000000000000 000000000. ¢,000000000000
000000,00000000¢0U(W)<c<U(y)0000000.000
y <y<y0dQ,/d,=00000000000000:

d*¢,, dQw .~
(Uw - C) ( - k2¢w) + d_yww - 0 (41)

0o00. 41)00 ¢, 000000000000000O0,00000000000
O0.000000C000000 dy,/dyO0O0O0OoOoooooooo.

O00000D0yw <y <yO00000000000. D000 y 0 g0
Ve <y <y <yO000. 00000000000 y,y: —»y. 0000000
y=y.0y=100de,/dy0000O0000. (41)0 Up,—cOO000y, —00
Uyy+000000000,
y1+0 y1+0
[l 0= (oo o
Y 1o y1—0 w—c dy
1

- - y1+0 _ Q—Q(y1)
= O — e Gelnmo®el0) = T )

000. yi,9» » 4000000000, 0000000000 Q = (Q(y1) +
Q(y))/2000000,

{%} " Q) —w)
dy y1—0 2U/(yc) (yc - yl)

gobobooobob. ooty 0y —-000000bboodbibtdy~y U
gobbobooobobobog,bbobuooooboon

%yl,o _Q’(yc)
{dyLa - U (ye)

000000000000000. 00000 y=400000 d¢,/dy0000

{@gf”%_@@mm—m
dy |, o 20" (ye)(y2 — Ye)

W Q)
l dy :|y2+0 - U'(ye)

Puw(yr) (42)

¢w<yc) as y17y2 — yc (43)

bw(Ye) log(ye — 1) as y1 — ye (4.4)

Duw(Ye) as Y1,Y2 — Yo (4.5)

buw(ye)log(ya — ye) as ya = ye (4.6)

gr.tex 2019/02/08(00 O0)



gooo ogcC 57

ggbobooogobobod.
v,y —y . U0 boooooobbboooobboooobbobooan,

Yb y1—0 y1+0 y2+0 Yb
[%] _[%} +[dﬂ} +[%] +[%]

dy Ya dy Ya dy y1—0 dy y2—0 dy y2+0
Q' (ye) { 1—2r (1—7’)] Ye — 1
= wle) | ———— +log | —— ||, wherer = —"— (4.7
ooog.

(47)0000000000000000000,00000000000000
0000000000000000000000000000.000y<y,u<
y<uy,y>yp0000000000000000 (41)000000000. O
0030000000 ¢,00000d¢/dy00000 (4.3)0 (4500000
000,0000000000000000000000. 000 470000
r00000100000000000000000000.00000 U(y)O
Uy,) 000000 00000,00000000000000000,3000
0000000000000n.

gobobod-goboobgoilboboo,obbooboboobuobbobo
goooo,booboobuoobobbobooboo,obbooboobon
goboobboobboobbuoobboob. bbooobooobooo
O0r=1/20000000000.00000000000000000000
gbobobobobg,gbobooboobobobobobobobooon
00o00o0o0ooooOOoO0OO0ODOODODO. 0000r=1/200000000000
gbogobgoobgooobgob.

5 Uoooooonond

gobboooobbbooobbobuooobbb,oobbooog,bod
gbbogobodboooboobdoo. boobobboobooboobbo
gobobuooob,ogobbboogbobobuooobbooobboo.obboo
O0cO0c=U(y)0000000000300000000000O0O0O0O0O0O0OO
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0000 (Lin1961):

¢I = (Z/ - yc) 1 + Z An(y - yc)n] (51)
n=1
G Q' (y.)
Gr =1+ ) Bu(y —ye) — ———0rlog |y — | (5.2)
Jis ; U"(e) I
b = {7(8/83@ W <) (5.3)
(y > ye)
god
e = Cro1(y) + Crrdnri(y) + Crridrni(y)- (5.4)

000 ¢, 000000, ¢, 0y=y0 (y—ye)logly —y/0000000, ém
0Dy=y0000000000000000000000 (O 10).

(a) (b) (©)

Ye y Ye y Ye y

Y
\J

0 7.11: 0000000000 3000000:(a)ér; (b)éur; ()ém. ¢y 000000000
D00, ¢y 0 y=y 0000 (y—ye)logly — /0000000, ¢r;0 y=9 000000
ooooooOooooon.

jodddodoog ¢, 0000, 40000000 0ooooooobobobDbD
dé,/dy000 y, —»y», 000000000, OOOO0O, 000000000
O000000000000000y. 000000000000, ¢,(y) 00000
O000,0000000D0. ¢-(y)D0O0OCDOOOOOOO

d¢11i]y2+0 _ - Q(ye) 1 (?/2 - yc> 55
{ dy |, o  U'lye) ®\ve—w (5:5)

00000000, (y2—v.)/(ye—y)=10000000,0000000000.
¢;(y) 00000000000000,000:

[dcbm} vt _ _WQ’(yc)
dy |, o U'(ye)

O00.000000000000bO00bO0obOoUobOOobOobobOOoDOobODb oy
ggbooboob,oooboo

¢q(y) = C191(y) + Crird11-(y) (5.7)
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0000O00000.300000000000000, ¢,;000000000
0000000000000000, ¢,0000 (y—y)logly—y/00000
000000000000000000000000000000000000
ooooooo.

6 Uogng

O000030000000000 tanh0O0O0ODODODO (0D 1b)ODODDOOODODODO
goboooo,bugobboooboboabb.o1no,opnpbooooboboo
gboooobooboobbooboobbooboobbooboobbon
OobD.00000000,k>10c>00c<000D0,0<k< 1000000
gbooboboboboboboooobob;bobobobobobooon
gogbbooboogoboboboogooboo.

O1ooboo,dbe¢pp0bibbbob0bobob0oboboboDboD
goboo. ODs>0bb,0b0bobooobobuooobbuooobooog, o
gbbodbooobuogobbooboooboobboobo,bbuoobbo
ggoobobo,gobobbooodoboboboooa.
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0 7.12: 0000000000 00000000O0000000000000. 00000000
1000000000 -8<y<8000000000. 000000000000 OOODO (00O
50000,0006y=00800)000,000000000000000000,1<k<1.47
00000000000,0<k<10000000(00000)00000000000000
000. 000 ¢,;00000000000000000000,000 d¢/dy|,—,, 00000
00000000,y=y000000000000000000000.

gogobbbbbtboooooobobbbbbooooooobbbboodd
U,d 12000000000 b0000000goooboobobo. bboodagd
gboobdibby=10y=-1000000000. 000000000000
gbbod-sodbboogoouoobbugbbodboooboooboog,bbd
gboobgoobobboboobuooboobobobobboboo.

00000000000000 (0 1)Yoooooooooooooooooo
000 (0 12)0000,00000opoooo0ooooooooooooooo
0000000000000O0O000000O0 (02004 00000000.
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O 7.13: (a)k=0.6(c=0.2883i0000000000. (b)k=120000000 ¢=0.6315
000000000000, ()k=120000000 ¢=-06315000000000000.
0000000000000 ¢0000000. 000000000000000000000
y=10y=-1000000.0000000000,000000000000,00000

gobgobooboboooboboo,goboboobooboobobooboboobobo
ggod.

ggbbobuooobbbuoooobbboooob,1ody>000000
gobogoboo,0bbdtdy<otggbbuoobbuooobboobboa
gobobuooobboodobb.ooobb,gobbbooobbuooobboo
O0000000000000o0o0oooooooooO. o12(bh)0000OO,
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0000000000000000000000000000 (y,) 000000
00000000 000000 (ym>v.) ¥, 000000000000 OOOO
0000000,00000000.000000U0(w) 00000000, Y > Ye
o000,c<U(y,) 0000000000, OO0O0OO0OO0OO0OOOOOODOOOO
gggobbobbboouoooooob,obbbbbboooooaoon,
gooobbobbbuooooobobobobbbodoooooobobobbboogd
goooo.

gboboooooooboobgoboobobobobobobobob:-bO0bo
ooo0,000000o0000b0bd0b0 k—oobODODO, 000 kOO0
obooooooobodex1000000. 011000000k~ 1470000
gbobogo.bogo,ggbbuoobbooobooooboogbi. e— 41
bbby —xocOUOO,00000000000000DO0O0O0OO0DOOO0
gbo.bgobobgooboboobob,bbobooboboobobon
O00000.00000,y=90000U0-c0000000000,dQ/dy0O
y=9y.000000000000000,(24)0

26, Q)
bl _ @ \Je)
w2 T Uy -

O00000.00000000000000000000000000: 000
00000000000000000000000000000000000Q
00.0000,000 k=1.0000x [Q(y.)/U'(y.)) 00000000, (0DO0DOO
O.) U =tanhyO0OOO00OO, dU/dy =sech®’y 000, dQ/dy = —d?U/dy? =
2sech’tanhy 000, Q'0 U'0000,

=0 (6.1)

"(y,)  2sech?y,tanhy,
Q(y): SOCH Yo ANy = 2tanhy. — 2 as y, — +o00 (6.2)

U'(ye) sech?y,

ooo,000k~20000000000000000O00O0.

tanh000000000,0000@Q/U'000000000,00k0 c¢— +1
0000000000000000000000000000000000000
000,00000000000000000000000000.0000000
0000000000000000,00000000000000000000
000 ¢ ~exp(Fhy) 000000O00. 000000, tanch000000O000,
000000000000000000 (.>1)0000000,y> 4000
00000)0000 ¢~exp(—ky) 0000000,y >y>1(0000000
000000000,00000000000000)0000 ¢~ exp(y/k2 + 4y
00000000. 000 A00000000000000. 00000000
0,0000000000000000000000000. y0¢ 000000
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dQ/dy 2sech?y tanh y
U—c tanhy — tanhy,
8e~2Y 4

~ = = 2|coth(y —y.) — 1| (6.3
(1 _ 2672y) _ (1 _ 2672yc> eQ(yfyC) _ 1 [CO (y y ) ] ( )

ooooo, (24)0

d2

d—gﬁ—nganQ[coth(y—yc)—l]gb:O (6.4)
000000000. 000000,k~ 14900000000, (0000O0O.)
gogoooooobobobbooooog.

T Uoouobouooboouood

000000000000 +tnh000000000000000000000
000000000000000000000. 00000000000000
000000,000000000000000000000000000000
000000000000.000000000000000000,00000
000000000000000,000000000000000000000
00000000, Tatsumiet al. (1964) 0 tanh 0000000 U(y,) 00000
000y (i=1,..,N)0000000O0O000000000000000000
00,000000000.0000000000000000000Fk — o0
0000000000000000 U(y)00 U(y,,,)000000000000,
¢.~000000000000000;0000000000000000000
0000000000000000.00000,000000000000,0
0000000000000000000000000.00,00000000
0000000000000000: 000

-1 (v <w1)
Uly) =4 352y —v) +U; (g <y <y, j=1...N-1)  (71)
1 (v > yn)

000000000000 (0 13),000,

Ur=1 n=-3
UN:1 yN:%
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000000000000000000000000000000000000
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0 715 N+100000000000000000000000000000:(a)N = 4
(b)N =8;(c) N =20; (d) N =40; () N =100000. 0000000000000000. 00
00000000k—00k—o0o000000000000000000000. N=1000
0000 (¢)0000,x00,00000000000000000000000000000
ooooooooon.
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0000000000000000. (¢)(a)0 (b)00000000000,000000000
0000000. (0000000000000, ()000000000000000. (e)(a)

0 (d0ooooooO0o0ooo,0o00ooo0oooooooo.

000000000000000000000000000000. 0000
0000D00000. 000000000000000000000 (3 15a, b).
000000,00000000000,000000000000000000
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000000000 (400000000000 [(B|0000000000 (00
00000000;000,000000000 [B|0000 (40000000
0,000000000000000000 [400000000.000,00
000000000000000000000000000000000000
0000000 (0 15d). 0000, 0000000000000,000000
000000000000000000000000000000000000
(0 15¢). O 15(e)000000,000000000000[p)0,000000

0000000 [E0000,000 [F]000000000
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O00c~0000000000000000000O0O0OO,000 (D000 [F]
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