EREAHERENF

HH th5
201546 H 17 H, 20204E3 H20 H

WWW H—nN—uizkde. ZOXENT 7 LRAZINTWS XS5 L, BHE
http://nalab.mind.meiji.ac.jp/~mk/complex2/intro-fluid.pdf

B X
1 [FL®IC 2
2 HREHZEOHERER 3
2.1 HEo AR (EEAE), EEMSM . . .. 4
22 IEHTUVNEIES . 5
2.3 EHBEHER CEENEOMRIE) . . . . . .. 8
24 FEHMF v L Y Euler TR, Navier-Stokes HERISHE T 22007 . . . .. 12
2.5 WREESREIN .. 12
3 EEERAEDRLLOARN 12
3.1 WELHEBRLDOTRI . ., 13
3.2 JEEMERAORmZ LOBNERT v BRIEDHE) ... ... 13
3.3 JEEMERAOREZ Lo KT v QIITDHE) ... 15
34 WRREHERT VIR ., 17
4 FHRAHEEREERTOOvILE TR HNEZDAHEIL 20
4.1 FEARMIZRTRAC . . 20
411 —RRIRIRAV .. 20
412 BEHL, TOAA .o 21
413 MR .. 22
4.2 Mathematica TAIHMLLTAS (RO TOHH) . . ... ... ... ... 23
43 BEAWNZRNOEREDY . . . 25
5 RTErIvILEEZBVWTRNZRD S 31
5.1 RFUIRUREEE ..., 31
5.2 AMREZRETRT YOy URBEZMAES o 32


http://nalab.mind.meiji.ac.jp/~mk/complex2/intro-fluid.pdf

5.2.1 Poisson FRERDBEFEME L #ucxt3 2550 ... .. ... .. 32

5.2.2 ABRREZRE, FreeFem-++ . . . . . . . ..., 33

52.3 (5.1), (5.2) Zfi#< 72D FreeFem++ ORI 4 . ... ... ... 34

A R7T FILVEERERITEDER 36
B FfEHFOMHEE 38
B.1 Navier-Stokes T2 DXL E Reynolds £ . . . . . . . . .. .. ... ... 38
B.2 Bernoulli DM . . . . . 40

C RDB&EE 41

ZDOXEICHE T3 TODO VY & b: Bernoulli ¥, Cauchy DR & IEH T > VL DR
DFEH. JEER (circulation) IZDWTHIRET %, BRSO D B TR E D ?? Navier-Stokes-
Korteweg TIERBRATD D H 5,

1 [FL®IC

TAE (Auid) 2 IEFKEPICE 5T [ERHEAED X512 ‘s 0" ZEHEL L2 DT
Hb, EFECKIMELE VWS 2 00HHEDOERIC L o TRELI pEHEINS,

TERDOEE ZRERE L. 20O DIE, HL 5 H2METH 20, IEREOMD HEADB
N25EHHD., BIETHRDIIIRRINATORY, ZOHEBRTIE. HHEZRNT TR, &
ZREGREF o TS Ze K E, WS Z e ERT, BRI ZEEZRENTH 3
M, TEIZZCHN 2 RS OBNA PR ZDIZRVWI R EZT WS,

fm—oR I HAB LT B L. KD LIS 5,
2 RITOMER VY GEES) FikDB%A Lo — ERRK

BEEEGRZ W TR ZOBEZEDIRS 2 HAJRETH 2 L. Z DI EHEREBR O RS
PMBENEDA X - TEZ BRI bHKS,

B2EE

BWREBE RENED A —NT v T2 ZAREIEOSEZEL LT, TTESH (1]
ZHIFTBL (REDHFEDFHALT IRV, FHEDOSHINAE (1914-2004) 1. HiiES
Y OMRE T, EEDSH 2] ZRENZOEARNLE LI TH 2 L ThTWwb, MZEERORITIC
B3 2N FOMKETELTHD., Aok TWHEFZOBNE ) 2B a S LF R PDX Y
N=Tb D3, VDB OTIE I AR 2 BT 5 (3] b IEFICHRFENEETDH 5,

MAENZEDOTF AP LTE 2] BANC £ 4] 2B TEL, MENPEETHL LR
Mz EARWIZE S OFAEFRICRTER LTV,

'THAROYHAE DRIARTH 207 L F R M AT 1959 FF00 5 24 FE, HEES TR (HhovnGmtt) 2%k L7z
TybART, AREED?S MHZORHNE . FRAG DS T - VB ORCNE) © L THETA LS,

2



B, MAENFOHMY 5 2% Lamb [5] &, FFENITL-o2D LTW52, HERBEHKE
DL HAZDOVTHF LW (FERERARDAFIZHE L VWD, FHEDAFIIBZTH ),

FEERETA D TR DBHANI D OV TR, A 6] 2R X

BRI AR TRIA DR S A TH 205, HEMEHE ORENEIIE 25D T, ZEHLHM
MLV (EHEFR AL BROVDTHRZR W),

REDOHWE - KUKZZ NP I N EMEZF > TWVWd, BHTE 2 HWNIWHEEIZ,
FEHEREIRIA L LTHDIKRS . WS ZEiliRd, ZER—D2L o TH, MHEIVNI WIS JE
FERETRIARE L CTHD RS T DR 203, JREDKE {725 & 2D NEY IR D, MR
PLTHDFSINE, 2 EH5221k2 (100m/s K 5WHHZR ) £ E5iFcEW-2 L
L5 5),

FimA 8

BREBGEHINT, X7 bVigET & R AR ZE v 5,

N7 FVIRTIZOWTIE, fEZEE 21 A ITHELTE W, N7 hU#ENTIX, Y
FNZIXBRESKARPTA NI 250 T 5 72 DICHE L2 DT, BETDH 2N HADILH Z Eilk
LODOZERZLIXERTDH 5,

(0T, BREEEYRIT TBRKA XY MUENT WS RIEAHEINTWASIRTH
L0, ZOREHTHRENZEZID LiIF20d, ALES>RBEEEZ %, )

R ROV TIE, BEIIAF I WS 2 VTl 5, 2 Pa—&X—THRITEZWL
<D (FreeFem++ %) #8132 DT, HIKDH 2 NIFA L TATHRL,

FUVILEWIBEIPEH L WS ADBZWVHE LKW, BT v VIuconwTld, iEh
2R I DR DR DR —F e Ebh 32,

2 RAENFOHEN

N R HREROGECR 20, [T WO DI TRVDT, DE DALV &,

Bt cld. KD AR 2EL 2R iRvy, HROEBO-DI1ciEzh
TEATTTHA S, UT TR BREZO XS LB ICh 50, “BE Z2—IGHHALTH
%o VIR S EEEINT S IR R EIAIC 72 o TV 2 53, BIR 2 #F o 7o N 13058 2 72 5Bk Y
7eo THTH L (G 2], Lamb [5], & DBARYLRMH L LT, A - Hf [8] 0 §10.2 2, [
7 [9], Chorin-Marsden [10], Meyer [11]).

TADIRFEIX, 3D KD3D (207?4207?) DHDERDTEZ 5,

o HE v(x,t) = (u(z,t),v(x, t), w(x,t) = (vi(x,t), va(x, t), v3(x, t))

ZEATED D LI BRELTHEINTVE 754> 2 [T F2=—=FRERTHEH, FHL LD RIFTW2H4)
P, BETOWEET > YL, BRBOT Y Vv, V—<VliRTF YA TH D, FENETRERIEN T > Y
MZOVWTIEMA SN TVRW (ZRTHHHWALRD T, EEBDHIIDL 2 TAHL I 2E#D5),

SMEAANNCIZ D BEID RO, —BAFLIZL WD LARWY (—FHLLDIZ ),
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o [£7) p(z, 1)

o B p(x,t)

o MR ... SHENIE 272\,
M 1. K. ZZROBB X EZDOEE (STHAR) Z2RD K, HBEDLIZENL 5V, (FERIE.
10° kg/m?, 1.3 kg/m?, 770)

(EINcoVTiE, BRCTHZHELTH S, )

2.1 EHOHEN (BERTF), IEERSRME
EFEDHFEIL (continuity equation) & FEXAL 2 KA DDA D 7D,

dp
(2.1) E + div(pv) = 0.
st HERFESHDILOOT, [EEOHE V Nk HEDOZIZ, V OB oV 2»
HHADT2EEICFLW,

(2.2) d pdx——/ pv - n do.
dt av

(Z DHEADERLRZTIUE, XY SR OEEIRETDH 2, TSHRTIA0—T 5, )
TN oY L R DI AR, AT Gauss DFERUEF! 2 VT

t/’ap(i /C(hv(pv)dx.

IODEED VIZOWTHD LD Z s, (2.1) 215%, =
(RD7=: (2.2) DEADOHEED D, FAIRREIC V OFER 0V 2 L E o T V AICTitLAT

TMEDEETH 2 Z Lld. N7 MU TIEE#RINR Z 8T 205, FiHZZARZ TR, F
z@&m[up®%332%ﬁi ﬁ%W)@ﬁVTﬁﬁi DBELNWZ D6, HFET B

WZ e ZE IR %x@mnwa6|/ z) dz = f(a) ZHWVAIUIRWV, ZHUZoWn

e—0

Tik, #EH [13]) OfIB.3.1 2/ X,
M 2. (1) div OERZBXR K, (2) (ﬁ@ﬁlﬁl 1) div(pv) = gradp- v+ pdive (V 2o THK
T V-(pw)=Vp-v+pV-v) IO X,

(21) BXDESITBFIT B,

(2.3) %—F(’U V)p+pdive = 0.

MR IR BT B fmdaz/dhfm.
ov 1%

4



D 0 0 0 0 0
=—4+v-V=—Fu—+v—t+w—

(24) Dt ot ot or Oy 0z

TER SN S Lagrange M3 (MBS, material derivative) % ZHWS &, (2.1) 3XD &
B FHIT B,

Dp N
(2.5) Dt + pdive = 0.
~ VBRI OWT ~
FRDFAUCI > CEBIT 2R T, WL ¢ TOMEE 2(t) LT3 L &,
d - Of . of _of . _of _ Df
Eﬂﬂmw_%;E?ﬂw+§u7ﬁ+ﬂﬂWU—ig+wVf_5;
N J
2D Lagrange 7250 THAHZ ., TRbOESME
Dp
(2.6) Ty ="

MDD &, TIKIIFEERETH S (fid £ 7\, incompressible) W5, ZHU

(2.7) divo =0

Zﬁ@f@&ﬂ%%\@ﬂ(@@ﬁ»ﬁO@KﬁDﬁO®T\%§=O@dwv:m
HidEld, (2.7) ZIEERERHE S,

KRz, B p 25ERBZ OIXIEEMTH 208, ML T LB R0, Kic, p DEK
W23 e BIEEMSGE L BEZTVWAIAD VDD, BRI LEDESICRZZEZS5TH S, BT
T WWBEORRZBEKOTNEEZ S, BEKSHEE ROV, p XERBIIE RS0,
FIEEMEDD (B 2 WRMENC) ZZREIIC—RRTHIUR, BEIXEH L 15 (Z OIEEMEEDFTIHIZ,
SH 201k B),

HEIZH 2K, [UBISEEDOE DN, EMEMEDXD 25, LIELIE. TTROADOHEI R~ v
NEOT 0.3 U ETHNIERMEDOMEEREZ 2X0ENH S L EbRTWS, ZZXADELER
PR 367 km DLETHIUR, WS Z itk b, zhllilhic, B85 e SBRL TWT, ik
DIREDE L WEIRICZ 2720 T 258 b EMEEE 2 2 DENET 5,

2.2 HTUVILEER

CDHDOWEIZIZ, PEHFADT X R F 26 DRIFIFED BZ WV, 7 LW A T WS
. BIZIEEE [4) 2R X,

PRy R, e EETEH - ETH 2,




“TIERDFEN DOBHTH %,

BHD XS 3RS 2 72, (KT8 (body force) &FHIN 205, Ak HHM5
58I Ko TRIT N, #EitEomtEIc il s 279, BN (surface force) & FHE
N5, HENOGEFHEAMEEL 72D D127 (stress) &R,

ARDIGHIE. BB AANE x LIRZ ¢ ITIRIFS 2205, 2R TREOM EITKEFET
%, HDM X, ZOHODIAZHATERNRT bl n TRE S, MEOIHE, (E ¢ &I
Zlt fE n OATEE S (Cauchy DRAFE), AT LIES G e Rz [EE L TH <
(x=a,t=1) WAEDIEH plE n OBEAKTH %: p=p(n).

PR ST 2 = a; Z@8 LT IEOIBEOINI KX T HRAHEBE LD D 1%z

Pi1

po |, Pi=(py) £BLs P ZIGAT VI (stress tensor) LIRS, EFED S

Pi3

THHH, EIMEED n IIHLT

(2.8) p(n) = P'n  (Cauchy ®=)
TH 5,
P
THXFAMIEoTIE ple) = | po | RFDIEEDH ) LED TS, RAEALDEZ D Z
D3i
STEH. R T Y MOV TE, AEFRORF» S, —fiC
(2.9) bij = Pji

MDD (PIEXWFRT YL TH2B) DT, HFEHRITT RHLET RN,

ETIE, (2.8), (2.9) B D ILOEHZEHIAT 2 RBIZHR V. TV T EBKUTK B A
X (RIS 2 DM L S 0 MR 2T S,
B 3. WRIENI%ED 5 WVIZHMESIZDOARTHIEEL T) (2.8) 2Rt

4. (RAENED 2 VBN FZDORTHIRL CT) JohT > Y VE— RIS T > Y LV TH S
Z &t

v ZIADEES L 35 L &,

L L 1 avi 0”0]-
(2.10) Bi=(ey), eyi= 2 (8903‘ " 8%)

=
TEX S FE EHRET >V )L (rate-of-strain tensor, strain rate tensor) & FEX,

CI5JIT > Y v (stress tensor) ZE T 72DIZ, 0 LWVIXFEMI L HEW, o lF S ITHIET XY v L
FTH2Hh5, bo bRERTED S,




AR 2.1 (AR - EEBICDOWVWT) E DI e 2EFEET >V )L (deformation rate tensor) & %
MRE S5 THB, “deformation rate tensor” & W95 FIEII/LW, “rate of deformation tensor”
DBIELW, EWVWS BRBEGHALI DD D, DAY OHGEDHEWITIZOWTIE, (FADF
MNETHZZbHoT) HEDHEIZWV,

$7-. BAEET Y YARETLDIC D L WS LFEHES (OFH D = ( (ggz M’ﬂ))
EEDDZ) Nb WD, D WO XFRHEELRLT >V L (velocity gradient tensor) 125 (D
$h D= (8) LYEDD) ADBWVEDT, EEIBETH 2,

EWVWH DIFT, DK oD ETHVWS & 2k, EELUTHATZIOTIERL,
BITRZHELINREZTHS, n

~*E ™
Vo EWIHEEZHI ZenH B, v D Jacobi {THIDIEEITH] & WD EE S LW,
d ) v\ | P P 9
vy Ovr vy Ovy Qv Oug
ox1 Oz oxs o0z o1 o1
Vo = | Q2 vz Ouvz — | Qu Gva Ous
- Oxr1 Oxo Ox3 - Ory Oxa Oxo
vz Ovz  Ous Ouvi vz Ous
(93?1 81’2 313 8z3 8273 aCE3

CoRLEEMS . EEARLT VYR Vo, BEEET YR L (Vo + Vo).
9 J

FHZIEEMTADZ T

(2.11) P =—pl +2uFE

DD DT, T T p I3RS CREMEGREL, REEE, viscosity) EMHINZIEEERTH D, p=
p(x,t) 1ZEA (pressure) &IN5,
DT ZoXETIX, (2.11) DD ORI OWTEHE B Z 21T %, (u BEBTH 535
&% Newton K, EHTRVWEEZIE Newton FiiE. EFERZ ST, HAIILLT TR
Newton JIR7ZIIZERT L, WS e TdhHb, )

AE 2.2 (COXEIFEERRELDZEZBRVWITNY) EF., EMERIEKOBAIIES HE
FLLERLTVS (b, FEMELZRETERWVICHIZLSZAD TN Y), Dk
Ced, ZofiicBunwTid, JEFEMEEEZRE LR WiERE TI2XRELD Ly, [HEfET
TH%, m

HLD u=05H5\Fv=0 (FILRE) 251X P=—pl TH3056., ) p(n)=Pn
X —pn IZFE LWV, DF DB MIEHENICEE (WA ), KX X IXMO A AN S RVW—7E
fEip TH5,

(6 p(n), ST > YV P, [ p, EXFPEFHSTRT DN XA IIE, B
FILBRWEIIZKZEDTF KD, )

"Stokes DIRMARNEL L | JES1T ¥ VAR EARE T >V VOB TH % £\ 5 RE (Newton JAKDIRIE)
BHLL. P=(—p+Adivo)] +2uE (A & p (&EE) AR Do (R4 - Bk 8] OFFE 10.11), ZAUCIEIE
fESetE dive =0 2RAT 2 & (2.11) AFoN 3, [8] ZBEIDHNK S,
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=0 TdH 2Kz TEMRE (perfect fluid) F 72 IFIEREMERE (inviscid fluid) & PER, —7.
p >0 Td 5Kz ERE (viscous fluid) &R,

MERIEDEEDORETIH MUERITEEICKET 5, 2K 200 T, KEEFEER 1 =
0.001005 Pa-s. ¥ 7 ZTHOKERIZ, KD 60 ~ 80 EFREE L D, F2EKUT 1= 1.8 x
107° Pa-s. REDEE. MERIITEINIFE A CKRITFE LRV (JRWEFETER L EM L TR
EAVE L),

0.002

T
nensei.txt" using 1:2 —+—

0.0015 -
0.001 |-

0.0005

.
*****
.
e
+++++
++++++
~—
e
e

0

L L L L
0 20 40 60 80 100

L: FKDOREMER QIR FERTAE — MEEIIREMER (BALIZ Pa - s), B3R (BALIZERKR)

2.3 EFHREN (EHEDRF)

AN TRIRZ WG T 2 B F ONEEE Ov/ot T3, Dv/Dt TH3Zr2FEELTE
Co FRELAZ MU v T s mEss 2V ik

Dt
Dvy vy vy vy vy
Do Dt ot T Vlgy, T V2g,, + Ush,,
| Dve | — | Ov2 Qvy vy vy
(212) Dt = Di = 9t + v o1 + Vo Do + U3 Ozs
Dug vz Oug. Ovg. Ovg.
Dt ot + U1 oz + U2 Oxo + U3 Oxs

TERT %, :@E‘ﬂ%g—;’ﬂv-wv rELZENEV, DFD

9
[ ) )
(2.13) v-V=|uv]|- a% = + Vg + v3
82 (‘3:1:1 81‘2 (9.1’3
() B_xg
THHEND,
vy vy vy
a 8 a U1 U1 ox1 + U2 Oxo + U3 Oxs
2.14 v-V)v= 1|1 + vg + vs Vg | = U1@+U2M+U3aﬂ
( ) ( ) 8!131 61’2 3%3 zazl gxz gxg
() ov3 ov3 ov3
2 U1 ox1 + 2 Oxo + U3 Oxs



EWVWHZETHA9,
Dv

R 5. B4l t T x 1I2H B FARRT O b ﬁﬂi——f?< l%’ﬁ@éltéﬁmﬁﬁio
RENDBECTIPAE S u o
Dv 1 .
(2.15a) i = ;le P.
7272 L

Opny Op12 Op13
0y 0xs 03
oy 0s 03
Ops: Opsa Ops3
0, + 0xs * 03

TH b,
SEFA EROMEE V ICBWT, EHRORELS

COBIETREB T 5, =
Bl 6. P=(—p+Adivo)l +2uE (\, p l3ER) 35 %

divP=-Vp+pulAv+ AN+ p)V(V-v) (=—gradp+plAv+ (A+ u)graddivo)
TH5HZLERE,
JEEMETERMATIX divP = —Vp TH 306, EHHERZ

Dv 1
D
Tibb
ov 1
2.1 ov _ 1y,
(2.16) 5 +(v-V)v pr

ZhDIEEfETE A OE HERE L THEHAR Euler AR TH 5.
JEEMEREMEIRIATIX, T P=—pl +2uE 272225,

(2.17) divP = —-Vp+ pu(Av+graddivo).



FJEEMESRM: dive =0 ZRRAT 2 & (HUOREDIED 0 THSDT)

ov 1
(2.18) E-F(’U-V)’U——;VP—FVA’U.

Z DI ARG TETRA O EE) 72K & L TH %72 Navier-Stokes FT23{ (Navier-Stokes equa-
tion) TH 3, /2L

BV, 20 v 2BIEMEER (kinematic viscosity) & PRI,
B 7. (2.17) ZRE,
M 8. (2.16), (2.18) 227 FAKFLZHWTIZ, v DT u, v, w ZHWVWTERE,

9. BIELTWAMDIKIEDRE D X 5127 50, —kERE SIS EIRE L T, Navier-Stokes /5
B2 EvCiHAEY X,

M 10. KE25 1m TOEIADKEFENL WV, 1XHE (1013 hPa — h & 100 &%
KL, 1PalZ 1m? 720 INOHBLZE 0D ZE) OffEh,

M 11. L L7KOHTE p(x) = —pgas+ R TH B I ZREL T (L LKEZ 253 =0

EEZTWVWD), TAFXTADOFN O L RE,

(FER: YRk Q OfFfE% (O e RT LI T 28, WEDIIKN 2T 5T (VbW 5T#) 13,
0

0 | - FIE S LR, K E IO KA 5 B L)
p19Q g
R 2.3 (ENTIARTKEIF?) KKEEFFC LS KRDNETEA 50 ?
o _ _
az - pg

B DD EEZONED, RADGE p IFEMTIERNTHS 5, KESER

p=—L (Ry BREER, T 2R
RaT

o __ 9
0z deT
g BEBTHBERET 2L (ARHEZSTRERVWD, BEDPE->TWVWD XS BEX T,
g=98m/s* £ LTHARWVIELUTKZS).
_ 9 [Tdz
Rel, T
& ZADRE TF (REENR v, y NOREFEMEICOWTIEHZ DL 2ICLTDH) 2 ITHIKE

T35, BIIERNREROSNENCIR S, MW LI TS 2. EHEEE 2 DLW TOEK
BETIERTZ 20, EHOBEEIXILIFETH 2,

log p(z1) — log p(20) =

10



(D UEED | ¥ T) RATHOBEERHE, AUIZTERTEZ 5 Th 2, T(z) DEHEEREDT,
ZNH S p(z) BRDTHEE, WELAEKLOMED SEE - BHETS (M [14)). =

Euler 7#2: X3 Navier-Stokes /T & IEEARIM D TR TH 2 (HEOVIEM T Dv/Dt =
/ot + (v-V)v D v IZOVWTIERETH 2 Z L ITEET 3),

v Av ZREIE R, Navier-Stokes TR OKMEZE L L7z d DD Euler SR T
b,

—7Ji. Navier-Stokes /A2 DIFRHIEIE (v - V)v &g L LRETER

ov 1
(219) E = —;Vp—Fl/A’U.
% Stokes AR & LR, BIE R TH 2 DT, BEEMIIROEHE{L L2 12k %, EL
BB THA LT SNE2D0D LIV, TN/ N WEESIZIE. Stokes HTFERIZ
Navier-Stokes FEERDFEH L+ RWIELUCHR > TWb, 2 EbIiTWVW3,

£ 2.4 (EBEREDEEHIEX) = O XETRHEMMERAICOWTOREMIIIT DRV,
oS

(2.20) p(g—?—l—(U-V)v):—Vp+uAv+()\+u)V(V~v)

DD DT DD %. TNHNEMMERAEOER TEKTH 5,
—HRE IR OIRENIH SR O € 7 AER (B O HFEK)

0’u

=pulAu+ A+ p)V(V-u)
RN EHIEHV, =

R 2.5 (Navier-Stokes ST — MEXTICE X 5N B D) Navier-Stokes HFER (2.18)
ZVDTEATRE Z, TAKR (MR TEXZREZONEDIEA50, EARICESLHD
ThHb, ZOHERERKII v 7 ZADOHFSTHERDII TS xo B W2, Navier-Stokes HFER D
AT % =D AD ? THRRIRD HIRNED D o 7o,

ov 1 9 N
(2.22) -§+@wWUZEWHWVv+F(ﬁ@m%L)
(FIIANETH D, THFRMETIE RV, Fioy 977070 A V2 eELDH, L&D
LIETH o T, BRHETIER WV, ) (2.22) OFMEZIERE, LW MEZEBRICHEZ 5 20%Z 2T
Bl eBHBZTNE, XTHERBEKD B o TeD7z, MEMEL SVWBRWEA S,
n

M 12. (2.22) OfEfEZ L (R p. 42).

SIEE, TIRL TR LARWVWTL XN, 3], ili#ktt (2016) @ p. 142.
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2.4 HEMFvL>Y: Euler 5721, Navier-Stokes HTEIIERIT B D ?

—fIZ. RHBEIE DL & TR DML —E T 2 Z e TR 5 7D DMEA TS
VI DI TERVD (FIIHIVL 2 DBITHND). LTDESIEZ 02D TW
LEbh s,

R MVERGTZEIWZTTITEZ S e, @D AERT 1 >0AEXT, #EEHAEREX3D
DODHEXTH 2, HELENTLOORMEBTDH 205, BENIBATDH 5 & 5L, Hi
O ERCEEHEXZE# T 2 &, RAMBEAKOEE E HEXOMEED 4 TOVH - T, &
EEENDKRE ZA[REMEDH B e EZ b,

B ZXEEIVERDEG G, d D HEITIFEMEAF e D, 2t Euer DHER. X
721% Navier-Stokes FFER. & S Y RITFRSLM & WIS 2 85 X B /- #IHAER R ER
BOBOBFEEFEL—EBMZHANL, EWISBFHNZRMENIE Z 6N 5,

CAUSHY R ETH 205, IERRBIRM D TN TH 572 01ITH#E L <. 3Rtz BT
% IEEH Navier-Stokes HIEXOWIAMESEFERME I, BT D SBRRBERITITE > TOVR L,
T OWTIE, A 6] 2R X,

2.5 REHERX

(2 ZIIRETIR I LRI, BHIORERZT? S L1 LEbhy T3, )

p DIRABIE D v =13, HEo AR e EE# A ERXZ TR, AEXDTE L TOTRIT R
W, ZZTC. UTCHAT 2IREBAERZMS 22020,

p D p DADEBTHZ, w5 /NAO+AE—RIEDRE

p=f(p)
ZBL TR BHERZ WV, BARINIE, BIZIEHBAZ(LZRET 5. Iy > 1s.t.
p X pl/“/_
FREZRET 5 &,
p X p.
X bh—ic X
-Vp=Vw
p

7S w DEET % & &, isentropic TH B W\, w ZITVRJLE— (enthalpy) & I
XNo N| b =ikl isentropic TH b,

3 FEEMERIADRE LDRN

(UTDFETIE, #iEEZH-> THRV, BWHZ 2 L ER2MAETH. MERETH, DT
FXEH T %, LIT 0% B 5 &, Laplace 7TFERNS° Poisson ATERDEZEMENKL 513
bbb, ZHCOVWTERIOEREHEST %, )

12



3.1 AELRAZLOFN
v ZIADREL T2 L&,
w:=rotv (ZHAUTVxv dHITD)
’Efﬁé (vorticity) &FFE, ZAUITAEK FOBHEDOAEED 2FICFELWV (252 TH D).

w=0Td5sL %, JiiFkIBELX77IIIEEE (irrotational), EIR (lamellar) &5,
TR LThIUR, B v DRT VT vl ¢ BEET S:

v=Vo¢.

(ZD Vo i grad £ dFEITF 5, )

3.2 FEEMEREDBELOFNLERT VO vIL (3RTDHRS)
IR DHEEY; v 1T LT,

—w, de u=28 ,-00 ,_20
Vo =v, ie. u=oo U_ﬁy’ W=

BT ¢ (Wb v ORT VYY) BEET B L E, ¢ ZREOERERT YO vIL LI
K, ZOMNERTIOOVILRTHZ 20D,

M 13. (X7 PR OEEDTH)
(1) A7 Y LHERZLTH 2 2 2t
(2) HGHIEFEIRA O LORMIIRT V> ¥y LR TH 5 Z & 2Rt
DUF. TREDIEFEME TR L TH D, R AET v ORT V> v b ¢ DEET 2 LIRET
%, —fC divV = divgrad = A TH 305,
A ¢ = divgrad ¢ = div .
FEEMESAE dive =0 2V S &
(3.1) A¢=0.

Thbb, FEMREDRT > v LRICBWT, HERT VY v )LZFANBERTH 3,
FeHirE

BERLASIE (BFEICIE) EERT VS v ILHEIEL.
& SICIEERA SISRERT VS v ILIZTMBERTH 3.

13



B ZIE, TRAAD dd 256K Q DEFRT v 2390 > TWiuE, (0¢/0n=V¢-n D)

dp
=
TH 205, Laplace /TIERD Neumann HFEME (3.1), (5.5) FE o, ZAZMBITIE ¢
PRES (v BRES),

ZDEIRBBEIEIRTUOVILEBE WIS, KT v vy LREIXIEEICERTH 5, it
BIEIR 72D DTIERVD T, AIXECEFLHE I IZT 5,

2 2 TIE. EHo SRR SENN S IFEMESRAZ T 6 GEBRERXZ HWTIT) v 23K
¥ oz, ZNHHERIZEEE, BT V¥ v ADET 2581, IFEMSMAE 1 DORFBEIE
P WIS 120N (3.1) KHESNLINE, EEADTHAS I,

o &512L T, HEPKRE -7 LT, RE2ENTEHFHEAD»SRDOLNZ L HARFEIN
%, FRUIOWT, —DODEMEZHENL X9,

FERTL LMD RT V¥ ¥y URICBOW T, (X HIHYRIEZBINTEWT) T—f
{tx 7z Bernoulli DFEIE | 23D LD, Z T TRREHDD, pBER (0F D —HRTIFE
ﬁ)tﬁibiﬁov(ﬂ—ﬂvpfﬁéﬂa\meﬁﬁﬁmﬁxbf\

o) b
ov B D
E—F(U-V)U——V(p).

(3.2) v-n (on Jf)

N7 T DRI
vXrotv =V <% |'v]2> —(v-V)v

Xb
dv 1. 9 p
i V(2|v| +p)+v><rotv.
v=Vop &, rotv=w=0%2KAT 3L
dp 1 2, Py
o(2 o)

IO t DADBE g =g(t) BFELT

|90 1oy
3.3 p=—p |5 +3IVoR +a(0)].
Iz —i{t N7z Bernoulli OFEIE L MR (M EOFEImIITERAZ LoNe b e ¥—itik
WZHRERHISE 5 ),

KHIZF 0Ty ¢ Ao TWHUR, p DKRESZ, WS Z kb (M VWER: 2
ROHT p i Vp DIETL2EHNZVDT, dde pld—ENIIEE SRV,

14



3.3 IEEMBREDBLGLOBNERTOOYIL 2RTDHES)
TRDTRND 2 XTI T H % L iE. v(z,t) = (u,v,w) DROFHZHMITI 2T I,
(a) z ITTH 3 w iZ 0.

(b) z 1T & B,

Tibb
u(z,y,t)
v(z,y,2,t) = | v(x,y,t)
0
IO XX
% U e Wy — U, 0
w=rotv = 8% voey=|u,—w, | = 0
83 w e Vg — Uy Uy — Uy
ZZ
0
w=10]1, W = Vg — Uy.
w

LIFTE 2RITOEES v = (u(z,y),v(z,y) IZOWVWTEZ S ZLIZL T,

(3.4) rotv 1= z = Uy — Uy

FloFle

EED D (He RRDERE)
=RILDHE & FIRRIZ,

o v BRT YTy NEFRTUR (v=Vo=(d,0,) &I ¢ PFETIUI)., w=0.
o w=0THII v IFREANICERT V¥ v Lz,
e w=0THDH, BEXTVBIHER Q PHEFETHIUL, v 1T Q2R TRT V¥ L ERD,
¢ DL ETHRDEERT > v L EIERDIZ3TIT L AETH %,

A= Quy + byy = Uy + vy = divw.

W ZAICTAEDIEEMETHIUL Ad = 0.
w=0THbIEMHELDERE T EERNZVD, ERIFHEBERTRT > v LDTF
ETAZLRRELTOVADT, BRIV vy ABEETAIL LIRBE LDEREEZ Z2D0E
WD LRV, HBEWIEIRT VS v WSR2 Z e ZFFLTIRD 2 L2725 (£9
LTW255bH5),

15



JETEHE < diveo =0

S Uy +v, =0

& Uy = (—v)y

S BT F st Y, = —v, Y, =u.
B 14. Lo Z & Z2iEND X,
B 15. MABEEFEEL. HERSEMF v-n =0 2D 7ok =, MABEBIIRER % 3%
HIARD ETEBMTH % Z & 2Rt

—fiz

(3.5) Yy =—v, Yy=u
Zii/zd Y ® v = (u,v) DIMNEE (stream function) &R, ZDr =, RABEEKIIXD
Poisson JFRER &2 iz 3
— A== (Ve +hyy) = — (02 T uy) = w.
W Z i U OIEEMETR 7% S0, TN BIEUIFHFBITH %

A = 0.
IHIC, TDOEE
(3.6) G =Uu=1y, ¢y =10=—1,.
DI D 3D,
Z
(3.7) f(2) = d(z,y) +itb(z,y)

IZDWTD Cauchy-Riemann RN TH 5, W22 fIFIERIBEIETD 5,
f v DBREERTVIVILEWVI,
f=¢o+i) THDLE,
=6y +ithy =u—iv

TH D)5,
u=Ref, v=—Imf".
P OMERE =g v TBE, v= W@z.@zmqﬁﬁé\eﬁﬁﬁwﬁﬁzaéo
g sin

ZOZrZBERIT, ff O 2BRREE L R (ARERZFEE L IERIADVWEHLL, 20
SFEFb D2 TN, HEREE L WS FOEETDH D),
FeHd e, 2XLDIAUDNT

I—fiz, Al ¢ 1B 2N DIRAR (stream line) 1%, RADEBOT O T, ZDERITBIT 2 Hhii
DI b, ZORICBIZMNOEERY PLDAIEHR—HTL2H5DEWVS, Witz s— x(s) £ T 5
e @ (s) | v(x(s),t) 2T I EMTRRTDH 2 7DDFNETH %,
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(1) W L7225 (BINCE) BERT > > v VOBEIET %,
(ITHER T > > v ADFET 22 53R LTH 5, )

(2) FEEMT 12 (RITNCIE) FABRASET 3.
I FA BB ET 373 51 TH 5, )

(3) IEEMED» O LRSI (FFIICIE) HERT > 2L ¢, A » PFELT, &
LICHARBR TS 2, ¢ & ¢ OREAMBKTH D, f:= o+ i) FEBHEAT > v
LI B ERIBEE L & 5,

(4) v=(u,v) DEFBHERT V> v )L [ BEFET DL E [ =u—1iv.

AE 3.1 QPHEETRLTH, Q 2R TC—lBEROMNBERBTFEEST 2580 %, FEIR
—{HREE 72 5 72123, Q WOIEEOBER C 123 LT,

/udy—vd:v:/@/)xdx—kwydyzo
c c

MDD EPRBEF T THB, (RYBDZHE, ZTORDE—FEDT 2L 0IZR5KE0VD
H LRV, VWDOBH A0 EWVIDIFTIERY, )m

Ml 16. N BIEDFEET 5 & X, Euler JERIIRD L SI1CFIT S (p BHETEZSZLIZ
HH). )
aﬁw—ﬂ%Awﬁﬂ-
=L
J<f7 g) = fmgy - fygm-

(RABEEATFET 5 72 5I13IEEMEZ O T, ZOHENRNIE. Euler HER ¥ IEEHE TR % H
VERLTERCFAETH L IR 5, )

3.4 FREFRT VI vILIR

WGP ENDIRLNC X &G E 2 @, ERIRE PR (AEDRIEF > T2 DTIRR
W) EHIMEAHLS 2720 DRBEHRTTRFFHRER/LS 2L TH D,

4 N
EE 3.2 Xl ¢t 1281 2TALDBHR (streamline) & 1&, RADTEHBHOFDORIFR T, 2D
BRIZBT DR P L, ZORICET 2N DEERS ML DA —BT 255D
ZWH, ATERT &, il s — x(s) T\

'(s) || v(w(s),t)

K*Tr‘?ﬁﬁf:@“ BODBFRRTD %o

o MARIIFFAN T L ICE R 5,
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o JAIIRFDOHIE L IFERZ ZBERTH 25, EHMOLEITMARIIHF DOPLE & —3
T %

o ICHHARIRE WS DD HEVEMT 2, (MADEBR TR AIBULE N2, ZHUI—
OCIETAR e &, KTFOHLEE S —H LRV, )

220D %E. MNBEBOEREOEFEERE, MRTH 2,

fl 3.3 (ABRBEFADRT S vILROBREREICELBZHE) Q={(v,y) e R? | 2? + y? < 1},
b=(1,2) ®¥ &, Laplace HFER DB FERHE

Nop=0 ((z,y) €9Q),
99 _
on
DL LT, HERT VYL ¢ DKRE D, ZDFEEM (FRT > v/UiR) 2o FBICHN
ARz KD T, Tz, HEHII v =Ve L LTKE S, XD S F L potential2.edp

b-n ((z,y) € 09)

X 2: RT3 v LR X 3: VAR X 4: X7 s

PHAELT.
FreeFem-++ 12 X 2 BUEFT B &G R D |

$ FreeFem++ potential2.edp

(1o %EHi{ Z ik % 32 DT, F—R LT, RICHED, BRI X — 2
LTHRTT2,)

18



/—potentia12.edp ~

// potential2d.edp

//  http://nalab.mind.meiji.ac.jp/ mk/complex2/potential2d.edp
/1 2 ZKTIRIERER T > > v LR

// HERT > v b, NBIRL HEZ KD

// FART ¥ woufg, Rk, RS <

border Gamma(t=0,2*pi) { x = cos(t); y = sin(t); } // FIBEAEE
int m=40;

mesh Th=buildmesh(Gamma(m)) ;

plot(Th, wait=1, ps="Th.eps");

fespace Vh(Th,P1);
Vh u, v, phi, psi;
func Vn=x+2*y; // QMHAMT, v=(1,2) DL X V- n=x+2y

/] BERT Vv eRD, ZOFEEGR FART V> v ) 2
solve Laplace(phi,v) =
int2d (Th) (dx (phi)*dx (v)+dy (phi) *dy (v))
-int1d(Th,Gamma) (Vn*v) ;
plot(phi,ps="contourpotential.eps",wait=1);

/7 TN 2R, ZDFEER (AR 2 (5 ko EKEZPR D)
func Vn2=y-2x*x;
solve Laplace2(psi,v) =

int2d (Th) (dx (psi)*dx (v)+dy (psi) *dy (v))

-int1d(Th,Gamma) (Vn2*v) ;
plot(psi,ps="streamline.eps",wait=1);

/] FERT 2 v VIR E TR FIRF I <
// plot(phi,psi,ps="lines.eps", wait=1);

/] X7 MVE (u,v)=V ¢ ZH (B xo i hT)
u=dx (phi) ;

v=dy (phi) ;

plot([u,v],ps="vectorfield.eps");

J

AR B 2 AR 72 BER (FEEYNICEZ 52 0v e W S EHK) oD dr = (de, dy) %
WIS 2 e (RARRE D7D D) 3. v-nds THD,

(5 )6)-(2)

v-nds=—vdr+udy =1, dv+ 1, dy = dip.
fit-> THIMR C 2%, EroGIEET 2. C DMEE Py, K%z P LT

Wz

/Cv-nds=/0d¢=¢<P1>—w<Po>-

WZIT, 2O0DMB T ENLHEMZRN B TMAOTHE L. RELOBRNABEBOEDZET
»H5,

19



HHEPARR C T £ A2 FPHPICHEFL D RN D AL R WVEIED 2 W RATFETS 5
Ba. BEHLDPD 2 WVIERVIABDDH 5 Z kb, 2D E C »ofHIBEEH REEE.
WhHW B R

/v-nds
c

W LW,

I D D5 9D ITXH LT,

/ 'v-nds:/div'vd:p
aD D

FEEmERATHIIUIZNI 0 TH S,
TAAD & 2 fHIBAN O E O BARIRE C XL T,

F::/fv-dr
c

ZPfER C 1in S BIR & WA

4 EAIRMZEEZREFERTOIOVILE TR RN FOARIL
4.1 EEXHGRN

4.1.1 —KREBHEN
cE€C, f(z)=cz DFA c=UeT™ (U>0,a €R) LT 3, EFRELI

u—iv=f =Ue ",

v — uy) U cosa
~\v/) \Usna/’

o(z,y) = Re ((Ucosa —isina)(z +iy)) = U(zcosa + ysina),
Y(z,y) =Im ((Ucosa —isina)(x + 1y)) = U(—xsina + y cos a).

SET L ARG, WD FATEMRRET, ZASREVICETT 3.

ERAS PR}

HERT ¥ v L e RABEIX

R#K 41 c=p—iq(pgeR) LEVWIADPEHETEIRLN? ZDL &

v=|[")=(?
v ql’
f(2) = cz = (p—iq)(x +iy) = pr + qy +i(py — qz),

oz, y) =pr+qy, Y(z,y)=py—qzm

20



w = ST

5: —kER R

4.1.2 BEFHL. BLAH

m e R, f(z) =mlogz (z € C\ {0}) DIHE (BRI ), (ZMBEARIISFFEE VLD LI
BV, LXK FNG, 2z RELE S THITT % & —MiBIucZR 2 DT, A B Z &I
3725720, )

z=re =x+iy T B L,
m_mn (cosf —isinf).
z r

m
v:(u>: ?COSH |
v %sinG
(A7 (Zj) PHREIC. m>0R25IMAEDBRTC. m <0 BROHEENMAE, KEXFFELEID

EWEENE W, )
WERT Y v L A BB

U(IL’,y) - iU(IL’,y) = f,(z) =

ERAS PR}

¢ =mlogr.
v =méb.

(¢ T —MREEL, o 3ZAMBITH %, )
RO D &2 —J5 2 EROMMR C 22 . C »oiNcEEHLHE (HK) &

/v-ndSZ/dw:Im/ df:Im/ f’(z)dz:Im/ Dy =omrm  (RLWEEKOEE)
c C c c c <

E—EMETH %,
GtHROME: BUCRZXS1T. n ds = —ddy Thh, v-nds = —vdr+udy =
T
Vpdz+ iy dy =dyp THD, F7zo df = [(2)dz = (¢n + i) (dz + 1dy) = ¢y dv — b, dy) +
i(y dx + ¢y dy) = (¢ dz + ¢y dx) + i (Y dx + 2y, dy) = dp + idi).)
ZOHAUE. m > 0 ROIFFAICEWZBEZFHL (source). m < 0 72 HIFHFICE WK
WSA% (sink) ¥ IEIER S,
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RO Y ZIEDQRZI AT 2EE DX K C #REAIER C 12X LT,

/v-nds:/dwzlm/f'(z)dz:lm ™ 4z = 21m.
c c c c

6: EEHL

4.1.3 B/B% (=B

(LD f O m ZMEBICEZZTHAS, )
kER, f(2) =irlogz (2 € C\ {0}) D& z=re? =x+iy T2 &,

w(z,y) —iv(z,y) = f'(z) = % = gi(cosﬁ—isinﬁ) zg(sine—kicose).
ERAS P25
K oing
oo [U) = oo _ k[ sinf cosf) \  [cos5 —sin5")\ [cosO
C\v) N\ _Fisg) T \-—cosf) \—sind) \sin=F cosE sing |
r
g, 1) & —x/2 EEE LR A, )

LR T > v L e RN BRI
¢ = —kb
U = K.
FAREE R EFDE T23MT, FRT VY v URMIF SRS T2 FERTH %,
ZOWAUE, FAICE L NZB%R (vortex filament) F7z1XmB (point vortex) & FEE 5,
TR C\ {0} KT O THEZLIHEREL XS,
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7: R

4.2 Mathematica THf{LLTHS (¥ DHDEHER)

(ZRUIAP Ldiv, 7y 77— MMEoTTFEW, )

HWRBOFHE., ZZBEBOFESGHRE 2 X7 MLVGORE S HRIUE RN,

RERCEAALI I, SRR Re [, MEAR Im[], HAREREL Conjugate 1, #XHME Abs 1, fRMA (OE
fE) Arg[], Z4L ¥ ComplexExpand[] REDPHEIN TV,

2 BRI DO EFEHITIX ContourPlot [1, N7 MLV OHHEIZIX VectorPlot [1 BHE I N
TWb, ZhHDEWHIFA Y Iy - ~"LTER X,
. uniform flow.nb N

(* uniform_flow.nb *)

c=1-21

flz_]:=c z
phil[x_,y_]:=ComplexExpand[Re[f [x+I y]]]
psilx_,y_]:=ComplexExpand [Im[f [x+I y]]]

phi[x,y]
psilx,y]

gl=ContourPlot [phi[x,y]==Tablelc,{c,-5,5,1.0}],{x,-2,2},{y,-2,27},
ContourStyle->Directive [Red,Thin]]

g2=ContourPlot [psi[x,y]==Table[c,{c,-5,5,1.0}],{x,-2,2},{y,-2,2},
ContourStyle->Directive [Blue,Thin]]

vvix_,y_1:={Re[f’ [x+I y11,-Im[f’[x+I y11}
g3 = VectorPlot[vv[x,yl, {x, -2, 2}, {y, -2, 2}]

gall=Show[gl,g2,g3]

Export ["uniform_flow.png",gall]

J
ComplexExpand [] IZHHTIC Evaluate S B 2R BEZTEHRA LA, Wob ZhzfE5>D
BEROVWPIEIR L T 5720,
—RRERELR O THBEICHETZ 20, £ TRVH DB LFHBELRBREZ 572,

23



8 —RERODHERET V> v VR R (DB AABERLT 3)

G

A S5 A S S

HWENRT v

9: —FRIMDERT ¥ v LER, TRy
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. source.nb B
(* source.nb -—— BEEHLER 2 %)

m=1;

flz_]:=m Log[z]

ComplexExpand [f [x+I y]]

phi[x_,y_] :=ComplexExpand[Re [f [x+I y]]]
psilx_,y_]:=ComplexExpand [Im[f [x+I y]]]
phi[x,y]

psilx,y]

(* HEROLLDRDFIER *)

gl=ContoutPlot [phi [x,y]==Table[Log[r],{r,0.1,3.0,0.2}],{x,-2,2},{y,-2,2%},
ContourStyle->Directive[Red,Thick]]

g2=ContourPlot [psi[x,y]==Table[c,{c,-Pi,Pi,Pi/10}],
{x,-2,2},{y,-2,2},ContourStyle->Directive [Blue,Thin]]

vvlx_, y_] := {Relf’[x + I y1], -Im[£f°[x + I yIl1}

(x RiE D F AT %)
g3 = VectorPlot[vv[x, yl, {x, -2, 2}, {y, -2, 2}]

(x R (FEADODDFAGEHEIE S v b) %)
g3 = VectorPlot[vv[x, y]Boole[x"2+y~2>0.2], {x, -2, 2}, {y, -2, 2}]

gall=Show[gl,g2,g3]

Export["source.png",galll

4.3 EBEAEXNLRANOERESDHLE

§§4.1 TRAN L2 HARN RN EZERS DR LMNETARTAL S, BBURESH [1] 12>
T2t E S 205, BIENRER YL ZA0H B K572,

200D 2 XTC7e LIEEMERD D % & &, MESE ZNTH v, vy, TEBEERT V%
W% fi1, fo 8T 5, TOL X v +v, ZHEERE T 2AUL. D 20T LIFEMERT
HH, ZTOEBEERT v VE fL+ f- TH 5,

EEE, rotv; =rotvy =0, divey, =divey =0, f] = uy — vy, fo = us — vy THIUR,

rot (’Ul + ’Ug) = 0,
div ('Ul + 'UQ) = O,
(fr+ f2)/ = (u1 +ug) —i(v1 + vg).

Bl 4.2 (—RRRECESHLOEREDLYE — HEEBEWMEZLTIAN) U>0,m>0t7F
b, BREEERT VYD fi1(2) = Uz O—Fkifte . BBEFEERT Vv AD fo(2) = mlog 2
DFEEHLOEREDEOEZEERT ¥ ¥ v Ui

f(z) = fi(z) + fo(2) = Uz +mlogz = Urcos@ + mlogr +i(Ursin@ + mb).

25




W Z TN BERU
Y =Ursinf + mb.
=032 ¢v=0,5kl0=n0Fdp=mr THE20L, ZObiI Y DFESHT
HBbo WZIZHEM (D HFEFREZFRNTD D) XM TD 5,

7
Yv=mnr < Ursinf+mbl=mn< r:M
Usinf
m 2
4.1 = —- .
(1) =T U singp

L oi=mn—0. 2D (41)1F 0< 0 <21 OHPITEZZ2DHRV, ZDEE —t<p<T
HXIGT 5, ZAATTANHERRICH N 2 UFRIOMIFRTH 210, TEBIFREERIRDSZ S,
NZBEM & 3 2YK% (U FBEEIC) AN T, MAUTHEIZT R0, w2IT, Zoih
3. 20ROV E LE3INAERLTVS, =

T T T T T
g e - - — - — e = — e

— — - - - - - - B e —

-2+

10: B BRI LOEREDE (AL ¢ = tm)

fll 4.3 (AICEISDEFEZTHL « MLVGIAAHDXT) FLWRSDOFEEH L & RVIAADELRE DY
REZED r=a ITBWERE m DHEZHL, 2= —a ITEWEERE —m OIWVIAA Y E
REDELRNOBEREERT V> v L

Z—a

z+a

DYEEEE T, BLLERIEZEVWTLE>TW:, << 7 EEZTWEEWTH B, BEWTH -
770

f(z) =mlog(z —a) —mlog(z + a) = mlog

26



(ZAUFEE C\ [—a,a] TMHEIZBESCH 2, )
N1, D 2 ZENFR
91 92

z=a+re z=—a+ 19

TEXHMI L,

f(z) =m(logry +i0) — m (logry + i6y) = mlogE +im (6, — 6s).
T2

L M 3EAETF Y v URT, CAE T AR =Y 2OMNTH S,

T2
20 ' ! T ]
v S i - .
! & Lt = e Ty Y & ] I
R B B S S W | P
T b Ry N e =, i SO U | I ! J'-
SN a s N s
~ AN e A
0|l—  —= .——-——-—-ﬁl - —
El” s NS
A TR R - o / * N, A
e R B O il = gt (N Ban (L VR
N ! i \ L R ™ S 4 / 1 |
AR N N e = A |
-3 Hi | - | i
-2 =1 o 1 2

11: FCHRXDBEEHL L TVAADERE DY

O = 91 - 62 Li a, —a i))fﬁﬁ—i VA %E&"AU@VE% Z)o 91 — 92 = ﬁﬁ Ci\ 2;'3—:4'\ +a %%ﬁﬁiﬁ"éj\
R T AMINTHS (MAMOTHOMIZLS), o

Bl 4.4 (ALES. REEEIOROX) FLWVEIZ2HEL, BEEOREXAROmROERE
ODEZEZLD: z2=a,—a KEVWLRBOEZRERT >y Ve Zhth

fi(z) = iklog(z —a), fa(z) = —iklog(z + a)

9%, INOHMNDEREDEDERELRT > v L,

Z—a

f(2) := fi(2) + fa(2) = ir log

z+a
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FERT ¥ v

= ¥,

01 — 09

ik 2N

—

(]

T2

TdHbd, n

-

-1

12: AUAREX, KM\ED 200 (fx) OELREDLYE
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5l 4.5 (T >F > DIIHZ (Rankine body)) U >0, m > 0,a >0 &35, =it fi1(z) = Uz,
BE m D —a WBEBWEBEEHL fi(z) = mLog(z + a). 8 —m D a IZEWVWZRWVIAA
f3(2) = —mLog(z — a) ZERAEOLELMNEZHNTAL S,

+a

f(z) :=Uz+mlog(z+a) —mlog(z —a) = Uz—{—mlogz_ -

T BERU
2ay

w:Uy—m(Ql—GQ) :Uy—mtan_lm.
FHl (y=0) T, v =0 TH 205, FEIMRTDH 5,
EJ

m_ 2ay
'QD =0 = Yy = ﬁ tan m

ZOHEAIINE O Z RS, ZH% Rankine DI (the Rankine body) & FER, m

1 I
2 e - — - o e - — — — — — ]
- - - i s I e P = . e =

| = - — i e i e TR . T T ]

Pl LTl T e b
1 1

4 13: Rankine OINE (AL DFEEXH L « hWiAA E —HRILOELQEDE)

5l 4.6 (2FEFEZTHL (doublet)) #l4.3 DIRNDHRZZE 2 5, [EEE p ZHD. 2am = p
EVISBEFRRAERoZEET, a— 0T %,

f@:—%m0+éey+m>%—ﬂ(wﬁm

z z

N3 R # @ William John Macquorn Rankine (1820-1872) 125 72 ¢p,
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log(z + a) — log(z — a) R

(EWVWS &b m= % ZRRAL T, f(2) = mlog(z—a)—mlog(z+a) = —p 5

d s 13 e . . . §
—ualogz: —g ET200MHLEE S, ) 2o e 2EEIHL (doublet) &FER, =

o [T T L T T T L T T T]
+ -~ - = %
-1_ -
H e | e S
% L3 'II' /—“-\ l. / &
XN o HA
ot S . - - - -
- - ’(; h\ b -
N A
| L e .. !
-1 .
g, 4 - s
-E-I. 1 1 .| 1 |.I |. |.| I |.| 1 1 1 1 1 1 1 I-
=0 =1 i 1 2

14: —EHBEHL (FAILEIOBEHL - TRWIAADRER)
Bl 4.7 (AFZATZ3—HKR) 7> F DI T2am =p (IEER) L Ta—0 & LTAK
S (ZHEFETHLE MKt oEREDE, EDFZ5H).

R:=/p/U Bk

HWERT VS vl ¢ & TRABEE © 1Z

2
¢—U(r—|—%)0089

2
zﬁ:U(r—R—) sin 6.
r

MEr=R ETy=0TH2025, r=RINHETH5, n

30



I P e e Ry ey [

=2 =1

1 2

o

X 15: FIH: % = 2 —Fki

5 R vIBEZRBRVWTRNZRD S

e TRF S vy VRIE Y ZOBUEEE 112 L WO NERZHELTWS, ZOHIONEIXHE
BrbDIZLT, BLOZWEZOXELRATHL I LT 209D (FlEZTobIilko
TWTHLERZW),

5.1 Ry )LEELIE

Laplace HTER Av =0 OBEFEMEZRT OO vILBEE L VW5, [EHIBEOIEES - Bk
MBI (Z 77 RAEADMR) TH 2720, BEBGRODHH b DEERIGHTRT V¥ v L
MG T 5,

2 ZOTIHAE UIEERMEIROHEE R T > > ¥ )L ¢ &, Laplace T2 D Neumann 35 FHE M E

(5.1) A¢p=0 in 2,
9¢
on
DRETH B, 2 WVWH Z e 2RI LTz,

DIFTid. e L—B(kL /2 Poisson FEERPOLGEFERE (5.3), (5.4), (5.5) &F&
2%

2http://nalab.mind.meiji.ac.jp/ mk/lecture/applied-complex-function-2018/potential/

B_Au=f W5 EOMI X% Poisson HEX, f =0 DHE. 348DE Au=0 2 Laplace 2R T
% 50

=v-n ondf?

(5.2)
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FiE, ZOMERIERICHORWEETH 2, ZDLd, Hi LZBUEGREIEH LR S,
C CTIIARERRC X 2 BEFI R 23T 5.

Z DO BIEF RRICOWTIE, BHE [RT > > v VB ORBIEF R (http://nalab.
mind.meiji.ac.jp/~mk/complex2/potential.pdf) & W\WH XEZHEL %,

5.2 BRERETRTVIvILEEZHEL<
5.2.1 Poisson FIEHDIRFMEMBL ENICHT 55
Q% R? OFRREE, ZO5ER 00T, Dy st Twbed 5,
0N=T,Uly, I'nNnly=0.

£7HER O OHIR 00 LORIZEI B INTE DRMEEAS MR n LT 5,
f: Q —>R, g1: Fl —>R, ga: FQ —R zﬁ%i%hﬁ:t %\

(5.3) —Au=f (inQ)
(5.4) u=g (onl)

ou
(55) % (ot

P23 uw ZRD K. WD DD Poisson HFIERDFEFENETH 5,

s Ou, o u(zdhn) —u(z)
I %(m) = hlgl—lo N = Vu(x) - n.

OB, RD XS L TE S (39ERIL, weak formulation)s,

. N
Find u € X, s.t.
(5.6) /gradu-gradv d:c:/fv da:—l—/ gvds (veX).
Q Q Iz
ZZT
Xg ={weH Q) |w=g onli}, X:={weH(Q)|w=0 onl;}.
\(4/_?'.30)7’:?55: grad u - grad v = u, v, + uyv,.) )

M (5.6) 2R RN, EYREADD & T, HEAZHZT ve X, Z—RIEX
D, ZODib L DREDM L 125, FHER 27T u ZRDZ I TH & DMEZ L 7k
TEBOFELMNER, (ZDNL—Y & LTHEAHRBZDIE, Riemann 12 X 2 EGEH D, Dirichlet
DFEHEFAWZAIATH 32— IOV TEBRHBAT %, )
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5.2.2 HBREZXRZE, FreeFem+}+

BIREZRZE (finite element method) 1. RO TEZFHE T2 HEFEETH L, 2h
D720 OF s BELER 2720, HHOY 7 MU = 7RI TV S,

ZD1DTH5., FreeFem++'* 1%, RV 6 K% J. L. Lions W5 D Frédéric Hecht,
Oliver Pironneau, A. Le Hyaric, [RESEFRZERRFORFKE KO DT L /2. 2 KT, 3 KXTT
iz GRERIETHL 720D, —FD PSE (problem solving environment) TH %, Y — &
a—F, ¥=a 7 ($1400 =2, W), FRT T v Fk—24 (Windows, Mac, Linux)
D FATIA Ry F =YD T W5,

FreeFem++ (DWW T, KIF- G [15] L W05 EaiE T\ 2203, fiHR Z 2id [FreeFEM++
DI ZFgDIE T B TH A I,

A VAP =NERDFIETITI, HETRoTHEDZDT, KB ZDIRHIT—FEITR o T
BT, TPORPoTLEMLUTTIXW,

1. BA»ME->TWw3 Mac OS X (macOS) D N— a Y 283 % ( [ 2D Mac lZ2W\WT
ZH5 2 X)),

2. NICHEZHEREEY O WWW H A b (£721F FreeFem++19) Fiido WWW H4 b6, H
TD OS DN—=Ya ViZEio74 Y A M—ILHD pkg 774 )L (FreeFem++-3.53-1-Mac0S_10. 11 . pk;

D k575400 B AFT 5,

3. AFL7 pkg 77 A V%2FETT 5 (Control+27 V) v 7T 2REDRDHEH D),
b L D MALICIR D D020 572 51X, /System/Library/CoreServices IZH 5 “A ¥ R
F—=7" BEEIL, 205 pkg 77 A NVEIRET b,

4. /usr/local/ff++ D PIZH 2 bin LWVWHHFIDT 4 L7 MU 4 2L, PATH ITZENZRK
E T b, FreeFem++-3.53-1-Mac0S_10.11.pkg DHEIX, /usr/local/ff++/openmpi-2.1/3.53/bi
EWVWIT A LT MY 4 7RDT, ~/.profile (¥(7z1% ~/.bash profile) D FDFIZ

export PATH=$PATH:/usr/local/ff++/openmpi-2.1/3.53/bin:/usr/local/ff++/openmpi-2.1/bin

(ERD $PATH 1T : TXYI->TEMT %, )

EWVWHTEEZAL, X—IFZEFH LIET D, source .profile DX HIZLUTHE
ZHLAE T,

/usr/local/ff++/share/freefem++/freefem++doc.pdf EWVWIHI X = a7 ND D 5,

Yhttp://www.freefem.org/ff++/
5http://nalab.mind.meiji.ac.jp/ mk/labo/text/welcome-to-freefem/
Ynttp://www.freefem.org/ff++/
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5.2.3 (5.1), (5.2) ZBE< 1D FreeFem++ OTOT 5 L
HERT ¥ 2 ViR 2 5FERNE

(F5.1) Ad=0 (inQ)
(F§5.2) 2—2 =v-n (ondN)

DEEE. T1=0,T=00, f=0, g, =v -n.
FRZ Q= {(z,y) eR* | 2>+ < 1}, v = (;) DEEIZ (z,y) €02 ITBVWT n= <I>

Yy
1 T
go=vV-n = . =x+ 2y.
2 y

(ﬁgﬁ%yy&w%ﬁwépﬂmﬂﬂ%wamﬁﬂ—:h%ﬁﬁ?é N

// potential2d-vO0.edp

//  http://nalab.mind.meiji.ac.jp/ mk/complex2/potential2d-v0.edp
/1 2 XTUIEEREAR T V> v L

// HERT v, HEZRD, FRT > v Uk, EESE <

ThHhIHNH,

border Gamma(t=0,2%pi) { x = cos(t); y = sin(t); } // FHBREE
int m=40;

mesh Th=buildmesh(Gamma(m)) ;

plot(Th, wait=1, ps="Th.eps");

fespace Vh(Th,P1);
Vh phi, v, v1, v2;
func Vn=x+2*y; // QAHAIT, V=(1,2) DX E V- n=x+2y

[ RERT T x oKD, ZOFER FERT V> v ) z2Hil
solve Laplace(phi,v) =

int2d (Th) (dx (phi) *dx (v)+dy (phi) *dy (v))

-int1d(Th,Gamma) (Vn*v) ;
plot(phi,ps="contourpotential.eps",wait=1);

/] RT7 FVE (v1,v2)=V o EfEL (B ro 2R D )
v1=dx(phi) ;

v2=dy (phi);
plot([vl,v2],ps="vectorfield.eps",wait=1);

/] FRT VT VR R SV [T HE <
plot([vl,v2],phi,ps="both.eps", wait=1);

_J
TR LITFAN - LT 4 X — (mi, emacs, Xcode, 7 F A+ « =7 4v MR Y) TIE

ML, Z—=IFhb,

[ ZARZIIIZLTHET ]

FreeFem++ potential2d.edp

BIFXRAPZT 4y PTL TFRAL - 77 ANERAT) - RET 2 IEETOREPLETDH %, http://nalab.
mind.meiji.ac.jp/~mk/knowhow-2015/nodel.html % R X,
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ERATULTHEITTES, VE—V - F—Z{ DT ICROMNTHEA, & (RNT PG EE
BT VT v VRRZ N TERE W) 1 Escape ¥F—%2FT o TH T3 %,

X 16: Q O=MAEnH|

/ ’// /
/

////
)
/

17: —FRIRDEER T > & v VIR, TikE, X7 b

ZD7a 77 Lk, BD PostScript 7—4& “counterpotential.eps”, “vectorfield.eps”,
“both.eps” ZMHIL T3,

(Eix. LoFERIEO—EERRVDT, 2O07a 7 I L3P LEI VWL IADH 5, )

FreeFem—++ 3R 7 V¥ v LIRS 3, s REZ B Z e BHK S, R R- 72
R DI#EM: Navier-Stokes JTENIC L 2, FHRAMEDHE D OKDFADS I ab—2a > -
7’1 7' Z k NS-cylinder.edp (83K [EJtAED Finite element programming by FreeFem++
— intermediate course® 22 5)

Yhttps://www.1j1l.math.upmc.fr/~suzukia/FreeFempp-tutorial-JSIAM2016/EDP/NS-cylinder.edp
2Ohttps://www.1jll.math.upmc.fr/~suzukia/FreeFempp-tutorial-JSIAM2016/

35



482

A R NIVEERERITEDES
ZTOICHRETT. HED OERDEFIIE T 2 (FEH [12])

O % R" OEKRE T3, Q 2ERERE T2EBENRY MUVERBRBF:- QO -ROZ2%E Q Lk
DAAS—IJPLMER, T/, Q ZERBE T2 n KTRZ FAVEBEE - Q>R DIt %
Q FoRT RILiGEFEXR,

fi
f2
f=|_|tvars,
f
de:}j%?

j=1
EBE, divf & f OFE (divergence) XS, divf OZr %2 V- f &dEL, divf i Q
LD Z G TH 5,

“CRW R Z RO Q OB T O ko R T ML £ ITxX LT,

(A.1) /Qdivf de = f-ndo

DD 2D (Gauss DFEBEE), 72720 n &, 0Q LIBT3 54 E BALERR Y L
THY, do IERER QRLOGEIIRER) 2RI T %,
B 17. (A1) &

(A.2) ﬁda:: fnjdo (j=1,2,...,n)
o Or; o0
CIAMETH 2 Z e i ko 72720, n; idn OF jRITTH S,
C' OB F: Q - RITX LT,

oF

o1
oF

grad [ := @

OF
OTn

tBE, F OB (gradient) &ML, VEF 2 dEL, 2T Q LOXRT MUGTH 5,
Q LoRZ ML £IZH LT,

grad F = f (in Q)
BT F: Q> RMGFETILE, F o f ORTIOIOVILEESR,
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fFOCHRDRT > vV F BEFEET 27 610F,

ofi _ of,
8$j 83:2

(A.3) (in Q4,7 =1,2,...,n)
DI D LD,

W O DR Z MG f 3 (A3) 2L TWT, Q PHEEFELZOIX, f OKRT Yo
ADBFHET 5, EE. Q NICEEDBRALES a ZHAL LT, Q NOMEEDS « 1IZxt L
T, ¢ ZRRET 5. Q NOXSINHE S 272 iiER Cp 12X LT

f-dr
Ca

DIEIX. Cp DD FIZESHFTIC x DATEED.
F(x) ::/ f-dr

PBLIETHRONIEBF: Q=R 2 f O—DODKRT V¥ ¥ LTk b,

QO BEPHEE TR VWSS D, EEOMRIIEEEFEBR TH 2005, f 53 (A3) ZizL
TV, EEDED T /NS RIEFHETRT VO Y VPFHET S Z 212k 5,

3ZTLD C {7 v £t LT,

. ofs _ 0f

% fl 61 Oz (9933

— |2 — | 21 _ 9fs

rot f = | oy f2 €y = D3 D
2 f3 es 8 on

1 f)

*BE, f OEIEE (rotation) EFER, V x f, curl f £ dFRT, rot f 1X 3 ITDOXRZ ML
TH 5%,
3 MTED OV N2 M FASH LT, (A3) 13

rot f=0

YRMET® %0 WRIT. 3 KITTONRY MY £ BERF VS v L BFETIE rot £ = 0 DR 7
B, Wl rot f =0 DB L0 SIE, BHEEEBICEWNT f ORT VY v LRFET 5,

2%%@&7}»%f:<ﬁcﬁm;mm(Aau

Uy — Uy =0

ERETH D, RO Z & 23D LD,
rotgrad =0, divrot =0, divgrad=A.

A3
rot(rot f) = grad(div f) — A f.
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B RIENFDME

COBEBIIMAENETIERVDT, RO TETURIVTRVDORITFIRE (LT TIkD 2008
HELW, )

B.1 Navier-Stokes AN DEXITIL & Reynolds
R TTAL X 417> Navier-Stokes /7 FETIT

ov 1
(B.1) E%—(U-V)v——gradp—l—%Av.
772U Re &, RERNLHE U e RRIVEBRRES L ZHVT
(B.2) Re.— VL _ UL
0 v

TER I N 2 HRITH (dimensionless number) T D, Reynolds # (the Reynolds number)
LN S,

A FHNTHUR T T, Reynolds B LW 2 0D iAUE, HMTH 2 20w,
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~ BRTE(L A R O
REMZES L REOBHES U Mo T

x
B3 / = — N —_— = —
(B-3) T LjU’ U

B, o bt BTNV TH D, o BEXTTOMEEBTH 5,
or o U D

9 vo
ot otor Lot
V', AN % o BT AMaERZEL T35,

9 9z 9
oz Oy Ox 3 9
o] _ oo | 1w _ 8_ RN
V= Oxa o 856/281"2 _Lv’ A= ‘ amQ_LZA
0 9z o g=1
O3 Oz3 Ozl
P % Navier-Stokes T
ov

1
D W Vo= —-Vp+rvAw.
8t+(v )v ; p+rvAv

WARALT
Uod / / 1 / / 1 / 1 / /

i, AR ENEEEL T

pU? [ou" o on W] 1o U
7 [(’%’ (u V)u} = LVp+ Iz
W% pU?/L CTH % &
ou’ 1 1
vs B v AV N v/ A
57 + (v - Vu pU2Vp+pUL u
ZZT
1 pUL
B.4 f o= — =—
(B.4) V= b Re ;
B, EHLLWMIITTORT
ou’ 1
B. el P = -V - — AN
(B.5) 8t’+(u Vu Vp—irReAu
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B.2 Bernoulli O

Bernoulli DEM ] ZIEFICELTHD., LILIESkEINSED, MERELTWVWENE
HALEWTHD ZLIFIEEIHTD 5,
(UEfrH)
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C MEDr&EE

BE1L Klem®d1g THE225, 1m? Tl 1002 g = 10 g = 10° kg. WZIT p =
10% kg/m?. (135X —bhLDIKIZ 1 +Y)

B5E. R (TR 32) LER (TR 28) 2. BBXLZ 20:80 OB TREA SN
TW2EDT (HHP LRI D LA, B3R, 7L rp 21 : 78 : 1), ‘FEHOTFEIE,
32x0.2+28x0.8 =28.8. WZIZ 1 mol DEREIF 28.8 ¢ =2.88x10"%kg. ZDIFEIX. 0°C, 1

-2
SUET, 2240 =224x10* cm® =2.24x1072m?. WX IZp = %kg/nﬁ = 1.3 kg/m?3.
(b 2D UREICEIET 5 & 1.293 kg/m?) ‘

IKDERFE + Z25 DB, 13 =770. m

Ofv  0f»  0Ofs
8%1 * 8$2 * 8;63'

FRE 3. (MEfREP IZIZBEZ R BIAALDICEFEELTHLTLE /2, MHER DD
AeRTFEIW, FIZIRMA - FA [8] 23BEICR S,

BRE 4. (Elah — AEIBORFICEDZS7, )
BRE 5. (HEfEH)
BRE 6. (M)

RE 7. FHOE | 7%

fRE 2. (1) divf= (2) (ffi¥72 DO TH) m

ThHO, HHDE I HTIC—HT 5, n
fRE 8. (MEfwH)

0

BBE 9 ENINEEL g 22 ANHEZ fF=| 0| &2, FHELTWVWEENWS Z
-9

Ll v(x,t) =0 E\WVWH T THBH 5, Navier-Stokes STHERUZ,

1
0:__vp+f7
P
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TROE
0=-Lr o=ty o-_F_4
p p p

D5 p(r,y,2) = —pgz + F(t). Kz 2=0%2 LT, F(t) ZRRE ppg iTT B &,

p(z,y,2) = D — pgzm

FRZ 10. LomEA/KEICEEZN S, 130051 m DI HFEEEZ %, JKEIZ 1 m® OKICH &E
NP5, KiF 1Tem? = (1072 m® OEED 1g=102 kg TH22 5., 1 m® DIKIZEH L
EEWaLES

10° x 107 kg x 9.81 m/s® = 9.81 x 10° N.

W 2 IZIKELX 9.81 ><5103 Pa. —/. K&JTEIX 1013 hPa = 1.013 x 10° Pa TH 2056, K&TE
W3IKED g(g)’—xll(g =103 TH2, RAEDHDIHTRZ WV, KED2S 10m T A
DIKEDFIFE 1 ZKIEE WD Z 2125, BIMCKGEIEFKRE W (CEHIIETL), =
BRE 11. kL TC0d 05, E=0TH5DT, P=—pl. ®ZIZ p(n) = —pn.

VIR D b 2 HEIB%E Q 235, VKK 0Q OMUNED do 23K 5521F 3 111%. —pndo
THH0 5. YRR TIE,

F:= [ (—pn)do.
o0

D j . FEUEH (A2) ITkoT

5 /pgdw:pglﬁl (J=3)
p
Fj:—/ pnj do = — /8 dx
o0 i /Od:c:O (j=1,2).
Q

Y

0
F = 0 N

pg Q|

e 1 1
RE 12. AUFE 1THIZ ~Vp THL, —=Vp TH 3,
p P

() B p THEIRZLZAH, HN p hoTLE-TVBDE. FABTVEHEES
(2.18) DEHOBIRT, Tl%E p TEBEREND 572 2 L 2 HOH L THRL,

9o

(ii) BE — DEDBTVLDBMMP VK S 7203, (B AEDZ-D D) 1 (0—8F) 2R ITTHT,
(KM Z AT DRI EHOEWA DL SEWFIHDBE L 22 BWETE 2D T,
—DBRRVEBNLLWL, EXMNITBZIETTHS, =

42



FRZE 13. (1) —&IC rotgrad ¢ = 0 DS D LD, (2) FHBNDER» HERDOR © I\ b
ﬁﬁW@%ﬁC@%WoT\M@:/ﬂvdrt%<2\¢dv®ﬁ%yy%wfﬁ%ol

x

FRE 14. ZR DA Y(x) ::/ udy—vdr €5 %, m
Cx

RE 15. g—f:()f?éé:miﬁﬁméo m

MRS

17. (HEfEH)

SZ R

[9]

[10]

SHY) BRI, AR (1981/10/20, 1989/4/1).
SHIY) L PRI AR, BF#ERE (1973), BRIEEI IR o T2,

SH  CREREEGE 1, 1T, ¥4 = > 24 (1981).

7eDALHES N

38 KIE @ PR, BEEEE (1982).

AL =R 4507 ATENH 1, 2, 3, BEKFE (1988), Lamb, Hydrodynamics, Dover
Publications (1945) OS5 H Y, fEARFEIIC X 2HERTH 5, JFED PDF 3% v P TAF

TZ 5%,
AN FY 4« A+ —27 ZGEROBH, HERFEHIRE (2009).

H=ZN T 57422 PHDTDDRT P e Ty YN, EHRERE (2013/1/30), )14 &
X R

RIARA, AR @ BEELEAT, EIEIE (2006/1/26, 2016/11/10 (POD hR)), A iKak R
B DHME (1996~1999) Dot 2 BATARE L 728 D.

RIAA D F T 4 - X b — 27 2GR DE X T7, BEERIE, Vol. 48, No. 11, pp. 71-77 (2010),
20104F 11 H&.

Chorin, A. J. and Marsden, J. E.: A Mathematical Introduction to Fluid Mechanics,
Springer (1979, 1990, 1993).

[11] Meyer, R. E.: Introduction to Mathematical Fluid Dynamics, Dover Publications

(2012/3/8), Tt 41X Wiley & Sons, Inc. 205 1971 FFITHRE 117z,

[12] HEHGE : ZBEBOMATED Y 2 73/ — b 5 286, http://nalab.mind.meiji.ac.jp/

~mk/lecture/tahensuu2/tahensuu2-p2.pdf (NAEIEINZ bILIEHNT) (2006~).
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{1

[13] REHGSE - 2EROMOTESF 2 53K/ — b %5 1856, http://nalab.mind.meiji.ac.jp/
~mk/lecture/tahensuu2/tahensuu2-pl.pdf (2008).

[14] NEFL | —IRERTF: 5 2 iRTAR, REURF RS (2016/3/25).

[15] REFEZ, mAaRE  GRERETESHR LB — FreeFem++8HEE 0 /5 3
7 —, HITHIRR (2014), http://comfos.org/jp/ffempp/book/ & W5 HHK— b WWW
A MBS,
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% 5l

dimensionless number, 38 Newton g, 7
streamline, 17 REMEGREL, 7
FhEtER 7
7 R
£, Rtttk 8
A%k, 22 KGRE, 7
i 13 "
R Nu b |- 12
TYRLY—, 12 .
JEFERE, 5
Euler /75X, 9 JEEMESRME, 5
J571, 6 FEIETHR, 13
JEHT VI, 6 EBAREET VI, 6
- ATV, 6
54, 37 . JE Newton I, 7
Gauss DFERUEH, 36
SERTRA, 8 BRHE, 16
BERHERT V> v, 16
“IEE, 36 WEMY, 5

Cauchy DG/ EE, 6

99D TR, 32
5513\, 32

N7 MV, 36
Bernoulli D EH, 14
BHRET >V, 7

iEER, 20
) Poisson 12, 31
A A, 21 oisson
2H S5 — 36 KT ¥, 36
Stok ﬁﬁ’f 11 AT VT v )L, 14, 31
R KT v LWL 13
‘ ‘ 1 — M
s s SERTTHL, 38
HERT Vv, 13
HIFHEEER, 36
hFE77, 6
[HifE 1], 6
R, 22

BIRERIE, 33

BRGTER, 10 )
o Lagrange 1847, 5

Navier-Stokes FFE=, 10 Rankine D JFJE, 29
TALBERL, 16

it it 17
“EHEFEEHL, 30 ik, 2
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Reynolds %%, 38
D TR, 4

HmEHL, 21
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