EREARERENT

HH #hsk
201546 H 17 H, 202347 H 20 H

COVID19 MIED 7@, 2020, 2021 EEIZ A v 7= v Fifig% L, 2o&ER ([1], [2], [3])

oD 7 4 — KNy 7 LHH,

B X
1 FUsHIC 2
2 HRENZEOHER 3
2.1 EfEO RN (EERE), EEMmEE 4
22 BT UVIVEETT Lo, 6
2.3 GEEGRR CEENEOME) . . . . 8
24 BEEWNF v L Y Euler HFER. Navier-Stokes UK iRIF 5022 . . . .. 12
2.5 IREEFGRS . 13
3 FEMREDRZELORN 13
3.1 WEEMALOFIL ... 13
3.2 SEERMMRIZET S Lagrange DIEM . . . . .. 14
3.3 FEHEMIAEOWMZ LDOWNE R Ty v )L BRILDLE) . .. .. 14
3.4 JEEMERAOEZ LOFNE XT Y2 QRIGOHA) ... ... ... 16
35 MBRESERT X IUER . 18
4 TFHRE#HZEEREERTYIvILETEHNEZFDAHRIE 21
41 FERMIZRTRAC . . 21
411 —RREBTRAC .. 21
4.1.2 FEEHL. WOGIAR 22
413 MR (R 23
4.2 Mathematica THEULL THAS (POHOFHB) . . ... ..o 23
43 FERWZZRNOEREDYE . .. 26



5 MTrrIvILEEZBVWTHRhZKHS 32

510 RTFUT v VBBEEZ ., 32
52 ARERETRT oy UREZMES oo 33
5.2.1 Poisson SFFEADOEFUERME E ZucNd 2591 00000 33

5.2.2  ARYEFEE, FreeFem++ . . . . . . .. 34

52.3 (5.1), (5.2) ZfE 720D FreeFem++ D707 75 ... ... ... .. 35

A NI NIVERERITRDET 37
B MAEHZEDOHE 39
B.1 Navier-Stokes iTe DR ILIL L Reynolds 8 . . . . . . . .. ... ... ... 39
B.2 Bernoulli DM . . . . 41

C MR 42

ZOXEICBIT 2 TODO Y A b Bernoulli ®FEHE, Cauchy DR &S 7 > V)L xtfak:
DFEH, EER (circulation) IZDWTHIR T 5, HBEASEMFDEES R TR E D ? ? Navier-Stokes-
Korteweg TR BZATDLH %,

WIS, BEEER (294 R E) Ol DEHINEA T DD 2,

1 EU®HIC

Tk (luid) L EAEDICE 5T, QERIED £ 912 itz bo» #HALL 72 b 0T
B2, [EMEERE L v ) 2 D DIEOHIEC k> ThE SN2,

WRDMEBI 2 EE . £ ) DI, 1< 105 & B HIETH 205, EEIVOM TR
NBEELH ). BETH AR S T A, - OMETIE, AR F T,
FRIRGR A > TID TS 2 L 2SS, £ 2 L ART, MU B REN T H
. VBB S ORI DI DXL S LR EE LT VD,

fAIp—2F I HEZBETEHE, RDIfTICEBEA9,
2 RITDIEEFMREDRT > v ILR (5BELOTRN) = IERIEEE

HEREEGHZ TP oOMEZIRD ) 2 L HAEETH % L., Z DWIE LB DME
BWMESEDA A= TEZILI LS,

EEE

BEEBBEREN LA =Ty T T2 L IARFRBEOSEHLE L UL, T35 [4]
ZHITTEL (FFdHE hasaeT {IdR ), FEEOSHM A (1914-2004) 1, Wik
O T, FEDOSH [5] IZMAENZOIEARN L TH % & INTWw 5, HZBEDORITIC



B9 2tk 1ot cE/TH D, Ak "M PEOBMBE ' 2B A VXA DX v
N—=TbdH %, FEHEOHEKEDTAEIIFIIEINZ DR 725H: (6] bIEF ICHHECEETH 5,
WAENZEOTF AL EL TR, B BSOS, B [7] 2H T TEL, GiEPBEETHL I LI
AL FERNZETOHPIZEICRAFERVLTW» 5,

BB, WENFOHME S F 2% Lamb [8] (FIAR 1892 4F, Ref213 1932 4F ?) 1&, BUAMIC
Lo h LTwah, EEEKEDLSATOWTHEEL W (BEMRAD AT IZE L V3,
JFEDAFIIESTH D),

FEHEAETRAAR D SRR DBARVHLD P izowv»Td, [A (9] 2 H X,

BOL I FEAFERA O D BEA TH 573, HERE L OBSEIEIZEC 22D T, 2EH LM
L2 (EFIFR S 2o THERZR VL),

BFEDOWE - ZR L NP e UEMEEZ R > T3, BEITE 2 5 WS LA,
MR L LTI . ) T EiThb, 225 —2L>TH, MHVNI WAL, Ik
JEAfRAR E LTHD %9 Z E UK 203, TP KE L &5 L2001 D | EMERA
ELTHDIIRE, EWv) T EICAS (T100m/s  SWIHER ) L EH izl
bH3),

B g EIE

ERBBGRLLINC, X7 POVIENT LR T2 v 5,

N7 PIVIRFTIZ DWW T, fHEAEE 2 M8 A ICHEL TR Wi, X7 FURITIE, FEk
X BRSPS 2 5l 2 72 DICHEE L 72 b DT, BUETH 216 DI % 7k
LODERZLIFARTH 5,

(2T, BHREHARICIE TEEEA E X7 MU, I BHPHEI N TW3ERTH
2, ZORHETHRENYEZID LIP30, AL LX) BEEESR 5, )

R ROV TE, FEIAF I E w9 2 YTl 5, avyEa—F =TI HikEzZ
C2b (FreeFem++ %) #4050 T, BIRDH 5 NFFA L TAHTHL \»,

TUVIIEWVIBERWH L) AL Lty 1T v YLz ownTid, ik
ERMIME D RDEHR Z T D —F L B 52,

2 MEHZEOFER
HARM TR R 203, TR, EWwIbITTHELDT, bEOMBS VLI L,

BeroERTlE, REDICHBEAZEHC 220w, HROMBEDO - HITIZZNT
BATTTHAL ), UTFTRE, 2D L) 2RIk 20, B 2—I0HHL TH %,

THAROYHAZEDRIARTH 207 )V X A b DAY 1959 4E0 6 24 A [H, S TREA) (hoeNgwth) I L 7
Iy AT, AlENED S TR OBURE,) . PR S TR - PIEEORURNE ) & L CHfTRbE I,

A TED D LD RELTEINT VS 7 54> 2 [10] BL=— 2 AKRTH A5, L D EFTw 246
D3, WE T2 BEIET v v v, BWSGDOT v, V=<Vl TV TH Y WEIETRERIET VY
MOV TRAN SN T VLA (ZRTHLHAVALRDT, BWABHIITDL >THE I LEEHD ),
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PIBEIIZ S BEAIIC D g e BB IS 72 o T 208, BlBR 2 FF o 72 N384 7 Sk Ic 2472 -
THATH L (53 [5], Lamb (8], & D BEANZMEHLE L <, MA - it [11] @ §10.2 3, FAR
[12], Chorin-Marsden [13], Meyer [14]),

TARDIRREIZ, 5D2IRKD3D (22242?) DLbDEROTEE S,
o W v(w,t) = (u(x,1),v(e,1), w(x,1) = (v1(,1), va2(, 1), v3(, 1))
o 177 p(x,t)

o L p(x,1)
o MRSE .. SEIZFE L\,

M 1. K BROEE L ZOEE (STHLR) 2Rk &k, BHEOHIZENL 50D, (fEFRIE,
10% kg/m3, 1.3 kg/m?, 770)

(EHIZo0T i, Bz iEL<H 5, )

H

ER
8

8

2.1 EHROFEN (BERTF), JEEMEEMH
EHRDFEI (continuity equation) & FHEN 5 XHADSD 3K D 2D,

dp
(2.1) E + div(pv) = 0.

SERR HEMRGFDIR D LoD T, RO V NOMEOEROZMIE, V OB oV 5>
S5HAD T BHEEITEL WV,

d
(2.2) pdx——/ pv - n do.
dt ov

(Z DEADBRRIR R T U, R PV OEEBHETH 5, $HBT740 -5, )
FEN oy E R DA ASHR, 45312 Gauss DFEHCERLY %2 H\WT

L/‘@p<1 /C(hv(pv)dx.

INDMEED VIZOWTHED IO L6, (21) 2%, =
(RDID: (2.2) DAADMIRE A, BAIRFFIC V OB 0V 2 X &> T V NIZifituA L
{}luﬁi@ﬁﬁaf%% X, XY POVEHTTIEH RN 2 £ TH 505, SHZ A TIUL, #
ZAXEEH [15) ofl 3.3.2 & R X, &ﬁ®mﬁv1@ﬁ\ﬁétw_a#6 R 7 B D35

Lol k28 IziE, Bl ihgl'B |/ ) de = fla) ZGIUTE L, ZHIcoL

TlE, fEH [16] ol B.3.1 2 H X,

SMEAAIICIE SN BBD L DIED, —FEAF LIS b Ltgw (—FFI L),
L WRE IXEKT 5, f nda—/dlvf dx.
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[ 2. (1) div oEEZDBX K, (2) (BEOWITHE) div(pv) = gradp-v + pdive (V Z2fli>TE
TEV-(pv)=Vp-v+pV-v) 2D D X,

(2.1) BXRD X HICHHFIT B,

(2.3) %+(U-V)p+pdivv:0.
D0 o o o 0

2.4 _— = — . = — B — —_— _

(24) Dt TV T g e e, T s

THEF IS Lagrange M5 (MEMS, material derivative) % ZHVE L, (21) 1FXRD X
IITHHET 5,

Dp N
(2.5) Dt + pdive = 0.
~ WHBIIZOWWT ~
WA DWIUSIH > CEB) T 2810, K4l ¢t TOMEZ x(t) L35, T4hbDH
dx
Eﬂw:wmmw

DIRY LD, TDEZE, RO f(x,t) 1T LT

d N of , of
! (200 = 22 50,0850 + (0.0
L of of
- P a_%(m@)’t) J(w(t)vt) + E(w(t)vt)
of
= E(a:(t)?t) + ’U(CE(t),t) : Vf(il:(t),t)
= % +v-Vf= %{
- J
ZEEED Lagrange 3230 TH B 2 &, ThbbEM,
Dp
(2.6) Dr =0

DR IO F, FIIIEERE TS S (#d % %\, incompressible) &9, ZHLE

(2.7) divo =0

kﬁ@f%&ﬂ%%\@QG@@BDﬁO@K&DﬁO@T\%§:O®de:m
W, (2.7) 2 IEEMSME LTS,



Fric, B p DSEBUL 6 IXFEEMITH 505, WiIb T LR T2\, KL, p HYERIC
%52 ERIFEMEMFEEZTOIAD VLD, ERIFLEDXIICREZITHSL, HBITZ L
WCIRE DR 2 BIKOFNEZE Z S &, BHEKIIMEE 20D, p X8I 5%\, JEE
fia2rD (b WIS ) 22—k Ch UL, BEITER L & 5 (2 OIFEAMMEDTHIZ, FFH
(5] 12k ),

BFEICH 2K, [UBIIRREOEZ IS, HMfEMESH 228, LIFLIE, TRNOMI 232 v
NEOT 0.3 M ETHNREMEIEDOWELEZ 20EBH S5, E5bNTw35, ZRDOGAIX
IRE# 367 km DLETHIUL, L) 2 Eickhs, 2abibic, B3R E SBIRL TWT, ik
DIREDIE L EIRIC R 720 T 258 b HEMiMEEZ 5 2 2 08 PEL %,

2.2 WATFVVILEEA

COHEONEICIZ, WHYDOT XA M6 DRITTEN 3%\, 3L WEHD G AT WS
. BZIEER [7) 2 H kK,
IR DOMEN DOH D TH B,

HAD X ) BINIAEBRICHS T 2720, BB&A (body force) EWFHFI D3, JfF D HEfk$
52 EICk > TROT s &ld, BEMmOmEICHE T 2720, ERA (surface force) &ML
N5, MEDDOGEE, BOZEEYN7 ) D2 A (stress) &S,

TAEDIEIIE, 6 AANE x &ERE RS 223, 202 THRCE DA S IR 2,
HOM EE, Z ORI EHRAIERAR 7 P n THRE D, WEOIEIIE, (7E = LR ¢
EME n DATEE S, TNz Cauchy DIGARE) &\,

Cauchy Db RIE

WED BT 2 = & TRIET HIRTERIC BT 2, WiRid 7 b 0 J1iE, Bl o, W ¢, T
DIE (MBI AR Y F L n CTIET 2) TEE 2.

DIFLIES KGR LR ZEE L TES (x=a,t=1), MEDIEN pldn ODBEETH %:
p=p(n).

JERESAHNS AT 2 I 2y = a; Z3@ LT, IEDOIDSE OMNC ST § B 2S 72 ) o h %

Pin

pio |, P = (pij) £BLs P ZIATY I (stress tensor) &MERC, EFD 5

Pi3

Di1
Pi2 | = p(ei) (Z = 17273)
Di3

THHD, BIFTED n IZNL T

(2.8) p(n) = P'n (Cauchy D)

Sy B, i HHTHI > 1l ThH B,
SIS 1T~ V)L (stress tensor) 2R T 7DIZ, 0 EVWIXFEERMFIZEDHL WV, o 1T SITHIETEFY > »
XFThHdHP6, bo L bRFENTIEH S,



‘(\‘%%o

P1i
FEXAMCEoTE, ple) = | pu | (FFOIEBR W) LEDTVS, REAMSI D 2
D3i

D, RIFIRHT ¥/ IVIZ o T, AEBEORFID» S, —KIC
(2.9) Pij = Pji

DK D SZD (P IENFFT YV TH D) DT, HEHXICT 203700,

ETIZ, (2.8), (2.9) B VEOBHHZHHT 2R8B80, 2H0) TEPRITEDIA
1 (R B 05M@ 47 L ) 28) WIBIeE R 2EIE ),

3. (fESIED 2 WIFHMEIEORTHIRL T) (2.8) 2R,

M 4. GENY¥D 2 IZFIENADOARTHIR L T) IS T ¥V VIE—RICNHT VL TH %
Zt Y,

v ZIEOHIEIS LT 5 L &,

L L 1 avi 0”0]-
(2.10) Bi=leq) es=3 (89@‘ " 8%)

oy
TEE S F 2EBHERET VY I (rate-of-strain tensor, strain rate tensor) & M5,

ER 2.1 (AR - &LBIKPWT) E DI L 2EREET >~ )b (deformation rate tensor) & b
WS & 9 TH B, “deformation rate tensor” & \»9 FLEILX 2\, “rate of deformation tensor”
DIEL W, L) BB ZHALIEDH S, TDUY DHGEDHEITITOWTIE, (T3
WNHETHLZEbH->T) HEHAREBEI R,

$r. EHRMET VY NEET LIS D LV IXFEMS (050 D= (4 (3 +32))
EED D) ANbWwd, D &) XFz BT » /)b (velocity gradient tensor) IZfif9) (2
$h D= (42) LEDZ) ALLZOT, WHILETH B,

LI bIFT, BofbE IhsoiBEHvS L E, SELTTHWT 20 TIEARL,
HFR2EHIRETHS, =

T
A N
Vv EWIHilm52io 2 &dH 5, v D Jacobi {THIDERELTH E V9 BHIEK S L\,

v du dw\ T Jui Qvy  Qus

6:)31 8£E2 813 8x1 le 611

Vo= | 2 vz Ovy — | v Ova  Ous

- Ox1 Oxzo Oz3 - Oy Oxa Oz

Ovz  Ovz  Oug Ouvi vz Oug

Oxr1 Oxo Oxz Oxrz Oxr3 Oxs

CORBERMS L, MEART Y YL Vo, BRHET VY VE L (Ve + Vo).
9 Y,




Stokes (1819-1903) (&, FiIZ DV TORIE 2 2B L T Stokes DFREREICE L D7 (—
B, SH, E=00DLE P=—pl%%), 20h5

(2.11) P =al + BE + yE?

DEpNDL, TITIIHMT VYL TH S, X5 Newton lEDRE (P 1Z ED1X
R) 2B L

(2.12) P=(—p+ Xdivu)l +2uFE

2132 (RA - A [11) OEH10.11), 22T\, p FEAEETH D, p = plx,t) 1FAD
7 —BETH 5,

JETME 72 Newton ATl
(2.13) P=—pl +2ukE

DL D LD, T 2T p I FRETESR CREPELREL, REEE, viscosity) EMEIENAIFEERTH D, p=
p(x,t) IZEA (pressure) &FFEN 5,

DT ZOXETIE, (2.13) DR EOTMEICOWTIH LB 2 LT 5, (u BERTH B
&% Newton Fiff, EH TR WA %ZIE Newton ik, EWFERZ 9T, AT T
Newton WA 7Z 1T Z2ELTH, W) LTHH5, )

BLD p=0dH2%0Idv=0 (FHILHE) 261X, P=—pl THL5, &) p(n) = Pn
X —pn IZFE L, D F DIBHOGHIFEICEE (N E), KE S XD F K S 2\o—7E
ipTH%,

(&N p(n), ST VN P, ET) p, EXFP 2 HoTRT OO/ IAHZITINE, E
FALAGEIICGE21T kS, )

=0 TH k%SRRI (perfect fluid) F 72 (ZFEREMERME (inviscid fluid) &R, —
Jiv >0 TdH B2 HHERE (viscous fluid) &S,

HUERSEOEEOKRETSID MR ICKFET 5, HBIK 200 T, KIFHMEER 4 =
0.001005 Pa-s. ¥ 7 ZHOKERIZ, KD 60 ~ 80 5 L 2, FEAIE 1= 1.8 x
1075 Pa-s. KfRDE A, REERIZEICIF E A R L 2\ (JAV#EIPHCE S & Epi L T
DL 220,

2.3 EHFEX (EBEDRF)
RN TR Z R T 2 B F O M ov/ot T3, Dv/Dt THH I EEFRELTE

NN Dv

Co TZLRT PV v ISR 2 W EMBGT o B
Dvy du dur dur dur
Do Dt ot Tu O0z1 + U2 Oxo +us Oxs
Z | Du | — | o vz Qv Qv
(2.14) Dt | D | T o T V0e T Y200, T V30,
Dus Oug vz vz Jug
Dt ot + U1 Oxy + U2 Oxo + U3 Oxs
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0.002

T
nensei.txt" using 1:2 —+—

0.0015 -
0.001 |-

0.0005 -

.
*****
e
e
p.
ey
S

0

L L L L
0 20 40 60 80 100

4 1: K DOREMER DR AFE — HMefh R ER (HALI3 Pa - o), BafilIRE (AZIZER)

CHEET B, Coting 2 g (o Vo £ LS, DD

i 5ar o d 9
2.15 v-V=[w| | Z|=v +v +o
( ) 2 ng 18.T1 28332 38.2?3
(%) 8_503
ThHoHDDH,
ov ov ov
5 P 9 U1 vla_asi+v26_m;+v38_m;
2.16 v-V)v=(vi5— +v22— +u = | 52 + 0y 32 4 0352
210 (@ D= (ng g g ) | = [ nl e
v2 Vg T V2 + U352

EWnwHZETHAI,
B 5. B5%0 ¢ C o 125 % SR T MR 1 aa_;’ i PV ongc L amime x,

Dt
REN B LTI YAE B E

Dv 1
(2.17a) L [
Dt p

7272 L

Opni Op12 Op13
0y 0xs 03
. Opar Opaa Opas PN )
2.1 P = ZcD
(2.17b) div 0z, + ot + s (72 & D div)
Ops: Opsa Ops3
0331 + 8$2 * 8:155

Th b,
B RO V IcB v, HEEEOEEDL S

D
p—vdm:/ Pn do.
v Dt oV



FADRT RV i 7 IC Gauss DFEEMZ@EH T2 &

Di1 Di1
Di2 -nda:/div Di2 dxz/ (div P), dz.
Di3 v Di3 v

/ (piin1 + pigna + pisng)do :/
ov rdv
w2 I 5

F,:dw - / div P dz.

OB Z T 5, =
M 6. P=(—p+ \divo)l +2uE (\, p ITEH) LT5LZ

(2.18) divP=-Vp+pulv+ A+u)V(V-v) (=-—gradp+ plv+ (A + p)grad div o)
Th s Ez2mYE,

R 2.2 (EWMEREOEEAER) Z O CETIHEMMERAIZ D W TORKGIZITD R\ D5,
LoD S

(2.19) (%4—(1} V) ):—Vp+uAv+()\+u)V(V-v)

WD SO LD B, NDSEMIETR R OB SR T H 2,
—BEESTRER DIRBIH R 0 € 7L TR (Wi o S FR)

J*u

2.20 bl
(2.20) Pop

= pAu+ A+ p)V(V - u)

ERERZ EHBAV, =
JEERRSEERATIE divP = —Vp TH 306, #HE)HFEAIZ

Dv 1
E —;Vp
ER/Y X2
ov 1
(2.21) ot V)v= —;Vp.

SRR e OER S & L TH4A% Euler AN TH 5%,
FEERERETRIATIZ, P= —pIl4+2uE. 2% D A=0 ETHUTRVLDT, (2.18) 225

(2.22) divP = —Vp+ pu(Av + graddiv o).

W Z ST E) 5 R

(2.23) p (?9_1; +(v-V) ) =-—Vp+pu(Lhv+V(V-v)).
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FEHEAGSEAE diveo =0 ZRAT % & (HUDOBREDED 0 TH 5D T)
ov

1
2.24 W V)= L _
(2.24) T +(v-V)v pr—l—l/A'v

CNDSIEERER P E A OEE) TR & L TH 4 7% Navier-Stokes AL (Navier-Stokes equa-
tion) TH 5, 727X L

EBWV, 20 v ZEHEMESRE (kinematic viscosity) & -5,
B 7. (2.21), (2.24) 27 FAEEZHCTIZ, v DRI u, v, w ZHWTELE,

8. L CWAMMDKENRED X H 2% B0, —KERENEZKE L T, Navier-Stokes /7
A 2 L CEHY X,

M 9. Kifiz2t 1m TOEIADKEIFENL 50D, 15E (1013 hPa — h 1E 100 5%
L. 1Pald 1m? 7D 1IN OB 5 L) T L) OffEd,

f 10. &Ik L 72RO TIE p(x) = —pgas+E TH2 T E2REL T (7 LAKIAZ 23 =0

EEZTVD), 7IVFRXTADIZSIDJFEHZ R,

(K& itk Q OFEEZ Q] ERT LT B L, MEIIKDPSZIT 2T (bW 27%))) 13,
0

0 o [ FITENE LM E, KRE I EYEROEEDKIZD»D 5 EIJITEHEL W)
r1Qg
£ 2.3 (FNTRASER?) RRIERAL X ICRDEN272 95 ?
9 _ _

ZED LD EEZ SN DD, RADGE p ZEBTIEEWTH A ), REHEN

p= L (R, WREE, T 13
RyT

ZRAL T,

o __ 9

0z deT
g BEBTH 2 ERET S E (RYIEZ I TERLD, BRDBIE-> TS L) RESTIE,
g=98m/s? & L THaRWIERIIZRS),
_ 9 [tdz
Ral, T
ETADNREE T 13 (RREMP v, y ~NDEEMEIZ OO TIEHZ DT 21T L TH) 2 ITHHKHA
T3, BFENRERPBHEICR S, iV ER3ERTS &, EHREE 2 D TOREK
I TE 208, ABOBEIZIZFEIZETH S,
(D LEEDS b > C) MATHED B IZ, A IFKITER 2 9 TH B, T(2) DEHENEZ E DT,
ZND B p(z) RO TEE, HIE L LKREDHED S EE » Z2HET 2 (A [17), =

log p(z1) — log p(20) =

11



Euler /7130 | Navier-Stokes 73 b JERIEARM T A TH 2 (REOWERIT Dv/Dt =
Ov/ot+ (v-V)v B v IZOVWTIERIETH S Z LITHERETS),
vAv & RMIH E WS, Navier-Stokes HRERDEEIHEZ % & L 72 b D2 Euler /TR TH 5,

—77. Navier-Stokes TTERDIFIZHE (v - Vv 27 & L 7B

ov 1
% Stokes AR L M58, AR TH 20T, BT ROEHIL L7722 EicZ %, L
B TH D X)WL 5N D000 LIt \wds, JED/NI WA IZIE, Stokes I
Navier-Stokes HFERDOFEH E+H o R WIIEBICE>TWwWab, EEbILTn»3,

R 2.4 (Navier-Stokes AN — FEZTICRZA 5N SMH) Navier-Stokes /TR (2.24)
ZROTHEAREE, TAL (ML) TRAZRASND7E5 9, EALICE>7bD
Ths, ZOHERXZHEI Iy 7 ZADFTTHEOIITS ko L7z, Navier-Stokes HFEHA D
AT e —DMEIAD 2 THERRZ LD SFMELH > 72,

ov 1 9 -
(2.26) a5t (v-V)v= ]—)Vp +vViu+ F  ([EDEWERL).
(F 3 HETH Y, ZHEBEITIE R, Fh, 77737y A% V2 EELSDL, X< H
LIMMETH > T, BHTIE R\, ) (2.26) DFRfHZIEE, &) FEZBEICHZ 9 225 2T
A2 EDVHBTNE, ITHICHEBEHER, E > Tod 7, HEMNEL 5 WBRWES ) D,
]

M 11. (2.26) DRfEZ IEY (B p. 43),

2.4 HEHFvL>Y: Euler AT, Navier-Stokes FIERXISEETF DD ?

—Iz, RABIB DAL & HEXDMEED BT % Z L DSHEADRT % 72D Db+ 775¢
L) b TEREVD (BIFELD2bHIT6N2), LTDOLHIICEZLET2DRTWL
EEbns,

N7 PVERFZ T TEZS L, o FERIE 1 >0 pfAT, E#H RT3
DIREATH 2, HELENTLODRABIKTH 20006, BEIBERITH % L iU, ik
DT EHEE R 2E T 5 & RABEB DM & TRRDOMEEDY 4 THOHH->T, #H
JEEHENDRE B A[REEDH 5 EHEZ 615,

B Z IXBEEDER DG, D HBRRIIEEMEF L 2D, Tt Euler O 7R, %
721% Navier-Stokes JEz. I 51T 2 BERLSMF & WIS 2 7 S ¥ 7- I HA(EIR SR 1E RS
BOBOBEEE—EEZFAXNL., L IBANRMERIEZ NS,

UL R E T H 203, IR TR TH 7 DICHE L < | 3XIusiIc BT
% IEE N Navier-Stokes /7 P2 O FIMES FUYERTREIL . BE D BB ICIE R > Tk,
ZrUzowTE, AR 9] 2R X,

ThEE, TRLTe R LBV TLEZ Y, 3 ikt (2016) @ p. 142.

12



2.5 REFEN

(S TIEETIE TSRS, RUIDBRIEIZT?28 L LAy FT5, )

p DIARFBIE D & 1%, o AR L EE TR Z T ik, HEREXPIANE L T TRIT %
VW, 22T, DINICHT 2 REHRE249 2 L%,

p D p DADEETH S, LwH/NNAMAE—REDIKE

p=f(p)
ZEL ZETHRI2EA2% ., BARWICIE, I 2B LE2IRET S L. Iy > 1s.t.
p X pl/“/_
FEMA L2 IRET S L.
p X D.
£ —ic X
-Vp=Vw
p

Zhi7zd w BFET 5 L Z, isentropic THh 5 &V, w 2LV I)ILE— (enthalpy) &M
S, N0 k1 E—iikl isentropic TH %,

3 FEMRAEDRLEL DTN

(LT DEETIE, HilElZH-oTHRV, BWZ 3 LeE Ty, Mk ch, Mo
SEHT 5, T oiEim%E A% &, Laplace TR Poisson HRERDOBEEENERL 513
tiEbnz, ZrucownTidloiizHET 5, )

3.1 RELRBLOFN
v ZFOMES E$5 L F

w:=rotv (T3UFVxv &EbFHIT3)

53

%ZRE (vorticity) EWPE, ZHUITRMAER T O HEBOMMEED 26512F LW (29 TH 5),
w=0ThsLE, MEKIARL E7IIIEEER (irrotational), EIR (lamellar) &>,
e LThiu, HIC v DR Ty v )L ¢ DMFEET 5!

v=Vo¢.

(2D Vo I3 grad & DEIT 5, )

13



3.2 EERMKICEITS Lagrange DETEIR

(22U 51 Tt

S 5] O 25 e BNFEETHLE, ZIh5VONEY I Ty 7T 50H
ZECTWw3,

DRED ZevoNm b u B —iEBREN O b IHEENT 2 & IR ET S 2 E LT
52 Eb7%\, ) W) Lagrange DBEEBILD 7D,

FAE DI X TR £ 03, Reynolds DK F A IZSEANEMA &\ 5T (AT
) B3I 5,

AR O OERIEClX, KMtk DBIUR T4 T 503, ZNDAOGHTClElD T
BRSO N, EREERED S WAEAT, MWD “FR oI LI T 2 e
H B, ZDGEZDWMITRDEPIE ARV,

3.3 FEMREDRGLOFNERT VY vIL (3RTDIHE)
Wk IS v 1S3 LT,

B N
o’ U_ay’ YT,

272 ¢ (Wb D v DERT VT YIV) DFEET DL E, ¢ 2EOERERTVY ¥ IL LW
., ZOHRNBIRTVIVYIETHEEVY,

[ 12. (N7 PN OEE R TS)

Vop=v, ie u

(1) X7 v v ifildimia L Th s I & 2Rt
(2) HOEEFIRNOMZ L O R T v > v Uit Th % Z & 2R,
DU, AL THZ L TH D, FIERAET o DR TV v L ¢ DIFFET 5 LIRET
%, —MRIZ divV =divgrad = A TH 506,
A¢ = div grad ¢ = divv.
FEHEAGSETE diveo =0 ZHW3 &
(3.1) A¢ = 0.

Thbbt, FEMIRAEDO R T v v VRICE W T, BEER T V¥ v VIGEHHIBESTH 5,
ER AR

BELESIE (BRKICIE) EERT VY v ILHBEEL.
S 5ICIEEMRG S IEEERT > 2 v ILIZRAMBERTH 5,

14



BIZIZ. Wik i 24K Q DEIET v 235515 TOLIUE, (99/dn = Vé-n £ 1)

do
(3.2) EC (on 09Q)
TH 555, Laplace IR D Neumann HFERTE (3.1), (5.5) o h, ZRz2iT L ¢
DBRES (v BKFE2),
DX RMEIRTOVIVERB LTINS, KT vy v VIEIZIFFICEETH 5, i
FHAICR o7 DTIIAVDT, BIXHICE LD LITT 5,

D CTI, MR R &M B MG T 5 (BB R 2 L FIC) v HhK
Eote, 2SI, £ v VOTEET BB, FRIEGAEE 1 > DA
6 IZBIT 2 LoD AR (3.1 KB SNED S, LEAETHSI.

FokIlc LT, BENSKRE-7 L LT, BaENGHETTHEXD» S RO 5N 5 EHIFFS N
%, ZHUTOWVT, —DODEMEZFNL L ')O

SEA e LIED R T v v OURICE W TR, (S HITEYRIEZEBMTEWT) T
{tZ 17 Bernoulli DEE,; 29K D 2>, T C“@Ci%%@fc O, pWER (0 F Y —RTIEHE
fii) LIGEL &9,V (2) = 1Vp THE2 S, Buler HEAURAL T,

?;;+( V)v:—V(g).

1
vxrotv:V<§ |v|2) —(v-V)v

X7 S VERT DA

£

9] 1
a—?:—v <§ ]v[2—|—]—;) + v X rotv.

v=V¢ &, rotv=w=0 ZfAAT 3 L

P
V(at |vm+p) 0.

NS t DADBAE g = g(t) BIFEL T

L
(3.3 p=—p |5+ 5199+ a00)].
Inz—fi{EE iz Bernoulli DFE L W5 (M Loikimd iz Loova o E—jif
IR B ).
KHHIZE > T, ¢ Do Twtud, p RF 5, L) 2Lk s (ViR
HOHFT p ld Vp DIETLLEHNZVDOT, Edbe pld—RBNTITEE SRV,

15



3.4 FEMREDRBZLOFNERTOFIL 2RTDBE)
TAEDWNDI 2 KICITH 5 & 1E, v(x,t) = (u,v,w) DROFEFZHT-TIEEZE ),
(a) z A TH5 w 0.

(b) 2 ITX 5%\,

Thbb
u(z,y,t)
v(z,y,2,t) = | v(z,y,t)
0
oL EMEIL
a% u e Wy — U, 0
w=rotv = a% v oey=|u,—w, | = 0
% w es Uy — Uy Uy — Uy
W 21
0
w=101, W i= Uy — Uy.
w

DUFCl, 2 RIGDOHEY v = (u(z,y),v(z,y)) ITDOWTEZ S LIZL T,

(3.4) rotv := I%“”

LiED D (HERL D IER).
SRITEOE & FIREIC,

o v BRT VT Y NERFTUE (v =Vo = (¢, 0,) &7 T ¢ BEETIUL). w=0.
e w=0ThiUL, v IFREFWIZIERT V> YLz,
e w=0THD,BEZTLBHK Q PHEFETHIUL, v 1Z QBERTRT VT Y LERD,
O DI ERBTEBDBERT o v )L EERDIZ3RICEFAETSH 5,

AP = Gpy + Gy = Uy + v, = divo.

W Z AT DIFEERE CH UL Ap = 0.
w=0TH3ILZMELDERLETIADL LD, FEERIIFTHBEERTE T V> v LD
HETLZERRELTVEZDT, RT VI YIUDPFET LI L EMELDEREEZEZLDODR
LWL LN, HEVIERT VT v VDREAMBEIC 5 Z E2FFL TR 2 EIZR D (29
LTw3gEbH %),

16



EZAT
JEEME < diveo =0
S Uy +v, =0
= Uy = (_U)y
S WA F st Y, = —v, Y, =u.
B 13. EoZ L Z2ED»® X,
B 14, BB EL, BAEH v-n =0 3D o L &, NBIBIIER % 7% 7%
HifR D ECTEBTH % 2 L 2R,
—f&ic
(35) % = -0, ¢y =Uu

ZWi7z 9 ¢ 72 v = (u,v) DIRNEE (stream function) EMERE, D& ZF | RNABEIIRD
Poisson A2 il 72 ¢

_Aw = - (wacz + ¢yy) = - <_'Uz + Uy) = Ww.
Z A7 L O IEEMER & o 13, IO BIBUIFMIBEE T H %:

A = 0.
IHiIz, ZDEX
(36) Qb:v =u= wya (by =v= —%-
N AV RVAON
Z i
(3.7) f(2) = ¢(z,y) + w(x,y)

IZ DWW T D Cauchy-Riemann TR TH 5, w212 f IZIEHIBIETH 5,
f % v DBREERTVIVVILEVT,
f=¢+ip TH?EZE,
=6+ iy, =u—iv
THDHDH,
u=Ref, v=—Imf.

£ ORIBRE = gei? LT 5 L. giz AN g DUEE 9 DHIED S E % D

O EEHEFIZ, ffDl k%?ﬁ%‘if“&ﬂ}&( REFZRE EEIADBVES5 L, 20D
SEEL b B TR E. BRI L S DTS ),
FEHBE, 2RILDIAUTDNT

—fic, R ¢ T%ﬁﬂ@(}lu?ﬁ% (stream line) & (%, JEADFEIRDO P DOHIFE T, Z DK RUTE T % ik
@%ﬁ«?bw& %@ﬁ B AHNDOHEERY PV DHEEN—KTE2HDE 0T, %ﬁ%sHm()&T%
Z'(s) || v(x(s),t) ZWi7e T I EVHMTH 57 DDFMTH 5,

17



(1) W7 U7 & 12 (RIS ) MUK T > > v LDSEE(ET 2.,
GEICHEBER T > o v LDEET 5 7% 5 15 L TH 5, )

(2) FEEMEZ 513 (JRPTHIICIE) IRNBIBFET 5,
(U NBIBDAAET 5 7% 6 BIFLEMTH 5, )

(3) FEHEME DM Lz oiX (RIIICIE) SER T > YL ¢, B o BFEEL T, &
HICHHNBIETH 5, ¢ 13 o DIEFANBEETH D, fi=0+ i) BEHFBHFEERT V> v
IV ERHEN S IERIBIE E 72 5%

(4) v=(u,v) DEFHRERT V> v )L f BWEETHEE, f =u—iv.

AR 3.1 Q HEFE TR TH, Q 2R TliBIDOMNBEAEVBEET 256bH 5, FEEE,
IR & 2 B 72 DI, Q WOLEDEARIRR ¢ 128 L T,

/udy—vdx:/wxdx—irwydyzo
c c

DD SED T EDBREAN T TH D, (RK3DbE, ZORNZ—fiETT5 L 0ICHE5%0D0
HLNZWD, 0OH £0 EWV)DLITTIERY, )

B 15. IMNBEIEDERET 2 £ Z, Euler HRERXIIXD L IICEFIT S (p HETES I LI
H),

)

aﬁw—ﬂ%AWZO
=72 L

J(f,9) = fogy — fyGa
(RNBABDSEET 5 7% & 1RIEESE R DT, 2D HERIZ. Buler AR & IR LR %
VEEEARALABTHL I LICE S, )

3.5 TREFRTVIVILIR

WGP HENBIRZNC X 6 WG 2 ERRE, EHT LS RAPIEE > Tw 5D Tid%
V), EHIZ UL T 2 720 Db L TE R ZMC 2L TH B,

4 h

EE 3.2 KXl t I2B U 2N DOFMR (streamline) & 13, M OFEKOFh oM, 20
BRICBT 2EHRRT7 L e Z2ORICE T 2MNDEER 7 VDA T 55D
29, ATRT &, it s — x(s) T,

'(s) || v(z(s),1)

\%?ﬁf:?%@bf‘?ﬁ%ﬁ“@f) %

o JARIFINZI T L ICEL 5,

18




o FifRIZN T DG & IZEL AR TH 503, EHERDOGE IZTARIIN TOWuE & —5
T35,

o MICHINRIRE V) DS H BHVEMKT 5, (MNDOFEE TR AIEHULI 523, Thid—
IR E b, R FoE E &L %\, )

2RILDH . MOBABODEROESEMRIT, R TH 5,

Bl 3.3 (ABBERADIRT O vILROBREREICLDEHE) Q= {(v,y) e R? | 22 +y? < 1},
b=(1,2) D& &, Laplace /2D BN

Ao =0 ((z,y) €Q),

99

P bon (@) € o)
Dt LTORERT vl ¢ B3KE 5, ZO%EEMR FRT Vo v UiR) 2, FRICn
ikt KO T Wi e fi<, HEY T v =V L LTKE S, D71 J L potential2.edp

X 2: RT3 v LR X 3: ik X 4: X7 FoLE:

ZHEL T,
FreeFem-++ 12 X % B3 &GS o ffl|

$ FreeFem++ potential2.edp

(1oM%H Ltk 20T, F—ML T, KT, BB ¥ — %
LT ¥ 2, )

19



e potential2.edp ~

// potential2d.edp

//  http://nalab.mind.meiji.ac.jp/ mk/complex2/potential2d.edp
/] 2 RIGHIEMEAR T ¥ v Vi

// HERT ¥ vob, B, HEZ KD

// FART I vOVR, R, B <

border Gamma(t=0,2*pi) { x = cos(t); y = sin(t); } // FIEEGEIR
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; // QHHMFT, v=(1,2) DL E V- n=x+2y

/] BERT Ve zRD, ZOFEEMR GEFERT V> v UM 2H<
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);

/] OB 2RD, ZDFEM GAFD 2 (b ko ERELRP DI
func Vn2=y-2%*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 v )Vl E ik R
// plot(phi,psi,ps="lines.eps", wait=1);

/] R7 PV (u,v)=V o ZHi (bx-o &AL
u=dx (phi) ;

v=dy (phi) ;

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

J

TN B 2 A e il (BEEICIE R S v & v ) BIR) ORUN T dr = (dz, dy) %
Y 2iE (EARED 72 ) DFE) 12, v-nds THH,

(5 )6)-(2)

v-nds=—-vdr+udy =1, de -+, dy =dy.
fE-> Tk C k%, oAl 2R, ¢ DRz Py, #8622 P £ LT

w21

/Cv-nds:/cd¢:¢<p1>—¢<p0>.

WZIZ, 2 ODFMRETIF X FNAHEEZ RN 2 TR0 E X, Tl LofnEEoEo =T
H b,

20



AER T O CBH % 402 FEHHIN I 0 TR AR D 7 72 2 B B W I3 ATELET B
Ba. BEHL2H20IERVGIAARDH S LIlkhsb, TOLEE C o MIBEEH ATEIT,
WH W B IR R

/v'nds
c

ICEE L\,

I D DEIF 0D 1T LT,

/ 'U-nds:/div'vdx
aD D

JEEmmRAEThH T NIE 0 TH 5,
AR D 5@ 2 EEN O E OB C 1Icx LT,

F::/v-dr
c

Zz Bt ¢ 123h ) 18IR &AL

4 FERIREBZEREERTOvILETBHiNEZDOAHRIL

4.1 EEXRBGZHTEN
4.1.1 —&REBRNh

ceC, f(z)=cz DEH, c=Ue ™ (U>0,acR) £ T2, HBEHELIX

u—iv=f=Ue".

v — (A U cosa
~\v/) \Usina /"’

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

Thbb

HERT VY YL e B0

HRF L LG . D TATEEET, 2hSREVICHRT 3,

RHK 41 c=p—iq(pgeR) LEVLHTVBHHETIIHVWL? DL E

v:u:p
v ql’
f(2) = cz = (p—iq)(z +iy) = pr + qu +i(py — qz),

oz, y) =pr+qy, Y(z,y)=py—qzm

21



5: —hk&iiin

4.1.2 BEHUL. IRLAH

m €R, f(z) =mlogz (z € (C\{O}) Bty (ANBEEL ! ), (ZAMBIEIIAE D L
Nwn, LIFs S, 2l LE>THTT % &%k 2 DT, S4bHIEIZL Z L
W3R o 7w, )

z=re =x4+iy £T 5L,

U({L‘,y) - Z"U(ZL‘,y) = f’(Z) =

= E((:08«9—2'sir16’).
r

u %0059
v = = )
v @siHQ
,

(ﬁﬁ@(§>EEU\m>0&6@@%%ﬁt\m<0&%wﬁﬂﬁ%\ﬁ?é@ﬁﬁ@%

FEOIZEAZ G, )
HWERT VY v L LRSI

bbb

¢ =mlogr.
Y =mb.

(6 E—fEL, o BLAMMCH S, )
FUSOR Y % T 3 EEOMMR ¢ 205 k. C 45 AN EE 2 R () 13

/'v-n ds:/dz/):hn/df:Im/f’(z)dz:Im My = 2mm (L WEHK D)
c c c c c
E—EMHTH 5,
O W HE kI nds =
x

Ypdr+ 1y, dy=dp THZ, 7, df = f'(z)dz = (¢ + 100y) (dx + idy) = ¢y dx — ), dy) +
i(Ye do + ¢y dy) = (¢s dx + ¢y dx) + i (Y dx + ¢y dy) = do + idy).)

COWAUE, m >0 25 XREMCEVZBEEBRU (source). m < 0 4% 5 IXFERICE N 720k
WA (sink) EMEIEILS,

ThHhO, v-nds=—vdr+udy =

A

22



.y

.\-. ="
BT L __l. .\/\:” \
o ’P*-X LA |BEY
\ | ! |

6: HEHL

4.1.3 @& (Rif)

(LD f DO m ZMMELRICEZTHS, )
kK ER, f(z) =irlogz (2 € C\{0}) DEH, z2=re? =x+iy LT 5L,

u(z,y) —iv(z,y) = f'(z) = g = ;7’ (cos@ —isinf) = g (sin® + i cosf).

bbb
K.
(u ;sm& _ Kk sinf cosf) \ [cos5F —sin=t) [cosf
R B eosg] 7T \—cost)’ —sinf)  \sin=F cos =~ sinf |
r
IS @ % —m/2 G L 7= 41, )

HEER T v v )b ERNBISUE

¢ = —kK0
Y = klogr.
AR EZPLETAMT, HERT Vo Y LIRS Z0mE & T2 ERTH 5,
o, FAICE> N BR (vortex filament) ¥ 72 XM (point vortex) & XL,
WEEX C\ {0} &fATOTHBEZ LITHERLLY,

4.2 Mathematica TRHRIELTHS (D FDEER)

(AL, 7y 77— MMio TS, )

BEEBOGHE, ZE2BEIBOEEHE 2 X007 PV HERIUI R,

FERCHAZIE T, 5288 Re (], FEHR Im([], HRMEFEE Conjugate [], #XHE Abs (], fRf (DT
fii) Arg[], Z#1 & ComplexExpand[] 7% EDSHEI N TV 5,

2 BRI DL ERRIT I ContourPlot [1, X7 b L DHHIZ I VectorPlot [1 2SI
TWw5, IN6DHVBHFIEF IV -~V TR K,

23



L

[ & = e

5\
i \

/'H_L:‘\}{

z"”l H\ :\,IV

AR T, A R T

1 ‘t::"y\ J} 1'[

\ "\‘\"‘“ =

N H"‘u,! L ;/;
e T [
j_.
7SR
. uniform_flow.nb N

(* uniform_flow.nb *)
c=1-21
flz_]l:=c z

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

phi[x,y]
psilx,yl]

gl=ContourPlot [phi [x,y]==Table[c,{c,-5,5,1.0}],{x,-2,2},{y,-2,2},
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]]

vvlx_,y_l:={Relf’ [x+I y1],-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[] (FFHTIC Evaluate S 2R B EZ TR L7205, wob Ihzfli)o
DBROGPIZR 964\,
R RE A O THERBICHIE TS 5205, 2 9 TRV b D3 e iRy Z ) 7,
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8 —REROSEAT Y v LR E VR (b5 BAKET )

i

A% WAL ANN

WEX7 b L

ik &

DERT VS v ILER.

9: —HEIR
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. source.nb B
(* source.nb -—— HBEHLZH2 %)

m=1;

flz_]:=m Logl[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]

(¢ HEBROL LD FICHER *)

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]==Tablel[c,{c,-Pi,Pi,Pi/10}],
{x,-2,2},{y,-2,2},ContourStyle->Directive [Blue,Thin]]

vvlx_, y_] := {Rel[f’[x + I yl], -Im[f’[x + T y]11}

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

(x BRI (FFREOH D SEFIEA Y ) *)
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 EFNLBRhOERGDLY

§§4.1 THAN L AN Lz B GbE izl TAHR L 5, BELLSIF [4] ILiE-
TRz $ 205, BIEBRELZEIABH L L),

20D 2XTLIM 7% LIEEMRD S 5 & &, HWELZ ZNEN vy, vy, FTEREERT V> v
Wz fi, fo EF 5, TDEE v vy, ZEESE T BT, 13D 200 % LIEEAERRL T
O, ZTOEZBHEERT VY Lid fi+f, THD,

FEEE, rotv; =rotvy, =0, divey = divwy =0, f] = uy — ivy, [y = us — ivy THIUL,

rot (’Ul + ’02) = 07
div (’01 + '02) = O,
(fi + f2) = (u1 +uy) —i(vy + va).

Bl 4.2 (—HKRREFEHULDOEREDE — HIEEMFZLEDHRN) U >0, m>0 LT
5, HFEEERT VYD fi(z) = Uz D—HRL & BFEHRER T 2 v VDS fo(z) = mlog 2
DBEE ML OHERADLEDOERHER T v vLid

f(z) = fi(z) + fao(2) = Uz +mlogz = Urcos@ + mlogr + i (Ursin@ + mb).
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W 2T B

Y =Ursinf +mé.
0=0%,32LY=0Fkb=nmtT2Ep=mr THE05, IN5IF ) DEEHHRT
bHo, ®ZIHi (DS FEHEROZD D) IR TH 5,

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

el Lpi=n—0. 2D (41) 3. 0< 0 <27 DHPHATEZL2DBR, ZOLE —1<p<T
DIIRT %, TNATTNCHERICH Y 2 USRI TSH 29, WAEIERERGEOS &,
Nz BE & § 2Pk %2 (U FEHEBIC) ANTH, MAUEEIIRZ T 2\v», wAIZ, 2o
i3, 20O OMkE L E5HNERL V%, »

47%)\T\/v\\l\\]\ T \/yl\/yw T \/*\\r’\.\rﬂ\
> 7

\ -
=N

,J\/V/Wl

‘ AT
- - T b )
e 9“‘ -
\*%jl/ Rt

o\
>

N

N
T T

X 10: —#kif &S EH L oERGDE (KRE ¢ = £mr)

Bl 4.3 (AUESDFEZHU - RLVGAHDI) FEL VI DHEZH L LRVIAADERA DY
ZEZEI), z=a ICEVZEI m ODHWEH L, 2= —a WKEOVLIEE —m OWR\WIAAZE
ROEDOE RN DOEREER T v > v )L

zZ—a

z4a

WEEEF T, B2Laltz2E 0T LEFo>TWA, —m<fl<nm EELZTORTNTHBED, HHENTH -
7o

f(z) =mlog(z —a) — mlog(z 4+ a) = mlog

27



TUZHEIE C\ [—a,a] TliEAIZEETH %, )

Z
Y
7]

(2
T TRED 2 BZENE N

z=a+re", 2= —a+re®

TESZWWZ S L,

f(z) =m(logr; 4+ i6y) — m (logrs + if2) = mlog :—1 +im (6, — 0s).
2

HEFVY e VORI L @ TH . T Ruo Y 20 EET,

)

J I
| -
S
N 3
LR
f
Wi
5
U
— ‘al
|

/% e
s P R RN 7
< et — 2 ¥
o —— -
L - =—- —ﬁ"%""/'
FEASTIN \\s
= ﬂ%@@#mﬂ@b .
=i |

-2

X 11: AUCMIDOFEESHL ERVIAADELREDE

—J7. MARDO AL 0 =0, — 0, =FE. 013 a, —a oM 2 ZHALHTH L2056,
TiAklE, 28 fa 2SI ZRETHMHINTH 5 (MEADEMDHIZLS), =

Bl 4.4 (AUEE, REEZEDBOW) &L Vs 2R, RO E 23O MO ERA
bE¥EZEZL), 2=a,—a IKEVWEEBOERZEERT VY L2 ZNZE N

fi(z) = irlog(z —a), fa(z) = —ixlog(z + a)

LT, INOHHNODEBERAEDLTOEERERT 2 v LI,

—a

F(2) = fi(2) + fol2) = ixlog =

z
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ATV v ILERIL

91—62:%%&,
i B N
)
ThHbs,
I NN
~ AR}
AN
1b
L \‘A u
o
-1+
e
I > A
‘27/'\ \1\ \/4\/\ f \f
- -1

2

X 12: ICKES, KNAED 200 (X)) oBELGbE
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Bl 4.5 (Z>F VDI (Rankine body)) U > 0, m > 0,a >0 &5 5, —fi fi(z) =
Uz, B m D —a ICEWVZHEEHL fo(2) =mLog(z+a), MBI —m D a [ZEWVZRIAAR
f3(2) = —mLog(z — a) ZHHDADLE LN ZHFHNTAHL I,

Z+a

f(z) :=Uz+mlog(z + a) — mlog(z —a) = Uz + mlog :
z—a

BRI ,
_ ay
¢:Uy—m(91—92):Uy—mtanlm
Hifili (y =0) Tix. v =0 TH2H»56, HIFRTH 2,

¥ 7

B ~m _1 2ay
'QD—O = y—ﬁtan m

ZOHBERIINEO MR E £ T, 2%k Rankine DB (the Rankine body) & FESR10,

2

o
T T

13: Rankine QI (M UMI DS L - WA A E—KiDOHELDGDH)

Bl 4.6 2EBEZHU (doublet)) #14.3 DN DOGRZE 2 5, IEER n ZHD . 2am = u
EVIH R ZRS7EET, a—0 T35,

f(z) = —2ma (1+%(9)2+---) P aso)

zZ Z z

105 F.#% @ William John Macquorn Rankine (1820-1872) 126 7 ¥s,
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(EWVH)EDhbom= % ZRAL T f(2) = mlog(z—a)—mlog(z+a) = —ulOg(Z + a)2—alog(z —9) —

ﬂ%@%z:—g&ﬁémﬁﬁiﬁaﬁﬁo):@ﬁm%ziﬁémb«mmM)awgo.

2

it
ut <A
e “:“
e ‘0.'55.-,-,“:’ N

L 1 OGRS

-2

14: “HBEESHL (FAUMIOBEEH L - ROIAALDHRIR)
Bl 4.7 (ARZEBEDZ—KR) 7 F DI T2am =p (IEEH) L LTa—=0 & LTAHAX

I(CHBEEHELE - REEOERADY, EBF X 50,

R:=\/u/U £EL &

WERT VY v L ¢ ERNBIS Y 13

2
¢:U(T+%)COSQ

2
¢:U<7“—RT> sin 6.

M r=R ETy=0Tdbo25. r=RIIMTH5, n
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7

Y
N
R

Lo - 3 * ) e';?z.; ;j?}"% * A > ‘ —>

[ Y'Y \ f 0 o\

[ NN é ..==’"” g2 —>
AN

7
_\‘

O
h

| | | | | | “ ‘ ‘ \‘ b
Ll S o e e

X 15: MfEZEE 3 —HE

5 MTFYIvIIBBZRVWTHRiNnZRDS

AT THRF v v VR E Z2 OFMEME Y L) XEZHELTw 5, ZOHiDNEIEE
BEbDIZLT, DI LIFZDXHEZATLE ) LHICTE2H D (FlETo6»Il%-
TWOTHLERZ W),

5.1 RFVIvILEREER

Laplace H Au =0 OBEFMENEZRT VI v IVBIRE L ), [FHIER O I - Bifix
MBI (7 77 ATTRROM) TH 570, BBGROH L ZEDEBELY M TR T v v )L
ME»EET 5,

2 Xt fiE UIEEMIROMEE R 7 >~ > v )L ¢ 1E. Laplace 2N ?D Neumann 5 S8 &

(5.1) Ap=0 in R,
d9
(5.2) 9, V" on 0f?

DIFTH S, &) T EZBHTHMNL 7,

INTlid, 2hzd Lt L 7 Poisson AR OB RERE (5.3), (5.4), (5.5) 2%
Z %,

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

2_Au=f LI BOWS X% Poisson HTE, f =0 DA, ThbHE Au=0 2 Laplace AT
b5,
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Fix, COMERIFFEICHORCIEETH 5, 207, A4 LB RIESEHHIK 5,
I CIFAREREIC X 2 BUEFI R 2 BT %,

Z DABDBUEGTEIE IS DWW TE, FICE TR 7 v > v VITEOEMEE ) (http://nalab.
mind.meiji.ac.jp/~mk/complex2/potential.pdf) & \»9) EHAZHEL %,

5.2 ARERETCRT VO vILEEZHEL
5.2.1 Poisson AEADBEFEREREE ThicH T 55N
Q% R? OFRALER, ZOBR 00 23T, Ty Kb Tw3 LT 5,
0N=IUly, I''Nnly=0.

F 720 Q DR 00 EoRICBIT AN EORMIERR 7 P v e n LT 5,
Q=R g:T1 =R g: Ty 2 RVBEZONTE E,

(5.3) —Au=f (nQ)
(5.4) u=g (onTy)
(5.5) S—Z =g (onTy)

729 u ZRD L. E ) DD Poisson HEARDEFUENETH 5,

o Ou, o u(zthn)—u(z)
T %(m) = hll>r£10 . = Vu(z) - n.

COEIE, XD X HIZEFETE S (595EF AL, weak formulation)s,

Find u € X, s.t.

(5.6) /gradu-gradv da::/fv d:c—i—/ gvds (veX).
Q Q Iy

ZZT

Xgy ={weH' Q) |w=g onl}, X:={weH(Q)|w=0 onTy}.

(RD7®: gradu - grad v = uv, + u,v,.)
\ )

Zf (5.6) 2B LIS, WULESEMADOL LT, WEAZNT ue X, F—HICEZE
D, 20D LOREDIRLE 25, 9EAZHW 2T u KD S Z LT L DOREZ L J7iE
ZHHBOAELTS, (ZONV—2 L L THEARDIZ, Riemann IZ X 2 H5EEM D, Dirichlet
D2 HW7ZGEHTH 52— ZHUT OV TIIHRHEAT %, )
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5.2.2 BREFHRE, FreeFem}+

BRERE (finite element method) 13, $RDOTTEZFH L § 2 B{EHGTHEETH S, 21
F0 7% ) O BHEMLER 2 720, WOV 7 b7 2 7RI N TR 5,

ZD15TH5, FreeFem++ 1%, »SV % 6 K% J. L. Lions WFFERT® Frédéric Hecht,
Oliver Pironneau, A. Le Hyaric, JABERFZHERFZDORKKIE K S DFHFE L 72, 2 XL, 3 XJT
iz GIRERE TS Z2H D, —HD PSE (problem solving environment) Tdh %, Y — A
aA—F, v=a 7 (1400 R—2 g0, F7% 77 v b A —24 (Windows, Mac, Linux)
D EfTBRAAy r =YD RHEINTw 5,

FreeFem++ (2D TR KK i [18] &) fEFE & T 223 flijHie 2 & 13, TFreeFEM++
DI DX TP TH A9,

A VA= VERDFIETIT), HETPLoTHELZDT, %25 ZDORIC P> T
AT, TrokhrolzbBRLTHFI W,

1. BAHMfi>Tw3 Mac OS X (macOS) DN— a Y 2R T 5 (T2 D Mac lZDW T
ZhH 5 LX),

2. NIEHEERSL O WWW 94 b (%721F FreeFem++'7) L3 WWW 44 b6, H
TDOS D=2 a3 /NG>T4 VAP —IVHD pkg 7 7 A )V (FreeFem++-3.53-1-Mac0S_10.11. pk
D K9 4N ZAFT 5,

3. AFL7% pkg 77 A V%2FTT 5% (Control+7 Vv 7§ 5 HBH 50 0),
b L b WREICIR 2302225 72 61X, /System/Library/CoreServices IZdH 5 “A4 ¥ A
F—=57 ZEEH L, 2IH06 pkg 77 ANVZRHET S,

4. /usr/local/ff++ D NICH 5 bin LWV IHEIDT 4 L7 b Y 4 28 L [ PATH ICZ 23X
ET 5, FreeFem++-3.53-1-Mac0S_10.11.pkg DI, /usr/local/ff++/openmpi-2.1/3.53/bi
EWVWITAL 7 Y 47DT, ~/.profile (£7z1% ~/.bash profile) D N DI

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

(kD $PATH 1T : TRYJ->TEMT %, )

EWVH)fTHEAL, ¥ — I F N2 ERE LAY D, source .profile DX ) IZL THE
ZHAET

/usr/local/ff++/share/freefem++/freefem++doc.pdf &\ =2 7INDH 5,

Bhttp://www.freefem.org/ff++/
Yhttp://nalab.mind.meiji.ac.jp/ mk/labo/text/welcome-to-freefem/
Bhttp://www.freefem.org/ff++/
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5.2.3 (5.1), (5.2) ZB<fc®HD FreeFem++ O7OT 7 L
LR T V> % L% Rk 5 B FUERNE

(F$5.1) Ny =0 (in Q)
(F5.2) g—i =v-n (on dN)

@%é(ri\ F1:®,F2:8§2,f20,g2:v-n.
Rz Q={(z,y) eR? | 2> +® < 1}, v = <;> DEZIE, (2,y) €I ITBVT n= <x>

Y
ThHHND,
p=v-n= . =z +2y.
2 Yy
e HWERT V> v V%KD D potential2d-v0.edp's « TNZLRAET S ~

// potential2d-vO0.edp

//  http://nalab.mind.meiji.ac.jp/ mk/complex2/potential2d-v0.edp
/7 2 RIGIHIEMEAR T > > v Vi

// HERT vl BEZRD, FRT V> vlfr, HESZ <

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

mesh Th=buildmesh(Gamma(m)) ;

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

fespace Vh(Th,P1);
Vh phi, v, vl, v2;
func Vn=x+2xy; // QWHAIFT, V=(1,2) DL E V- n=x+2y

/] EERT v ¢ 2RO, ZOEGMR ERT VT U i
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);

/] N7 P (vi,v2)=V ¢ ZHi< (bko LHERPD I
v1=dx(phi);

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

/] HERT T v BRE XD OV IR <
plot([v1,v2],phi,ps="both.eps", wait=1);

J
7077 5FTX¥ AL - 74 % — (mi, emacs, Xcode, 7TF¥ A « 74 v ML) T
/L, = F N5,

U522+ 274 9 b T T7F AL - 774 V%A - BT HICEETOFREINIETH S, http://nalab.
mind.meiji.ac.jp/~mk/knowhow-2015/nodel.html % F X,
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FreeFem++ potential2d.edp

[:Aﬁgﬁmtfiﬁ ]

EFZA T LTHEITTES, VI—v » F—2I DT LICRDODMITHEAR, Ktk (N7 PV L5
BT vy v V2 IO TERKY) 1E Escape ¥ — 2§ > TR T T %,

X 16: Q D =fAIEnE

B 17: —FEROER T v v VR, ik, X7 F L

Zo7a s 7 Lk, KD PostScript 7—% “counterpotential.eps”, “vectorfield.eps”,
“both.eps” ZHITL T3,

(Fix, LOBERIIBO—BELR VDT, 207077483 LBEIVEILIBHD, )

FreeFem++ 1E R 7 v ¥ v I)LREICIR S, s 2RJEZ A 2 L3k %, Rfididk- 7z
IR DB : Navier-Stokes TR K 5, HHLHEDOM Y OKONDL T 2L —2a v -
78 275 1 NS-cylinder.edp'® (¥R JE5E/E®D Finite element programming by FreeFem++
— intermediate course!® 2> 5)

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

A N7 BMNIVEIREEITEDES

S THNCHRE S, S DEROEF BT 2 (FEH [15)),

Q%R OFET S, QBERBE THEEMERY PVEREBF:- QRO EZ Q |
DAAT—IHLEWR, £/, Q ZERBE TS n RILR7 PIVEBS f: QR DIt %
Q ORI MILGZ LS,

h

f= ? Lp L E,

Jn

. " of,
div f := —2J
]ZI 81:]-

EBE, divf 7 f ODFE (divergence) WS, divf D2tz V- f EHFEL, divf i Q
EDAD 7 =8TH S,
“R BERZ RO Q OFER T C ko7 Pl £ ISR LT

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

DR D 32D (Gauss DRELER), 7272 L n 1, 00 LORICE T 20 M S EALEM T R
ThHH., do ZEBER 2RLOLGHIIMER) 2R T LT 2,
M 16. (A1) &

(A.2) / ﬁalm = fnjdo (j=1,2,...,n)
q 0; o0

LHEETH D I LEMERE K, 2L, n; En DFEjRAITH 2,
CH#DBIBF: Q —» R ICXHL T,

oF
or1
oF
grad F .= | 7
oF
OTn

EBZE, F QAR (gradient) EFF, VE EHFEL, UL Q EORZ FUVETH S,
Q EORZ LB £ ICRL T,

grad F = f (in Q)
Zii- TP Q> RBGFETZEE, F % f OIRTUIVILETS,
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FOCPHRDRT VvV F LT 57613,

afi _9f;

e Do, (in ;4,5 =1,2,...,n)
j i

(A.3)

DIK D 3D,

W CL DR 7 PV f DY (A3) i/ LT T, Q WHERFELR I, fFORT YT v L
DEFET %, EEE Q WITEEOBEALER a ZIAME LT, Q NOEEDOH o IR L T
x 2R ET S, Q NOXIINCHE S 2 Hif Cp 12X LT

/sz-dr

DX, Cp DED HICXSTI ¢ DATEED,

F(x) = f-dr
Co
EBSZLETHONZBAB F- QR fO—2DDRT VYLl D,
Q BEPHEG TR VLGS | EEORRIZERFRTH 2206, f 23(A3) 27z LT
WILUR, EEDORD T/ NI RIEFTRT VY ADFETH LIk b,
3RILD C {7 PV fITRL T,

) fs _ 0f

% fl el BIQ 8933

— |2 — | 2h _ 9fs

rot f = | oy f2 €y = 973 D
2 f3 e 8 on

1 T

EEZ. f OMEEE (rotation) LM, VX f, curl f £ HET, rot f 1 3 XILDOXRT L
Th 5,
3RILD CH 7 bV fITH LT, (A3) I1X

rot f=0

EFETH %, AT, 3RILDOXRTZ bV f R TV v V2R TS rot f = 0 23D 37
5, Wl rot f =0 WYL D V0% 61X, HEFHEBICEWT f OR T U v VDBFEET B,

2;%ﬁaw<7b1w%jn:<“>c:ﬂszm\(Aa)@
v

Vg — Uy =0

EFMETH D MDD Z EDY LD,

BRI 72 > T2 D3,
rot grad = 0, divrot =0, divgrad = A.

%k
rot(rot f) = grad(div f) — AF.
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B FENFOHE

DR IIMENETIERODOT, RN TEUIWITHVLDOLZTNE (LT TILD 5008
HEL v, )

B.1 Navier-Stokes IR DERXRIT{LE Reynolds #
R Al E #4172 Navier-Stokes SRR I

ov 1
(B.1) E—F(U'V)U = —gradp%—%Av.
72721 Re (&, RERNZEE U LREWLES L 2T
5 oo UL _UL
v v

TEE I N5 RILE (dimensionless number) TdH b, Reynolds # (the Reynolds number)
EMEN S,

AN 21T, Reynolds B35 L v 2 D ojfiduid, HITH 2 &),
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~ BT RO
REWBES L, RENZES U 20>

x t U

B. fe==, = —— "=

(B.3) =7 e Yo

EBLE, 2 E Y IBRIERITTOMNERTH D o IFIERITCDWEIEEETH 5,

oo _UD

9 vo
ot otor Lot
V', N % o ICBHT AW ERHFEET 5 L

v=|Z|= g—ai :%v’, A=) aa—;zéa’
) \snay o
L E% Navier-Stokes /723
(z)—?—i—(v-V)v = —%VP-I—VA'U.
IZfRAL T
p [%%UU/ - (Uu/ : %V') Uu/] = —%V/p - M%A'Uu/.
Fl, fAZNE N L T
pTUQ {g—g + (u V')u'] = —%V'}H— ﬂL—ZZJ
A% pU?/L T# 2% L
g—‘t‘,’ (W -V = —#V/p + pULLA’u’-
zZ7T
(B.4) p = ﬁp, Re := %
EB L, EBE5HMRITOET
(B.5) o + (u' - V' = =V'p' + NS
L ot Re
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B.2 Bernoulli DFEE

MBernoulli DEH ) FIEFICEHATHH, LIFLITSKINED, fAZ2{KEL TWEnE
LAEHEOWTHD I EIIEFICHETD 5,
(HEfR )
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C RDREE

BE1L Kl ld1g TH225, 1md TlE, 1002 g = 10° g = 103 kg. Y RIT p =
103 kg/m3. (1325 A —FILDKIZ 1 )

RE, BBE (TR 32) EEFE (TR 28) 28, BB X Z 2080 oI TIRAI N
TVEDT (BIPLKEICSLE LBE, EBR, 7LV 2178 : 1), FHOTTREIE,
32x0.2+28x0.8 =288 WZIZ1mol DEEIF 288 ¢ =2.88x10"2kg. ZDMHMEIL, 0°C, 1

. 2. 1072
SUET, 2240 =224%x10" cm® = 2.24x 1072 m3. W2 p = %kg/mg’ = 1.3 kg/m?.
(b9 UKSHICEET 2 & 1.293 kg/m?) ‘

KO + ZADELS, 75 =770.

B 2. () divs = 57+ 22 2B ) s o-on)

BRE 3. (HEih ZFBEAZHBAARZDICEEZLTHLTLEo7, VHENL VD
Rz BTI v, BIZIREAR - k) [11] 35E Ik 5,

BE 4. (HEfih — MEHROREICLSZ972,)
BE 5. (M)
BRE 6. o5 i TIX

3 3
0 0 1 [ 0v;  Ovy
oy = — | = M di ) A ! J

;(%jpw ;8%’( (bt Adivw)og 240 5 (axj+393i>)

3 3
- 0 , o (v O

Jj=1

) _ 2L (0% O O
oz, (p—l—/\dlvv)—i—,u (a—x?—f‘axla—%)

J=1

dp 0
= " om + pAv; + (A + “)axi

divw.

W 21
divP = —gradp+ plAv + (A + p) graddiveo.m
R 7. (el

0

BE S HAOMEEZ gzd2E, ANHEHIZ F=| 0| %%, FHELTVWEEWVHZ
-9

Eldv(x,t) =0 &) T L TH S5 5, Navier-Stokes TR IZ,

1
02——Vp+f,
P
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IThbb
0=tz o= o=_P_,
p p p

IS p(r,y,z) = —pgz + F(t). KiHiz 2=0%& LT, F(t) Z KK pjg 12T 5 &

P(T,y,2) = Dy — pgzm

B9 Fomd»/KEIICEEFNS, 1 U1 mDOYNFEZEZ 5, JKAIC 1 m? OKICE &H
N5, KiF1emd = (102 m3 DEHEN 1g=103kg THE2 5, 1 m3 DKIZH
HZ

105 x 107 kg x 9.81 m/s® = 9.81 x 10° N.
W Z 2K 9.81 x 10% Pa. —J7, KR&JHEIX 1013 hPa = 1.013 x 10° Pa TH %6, K&AE

5
2AKIED % 103 f5CH 5, KAEDHH1HAE 0, Kifids 10m FO LT
B OKIEBIZIE 1 GIEE S © b1 3, BAbe KGRI = U (LEHIEL ), =

& 10. #ELTWw22256, E=0THSDT, P=—pl. ®ZIT p(n) = —pn.
YIAD 2 %E Q &5, WKL 0Q DINED do D3K» 5521 5113, —pndo

TH506, Yk TR

F:= [ (—pn)do.
o0

CDW j TR, FERCERL (A2) 12Xk > T

/ngdfcnglﬁl (J=3)

Fj:—/ pn; do = — ;pd
o0 i /Oda::O (j=1,2).
Q
2z
0
F = 0 a
pg €]

T 1 1
BRE 11. 405 1HEIZ -vp Tkl ——vp Tbh b,

() BE p THLIRELIAD, KN pllhoTLESTVEDIE, FOPT0E0 5615
o (2.24) DEHOBRT, W% p THZHERDH -7 2 L 2 GHILTHL v,

R

\.SVE

(i) B5 — DVEDL TV 2D LMl K 9 720, (A EH 72D D) )1 (O—58) #RTIHT,
(R 2 LT U D 0UC) [TEDEWTTD RO I HDMEC 2 L TE 2D T,
—BhruEE,rLv, AMTZETTHS, =
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BRZ 12. (1) —MIC rotgrad¢ = 0 23K D 32D, (2) FEBNDER D SEED M 2 12\ 5
I N O C, ZH-> T, gb(w):/ v-dr EBLE, IZvDERT YT Y LTHS, m

@

RE 13. WD A (x) ::/ udy—vder £5%, m

RE 14. g—f:o ThHHIENEPNS, m

R 16. (MEfiEH)

SE 30

(1] FEHHE : BBGR DT FEA~DIGH (1) WA H2ED T, https://m-katsurada.
sakura.ne. jp/lecture/applied-complex-function-2021/AC05_0518_handout.pdf
(2021/5/18).

2] FERI#SE © BIBGR O E~DIEH (2) WM L & IBIEAMiSAT, https://m-katsurada.
sakura.ne. jp/lecture/applied-complex-function-2021/AC06_0525_handout.pdf
(2021/5/25).

3] HEH#HEE @ BIBGH OWUE N EANDIEH (3) HHRBIB D I i, https://m-katsurada.
sakura.ne. jp/lecture/applied-complex-function-2021/AC07_0601_handout.pdf
(2021/6/1).

[4] SHy - EREMNT LA, HARG R (1981/10/20, 1989/4/1).
5] A FHYy @ WR A HitR, SR (1973), W12 DO HARN SR, #BiRlzE»r N kd > 7,
(6] S0y« S HEEBEGE 1, 1T, ¥4 = v Atk (1981).

TeoAELEX

[7) 38 KIE : A5, KR (1982).

8] FL—RF L1 7 AWK SY 1, 2, 3, HAEKFE (1988), Lamb, Hydrodynamics, Dover
Publications (1945) D5y, fGARKIHIC X 28 TH 5, JRFD PDF 3% v F TAT
TE 5,

9] WAL F 74« 2 =7 ZATTEROEH, FHURZEHRS (2009).

[10] =2+ 797432 tPYHDIDDRT bV ET Vv, AEFENE (2013/1/30), J1134
Tx

%

[11] FAAA, HfE : BEEORNT, A53EIE (2006/1/26, 2016/11/10 (POD kX)), 5 REHAR
P DOHEME (1996~1999) Dotz BATARL L 72 b D.
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https://m-katsurada.sakura.ne.jp/lecture/applied-complex-function-2021/AC06_0525_handout.pdf
https://m-katsurada.sakura.ne.jp/lecture/applied-complex-function-2021/AC07_0601_handout.pdf
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