EREARERENFE

FEF #hH5E
201546 H 17 H, 202248 H12 H

COVID19 MIED 7@, 2020, 2021 4EEEIFA v 7= v Fifigz Lz, 2o&ER ([1], [2], [3])
DHEDT 4 —FNRNy 72 FTEETEL, ENTWEDT, LGS TES EHVWET,
L2579, )

B R

1 BBUSIC

2 REHZFOHFER

2.1
2.2
2.3
24
2.5

o RN (HERG), JEEMmaEtE .. o
0 R
HE GRS CEEEORE) . . .
BT v L v Y Buler AR, Navier-Stokes SRzl 2202 . . . ..
REETRES .

3 JEEMAEDRL LN

3.1
3.2
3.3
3.4
3.5

MEEEMZLOWIL . ..o
SERMRIZE T 5 Lagrange DIER . . . . ..
MR DM 2 L O E R T v v )b BXRILDHE) ... ...
FEHEMEMAOM A Lo L X7 v v )L QRILDBE) ... ... ...
Tt EBR TV YIURE .o

4 IFRIRRBZEEREERTVOvILETHRNEZDABRIL

4.1

4.2
4.3

FERIZRMAL oo
411 RRZRFEAC ..
412 BHEHIL, WSIAAR o
O U S =
Mathematica TRIGUL L TH 2 (PO HLOFHB) ... .. ... oL
HEARNZHODOEREGDYE . ...



5 INTYIvIVBEZBVWTHRNZERD S 32

510 RFvye VBIEEE . 32
52 AREFETRT Vv UREZMS o 33
5.2.1 Poisson SFFEADEFUAERE & 2o 4 2590 ... ... .. 33

5.2.2 AIREFEIEL, FreeFem++ . . . . . ... .. 34

52.3 (5.1), (5.2) Zf#L 72D FreeFem++ D7R 775 .. ... ... ... 35

A R7 NIVERREEIT B DEE 37
B HRAFEHZFOHRE 39
B.1 Navier-Stokes S DXL L Reynolds £ . . . . . . . .. ... ... ... 39
B.2 Bernoulli DR . . . . 41

C FHDBE 42

ZDOXGEIZEST %5 TODO Y A k: Bernoulli DEH, Cauchy D3 & BT > )V OXRHE
DFEW. EER (circulation) (DWW THIRL T %, BHRFMAFDFED LT X E > ?? Navier-Stokes-
Korteweg iR 2 A TD L H %,

W, BEERL (R T4 R &) OV DEATH AN H 5, 2 LI Z 21T
TEBHEEHARE L b 523, LIFs IFEHE2 S Lk v GRIEEFROMSE T — < 2 Ff>
FETH HTRIUE ),

1 EU®IC

T (luid) LB RERPICE > T, JBEPHED L ) I s bo” 2BALL b DT
Hb, HEMMEERMEE V) 2DODWHEEHDOAMIC L > TRELFHIND,

TROHEB Z IET L, LI DIiE, HL 6 HIMETH 20, FEFIEOMI TR B
NZHEELH Y, BEETHRRIIERINTVARY, ZO#EKETIE, MR TR, #
HBBGRZ > T &) T ENHRS, Ev) L Z2RT, MBIk 2 MEIZRENTH 5
D3, MBI PICEN D S OMNA DR L DIZR W LR EEZEZ TS,

p—2 I HAZETHE, RDUITIZH B9,
2 RIEDIFEMRAEDIRT V2 v ILFE (SiBBLDTN) = IERIEH

ERBEGH 2 ORI D FOREZID ) 2 L b HRETH 2 L, 2 DifiICERBIB D
ZWMAENLEDARX =P TEZDL L HHKS,

EEE

BEBABERENEDA —NT 9 TT 2L IH%FRBEOSEHRL LU, FTE5H [4]
EHITTEL (ERHEVFRADRT RV, FEHEOSIISEAE (1914-2004) 1E. Fifk T
YO T, HFEDSH 5] IRAESIFOHRN L TH % £ INT w5, MZEEOMRITIC

2



B9 2 A DU TELTH D, Hok "MHLOBSE  2FH e VXA DX Y
N=TH B %, FEEDEERBOVM LRI Z R4 FE (6] b I ICHRESEETDH 5,
WENEDT X AR ELTE, B BAHT, 8 [7] 2517 CEL, FBEPEETHL I LI
A FERKZEH T O IFFHC R TSR TW» 3,

BE, WHENFEOEIE $F 2 5 Lamb [8] (#IAR 1892 4F, 213 19324 7)) 1&, BUAmIC
Lo LTwad, HEMBMEDDLAIZOVTHEEL W (BIERRARD AT THE L s,
JFREDAFEIBDTH ),

FEIEAETUA D TR DBCANHLD iz ow»Td, FA [9) 217 X,

BT EARVERAR OWFE b A TH 205, EHEBE L DBENEIREC %2 DT, SEFH LM
AL (EHZRCHS Lotk v,

BEDWHE - 5K S D Mtk 2 R > Tw 2, BEHTE 2 5V WEAIC,
FREMRMAR E LTI, &) Z itk s, R 2L ->TH, MBI LA,
Hefiifs & LTl ) 2 E DMK 223, TREBKE L %52 L 20BN IC & D | AR
ELTHDFKINRE, LEHIT LIRS (T100m/s K 5VRHEE ) LE)ihxEwiI L
bH2),

T &Nk

BEBABGRAC, X7 PV &R R Z v 5,

X7 PVIEFTIZ O WX, R 2EE 2 M A ICHBEL TE VL, X7 MU, S
N IF RS ARTE N1 2E 2 Gl § 2 72 DI FEE L 72 D DT, BIETH 2016 ~DJEH %2 Zilk
LoD LIFEIRTH 5,

(2T, BHREHARICIE TR E X2 PV, I RHPHEI N TV ERTH
20, ZORHETHRENFEZIY EF20b, AU LI RBRES A%, )

Rty TR DT, EKEIAFTE VD 2 VTl 5, a2 —F —TI EzZ W
2 (FreeFem++ %) #$ 5D T, BIRDH 5 NFFA L TAHATHL W,

T UYL EWV)BIEIIME E V) AL Ly, DT v YV onTlE, ik
LRSI DR DR 2 D —F L b b2,

2 MENZEOFER
RS R DEEIC R 205, T, LI bIFTRVLDOT, b HHisRnI L,

BeED X TlEd, KT DICHBRAZEL DL hwd, BHROMED-DHICIZZ N
TEATTTHAIH, UTTIE, B¥Z2D L) mack s, “HE 2—)03BHL TH

THROYBAHEDFAZRTH 207 VX A b3 1959 £ 6 24 4ER, HEGE TR (hoesiath) Icfa L %
Iy A LT, AREEMD S TYHEOESNE ) WA S TH - B OBURE) & L THRITARL S N,

A TED D X I REL TEIPNT VB 7 742 [10] F2=—27ARTHDH, FL D LFTw»sH)
D3, WA R DB T v v, BRSO T Y v, ) =< YR T YL TH ) EIETRERIG T Y
MZOW TR SN TH WL (ZRLTHHIHCALD T, HEBHIED > THL I L2EHD 2),

3



%, PIBRIIC D BUAIIC D PR A B e o T 23, BIIR & R 7o A TE Y 7 SR 1T 2
oo THATH L (5 [5], Lamb [8], & W BEEMN MRS E L <, FA - hAF [11] @ §10.2 2,
fd 4 [12], Chorin-Marsden [13], Meyer [14]),
TARDIRREIZ, 5D2IRD3D (22242°2) DLDERODTEE 3,
i J‘—F&: (:13,25) ( ( ) <w>t)vw(wat)) - (Ul(wvt>7U2(w7t)>v3(w>t))
T p(x,t)
HEE p(x,t)
o AL ... SIEE 2\,

1. K, BROEE X ZOHE (STHAGR) 2K K, HEOHIZENL 5w, (FERIF
10% kg/m3, 1.3 kg/m?, 770)

(Ez2w»Tix, BTHZHAELTH 5, )

2.1 EfROFEN (BERT), IEEMEY
EHRODFE (continuity equation) & FHEN 2 XAD3 DRI D 2D,

(2.1) % + div(pv) = 0.

SEER HERGFDR D OO T, RO V NOEOEROZMIE, V OB oV 5>
S5HAD T LEEICFEL Y,

d
(2.2) pdx——/ pv - n do.
dt ov

(Z DAL 2 UL, X7 PV OEEIBRETH S, THBT740 -T2, )
TNy E Ry DA ASHA, 4312 Gauss DFEHCERE %2 F\v»T

j/ 9P g — /C(hv(pv)dx.

CNMEED VICOWTHKD D Z &5, (21) 218%, =

(RD7=®: (2.2) ODAIDMERETH, BAIGHEIC V OB 0V 2 X &> T V WIZifitud e
MEDERETH 2 Z L3, X7 FUVENTTIIEREN L 2 & TH 208, FHHZHAITIUE, B
ZAXHEEH [15] ofl 3.3.2 # R X, Eﬁwm&Vfwﬁ\ﬁ%Lw_&ﬁé WA 7 B D35

LoC &2 i, Pl ilg%lB |/ ) de = f(a) ZHGIUZEVG, AU

T, HEH [16]) OFIB.3.1 2 WL X,

SEAMICIE Z N BEIO DD, ~BAFLIZ 2L Lz (—FH LDz,
S DIRE IXEKT 5, f-ndo= / div f dz.
oV \4

4



[ 2. (1) div oEEZBX K, (2) (BEOWITE) div(pv) = gradp-v + pdive (V Z2flioTE
TEV-(pv)=Vp-v+pV-v) 2D D X,

(2.1) EXRDEHIZHFHIT 5,

(2.3) %+(U~V)p+pdivv:0.
D 0 0 0 0 0

TEFI NS Lagrange 9 (MBS, material derivative) % ZHWA E, (2.1) 1FRD X
ICHEIT B,

Dp
2. — ive = 0.
(2.5) D + pdiveo =0

WAEDWIUCIH > CEB)§ 251D, KXl ¢t TOMEZ x(t) £T5, Thbb

dx
) = (1))

DIRDNED, TDEE, MAEREDBEE f(x,t) I LT

d - Of . of
o (@), 0) = 2. a—%(w(t)ﬁ)ﬂ?j(t) + g (@), 0)
L of of
= 2. T%(w(f)i)vj(w(t)af) + o (@(0):1)
of
= 3¢ (@), ) +v(x(t),t) - Vf(2(t), 1)
of Df
\ J
ZERED Lagrange D230 THHZ L, ThbbSEAM
Dp
(2.6) T = 0

IR oL E, MAIIFFERTH S (fii £ 7%\, incompressible) &9, Tk

(2.7) divo =0

EHfETH 5, (FEE. (2.1) (& (2.5) D320 D ILOD T, g—’t) =0« dive =0.)
W, (2.7) 2 IEEMESRY &S,



Rz, B p 3855 S 1 3IREMTH 205, WL TLHRD L0, Bia, p DSE
W23 2 ERIEEMEE EZZTUB AL WEY, ERRBEDLIICKREZ)THS, BT
CELILIREDORLE 2 BIEKDINZEZZ 5 L. BEKIFMEE RV, p IZEBUCTIZZR S KRV,
FEEREDD (b 2 BRIC) 2RItk Th iU, BEIFERE &2 (2 DIEEMEMED B IZ
S Bk D),

BHEICH 2IRE, JFFREDZ TSI, HEMESH 253, LIFLIE, TRNOESI < v
NECT 0.3 P ETHIUIESEEDOMEEZZEZ 208N H 5 LSbNTnws, BROGEIE
REH 367 km DL ETHIUL, &) 2 Eickhsd, Z0LSH, BIIRE HBIRL T T, ik
DWEDE L WERICZ > 72 0 T 2858 b EMiEEE 2 2 DB EL 5,

2.2 WATFVVILEREA

ZOBDWEILIE, IEDT XA P75 OZIFED BB J LB GAL: e
. BIZ3TE 7] 2R,
SEROR Db ) Th B,

BAOD X ) LINIEBICIHT 270, KT&A (body force) EMFIXN 223, JidkH Hefild
5 EICE > TROT I &3, ORI G 2720, EEN (surface force) &ML
N5, HENDGEE, BOEEYN7 ) OS2 A (stress) &5,

TAEDIGIZ, b6 AANE ¢ ERA ¢ I T 205, 2T Th CHDM S ITIKFET
%, HDOMEF I, ZDHOMNAEHLIERR T PV n TRE S, WEDIEIIE, HHE x &I
At LHE n DATEE S, Tz Cauchy DIARE) v,

Cauchy Db RIE
TARDMEM S 2 2 & TR T TR IS B § 3, @F@ 72D DI, ALE x, K ¢ T
DI E (HlIEH4 A E AL 7 PLn THRET %) TEZ 5.

DFLIXS KGR ERAZEEL T (x=a,t=1), WMEDIEN p i n DEETH %:
p=p(n).

JERESERNC AT 22 2 = a; 238 LT, IEOMIDSE oM JIE 3 B Y 72 ) o 1%

Pi

pio |, P = (pij) £HBL. P ZIBAT VI (stress tensor) &M, EFED S

Pi3

Pi1
Pi2 | = p(ez) (Z = 17 27 3)
Pi3

THHD, FHIIMEED n XL T

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

Sy BLE R, VAR HETH 7l TH B,
OIS 1T >/ )V (stress tensor) ZET72DIT, 0 EVI)XFZM) T ELL . o lE SITHIBT 52X Y > v X
FThoroo, botbRERTIEH S,



TH 3,

Pii
TXAMCTEoTIE, ple) = | poi | (FEDMEEW 1) LEDTVS, RELDIEZ h 2
P3i

D, RIFIGHT Yo TE, AEBEOREID 6, —#&ic
(2.9) Pij = Pji

IO LD (P IEXNFET YV THD) DT, HEHRITT 256838\,

ETIE, (2.8), (2.9) DY VOBHZHHT 2801350, 2H0I) TEBRITEDLA
1 (RIS 72 25 0MlEA 72 LT 23) W2 20T 9,

[ 3. WiEN1%ED 5 WIFHENEZDORTHIEL T) (2.8) 2t

B 4. (T 5 5 B2 O ACRIBR L C) 5117 ¥ Y M — ISR > Y L Ch 2
Z xR,

v ZIEDORIEIG E T2 L&

L L 1 81),; avj
(2.10) E = (e;j), eij:= 5 (8:6]- + axi)

vy
TEE S E 2 EBEHEET VY I (rate-of-strain tensor, strain rate tensor) & W55,

EE 2.1 (BB -RBBIK2WT) F DI L2ERRET VY IV (deformation rate tensor) & b
MR K 9 THB, “deformation rate tensor” &9 FTEIXZ >, “rate of deformation tensor”
DIELV, EW) BERBEZRALIESD S, TOUY DRGEEDEGITIZOWTIE, (FAH3
NHETHD I LbH-T) HEHAREBEI RV,

$ro. BHRWET VY NEETLOIC D EVIXFRMS (00 D= (4 (2 +52))
EEDD) ANb WD, D Ew) XFERBEHRLT » V)L (velocity gradient tensor) 129 (2
$h D= (42) LEDZ) ALLZOT, WHESLETH B,

LI biFT, Bof: INooiEEHvs L L, SELTTHHET 0 TIER L,
HTHEELRETHS, =

~*E ~
Vv EWVWIEFZ2M) 2 EB3H 5, v D Jacobi fTHIDIREITH &9 EHES L\,
T

v Qv Oun Qv vy Ous

o0x1 0z oxs ozt o1 ox1

Vo = | Q2 vz OJvz — | 9uu Ov2 Ous

- 81’1 8z2 8273 - 8272 8@2 8%2

Qug  Ovs  Quz Qui Qvz  Qus

8£E1 81‘2 313 613 axg 8:)33

ZoitE M) L. MEAR T VY VG Vo, BEHHEET VY LE L (Vo+ Vo),
9 J




Stokes (1819-1903) &, WA DWW TORE Z#HL L T Stokes DRBFRABICE LD (—
B, S/, E=00DLE P=—pl%%), Z20d5

(2.11) P =al + BE + yE?

DEpNL, TITIIFRMET VYLV TH S, 512 Newton ffEDIGE (P 13 E D 1X
X)) 2k L

(2.12) P=(—p+Xdivv)l +2uE

#2132 (FA - by [11]) OERE10.11), 22T, p BIFAEETH D, p=p(x,t) IFAH T —
B TH %,

JEEAfE 72 Newton FAA Tl
(2.13) P = —pl +2uFE

DD LD, T 2T p (TREMESR (CREIELREL, REEE, viscosity) EFFIENZIEAEBTH D, p=
p(x,t) IZEA (pressure) &MFHIXILS,

DI Zo3CETIE, (2.13) RO ILOFBICOWTIRE 2 2 EICT 5, (u DEBTH 2
% Newton i, EH TR VYA ZIE Newton Fifk, LERZ 95T, AT TR
Newton JiA7Z 1T Z2EERKT 5, LWwW)H) L THH5, )

BLD p=0dH2%0Idv=0 (FHILFHE) 261X, P=—pl THLI25, &)/ p(n) = Pn
X —pn IZFFE L, DF DISOHANIANCEE (WA E), KE S DT HIK S 2o—7E
ip TH%,

(B pn), W7V IV P ET p, EXFP RS TRT DN IADHZINE, B
LAV S ket k9, )

=0 Th 5z EERME (perfect fluid) 72 IFFEREMETRIX (inviscid fluid) &S, —77,
p> 0 Th 2k z EEFRE (viscous fluid) & M,

HYEEZEDOEEDRESD HMMERIGEEICKET 2, HBIK 200 T, KIFKHER 1 =
0.001005 Pa-s. ¥ 7 ¥ THMOKEZRIZ, KD 60 ~ 80 fFREEE LD, FABLAIT u = 1.8 x
1075 Pa-s. KfRDE A, RERIZEIICIF E A ERAFEL 2\ (JAO#EIFHC@E 8 & Epi L T
REDVEL 20,

2.3 EFHEX (EHEORT)

RPN TR Z W T 2 B O X Ov/ot TlZ% <, Dv/Dt THH I EEFRELTE

<ohﬁL&7rm%vmﬁ¢5%§wﬁ§%ai

Duy Our vy vy vy

Do Dt ot T Vigg, T V2g,, T Usq,,

T | Dve | — | 92 Ovy. Ovy. Ovg.

(214) Dt T Dt - ot + U1 ox1 + U2 O0xo + U3 Oxs
Dusg vz Ovg. Ovs. Ovg.

Dt ot T Vigy, T V25, + Usy,;
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0.002

T
nensei.txt" using 1:2 —+—

0.0015 -
0.001 |-

o
+
*****
iy
0.0005 - i
.

0

L L L L
0 20 40 60 80 100

1 KORTERORIEFAE — MRS (013 Pa - s), BEBHEREE (W13 R)

T 5. Cotilg 2y (o Vo LU LS, DD

9
U1 8_501 a
2.1 V= o | =
(2.15) v-V b2 9z ”1ax1 +U20x2 +U38x3
Vo 8_m3
THDHD6,
5 5 5 o vl% +Ugg—;; +U3g—;}§,’
(2.16) (v-V)v = (U18I1 + vga@ + U38x3> vy | = ’U1g—§i + Uzg—zz + Usg—g
V2 vlg—;? —|—U2§—§z —I—vgg—x
W) ETHAI,
. . . 0 D o
B 5. 0 ¢ T ICH 2 FK T O HERE a_;’ o<, F"t’ ThDHI LRI,
AR DB TR
Dv 1
2.1 — = —div P.
(2.17a) Dt v
7-72 L

Op11 Op12 Op13
8%1 + 83:2 * 8x3

(2.17h) divp e | O O O |y g
8%1 83:2 8x3

Ops1 Ops2 Ops3
8ZE1 + 83:2 * 8953

TH 5,
SEEA RO V I W T, #HEIRERDORED S

D
p—vda::/ Pn do.
v Dt av



FHIADXRY b IVDE i BT Gauss DIFEECEMZ @ T % &

Di1 DPi1
pio | - do = / div | pi2 | dxz = / (div P), dz.
1% 1%

Di3 Di3

/ (pirn1 + pigna + pisng)do = /
ov rdV
w2 I

Dv i
ﬁdw—/leP dx.

ORISR T 5, =
M 6. P=(—p+Adivo)l +2uE (\, p 13EH) LT2LZ

(218) divP=-Vp+pulAv+A+p)V(V-v) (=-—gradp+ plAv+ (A + p)grad div v)
TH2 I LETYE,

RK 2.2 (EREREOEERARER) Z O CGEETIIEMIERMAEIC O W T O IFITH %\ 05,
b oD

(2.19) (%z+“ V)):—Vp+WMH%A+MVW%m

DD DT EWgn D, ZNDEMETRAEOEF R TH 5,
—RRET IR OIREITISR D€ 7OV AT (HIPER O RER)
*u

2.9 c
(2.20) P

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

ERERZ EHAV, =
JEEAMETE R TIE divP = —Vp TH 2065, EHBHRERIZ

Dv 1
D
bt
ov 1
2.21 = = ——Vp.
(2.21) 5 T V)v Vp

NSRS e OER S & L CH4% Euler AN TH 5.
FEERERETRIATIZ, P= —pl4+2uE. 2% D A =0 ETHUIRVLD T, (2.18) 225

(2.22) divP = —Vp+ pu(Av +graddiv o).

W 2 e E)

(2.23) p (68_': +(v-V) ) =—-Vp+pu(Lhv+V(V-v)).

10



FEEMESM: dive =0 Z2RAT % & (HUDREBEDIEI 0 TH 5 DT)

ov 1
(2.24) 5 +(v-V)v = —;Vp +vAwv.

CNDSIRIERERE A OS5 & L TH 4 7% Navier-Stokes 230 (Navier-Stokes equa-
tion) TH 5, 7L )
vi="—

p
LBV, 20 v ZEHEMESRE (kinematic viscosity) & -5,

B 7. (2.21), (2.24) 27 F AR ZHCTIZ, v DERIT u, v, w &AW THRE,

8. #iEL CWAHMDKIENRED X 5127 50, —BEGRE Y% IR5E L T, Navier-Stokes /7
A2 L CEIHY X,

M 9. Kifi26 1m TOEIADKEIFENL 50D, 15E (1013 hPa — h 1% 100 2
L. 1Pald 1m? 7D 1IN OHBD 5 L) T L) DfffEd,

f 10. ##ILL 72RO TR p(x) = —pgas+EE TH2 T & 2REL T (7 LAKIAZ 23 =0

EEZTVD), PIVFRXTADIZSIDJFEHZ R,

(K Utk Q OFREZ Q) ERT LT 2L, MERDPKPSRITZTT (bW 5iFEH) (3,
0

0 e [ FEENE LA E . RE S RIYMEDOERDKIZ» 2 EIITHEL V)
Qg
RK 2.3 (ENTRAKERF?) RRHERFRIC LX) ICRODoNn b5 90 7?
9p _ _

FE DD EFEZ SN DD, RADGE p IZEBTIZEWTH A ), IREHFEA

p=-L_ (Ry WRHEER T 13HE)
RT

ZfUAL T,
o _ 9
9~ VR.T
g FEBTH D ENET S E (RMIFZ ) TRRRVD, ZEAPE-TVD X %E S TR,
g=98m/s? & L THaRWIEMIIZ2),
_9 [Tz
Rel, T
EZAMIRE T 13 ([RREMP z, y ~DEEFEICOWTIIHZ DL 512 LTYH) 2 ITHEKHA
T2, BN REERPOBEIC R S, Ml IZERT 3 L TEHIEE 2 DLW TOEK
BIBCIERITE 2203, EOBREIFIZEIZETH 5,
(D LR b > C) MATHED IR, AMIFRUTERE 29 TH B, T(z) DEHEEZ & T,
Z0UH OB p(z) ZROTEBE, JWE L ZKREOMEDL S HE » 2#ET 2 (M [17]). =

log p(21) —log p(2) =

11



Euler if#3d | Navier-Stokes /7R b IERI R A TH 5 (HEOWEMIT Dv/ Dt =
Ov/ot+ (v-V)v DD v IOV TIERIETH S Z LICHEET S),
vAv 2RI LIRS, Navier-Stokes RO 2% & L 72 S DS Euler i TH 5,

—75. Navier-Stokes SJRRHADIFFIEIH (v - V)v 2 & L 5

ov 1
% Stokes AR L W5, FIEHBERTH 2D T, BENIIZ RO L -2 &2k b, L
B TH D X)WL SN0 LI Wwdd, JEI NS WEAIZIE, Stokes HREFAIZ
Navier-Stokes TFERDFEH L+ R WiERICZ>Tw3, EEbNTWw 3,

R 2.4 (Navier-Stokes AN — FEZ T ICRZA 5N SMH) Navier-Stokes /T (2.24)
ZROTHEAREE, AL (ML) THRAZRASNLDE5 90, EALICE->72bD
Thb, TOHERERE I v 7 ADFTTROIF TS ko 72, Navier-Stokes A b
AT ¥ —OEIAD ? THRRXLD ST D > 7z,

(2.26) 88_1; +(v-V)v= %Vp +vVo+ F  (EWERL).

(F 3 ETH Y, IR, £, 77737y A% V2 EEHLDL, X< b
LM TH > T, IRMETIE R\, ) (2.26) OFfiZ B, L) EZRABICHZ ) »EAT
Al ERHLINE, ITHIHEBRD L > TRO, HEMEC SRR WES ) D,

M 11. (2.26) Dz R (% p. 43).

2.4 BEWFv¥LYY: Euler A, Navier-Stokes HEXIIERIT DD ?

—fRIz, RHBIB DML & TTRADMEED—3T 2 T L DR DNET 5 72D DT A-775:
fFE VI DI TIEREVD (FIHECL DB T 6N2), LTOXHIICEZLET2DPTWL
EEbNns,

N7 MNVERSZ EITTTEZS E, o HfEE 1 >0 AT, EEp 3o
DHEXNTH 2, HELENTLODORAEKTH 206, BEEIBAITH % L UL, Hif
D7 & HE TR AN T 5 & RABEBDOME & TR DOEED 4 THOHH->T, #H
FEEHENDRE B2AREMELRH S LEZ NS,

Bl 2\ XBEEDE B DG, Efe D TRAUTIEEMSEE 2D, 2L Euler DA, £
7213 Navier-Stokes TR, & 5 IT#Y L BIR S & WIS 2 8V S ¥ 7- I HA(EIR SRE RS
BOBOBEEE—EMEZFRL., L IHIYBANLMERIEZ NS,

SIS R ETH 503, FERVBRM D T TH 2 7 DI L <, 3XouilEIc B 1)
% JEEH Navier-Stokes /TR DO WIHER FUERTE X, BIFE S SER B MIRITIZR > Tl v,
TRz owTE, MA 9 2R X,

ThEE, TRLTe R LBV TL I, 3 ikt (2016) @ p. 142.

12



2.5 REFEN

(ZTRBETIIILMRIC, RYIOBRELZTF? L Loy FT 5, )

p DIRFBIED & Z 1%, o FHR LEB) AT T, FEADAR L TR %
Vi, 22T, UMICEAT 2 REHEA 29 2 £23% 0,

p S p DADEETH S, LwHNAMNAE=FRIEDIKE

p=f(p)
ZE LI ETHRT 28D % L, BARMIZIE, BIZ XML ZIRET S5 &, Ty > 1 s.t.
p X pl/“/_
EMA L EIRET S L.
p X D.
X0 —ic X
-Vp=Vuw
p

Zii7 9 w DMEET 5 & ZF | isentropic TH b LW, w ZIT V¥ ILE— (enthalpy) &M
A, 2Nu b r E—iifklZ isentropic TH %,

3 IJEEMREDIREEL DTN

(AT OiETIE, fitklZd > THR WV, S0z 2 Lk cd, KiRETch, DLTo
ahldEMT 5, UMDz J5 &, Laplace /25 Poisson RO EEEIEL 5415
tibhz, ZnucowTRNOBHEHET S, )

3.1 MBELHALGLOTEN
v IR DORES E T 5 L E,

w:=rotv (TNFVxv &bFIT3)

53y

%ZRE (vorticity) EWPE, ZHUITRAER T O HEBOMMEED 2512F LW (29 TH 5),
w=0ThsLZE, MEIBEL E7IIIEEER (irrotational), JEIR (lamellar) &9,
FA 2 Lchiud, B v DRT Y YL ¢ DEHET %:

v=Vo¢.

(2D Ve I3 grad & DEIT 5, )

13



3.2 SEERMKICEITS Lagrange DETEIR

(2 2IFL 61F < TH)

S [5] DF 2\ EeNE, INEBEETH L, 206020 EY 77y 7T 505
ZREC T2,

DHED 2 voNm b u E—JRAEDMREE O D LIGEET 5 L EF MIEFEET 5 2 L BIHRT

52 Eb%\v, ) &9 Lagrange DEEEDK D 2D,

FLEDWAIZ LI REPEZ FFD D3, Reynolds O K E WEEIZFEATAE & v )l (“BRAR
) EFrsn 5,

YHARIH O CERE Tl KtEORIERB BT T 203, 2N DS DY ClIEMD T
AIFE SN, FRERED GBI T, WY “F R oIt LI Tfir< 2L
HHD, ZDOHEZDIMI LD EDPHAL O,

3.3 FEMREDRBZLOFNERT vV (B RTDIBH)
MDD v ITK LT,

L N
- ox’ U_ay’ YT,

27T ¢ (Wb b v DRT VYT YI) BEET L L E, ¢ 2TEOBRERT v IL LI
N, ZOMNIIRTIIVPILRTH S v,

12, (X7 PV OEE R TS)

Vop=wv, ie u

(1) BF v v uiftidiai L Td s I Lr2re,
(2) HOdEETEIRN O 72 L OfdUd KT v > v Ui TH % 2 & 2R,
DUT, WA»IEEM A L Th ), SHEEET o DR T v v ¢ BEET 2 LIRET
%, —M&IZ divV =divgrad = A TH 205,
A¢ = divgrad ¢ = divw.
FRIEMESAE divo =0 ZHWV 2 &
(3.1) A¢p = 0.

Tabb, FEMREOR T Vo v MIRICEB W T, BMERT v v VIS TS %,
FLodt

BRULESIE (BFICIE) BERT Y Vv ILHEEL.
SSIICEEMBSIEEERT VY v ILIXATEEHTH S,

14



Bl ZI8, FARD & 28 Q DEIRT v 2530 ToiUL, (0¢/0n =V -n £ D)

dp
(3.2) " (on 09Q2)
TH 555, Laplace IR D Neumann HBFERE (3.1), (5.5) o, ZRz2iTiL ¢
BERES (v BKRE2),
D &) BHEBIRT YO vIVERE EWIEN S, KT v vV EIRIER ICEETH 5, i
ENFECRS T2 DTEBOT, JIGHICEED S I LITT 5,

Z 2T, R A S B B IREMSAT 72T 5 6 GEEN TR H3TIC) 0 25K
Folz, ZTUBHERZBEEIZ, X T v v VDBEET 2856813, FEEMESEE I 1 > DRABIE
P BT 21 oD/5A (3.1) IFEINIDE, LEASTHAS ),

DX LT, MERKRE-AE LT, BAENEH HEXD» oKD o2 EMFI N
%, ZRUTOWT, —DODEHZHENL X9,

SEM R LIRAEO R T v v IWRICE W T, (S 5ICHES R KEZBMTEVWT) T
{tZ 417 Bernoulli DEE | 2340 7>, Z Z.“C RO D, pER (D F ) —FRTIEE
i) LIGEL k9. V (2) = LVp THZ 25, Buler HEAIRAL T,

" 050w (1),

vxrotv:V<% |'v]2> —(v-V)v

X7 b Vgt o=

i)

0 1
8_1Z:_V (5 |v|2+%) + v X rotw.

v=Vop &, rotv=w=0 ZfAAT 3% &

P
V(at Vo[ +p) 0.

D6 t DADEE g = g(t) BHFAEL T

33) p=—p |5 +3IVoR +a(0)].

Ihz—fg{tE iz Bernoulli DER L W5 (M EoEmII7ER2MmA Loove b e B
IR % ),

KRHHUZFE > T, o DT> T, p bKRE S, &) 2Ltk (ViR ik
KOFTp iZ Vp DIETLLENLVDT, LB L pld—HWITITEELS RV,

15



3.4 FEMREDRBZLOFNERTVOFIL 2RTDBT)
T DOTND 2 RKITTH 2 &1, v(z,t) = (u,v,w) BPROFKLERLTIEEZS I,
(a) z A3 TH 5 w 0.

(b) z ITX B\,

bt
u(z,y,t)
v(z,y,2,t) = | v(x,y,t)
0
ZD L EHER
% U e Wy — U, 0
w=rotv = 8% voey=|u,—w, | = 0
g w ez Vg — Uy Uy — Uy
21
0
w=10]1, W = Vg — Uy.
w

DUFClE, 2 RIGDOHEY; v = (u(z,y),v(z,y)) ITDOWTEZ S I LIZL T,

(3.4) rotv 1= z = Uy — Uy

FloFle

LiED B (H LR DER),
SRTEDBE & RIS,

o v BEFT VT v NEHTIE (v= Vo= (¢, ¢,) ZH7 T ¢ BEIET UL, w=0.
o w=0ThHiUX, v FEFNITIZRT V> v Lz,
e w=0ThD, BEXTLIHE Q PHEETHIUL, v IZ QBETET V¥ vLERD,
O DI ERTBOBERT V2 v )L EWERDIZ3RICEFETSH 5,

AG = bpy + Gy = Uy + vy = divo.

W Z AT DIEEAE CH UL Ag = 0.
w=0TH2IL2MELDERE T IRBLHH, EERITIZTRBE TR T v o v L3t
HETHILERZNELTVRLZDT, ATV Y APFEHETLILEMBRLDOERLEEZLDDR
b L\, H2VIERT VY v VSIS 2 ERFFL TR LItk B (29
LTwa56abH %),

16



£EZAHAT
FEHAf < dive =0
S Uy +v, =0
S Uy = (—v)y
S T F st Y, = —v, Y, =u.
f 13. Lol L2HEH»® k.

Bl 14. WENBIBFAEL., BRSMF v-n =0 2D D& &, MNBAEIIE R % 2 3%
o L CEBTH 5 2 L xRt

— Iz
(35) % = -0, ¢y =Uu

Zii7z 9 o &2 v = (u,v) DRNEE (stream function) WSS, ZD & ZF, FNEKIZKD
Poisson Sjf#R 2 {729

_A¢ - - (wzx + ¢yy) = - (_Ux + Uy) = Ww.
W Z 127 L OIEERER % & 12, RN BIEULIHMBIE TH %

Nip = 0.
I, ZDLE
(3.6) br =u=1y, ¢y =0v=—1y.
DI Y S,
g
(3.7) f(2) = d(z,y) +itb(z,y)

IZ DWW T D Cauchy-Riemann /TR TH 5, w212 f IZIEHIBIETH 5,
f 7z v OBEREERTIVvILE VI,
f=o¢+ip) TH?EZE,

f'= o +ithy =u—iv

CHBID.
u=Ref, v=—Imf.
f@@%ﬁ%fewfwaﬁaa\v:‘”@z.@zmqﬁﬁé\eﬁﬁgwﬁmaaao

g sin

CDZEEHERIC, f DI LEEREE LIS (HBREZEE EMERIADVES L, 2D
SJFFb b IINE, EEREL V) HFPFETH S),
FLHBE 2RILDFNUITDWT

S, WKl t 12BN OFEMR (stream line) & 1F, FHOBEBDOFOHFRT, 2 DK MICB T 2R
DERRER 7 PV E . ZORICBI 3MNDOEER7 PLDOAEHB LT 25D% V), HiFRE s— x(s) £T 3
Lo 2/ (s) || v(x(s),t) 2T 2 ERHBMTH B DDEMTH B,

17



(1) W7 L2 512 (RIS IE) X T2 o v LOSEET 5,
CUIHEIE R T > v VOMFIET 575 5 13H87% LTh 5, )

(2) FEFEHE 513 (RIS IZ) FAUSEAS e T B
(GBI AR ET 5 7 5 12 IRERTH 5. )

(3) FEEAFED DM L7 61X (JRATIICIE) BER T > v )b ¢, W  DEEL T, &
HICHNBIETH 5, ¢ 13 ¢ DIBIHBEBTH D, fi=¢+ iy FEFHRERT V> v
VEMEIN S IEHIBES L 22 5,

(4) v=(u,v) DEFRERT V> v )L f BFETDLEE, ff=u—1iv.

EE 3.1 Q PR TR TYH, Q 2R TS DRNBEBIHFET 28560 H 5, FERE.
—MHEE % E 72 B 72D 1iE. Q NWOEEDOEAEL ¢ 12xf L <.

/udy—vd:v:/@/)xdx—kwydyzo
c c

DD SED T EDRREA T TH D, (RK3DDE, ZORNZ—iEHTT5 L 0ICHh56%0D0
HLNAEWD, WOBL L0 EWVIDITTIERY, )m

f 15. WMNBEBAET 5 £ Z. Buler HFUIIRD X HICH TS (p WHETES I LI
H).

0

EAQ/J — J(, &) = 0.
7272

J<f7 g) = fmgy - fygm-
(RNBAEDFAET 2 72 6 (I EERM R O T, 2O HERIE, Euler R & IR % 8
IR L FAETHE I EICR S, )

3.5 THREFRTVIVILER

WGP NN X 6 WG 2 E R, EH &S (RAEPIEE > T» 5D Tidk
V), EHIZ UL T 2 720 DI b M L E R E M C 2L TH B,

4 N
EE 3.2 Al t ITB T 2MNDFRER (streamline) & 1F, N OHEIHDOF DMK T, 2D
BRIZBIT DR PLE, ZORICE T 3 MNDHEERT PV DFABP—EHTEHD
2w, NTET L, i s — z(s) T,

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

k% i 729 b DDA TH %,

o ViARIZINZI T EICRL 5,

18




o ViARIZR T DWIIE & 1342 2R TH %25, EHILDO LA AL T DPLE & —3K
¥ 5,

o MITHINREL L 09 Db b 2HEKT 3, (FNOTHCR  TELE 255, Zius
BT L b BT OB E b L 2w, )

2D G, MO DEROEFEGEMRIT, WM TD %,

Bl 3.3 (ARFEHBADKRT V2 v ILROBREREICESEHE) Q= {(v,y) e R? | 2? +y* < 1},
b=(1,2) DL &, Laplace JFFEX DB {EE

Np=0 ((z,y) € ),
99 _
on
D E LT, BMERT Vo vL ¢ D3KE 5, ZOFEM FRT v vUfR) 24 <, FRRICHN
ARz KO T, ARz, HWEY v =V L LTKRESL, XD/ J L potential2.edp

b-n ((z,y) € 09)

X 2: R T v v LfR X 3: Vs X 4: X7 kLG

ZHEL T,
FreeFem++ 12 X % UG &5 5 D ]

$ FreeFem++ potential2.edp

(1oM%zH T Eicib % 20T, =ML T, KD, B ¥ —%
LTS %, )

19



(—potentia12.edp

// potential2d.edp

//  http://nalab.mind.meiji.ac.jp/ mk/complex2/potential2d.edp
/] 2 ROBEEAMER 7 ¥ X Vi

// HERT v b, B, #HEZ KD

// HERT vk, Fsk, S 2 <

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

/] BERT el ¢ 2RO, ZDEEH CERT V2 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 TNBEEY 2RO, ZOEEM G 2/ (b ko EREEP 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);

/1 FEXRT v )Vik &k IR I <
// plot(phi,psi,ps="lines.eps", wait=1);

/[l X7 EVE (u,v)=V ¢ ZHi< (bio LHRPDI)
u=dx (phi) ;

v=dy (phi) ;

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

N

</

TARNIC B 2 AN 22 iR (BEEMICIZ R SR w e v I B OUNES dr = (do, dy) %

I 2 (BRSO 720 D) 3. v-nds THH.
ds — 0 1 dr\ [ dy
e = -1 0 dy) \—dz]’

v-nds=—vdr+udy =1, dv+ 1, dy = dip.
fit-> Tilhift C 2fk%z, oG IERT 2EIZ. C DIhRZ Py, &K%z P £ LT

w21z

/Cv-nds=/0d¢=¢<P1>—w<Po>-

WZIZ, 2 0DFMRTIZF I FNAHERZ RN 2T E X, Tl Lol BEEoED %= T

b5,
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HAEARNER C O L 2 ®FHNIZHEE D XD D 772 2 Wi S 2 WIZ R BFEET 5
BE. HWEHL»HVRIKRVIAARDHZ I EIChE, ZOLE C hofHcEEH 2ER.
VWb W B R TE 2

/ v-nds
C

0:%[/11)0

Mk D OBHE 0D 12X L T,

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

FEEMRATHNIE I NIE 0 TH 5,
AR 5 8 2 FIEN O R OPHIRE C 1R L T

F::/fv-dr
c

Zz Pl ¢ 1in ) 18IR & MRS

4 TFHREABEEREERTVYIvILETRHNEZDAHRIL
4.1 EHEERNGEHREN

4.1.1 —KREHRN

ceC, f(z)=cz DEHH. c=Ue ™ (U>0,aeR) 75, HEHEIZX

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).

Thbb

HER T > v )b LB

BT LG . D TAFEEEET, 2HSIREVICHRT 3,

KK 41 c=p—iq(pg €R) LEVEHPEETIEZVLP? 2D E S

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

oz, y) =pr+qy, Y(z,y)=py—qzm

21



5. —hk&iiin

4.1.2 BEHUL. TRLAH

m e R, f(z) =mlogz (2 € C\ {0}) DEH (ZAMBIEL ! ), (ABIEUIAFFEE Db L
o, LIXe CHlg, 2z RELiE off“ 7% L liBAEIC 22 B DT, RAEE R Z L
o kn, )

z=re =g +iy £T 5L,

w(z,y) —w(z,y) = f'(z) = % = % (cosf —isinf).
bbb
m
(u) 70050
v = = :
v ™ sino
,
(7T (i) EFLC. m>0%6IHMELHAE, m< 0 &oEfmE, KEIRFEAIS

EEIEEPNI W, )
HWERT ¥ v L LR BB
» =mlogr.
Y =md.

(¢ \Z—fliBE%L, o X% TH %, )
FROR Y 2 —$ 2RO C 2H5 &, C 6MIH S 2R (R) 13

/v-nds:/d¢zlm/dlem/f’(z)dz:lm iy = 2mm (B& L W IR DEHL)
c c c c

c <
E—ElHTH %,

GtEOMER: BICHZZ X )T, nds = —ddy ThHO, v-nds = —vdr+udy =
X

Ypdr 4+, dy=dip THB, 7o, df = f'(z)dz = (¢ + 10)s) (dx + idy) = ¢y dx — ), dy) +
i(Ye do + ¢y dy) = (¢r dx + ¢y dx) + i (Y dx + ¢y dy) = do + idy).)
u_@{iluihbi m >0 % SIFHEMICEVZBERU (source). m < 0 7 S AEITE W 72 I]
AH (sink) EMEEND,

22



.y

b3 -
BT L __l. .\/\:” \
e ’P*-X | ..'I | BEY
\ I\ Ly | I_' i
| {\
”K; N

6: HEHL

4.1.3 Bk (KRR

(LD f O m ZMESICELTHD, )
k€R, f(z) =irlogz (2 € C\{0}) DEH, z2=re? =x+iy LT 5L,

w(z,y) —iv(z,y) = f'(z) = " Ei(cosﬁ—z’sin&) = E(sinc9—|—icos€).
z T r
bbb
K ing
oo [%) = P _ k[ sinf cosf) \  [cos5 —sin5")\ [cosO
S \v) P st o \—cosf)’ —sinf ) sin 5+ cos 5* sing |
r
g, (7| & —x/2 B LA, )
HEER T > v )L L BRI
¢ = —kK0
Y = klogr.

st EEZ L E T AT, FEXR Ty v VRRIZE R 2R & T 5 FEMRTH S,
ZoFtuUE, FHAICED»NZBR (vortex filament) 7213 (point vortex) & MEEILS,
M C\ {0} &FTOTHDLZ EITHEREL X,

4.2 Mathematica TRRILLTHSD (°DFADEREA)

(AL, 7y 77— FME>THFE W, )

BEEOGE, AR OEGR E 2 RTGR 7 PV ORESHRIUL R O,

JBECRALE 1, F5358 Re (1, MEHB Im([], HLRHEFELL Conjugate ], HRME Abs[], fRfA (DI
fifi) Arg[], Z#1 & ComplexExpand[] 7% EDBHIEI LT 5,

2 BRI D FEEHRIZ T ContourPlot [1, X7 MLV DOHMIZ X VectorPlot[1 2SHE I 1
T3, TNHDFVHIEAYIAL v - ~VTRR K,

23



7 R

f uniform_flow.nb ~

(* uniform_flow.nb *)

c=1-21

flz_]:=c z

phi[x_,y_] :=ComplexExpand [Re [ [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]==Tablelc,{c,-5,5,1.0}],{x,-2,2},{y,-2,2},
ContourStyle->Directive [Blue,Thin]]

vv[x_,y_]l:={Rel[f’ [x+I y]],-Im[f’ [x+I y]1]1}
g3 = VectorPlot[vv[x,yl, {x, -2, 2}, {y, -2, 2}]

gall=Show[gl,g2,g3]

Export["uniform_flow.png",gall]
/

ComplexExpand[] (FHHHIIC Evaluate ¥ 28R HEZEZ TR L 7203, wob Ihzfli) D
DRVLAIIR T 6 78\,
—HMIZREL O THBICHIEITZ 223, 29 ThVb DB ELHEINEZ ) 72,

24



HEX7 b L

25

M/ A A b

A% 4/4/14/42/2,

8 REROERT V> v LR (DB 2 AEET )

9: —FERDER T v v )LEL. Wik &



e source.nb ~
(* source.nb -——- HEHLZH2 *)

m=1;

flz_]:=m Loglz]

ComplexExpand [f [x+I y]]

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

psilx,y]

(¢ HEBDOL L DY SR *)

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]]

vvlzx_, y_] = {Relf’[x + I y1], -Im[f’[x + I y]1}

(x RI39H F AT %)
g3 = VectorPlot[vv[x, yl, {x, -2, 2}, {y, -2, 2}]

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

gall=Show[gl,g2,g3]

Export["source.png",galll

= J

4.3 EEXHGBRNhOERSHLE

§§4.1 TRAN L 72 AN RN 2 BREDE MNEZTARTAHA L I, BBUGRSIE [4] 126>
72§ 503, BIEDBBRELZ EZADRH D X972,

20D 2RTGI % LIEEMERD S 5 & &, WELZ ZNFN vy, vy, TEZHERT Vo v
W% f1, o &8T5, 2DLE v +v, ZEEYE T 50AUL, 213D 2Kt % LIEEAMERK T
Hh, ZOBEEHRERT Vv VIE fL+ f, TH B,

FEFE, rot v, =rotwy =0, dive, = divey, =0, f] = uy — ivy, fh = uy — ivg THIUL,

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

Bl 4.2 (—HRREFEHULDOEREDE — HIE|EMEFZLEDHRN) U >0, m>0 LT
5, HFERERT VvV fi(z) =Uz O— it & . HBEEER T V> v VD fo(z) = mlog 2
DFEM L DELGHLEDOEZHER T > vt

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

26



W Z TP B
Y =Ursinf + mb.

=02 0p=0%70=0tTBLp=mr THELE, TSI DEEHT
HbH, ZICH (D OSIEBRERVID D) IFRMTDH 5,

¥ 7z
m (m —0)

Yv=mnr < Ursinf+mld=mn&s r= -
Usinf

_m.¥
(4.1) & r=y v
7272l pi=m—0. 2D (4.1) 1, 0< 0 <27 DHIPATEZLDDRV, ZDEE —m<p<T
DIIRY 5, THAGIANICHIRICHY 2 U Mol TH 27, MAVSIERIMRAEDOS G,
NZEER & § 2Pk 2 (UFBHEEIC) ANTH, MR RZ T 5w, 212, Zofii
X, ZoloMkE LE5ifineLLTw5, u

41—

N

|
N
I

L \/ﬁ. — 7
_47%!;* l‘ \4“ i \./‘\‘/\‘ I

[ / r
‘ > =
4 -2 0 2 4

10: —RR LB EH L oBELADE (KIIZ ¢ = tmr)

Bl 4.3 (AUESDFEZHU - RLVGAHDI) FELWHIDHEZH L LRWVIAADERAG DY
EZEI), 2=a [TEOWIZMI m DFEH L, 2= —a ITEHWZMS —m DWR\WIAAZE
PAEOELMNDOERRE R 7> vl

Z—a

z24+a

WEEEF T, B2Lalt2zEVTLEoTwAk, —m<l< 7 EBZTLTWVTHBEH, HENTH->
7o

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

27



(SHUEFEE C\ [—a,a] T MTEHABRCTH S, )
BT RO - RZRER

z=a+re%, 2= —a+re®

THESWWZ S L,
f(z) =m(logry +i61) — m (logry + ifs) = mlog n +im (01 — 63).
T2

HRF VY v RO RRE L R Th D, T ARy 2DMEET,

T2

7=\
ka7 ‘5‘5$§§ﬁ% 5% ]
o T RSN 4
S\ Eeseesn i 1 G
O eiso==s=ese o
o [— = - . = r —"E —
e — 2 \‘\‘s**'===u =====::=¢¢'41: AN T

NN
/ e \\“*
CIENGTIE RN

LT \
IS S

A R
‘\\\“&‘ =

2N

X 11: MUMIDOFEESHL ERVIAADEREDE

—J7. MAROHGERIE 0 =60, — 0, =TFE. 013 a, —a Do 2 ZHALAHTH L0 6,
FiAklE, 28 £a 2SI ZKETHMHINTH 5 (HMEADEMDLIZLS), =

Bl 4.4 (AUEE, REAZDBOR) 5L EI 25, HEiDE & 23O MO ELG
HbEZEZL ) z=a,—a ITBVERBOBEREERT Vvl ZhZh

fi(z) =irlog(z —a), fo(z) = —irlog(z + a)
£ %, SNHINOEBGDEDEREER T v > v LI,

z—a
z+a

f(2) = fi(2) + fa(z) = irlog
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BMAET VT v ILERIL

0, — 0y = TEHL,
AR % .
1o EH
T2
TH5, m

12: AUAE X, KHAED 2508 (4 ofhebe
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Bl 4.5 (Z>F VDI (Rankine body)) U >0, m >0,a>0 &7T 5, —i fi(z) = Uz,
BE m D —a ITEVZHEHL fo(2) = mLog(z + a). S —m D a ITE W IZWRIAAR
f3(2) = —mLog(z — a) ZEHDEDOE RN ZHNTH L),

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

z
T BB
_ _ -1 2ay
w—Uy—m(Ql—Qz)—Uy—mtan m
Fiih (y =0) T, v =0 THZ25, EEIRMTH 2,
7%

B om 2ay
'QD—O = y—ﬁtan m

ZoABERIIEOMKEEZ £ T, T % Rankine DB (the Rankine body) & FERY, m

2

[
= lﬁ/f‘,

1 2

13: Rankine QI (M UMI DS H L - WA A & —KRDOEHELDGDHE)

Bl 4.6 (2EFBZHU (doublet)) #4.3 DIRNDOIGEREZEZ 5, IEEH p ZHLD . 2am = pu
EWVIHIHBRAERSFFEF T a—0 T 5,

flz) = -2 <1+%<9>2+~~) —>—g (a — 0).

z z

105 F.#% @ William John Macquorn Rankine (1820-1872) 126 7 ¥s,
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(EWVHEDb . m= % ZfUA LT, f(z) = mlog(z—a)—mlog(z+a) = —pu >

ﬂ%@%z:_gaﬁéwﬁﬁﬁﬁaﬁﬁo):@ﬁm%ziﬁémb«mmM)awgo.

2

s

8 <KL

S “:“
(X ‘Oigﬂi,“:’ N,

I R A

-2

14: “HESHL (AUCMIOFESHL - KOIAADHKRER)

Bl 4.7 (AEFEZBEZ—HR) 7 F VDI T2am =p (IEEH) L LTa—0 &L TAK
) (CHBEEHLE KL DEQGDYE, EBFRA5D),
_ s
flz)=Uz+ o

R:=\/u/U £EL &

WERT VY v L ¢ ERNBIS Y 13

2
¢:U(T+%)COSQ

2
zD:U(T—RT) sin 6.

MEr=R ETy=0THs056, r=RIFNHTH5, =

31
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[
%

7

Y
N
R

3

Y

/
¥
%y
=

-ﬁgg
X

\

\

g

y ¥

%

e
A
0

| | | | | | “ ‘ ‘ \‘ b
Ll S o e e

X 15: MfEZEE 3 —E

5 MRFrrIvIBEZBVWTHRENZRDS

e TRT vy v VR E 2 OBMERE Y L0 ) CEEZARL TV, ZORHONEIXE
BELDIZLT, DL ZOXHEZATHSI EXHIXTE20D (HFlET-ob k-

TLTHL#REW),

51 Mo vILEEER

Laplace if2: Au = 0 OBIRHEREZ RT> 2 v VBB L 9, IEHIBE D FEEE - B
MR (7 77 ZSRADM) TH B0, BGHOH S 26 DMBERGI TR T v > v L
MEEST 5,

2 Kot U JEEMEROEER 7 > > ¥ L ¢ 13, Laplace Az D Neumann 53 FHE R E

(5.1) Ap=0 in 12,
dp
(5.2) 3, U™ on on

DFETH 5, L) T EzBHTHINL 72,

DITTlid, 2nzd L —MtL 72 Poisson AR EIFUERE (5.3), (5.4), (5.5) %%
Z 5,

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

L_Au=f L0 BOMS X% Poisson HTE, f =0 D&, ThbdE Au=0 5 Laplace AT
b5,
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Fix, COMEIREFICHORGEETH 2, 2D, R4 LBEFREEEH K S,
C ZCIFARERIEIC X 28R R 280 5,

Z DAMDOEMEEIBEIE IS DT, MHGE TR T v & v VRTEDOEMERTE, (http://nalab.
mind.meiji.ac.jp/~mk/complex2/potential.pdf) &\ 9 XEHEZMEL %,

5.2 BRERECTRTVIvILHEEZE<
5.2.1 Poisson FEADIRFMERREE ENICHT 55N
Q% R? OFRBZEK, ZOBER 00T, Iy Kbt Tws LT3,
0N=T,Uly, I'nNnly=0.

7R Q OB 00 EDORICE T 25 E DBAERN7 v E n T 5,
f. Q—>R, g1: F1—>R, ga: FQ%R%%‘K%“%&.&%\

(5.3) —Au=f (inQ)

(5.4) u=g (onl)
ou

(5.5) pr g2 (on I'y)

ilife T w 2RO £, L) DB Poisson HEEADEIFARIETDH 2.

e Ou, o u(zdhn) —u(z)
H: %(m) = hlgl—lo N =Vu(x) n

COMEIZ, XD L) ICEETE 5 (99EFIL, weak formulation).,

4 N
Find u € X, s.t.
(5.6) /gradu-gradv d:c:/fv da:—l—/ gvds (veX).
Q Q Iy
2T

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

(DT : gradu - grad v = u,v, + uyvy.)
\_ /

ZfF (5.6) B LS, WULREMFDOD LT, FEXEHT ue X, F—RICEZE
D, ZN3S LOREDIE L 702, BERZHT v Z2RD2Z 2 T L DREZ M Tk
ZHEBOAELTS, (ZONV—2E L THEARDIE, Riemann 12 X 25EEM D, Dirichlet
DIFEZE FHWZFEHTH 52— ZHUTODWTIEBHFIHT %, )
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5.2.2 HBREFRE, FreeFem+}+

BIRERE (finite element method) 13, F9EEDTIEZFH & § 2 RMHHRIETH 5, 21
37 ) D2 HEMLHR 2 720, EHOY 7 b7 2 7HFESIN TR S,

ZD125TH5., FreeFem++ 13, 2NV 6 K% J. L. Lions WZEAr @ Frédéric Hecht,
Oliver Pironneau, A. Le Hyaric, JAEEFEREBREREDO RFKE R S35 L 72, 2 X, 3 Xt
% GIRERE TR 2o D, —FdD PSE (problem solving environment) Tbh %, ¥V — A
aA—F, v=2 7)) (FI400 R— ) FWLIEX), £ 77 v A —24 (Windows, Mac, Linux)
[0 FTER Sy r =PRI TWw» 5,

FreeFem++ 122 TE, KIF-Ei [18] &\ ) iEE T 205, iz 2 &3, MFreeFEM++
DI ZHDIZDDBTH A,

A VA= NVIERDFIETIT ), FETPO>THELDT, 25N ZDRIT—HEIZP > T
AT, Torolz BB L TFE\,

1. B> Tw 2 Mac OS X (macOS) D/N— a ¥ 2R3 5 ( T2 D Mac lZ2W T
25 LX),

2. VBHBHERS, O WWW H A b (%7:1% FreeFem++') L5id WWW ¥4 225,
TD OS D=2 a7 v A b —NVHD pkg 7 74 )V (FreeFem++-3.53-1-Mac0S_10.11. pk;
D &) 40 2 AT 5,

3. AFL7 pkg 7 7 A NVEFETT 5 (Control+7 Vv 7§ 5D 502 ),
b L O WRAEICIRG 2302025 7 61X, /System/Library/CoreServices IZdH % “A4 ¥ A
F=77 2L, 226 pkg 77 A NVERET 5,

4. /usr/local/ff++ D TIZH 5 bin L VI ZFIDT 4 L7 MY 4 ZER L, PATH ICZ %%
ET 5, FreeFem++-3.53-1-Mac0S_10.11.pkg D¥frld, /usr/local/ff++/openmpi-2.1/3.53/bi
EWV)T AL MY 4D T, ~/.profile (£7:13 ~/.bash profile) D N DI

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

(TR D $PATH 12 : TXYJ>TEMT 2, )

EWVIHfT2FEIAL, F—IF NV ZEH LET D, source .profile DK ) ICL THE
ZBLAET

/usr/local/ff++/share/freefem++/freefem++doc.pdf &\ v =2 7LD H 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) Z < fcHD FreeFem++ O70OT 7 L
MR T V> )L RO 5 B FUERE

(F5.1) Ap=0 (in Q)
(F$5.2) 2—2 =v-n (ondN)

DEGHEIF T1=0,T2=0Q, f=0, g =v-n.
iz Q={(z,y) eR? | 2* +* < 1}, v = (;) DEZIF, (2,y) €N ITBVT n= <I>

Yy
THHDH,
Jo=v-mn= . =x+ 2y.
2 Y

- HWERT v v )L %KD S potential2d-v0.edp'® « TNZREFET 2 ~

// potential2d-v0.edp

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

// HERT Vo v, BERZRD, FERT V2 vlik, B2

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

mesh Th=buildmesh(Gamma(m)) ;

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

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

/] BERT Vv aRkD, ZOFEM CERT Yy v M) 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);

/] X7V (v1,v2)=V ¢ zHil (b xo MR I
vi=dx(phi) ;

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

/] ERT v vV E X7 bV Z FRHCH <
plot([vl,v2],phi,ps="both.eps", wait=1);

\ _J
7077 LFTFAL - L7 4 % — (mi, emacs, Xcode, 7¥ A b+ T 1w MR E) TfF
KL, ¥—3Fuhs6,

ARSI ICLTHET
[FreeFem++ potential2d.edp ]

UFXZA P74y b T, TXAL - 77 A NEAT] - BT 2IC3HETOREVNIETH 5, http://nalab.
mind.meiji.ac.jp/~mk/knowhow-2015/nodel.html % F X,
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EZATLTHITTES, VI —v - T—2f[ DT LICRDMITHEAR, iR (N7 P e
KT v v Utz i TEHE W) 1 Escape ¥ —2f > TR T T 5,

B 17: —FEROERT v v VR, ks, X7 kL

Zo7u 77 L, KD PostScript 7 —7% “counterpotential.eps”, “vectorfield.eps”,
“both.eps” ZHINTLTWw3,

(5213, LosgEREMO—BHELR VDT, 2O7a 7703 LAEIVEIADBH 5, )

FreeFem++ 1Z AR 7 ¥ ¥ v VIEICIR S 97, tax 2f#EZ R 2 L3k %, Rk 7
IR DB : Navier-Stokes HHEHIC X 5, HHALHEDOH ) O/KO|NDS T 2L —2a v -
7'8 "5 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 X7 BMIVERERIF R DEY
ETHTHE Y. R DERDEEIZEMT 5 (K [15)).

Q% R"DHEKET S, QZ2ERKETHEBMER7 PUVERKF:- Q-RDOZEZ2 Q L
DANZF—IZLWPS, £/, Q ZERBET S n oG 7 FVEBE f- QO >R DT L %
Q EORT NIVIG LW,

fi
f2
F=| | eTBLE,
f
divf::Z%

j=1
EBE, divf % f OFEL (divergence) LS, divf DI EZ V.- f EHEL, divf i Q
LoAHFT=HTH D,

“RW R RO Q OPERE T C o X7 PV £ ITk LT,

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

DR D 32D (Gauss DRELER), 7272 L n 1, 00 LORICE T 200 m S HEALEMX T R
ThHDY, do ZEHEER 2 XLOLEIIMER) 2RT LT 5,
M 16. (A1) &

of .
——dx = fnido (j=1,2,...,n
 0z; o’ 7 ( )

LHEETH DI LERMERE K, 2L, n En D jRITH 2,
CH#DBIBF: Q — R ICXHL T,

(A.2)

oF

o1
oF

grad [ := @

OF
OTn

LEE, F OAR (gradient) LW, VF EHEL, ZHEQ LORZ PAETH S,
Q EoX7 bV fITRL T,

grad F = f (in Q)
ZhWi72 TR F: Q- RPEFETIEE, F %2 f ORTVIVILEES,
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fDOCPHDORTT vV FBEETS%6I1E,

ofi _ 9f;
A. S

(in Q;4,7=1,2,...,n)

N AVRYASN

WS CYRDOXT PV f B3 (A3) 27z LT T, Q BPHER LR IX, fOoXRTri v
IWISEIET 5, FEBE, Q NIEEDZEALER a 2R EL T, Q NOEED R = ISR L
T,z 2R ET 5. Q NORXZTIIZHE S 22l Cp 12K LT

/ f-dr

DfilZ, Cp DD FIZLSFIC 2 DATEZ D,
F(x) ::/ f-dr

EBSIZLETHONZBEB F- QR fO—D2DRT VYLl 5,

Q BEPHEFCAWEAED | EEOMRIZERERTH 206, f 23 (A3) 2z L
TR, FEREDRDTINIBEHFETRT VY Yy VDIEET 52 LIk D,

3RILD C {7 PV £ IR T,

) fs _ 0f

% fl eq Oxo Oxs

— |2 — | 21 _ 9fs

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

1 f)

EEBZ. f OEEE (rotation) WX, V x f, curl f £ HERT, rot f 1 3 KILDOXRY L
Th 5,
3XILD CH 7 by fITR LT, (A3) X

rot f=0

EFRMETH 2, WZIZ, 3 RILDOXNY bV f BIRT U 2 V2K TS rot f = 0 23D 37
5, Wil rot f =0 IR VO %6 IE, HEFERICEWT f OR Ty Y AMEET 5,

2 RILDN7 MV f = (“) IR L TR, (A3) 1
(%

Uy — Uy =0

EIAfETH D, [FRRD Z &R D T,
BRI T2 o 12Dy,
rotgrad = 0, divrot =0, divgrad =A.
nE
rot(rot f) = grad(div f) — AF.
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B FENFOHE

OMRIIMAEN LTI R ODOT, RO TETUIVWITHVLDOZTNE (LT TIkD 5003
HEL v, )

B.1 Navier-Stokes IR DERXRIT{IL E Reynolds #
R T E 7172 Navier-Stokes J7FEFIZ

ov 1
(B.1) T (v-V)v=—gradp+ §Av.
772U Re &, REWLEE U ERENLRS L 2HwT
(B.2) Re := @ = E
o v

TEE I N5 HXRILE (dimensionless number) TdH D, Reynolds # (the Reynolds number)
EMEEN S,

B[N 22 BT, Reynolds B35 L w2 2DfiiLd, HTH S L v,
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~ BT SRR O
REMRES L RENEES U 2T

t
(B.3) =2 — fi=

EBCE o & BIESOLOMZEBTH Y, o BEIOUDEBERTH %,

o o _UD
ot ototr Lot

V', A e o ICBIYT A EHIEE T 5 L

9 92y 9
71 Oxy Oz 3 9
B P I A 1 B 0 1
Vel | = |mor | =2V A7 Lae =Y
0 dzxsy 9 j=1 J
Pl E% Navier-Stokes J7FEZ\
1
%ﬂL(v-V)v = —;Vp—l—l/Av.
IfRAL T
U o 1 1 1
p {E%UU’ + (Uu’ : ZV’) Uu'} = —ZV’p—I—,uﬁA'Uu'.
e, Az Z L <
pU? [ o/ 1 ulU
o |G V] = e i
Wjdz pU? /L CTHEl% &
ou’ , 1 ]
- . v/ / — __v/ A, !
o + (u Ju RiE p+—pUL u
2T
1 L
B.4 p/ = —=p, Re = &
pU? I
EBECE, ELHHMRILORAT
ou’ 1
B' i /‘ / / — _ !/ _A/ /'
K( 5) 8t’+<u Vu Vp—i—Re u
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B.2 Bernoulli DEE

MBernoulli DER ) ZIEFICHELTH D, LIFLIZSKINDD, fMZKEL TWLENE
LALEEWTH S Z LIRIEFICHETH 5,
(MEfRiH)
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C ROREE

BE1L Kl ld1g TH5EH25, 1md Tk, 1002 g = 10° g = 103 kg. Y RIT p =
10° kg/m?. (1325 A — bV DKIZ 1 )

RE, BB (TR 32) EEFE (TR 28) 28, BB X Z 2080 oI TIRAI N
TV5DT(LIHIDPLHEEICP S EMFE, EHR, 7T vpd 21078 1), FHOITFREI,
32%0.2428x0.8 =28.8. WAIT 1 mol DEHEIZ 28.8 g =2.88x10"2kg. ZDERIZ, 0°C, 1

—2
ST, 2240 =2.24%x10" em3 = 2.24x 1072 m3. WA p = %kg/mg’ = 1.3 kg/m3.
(b I UEHICEHHET 2 £ 1.293 kg/m?) ’

IKDBEE +~ TR DEE T 13 =770. m

BE 2. (1) div f = gg +ng +g£3 (2) (fEiHi7z o THE) m

R 3. (T BIREARITLRAAL DI EEE LTHLTLEo%, VbERAV{1o
AERTFE v, PIZEHAE - B (1] BBEIC% 5,

RE 4. (P — AEHROREFICX 229 7,)
R 5. (MEfiE)
B 6. &5l

5 1 /0v; Ov;
— ,L ]
E pw—g 8 ( (p+ Adivw)d;; +2u - 2(8 +8wi>)
3

3
. 8 81),- 81}]'
25238 +Ad1VU)+uj;a—%(axj+axi>

7j=1

0 DPv; 0 Oy
a (p+ Adivw) +MZ( +8$Za_xj)

dp 0
= "o + pAv; + (A + “)axi

divw.

div P = —gradp + pAv + (A + p) grad divo.m

0
BE S HINEELZ gzed2E, AHIZ fF=| 0 | &%, fHELTWEEW) T
-9

ElFv(x,t) =0 £\W9) T ETHSHH 5, Navier-Stokes T2 T,

1
0:__vp+.f7
p

42



bbb
0=-Lr o=ty o-_F_4
p p p

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

p(2,y,2) = i — pgzm

BRE 9. LomdKmEicEENS, 151 m DY iEREEZ %, JKIEIZ 1 m® OKICE E
N5, Kid 1Tem? = (10723 m® DEHED 1g=10"2 kg TH20 5, 1 m® DKIZMH
EEWIIES

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

@zmmﬁigmxgﬁﬂi~ﬁ KETIZ 1013 hPa = 1.013 x 10° Pa TH 226, KRJE
XKD lgii@f—m3MT%% RETEDTT DI 1IHIARZ W, KiED25 10m FTHOEIA

9.81 x 103
DAKFEREIE 1 RIEE VS C LIz, EMERRIERA T (L EHHEL ),

R 10. HILL T35, E=0THEDT, P=—pl. ®ZIZ p(n) = —pn.
WA D o 28R E QO &9 5, WRER 0Q OM/INES do DK 62 5 11k, —pndo
TH 516, MikEETIE

F:= [ (—pn)do.
o0

COH j TR, FERUERL (A2) 12Xk -T
o /}wdePQM|(J=3)
Fj:—/ pnj do = — /8 dx
o0 i /hdmzo (j=1,2).
Q

Y

0
F = 0 .
pg Q|

Ay i 1 1
ﬁ%lLEﬂ%lﬁ@;Vp?ﬁﬂ-ijf%&

(i) BEE p CHEREFLIAN, N plihoTLESTREDIE, FOBRTRE0E7 2
Do (2.24) DEHOMET, W% p CHZEERH -7 2 2L THL W,

(i) BE5 — VEL TV 2D bl K 9 7223, (B ED 720 D) 11 (O—8) 2T HT,
(R 2 LT U D 0U0) FTEDEW T GARWHFIZ I DME C 2 L DR TE 5D T,
—PhruEE,rLv, LAMNTZETTHS, =
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BRZ 12. (1) —MIC rotgrad¢ = 0 23K D 32D, (2) FEBANDER D SEED M 2 12\ 5
I N DML C, ZHl-> T, gb(w):/ v-dr EBLE, IZvDRT YT YL THD, m

x

BRE 13. WD H: (x) ::/ udy—vder £5%, m

g 14. g—f =0 THAHRILEDEIPNS, n

R 16. (MEfi)

SE 3

1] HEE#E : BEIEGR OWE I A~DIGH (1) FfE 5~ D 75, http: //nalab.mind.meiji.
ac.jp/~mk/lecture/applied-complex-function-2021/AC05_0518_handout.pdf
(2021/5/18).

2] HEHHEE © BIBGR O WA T A~ DIGH (2) WL & IEEMISAE, http://nalab.mind.
meiji.ac.jp/~mk/lecture/applied-complex-function-2021/AC06_0525_handout.
pdf (2021/5/25).

3] RS © BIBGR OWE I AN DIGH (3) EEBBDE $Iii, http://nalab.mind.
meiji.ac.jp/~mk/lecture/applied-complex-function-2021/AC07_0601_handout.
pdf (2021/6/1).

[4] SHy - ERMNT LA, HARG R (1981/10/20, 1989/4/1).
5] ZF  FARTIF Hi, SR (1973), BRI E Lo 7,

(6] 4 3F5h  JEATBBIEGH 1, 11, A = > A%k (1981).

7] SEKIE ¢ ik, B (1982).

8] AL —RAF Lt F LUK 1, 2, 3, HKE (1988), Lamb, Hydrodynamics, Dover
Publications (1945) O4HY), FGARZEIIC X 2HiRTH 5, JH#E D PDF 3% v F TAF
T\% % o

9] BARA : F 742« 2 =7 ZATTRROEH, FHERZEHIRE (2009).

[10] =XV = 7742 YD DDXT bV ET v GIENE (2013/1/30), )14 #

[11] FIAA, it - BIESRNT, S5 (2006/1/26, 2016/11/10 (POD kR)), 75 el REsifR
Bt DI (1996~1999) Dotz HATARL L 72 b 0.
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