EREARERENFE

FEH #hsE
201546 H 17 H, 2020412 H 7 H

B R

1

2

EU&HIC

mEHZEOAER

2.1 ko RN (HEERE), FEMES .o
22 ISHTYVIVERTT
2.3 EEGERX GEEIREORIE) . . . ..
2.4 BEEWNF v L v Y Buler JTRERAL Navier-Stokes HREAUSETF 202 .. . ..
2.5 WREEAFRZL

JEERERAEDRLR L DFRN

31 MELMALOWL .o
3.2 JEHEMTRAEOME LORNE R TV YL BRITLOEHA) .. ... ...
3.3 JEEMERAORZ LolnE K7yl QRILDOBE) ...
34 WMREZERT I YR ...

FHRHZEREERT YO vILET BRNEZDRRIL

4.1 FERIIZRIEAL ..o
411 —RRBRTRAC ...
412 WEHL, WORAA
413 MR ) L

4.2 Mathematica THIHULL THAS (O HOHTH) .. ... ... .

4.3 HRNERFROOELRGOY ... .

KT vIVEEZBVWTHRNZRDS

510 RT v lREEX .

52 AREHRECRT Vv UREEZMS .
5.2.1 Poisson HFREAOHEFENE & Zrucwtd 2991 ... ...
5.2.2 BRREZRE, FreeFem-++ . . . . . . . ...
52.3 (5.1), (5.2) Zf#L 72D FreeFem++ D707 75 .. ... ... ...



A 7T NIVEERERIT R DES 36

B HRENZEDOHRE 38
B.1 Navier-Stokes T2 DMERIGIL & Reynolds 20 . . . . . . . . . ... ... ... 38
B.2 Bernoulli %R . . . . . ... 40

C FDr#E 41

ZDOXFEIZEIT %5 TODO Y A F: Bernoulli DER, Cauchy DI E ST >~V )L DR
DFEH. EER (circulation) IZDWTHIRE T %, BEHSEMFDEED T X E %> ?? Navier-Stokes-
Korteweg iR 2 A TD b H 5,

1 ELU®IC

ik (fluid) &L B RENICE > T, KEPHEAED L) I i s bD” 2HELL7-bDT
H5, EAEEERMELE VI 2O2OWEHEOERIC L > TRESFTEI NS,

TAROER Z JET L, L) DIk, H D6 HIRMETH 50, IFIEOMY HRERXHE
N2GELHH, BETHOREACRMBRIN TR, Zo#ERETIE, BRI T Tk, #
FEBGRZ > TR ) Z kRS, L) 2L ERT, MR 2 MEIZRENTH 2
D3, ARSI AN B3SO N DR L DR W LR EEZ TS

fAp—2FHASLETELE, RDIUTICRDES ),
2 RITDIFEEMREDRT Vv ILi (5RELOFRN) = IERIEE

BWREBAEGHZ O iR I2AOREZ IO KD Z L bA[RETH % L, Z DWilcEERE oM
RN DA X = TEZL B ELHKS,

W

£

BEEBABEREN LA =Ty 7T 2L IA%RFRBEOSEHRL L UL, T35 (1]
ZHITTEL (EEHFHHALT TR V), FHEOSHIMA (1914-2004) 1%, FifkS
FOMBT, HFEOSI 2] BRAENFEORERN LR TH % & INTw 5, HZEEDOMRITIC
BId 2k 1o cELTH D, B4 TYHYORCENE ' 2FH o S VXA DX v
N=TbbH 5, FEEDEBIE DT IFIIERZ IBR75F: [3] IEF ICHIRROEETH 5,

WD TF AL E LT, 2] IAHC, 38 4] 250 TE <, FEPEETHL I LI
Mz, BRI 755 @ﬁ%i% CRAfTEHWTV S

BB, WENFOHME S F 2% Lamb [5] (IR 1892 4F, 213 19324 2) 1k, BUAMIC
Lo LTwad, HEMBEDDLAIZOVTHFEL W (BIERIRAD AFITH L s,
JREDAFIIBDTH %),

'HARDYBAEDRANZTH 207 )L X A 43 1959 4740 5 24 4R, HERE TR (HhRaimed) I2FRs L 72
Iy A BT, GBEEIED S WHYOHNE, . hRaGgite o Ui - BEoBNE, & L TRiTA LI,

2



FRIEAETUE D SRR DBEAHLD iz ow»TE, FA (6] 21 X,

BT EARVERAR DWIE b A TH 253, HHEBE L DBENEIREC %2 DT, SEFH LM
AL (EHZRCHS Lo THRR V),

BEOWE - Kk E % NP B2 R > Tw b, BEHTE 25 WhSLEHEAIC,
FRIEMMAR E LTI, Ev) 2 itk s, 2R DL > Th, MBI LA,
Hefiifs & LTI D) 2 &K 228, TESKE L %5 L 20 REMIC & D | AR
ELTHDFKIRE, LEHITLICRZ(T100m/s K 5VRHEE ) LE)ihxkEwiI L
bH2),

pig kI

BRBEGHI, X7 PVENT LR iR 2V 5,

X7 FIVIBFTIZ DWW T, fE2EEZ M8k A ICHEL TE8Wwi, X7 bV, Bl
N IFBIERARTE I 2 iR T 2 72 DICFEE L 7 b DT, BIETH 216 ~DJEH % 5k
LODO¥RZ EIZHIETH S,

(20T, BREFLERICIE TERRERY PN, EWIHIREHPHEIN TV IRTH
5203, ZOFHTHENEZID EIF206, AU L) RBELESER 5, )

Rty TR D » TR, EKEIAFTE VD) 2 VTl 5, a2 —F —TH iz
2 (FreeFem++ &) #$ 5D T, BIRDH 5 NFFA L TAHTHL VW,

TUYIILEWV)BIEIIME L) AL b Ly, DT v Y IVIconTlE, ik
LRSI DR DR 2 OB —F L b b2,

2 GENZEOHFEN
RO EROFIC R 255 TR L0 DI TRVOT, bEOHinsHn L,

BerosGikcld, KTV IcABRRXZEHS 2 LD R0d, HROBREOI-OIITZZi
TEATTTHA ), UIFTIE, 2D L) hiRERIcR 20, B 2 )GHH L TH
%, WIBERIC B BEAIIC & @i e SIS 2 > T B 28, BHBR 2 35 o 72 A I30E Y 72 SRk IS 2
7o THATHL W (5H [2], Lamb [5], & 0 BEANZLME & LT, A - thAF 8] @ §10.2 3, [
A [9], Chorin-Marsden [10], Meyer [11]),

TARDIREEIZ, 529 RD3D (22024202) DLDERDTEE S,
o HIE v(x,t) = (u(zx, t),v(x, t),w(x,t)) = (vi(x, 1), v2(x, t), v3(x, 1))

o S pla,t)

MEATED D LI RIECTEPNTCVE 774> 2 [T k== 2RKTH 20, FL D EFTw sl
23, WEIIEOWEET vy v, BRSO T YV, V=< vl T VL TH D, TR IIE TG T Y
MZOLTIRMA SN TR (ZNLTHHIHCALD T, BEBHIUED > THL I L2EHD 5),

SMEAICIZ I NDB#O DD, —FAFLICC L2 LR (—FHLVLDIT),

3



o H p(x,t)
o FE ... SIEE 2\,

1. K BROBE L ZOEE (STHMR) 2k &, BHEOHIZENL 5w, (FEFIE
10% kg/m?, 1.3 kg/m3, 770)

FEAIZ> 0T, BCMziEL<ToH 5, )

2.1 EfROFEN (BERT), EEmREYS
EHRODFE (continuity equation) & FHXI 2 XADSD 4K D 2D,

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

SEE  EEMEGEDED YOO T, RO V NOAEOEEDZLIZ, V DR OV 2
SHADTHZEEIZEL »,

d
2.2 pda:——/ pv - m do.
(2.2) pr .

(Z DAUDHBH R UL, X7 PAVBITOEEVBNETH L, $CHBRT740 -T2, )
S8y E B DA ASH, 312 Gauss DFEHOEER % T

dp .
/Vat dr = —/lev (pv) dz.

CHMEED V ICOWTRD DI EHS, (21) %52, =
(RD7%®: (2.2) DAMIDHEZ DY, HALRRIC V OBR 0V 2 X > T V NIiiiuALs
TURDBERTH S Z Lid, X7 P VBNT TR 2 & TH D5, ﬁ%%ﬁ&timi il

ZAXHEH [12] ofl 3.3.2 2 R X, ﬁﬁ@mﬁVTwﬁ“ﬁétm_aﬂé R T B35
Lz 228 12, %Ki@?|a6|/ 2) de = f(a) & FAVGIUZEL, Z4UZoL

TIE, HEH [13] o B.3.1 2 H X,

[ 2. (1) div OERZIBX K, (2) (%G)ﬁ’ﬁ(ﬁj\ﬂi) div(pv) = gradp- v+ pdive (V Z2fli>TE
TE V- -(pw)=Vp-v+pV-v) ZIEDLD X,

(2.1) BXDEHICHFEIT S

(2.3) %+(U-V)p+pdivv:0.
D 8 (9 0 0 0

> DRKE IXEKT 5, f-ndo= / div f dx.
oV \4

4



THEF IS Lagrange M7 (MEMS, material derivative) % ZHVS L (2.1) 1FXRD X
ICHEIT B,

Dp B
(2.5) Dt + pdive = 0.
(% TLH/\ DT ™
TR DTAU > GHEN T 251D, Kl ¢t TONMEZ z(t) £ T5, T4bD
dx
1) = vl

IO LD, TDEE, AEREDOBEE f(x,t) I LT

8
a{ (2(1),1) + v(a(0). 1) -V f(a(t). )
AR
NS J
ZERED Lagrange D230 THHZ &, ThbbBSEA
Dp
(2.6) =0

DIRD IO E E, WMFIZIEEMTH S (i £ 72\, incompressible) &9, Tl

(2.7) dive =0

&@@?%@4%%\@nc@@5»ﬁommﬁbﬁowf\%gzoﬁdwUzm
Wi, (2.7) 2 FEEMESEM LTS,

FriC, B p 2YEB 6 EIEEMETH 225, I T L O D L7, Wie | p 23ER
IZ7 % 2 &%#r%*#&%KT“%A%W%#\ﬁﬁﬁi@i?uﬁ%%O?%6o%%
CEICIRED R 5 UKD EZ B L BHUKIMHEE 20N p IZEBICIE RS R,
FEFEREDD (b HBRIIC) 2RI~ Th iU, BEITERE & 2 (2 OIFFEMMEDFIH I
S 2] Itk %),

WIICH AR, KURIIBREDZIZHi., HEMEERH 2205, LIFLIE. TTRNDEI 3~ v
NEET 03 D ETHIITEMEOERZEZ 20BN H S EEbNTW5S, ERDLGHAIT
RiE 367 km DL ETHIUE, L) T Lickhs, Z2nlistic, BdRELBEIRL TLT, Hidk
DIREDIZH L WEIRIC R 272D T35 b EMEE2Z 2 2 08B EL %,

Sz NELE IR, VA TR CE S 22 lTH B,




2.2 ATV VILERED

COHEHONEICIZ, WHYYOT XA M6 DRITTEN 3%\, 2L WEHDGA T WS
. Bz IxsR 4] 2R X,
“HEXDHEN DO D TH B,

BAD K ) BRINIAEBRICHB T 2720, @B&A (body force) EWFFIL D5, JAE D Bk $
52 LIk TROT e 3, B ORI 272 o, ERA (surface force) & MHE
N5, MENDOGEE, BN ) OS2 A (stress) & IS,

TMAEDIGHIE, b AAMIE x LA IR 205, 20T T DA S IR
%, MOMEEIE, Z2DMHODIHGE BALEFAN Y P n TEE S, WMEDOIEIE, (LE o &I
At EME n DATEE S, TNz Cauchy DIARE) L9,

Cauchy DG HIRE

WS T 2 & & CRIET TR T 2, Tiktd7e b OiE. ol o, W ¢, i
DI E (WBILIM = BERA Y L L n TIEET 2) TEE 5.

DT LIES < L A2 E L TR (x = a, t = 7). WIS p 13 n OBHTS 2:
p=p(n).

P RESETH VSEAT 7R 2y = o 2L T IEOMIAE DN JKIE T HAZHRES 72 ) 0 1 %
Pi1

pio |, Pi=(pij) £BLs P ZIAT VI (stress tensor) EWERC, EED S

Pi3

Pi
Di2 :p(el) (Z = 17273)
Pi3
TH 50, FIIMEED n ITH LT
(2.8) p(n)=P'n (Cauchy D)
ThH 3,
P1i
FEXAMCESTIE, ple) = | po | (FFOMEBFINN 1) LEDTVS, Rl Y 2
P3i
D, RIFIGHT Yo TE, AEBEOREID 6, —iic
(2.9) Dij = Pji

DY VLD (P IENHT YV THB) DT, HEDRKITT 251374\,
TR, (2.8), (2.9) PSR D ZOMME ST 2 /MIE R, IV T EBRICE DA
I3 (RIS B OMEATE LIRS 0Y) W R T S

OIS 1T >/ )V (stress tensor) ZE T 72D, 0 EWVIIXFZM) T ELL 0, o lE SITHIBTEXY > v X
FThHdHP6, boLbRFENTIEIH S,



B 3. (%5 2 IR B F O A TR L ) (2.8) 254,

M 4. GREIYH 2 CIFHPE I FORTHIEL ) IS 7 v VY VE— ISR T v VL Th %
2 LB,

v ZIEOHIES LT 5 L &,

L L 1 8vi 821]-
(2.10) E = (e;j), eij:= 5 (ax]— + 5%)

oy
TEE S E 2EHIEET VY I (rate-of-strain tensor, strain rate tensor) & P55,

AR 2.1 (AE -85 Ik2WT) E DI L 2EMREET >/ I (deformation rate tensor) & b
MRE ) THSD, “deformation rate tensor” &> 9 FEEIX 7\, “rate of deformation tensor”
DIEL WV, W) BREZHALI LS H S, TDAY DHFEDHEGITICOWTIE, (A5
NETHLI L bH->T) HEHARBHRV,

$o, BRMIET VY NEETHOICD E0IXFRHE) (0% 0 D= (§(2+22))
EEDD) ANb WD, D W) XFZRELRLT » /)L (velocity gradient tensor) IZfif9 (2
$h D= (42) LEDZ) ALLZOT, WHHILETH B,

EWVWIDIFT, FADEH: TNoDitEEHVw3 EEiE, BELITTHHT 2D TIER L,
HTAZHIRETHS, n

~*E D
Vo EVLIEEEMS 2 LB D, v D Jacobi [IFIDEEETIE VI EHHS L,

v du du\ T Jui Ovy  Quz
(9:1?1 81’2 8m3 8z1 le 8:zc1
Vo = | Q2 9v2 OJvz — | 9u Ova  Ous
o1 Oz Oxs Oz Oxo Oxo
Ouvz  Ovz  Oug Ovi vy Ous
Oxr1 Oxy Oxs Ors Oxrs Oxs

ZOREEM) L. BEARLT VY IVIE Vo, BHHEET > VL L (Vo + VoT).
N\ J
Stokes (1819-1903) &, WA DWW TORE Z 2B L T Stokes DRBRABICF LD (—
B, FH. E=00DL& P=—pl%EX), Zh 5

(2.11) P =al + BE +yE?

DEpNL, TITIIREMET YLV TH S, 512 Newton ffEDIE (P 13 E D1 X
X)) 2B L

(2.12) P=(—p+Xdivv)l +2uE

2135 (WA - k) [8] DM 10.11), 2T A, p FIEEEBKTH D, p=pla,t) RS T —
Bl¥TdH 5,



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

DK D LD, T TT p IFRGMESR CREEGREL, KEEE, viscosity) EFFIEN 2 IFAERTH D, p=
p(x,t) IZEA (pressure) &FFEN 5,

DT ZOXETIE, (2.13) DR EOTMFICOWTIH LB 2 LT 5, (u BEHTH 2
#“% Newton fiff, EHTHVWEA%ZIE Newton Fiff, LWESRZ 9T, AL TIE
Newton WA 72T Z2EL TS5, L) LTHH5, )

BLL u=0»dH50vidv=0 FHEWHAE) 261X, P=—pl TH5HH»5, )] p(n) = Pn
X —pn IZFE LV, D DISOTFANIANICEE (WM E), KE SO THITKS Lv—iE
flip TH%,

(& pn), 6T VIV P, EJ p, EXFPEMHSOTET OO ZADHZIINE, i’
FLZwkIcEz200%9, )

p =0 Th 5% TEME (perfect fluid) F 72 (ZFEREHETRAR (inviscid fluid) & RS, —J7,
pu >0 TH 52 MHERE (viscous fluid) &S,

HUERZEOEEDKRESD MMERITEEICKET 2, HBIK 200 T, KIFKHERE ¢ =
0.001005 Pa-s. ¥ 7 ¥ THOKEZRIZ, KD 60 ~ 80 fFREE LD, F2BAIF u = 1.8 x
107% Pa-s. RfKDEA, MERIZEICIZ E A SR L 72\ (JAWEEPHCE S £l LT/
DU 720),

0.002

T
nnnnnnn xt" using 1:2 —+—
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2.3 EBEHHEN (EHEOKRT)

RN TR Z R T 2 B F OB X Ov/ot TlZ% <, Dv/Dt TH3 I EEFRELTE

(o RELRY A v i]“f%%’f’fﬁ”é’l"D—?

L (Benenienn
v
o Duo _ 81}2 (9112 8112 vy
(2.14) o = | D | = + U152 + Va5t + U3 (%3
Dus a_vz 3& 6&
Dt + U1 ox1 + U2 Oxo + U3 8:53

CEET B, :@Eiﬂ%g—;’Jr(v-V)v LEC LB, DF D

u\ (o 0 0
2.1 -V = | = )
( 5) vV 2 852 v 81'1 +U28$2 +U$8x3
() B_Ct?,
ThHDHENH,
v ov ov
P P P (0 U181+Uax;+“ax§
ov Bv ov
(2.16) (v-V)v= <v10$1 +vgax2 +vgax3> v2 | = | vig 02 6 For U3 gxi
2 VIgE + U2 aii + U3,
tWwHZETHA),
0 D L
R 5. B4 ¢ T a 1I2H 2 MR T O a_” <<, D"t’ ThD LRIk,
TR O EE) TR
Dv 1
2.1 — = —div P.
(2.17a) Dt ple
772l
Op11 Op12 Op13
8$1 + 61’2 * 8903
(2.17b) divp o | P2 O Opas |y oy i
8$1 8m2 81‘3
Ops1 Ops32 Opss
8$1 + 81'2 * 81‘3
Th 3,
B T EofEE V I8 W T, EHBEORED), S
D
p—vdm —/ Pn do.
Dt oV
FHHDOXRY b IIVDE § B3I Gauss @%ﬁ&%iﬁ%i@}ﬂ?% &
Di1 Di1
/ (pirn1 + piane +pi3n3)da:/ Dio -nda:/div Di2 da::/ (div P), dz.
v rdV . 1% Dis 1%



w21

. Dt
C OB E T 5, =
B 6. P=(—p+Adivo)l +2uE (\, p IZEH) £T5LE
(2.18) divP =—-Vp+pulAv+ A+ p)V(V-v) (=-—gradp+plAv+ (A+ p)graddivo)
ThdIEERYE,
RK 2.2 (EREREDEEAEN) 2 OCETIHEMUTRMAIC OV T O IZITH %2\ 0D,
Loy 5
(2.19) (g—tﬂv V) ):—Vp+uAv+()\+u)V(V-v)
DI SED T EDIFD B, T NDEMAEIRAOER) TR TH 5,
—RRETTHMEAR OIRBIHR O € 7N T (HIER O TR
0’u
ERHRZ LTHIE, =

JEEMESERAETIZ divP = —Vp TH 2005, EETRAZ

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

Dv 1

Ft —;Vp
TbHb
(2.21) 2_’: +(v-V)v= ——Vp

ZNDSIEERESE aTA DM SR L L CEA L Euler HEXTH %,
FEEMERETIA T, P= —pl+2uE. 2% D A =0 L TIUERVDT, (2.18) 225

(2.22) divP = -Vp+ pu(Av+graddive).

W Z B R

(2.23) (aa—:;jt(v V) ) =-Vp+u(Lhv+V(V-v)).
RS diveo =0 Z2UAT % & (LD E@OTbéwf)
(2.24) %+(fu V)v———Vp—i—l/A'v

S NDSIRIERERE A DS R & L TR AL Nav1er—St0kes AR (Navier-Stokes equa-
tion) TH %, 77ZL

V=

ASHRS

EBWVI, TO v zEHMESR (kinematic viscosity) &S,

10



B 7. (2.21), (2.24) 27 FAREZHCTIZ, v DT u, v, w 2 TELE,

8. ik L CWAHMDKIENED X H 127 50, —BRGENE 2 IE L T, Navier-Stokes /7
fEXZ o CHHY X,

9. Kifinrs 1m FPDEIADAKEIRFENL 5, 15E (1013 hPa — h (% 100 {52 %
L. 1Pald 1m? 720 1IN D5 L) L) oflfEd,

B 10. §fik L 72KOHTIE p(x) = —pgas + B TH 5T E2BREL T (7 LKIAZ 23 =0

EEZT0D), TILF XA T ADIFDFHEZ R,

(R Ok Q Ot Z Q] ERT I LITT L, PEIWKDPSERIT BT (bW 5iFH) 13,
0

0 e [ ERE EAE . RE S RBYEOEEDOKICH 2 EHINITEL W)
Qg
RK 2.3 (FNTRARKER?) RLAERFEC LI ITROSN5725 95?2
op _ _

FED LD EEZ SN, RADGE p IZEBTIEHWTH A ), REHERX

p=-L (R WREE, T 13HE)
RyT

ZfRAL T,

o __ 9

0z deT
g BEBTHZ EIRET D E (RMIEZ ) TEROVD, BLABE-STV0D LI BES T,
g=98m/s* & LTTmRWIELIIZ ),
_9 [Tz
Rel, T
ETADME T 13 ("R v, y ~OEFEICOWTIEHZ DL 1L ThH) 2 IS HIKEF
T2, BIIANRERPIDEIC R S, Ml LIdERT 2 &, EEEE 2 D ToEK
BTl T E 228, AROBERIZLEIZETH 5,
(B LEEDS v ) RATHRD B HE, AL RRTEGFREZ ) TH S, T(2) DEHEEZ E D T,
20D S p(z) ZROTEE, WELLKAEDOMWED SHEIE » 2H#ET 2 (A [14]), =

logp(zl) - logp(zo) =

Euler 723\ . Navier-Stokes /7R b IERIE R TN TH 5 (HEOWEMIT Dv/ Dt =
Ov/ot+ (v-V)v Do IZOVTIRIETH S 2 LITHERT S),

v A v ZRiPEIE &S, Navier-Stokes TR DRMEEZ % & L 72 b DY Euler /TR T
b5,

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

ov

(2.25) o

1
=——Vp+rvAw.
P

11



% Stokes A L L, MIEHBERTH 2D T, BEAEMIZIZASfEY b L2 2k 5, HL
B TH B EHITE L 5N B L, FE/ N WEAITIE, Stokes TR
Navier-Stokes FREXDIFEH L+ R WAL >Tw 5, EEbNT»5,

R 2.4 (Navier-Stokes AR — FEZTICRZA 5N SDY) Navier-Stokes 72 (2.24)
ZHOTHEAREE, TAL (BMLR) TR Z2RAON2DES ), EANLZIE 575D
Ths, 2OHERZE I v 7 ZADFTTROIFITSE ko L\ 72, Navier-Stokes A b
AT Y —DEAD ? THIRR LD O DH > 72,

(2.26) ((;—1; + (v-V)v = %Vp +vVo+ F  ([EEGEEL).

(F A NETH D, THUFRIE TR\, £, 77737y A% V2 EEHLDL, X< H
LIETH - T, BITIE R\, ) (2.26) DFRMHZ IEE, &) EZBEICHEZ 9 22 E A2 T
AL EWHBHINE, ITHICHEHED L > TR, MEMEC SRR WEES I Dy,
]

f 11. (2.26) DMl %Z IEY (A% p. 42),

2.4 HEMFvL>Y: Euler A, Navier-Stokes AERIIEIFT DN ?

—iz, RHBIE DML & FTRADMEED 3T 2 2 L DD % 72D Db A-775¢
v b TEREVD (FIFEL2bHIT6N2), LMTDXHIICEZL ET2DPTWL
ERbNns,

X7 MNVERT T EICTTTEZS L, do HfEE 1 >0, EHEjhEE 3o
DIBATH 2, HELENTLOOKRAEETH 206, BEBPATH 5 &3 1UL, ik
DT LB TR 2EN T 5 & RABEBOMEE & TR OEEDY 4 THOHH->T, #H
JELEHENDRE ZA[REEDH 5 EHEZ 615,

B Z \XBEEDEB DY G, kD RIS E 2D, 2L Euler DARER, *
721% Navier-Stokes I, I 51T & BiRL S & Wl SeMF 2 7 S ¥ 7- I HA(EIR SR 1E RS
BOBOGEEE—EEZFAXRNL. L IBFANRMERIEZ NS,

UL R E T H 203, IRV R TR TH 2 7 DI L <. 3XIuaiIc 81T
% JEEH Navier-Stokes F RO WIAMES AUERTE L, BIE S SR RMBRITITR > TRV,
ZRUTOWTE, [A 6] 2 H X,

2.5 JREAER

(2 2RETIIITMAIS, BYOBERF?2 b L2LESh Y FT 5, )
p DARRBIE D & Z 13, i R &EHE A T Tld, HRAZAEL T TRIT &
WV, 22T, UTFICHIAT 2 REHBREH ) 2 L0350,

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

12



p M p DADEETH S, LwHNNAOMAE—REDIKE

p=f(p)
ZEL ZETHRI 5% -, BARIZIE, B2 XL 2 IKET S L. Iy > 1s.t.
p X pl/“/_
FimzZfbzIRET 5 L,
p X P.
£ h—RIC ,
-Vp=Vuw
p

Zi7z T w DET 5 & Z., isentropic TH 5 &V, w ZI VY I)ILE— (enthalpy) & W
S, N1 b r E—iifklZ isentropic TH 5%,

3 FEEMRMEDREG LN

(LT DEETIE, KiElZH-oTHRY, B2 3 LBk Ty, MimAkTh, Mo
ahldEHT 5, LMDz H5 &, Laplace /2305 Poisson D HEEEIEL 515
tiEbhz, 2oL TS EHET S, )

3.1 AELABZLOFEN
v BWROEEE L T2 L X
w:=rotv (TNF Vxv &LbEITS)
£ (vorticity) &IPS, CAUGIKIT-0 HIEDMAIEED 2 (5105 L\ (29 Th3).

w=0ThHsLZE, MEIABBUL E7IIFEEE (irrotational), IR (lamellar) &9,
TR 2 LTehiu, R v DR TV YL ¢ BEET S:

v=Vo¢.
(2D Vo I grad £ HFHIT 5, )

3.2 FEMREDRBZLOFNERT Y vIL (B RTDIBR)
TR DHES; v 1T LT,
v i _9¢ _9¢  _0¢
Vop=v, ie u= o v = 9y w = 5
27T ¢ (WbWD v DRT VI YN) DEET S EE, ¢ ZIMEORERT Vv Ib LW
O, ZDOMIUIRTIIvILRTH S L),

13



M 12. (X7 PIVIEHTOEE 2T H)
(1) ATy ulds L Td s I L 2RE,

(2) HEEFSFIRN O L OWAUZET v o v VIRTH B T & &R,

DUN. WESIEEMTMAE L TH D, BHERAET o DR T Vo v )b ¢ BAET 5 LRET
%, —M&IZ divV =divgrad = A TH B0 5,

A ¢ = divgrad ¢ = divw.
FEEMESEME divo =0 ZH W5 &
(3.1) A ¢ =0.

Tabb, FEMREOR T Vo v MRICEB W T, BMERT v v VIS TS %,
FLost

Bk Lk SIS (BRMICI) BERT Y S v LAEEL.
&5 ICHERE S IERERT VY vILIEBNESTH 3,

BIZIE, RO 5o 258 Q DERT v 2535 ToiUE, (9¢/0n=Vé-n kD)

do
5 =
TH %755, Laplace A D Neumann HIFERE (3.1), (5.5) o, 22T L ¢
DRED (v BKE D),

DX BMERRTYOPIBEE L WIEN S, K7V v LRBEIRIERICEETH 3,
IR 72 b DO TEBR VO T, HIXEHFICEEDZ I LICT 2,

Z 2T, RO TERD SE N B IEEMSA 72T 0 & GEREIT R Z HV37I2) v 23K
Eol, ZNHREEIZ, BT vy vy VDREET 28561, FFEMSE 1 > ORABI%
P ICBHT 2 12D EA (3.1) IWRHESININE, LEASTHA ),

ED k)L T, MENRE-Z L LT, BAENGEB A 6RO SN 5 LfFI N
%, ZRUIOWT, —ODEHZHEMNL LI,

SERME LMD R T vy v LRI B T, (S IEY R KEZBMTEWT) T
b X 417z Bernoulli OFEIR,; 2D 72D, I I TRIGHDZD, p2VER (D F R TIEE
i) LIEL k9. V() = LVp THZ 5, Buler HEAURAL T,

aa—::—i-(U'V)’U:—V(g).

(3.2) v-n (on 0f2)

N7 P DR
vXrotv =V (% |v|2) —(v-V)v

14



gl
ov

ot
v=V¢ t. rotv=w=0 2fAAT S L

V(8¢ v ) 0.
p

1
:—V(—WF+£>+UXWML
2 P

ot
D6 t DADEE g = g(t) LT
_ |9
(3.3 p=p |5+ 5199 000
I z—fig{EE iz Bernoulli DFE L W5 (M Loikimld iz Loova o E—iifk
ICHRIRIE 2 ),

KHEHIZE > T ¢ Do TWiUE, p bRE 2, L) 2 LR % (ViR
HOHPTplZ Vp DI TLLEHNZ VDT, b pld—EBWITITEXLRV),

3.3 JEEMREDBRZLDOFNERTVIVVIL 2RTDIES)
TAEDWNDI 2 KICINTH 5 & 1E, v(x,t) = (u,v,w) DROFEFZ2HT-TIEZE ),

(a) z 7T TH 5 w 1Z 0.

(b) z IZ& 57\,

IThbb
(z,y,t)
vy, % 1) = | vz, y.t)
0
DL EME
a% u e Wy — U 0
w =rotv = a% voey=|u,—w,; | = 0
% w es Vg — Uy Vg — Uy
W 21
0
w=10]1, W = Vg — Uy.
w

DUFClE, 2 RIGDOHEY v = (u(z,y),v(z,y)) ITDOWTEZS I LIZL T,

(3.4) rotwv := = Uy — Uy

v

LED D (ﬂ&ﬁ@?%%ﬁ)o
= RILDHA L FEERIC

15



o v AT VY XL ERTE (v =V = (¢, ¢,) Zi7 TR ¢ BEIETIUL), w=0.
e w=0THIUI, v IZREINICERT V> v L2k,
e w=0THH, BEXATVIHEE Q PHEFTTHIUL, v 13 QBETRT v V2R,
O DI ERTEBOBERT v v )L EERDIZIRICEFAETSH 5,

DG = Qpp + Oy = Uy + v, = divo.

W Z T DB TH T Ao = 0.

w=0TH3 T EEMELOTHRL T5RDS D, T BRI TR T ¥ S v A bify
ETDEIEEZNELTREDT, RT VYT Y UDHFHETEHIEEMABLDEREEZEZLZDDR
Vb LAY, HBEVIEFRT VY Y ADSMRISIC AL Z ERFFL TR 2 EICk D (%)
LTwa5abd %),

£EIAT

A < divo =0
& Uy +vy, =0
& up = (—v)y
S JWPTIC 3 st Y, = —v, Y, =

Ml 13. Loz L z2Erd X,

B 14. WNBIBDEE L., BREME v-n=0 DD Vo & =, HNEIKIZER 2 % T %H
iR ECTERTH 3 Z L 2RE,

—HRIC
(35) Py = —, wy =u

ZWi7z 9 ¢ 2 v = (u,v) DIRNEE (stream function) EMERE, D& ZF, RNABEIIXD
Poisson TR 272§

— DAY == (Yyr + Uyy) = — (-0, + 1) = w.
W Z 27 L OFERER G2 512, I BIEE TS H 2.
Aty = 0.
IHl, THLEE

(36) Qba: =u= %, (by =V = _wz-

S, R 1251 BN OWR (stream line) & 13, WADHROHOMGT, 2 DHAICE T 2 i
DERAZ FLE, ZOMICET 3RNOBIERY N LD EH—HT250%\0, MiEE s als) LT3
Loo2(s) || v(x(s),t) BMiTT I L HWHRTH B O DEMTH B,

16



N AIRVASN
Z N

(3.7) f(2) = o(x,y) +ith(r,y)

IZ DWW T D Cauchy-Riemann TR TH 5, w212 f IZIEHIEIETH 5,
[z v OBEREERTVIOvILEVI,
f=¢o+i) THBLE,
f,:¢x+i¢xzu_iv

THBPH.
u=Ref, v=—Imf".
f@@%ﬁ%fewewaﬁ5a\v:‘”@Z.@zmqﬁﬁﬁ\eﬁﬁﬁwﬁﬁaaao
qsin

COZEEERIC, ffOZLEEREE LS (EBRELEEIADWEIL L, 2D
LAEFb P ITINE, HEEEL V) TTEETDH S),

FLDD L, 2RILDWINUITDONT
(1) W% Loy (Riicid) MER 7 v & v LBSEET 5,

(UIZHRER T v v VDBMAET 2726 I Wa L TH %, )

(2) FEFEHE 513 (RIS I3) AR EASEtE T 5.
(G FA BB ET 5 7 5 1ZIRIERTH 5. )

(3) JEFEMDOWMZ Us 512 (JRITFIICIE) AT >3 v L o, MBI ¢ BEELT, &
LICHRBTSH 2, ¢ I ¢ OIEHABITH D, = ¢ +ip REBRRERT V> %
NS TEIBR L 7 B,

(4) v = (u,v) DEEEEET V> vl [ BFEETBEE, = u—iv.

EE 3.1 Q PHHEE TR TH, Q 2R liBIEDmNBEEDBTFET 25680 H 5, FHEE,
—HREEL & 2 B 72 DI, Q WOLEDEARIRR ¢ 128 L T,

/udy—vdx:/@bxdx+¢ydy20
c c

DD SED T EDBREAN T TH D, (RK3DsE, ZORNZ—fiEITT5 L 0ICHE5%00D0
HLNZWD, 0OH £0 V) DITTIERY, )

B 15. WMNBIEDEET 2 £ Z, Buler ARERIERD LI ICHFIT S (p HETESLZ LI
HEH). 5
géw—ﬂ%Awﬁﬂ-
7720

J(f,9) = fo9y — fyGa-
(RNBIBIAET 2 72 & XIS 2 0T, 2 fE, Buler R & IR /7 L %
VIR AR EFAETHE LIRS, )

17



3.4 MREFRTVIvILIR

WGP HENBIRZNC & 6 WG 2 BRI, EHR &S AEPIEE > T» 5D Tid %
W), EHLE AL 2 72 0 DI b 2 R 2 2 ETH B,

[
EE 3.2 Bl t I2B U 2N DOFMR (streamline) & 13, MO oM, 20
FRICBUT 27 P e, ZORICEBIT 2MNDEER T SV OTTAN—HT 5D

2w, ATETE, Hhift s — x(s) T

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

2729 b DM TDH 5,
\_ /

o ViMRIZIRGZ T LI 2,
o ViARIZKR T DWIE & 1374 2R TH 22, EHEWIMOL A ZIARIIH T DPLE & —3L
935,
o fICHNRIRE V) DDBHHEEMET 5, RNDFEETR LI NS, Zhidi—
BOCIZHAR E b, KFOfuEE &KL 2\, )
2 XILDYE . MNBIBDOTEOEEMIE, MR TH 5,
Bl 3.3 (AEEENOKRT Y Y v LAOEREREICEBHE) Q= {(1,y) R |22+ < 1},
b= (1,2) D& Z, Laplace /2D il
Ap=0 ((z,y) €),
dp
I b-n ((z,y) €0Q)
DIRE LT, MERT VI YL ¢ 2RE D, ZOEEMR (FRT v vIUfR) 24 <, FRICHN
ARz KO T, ARz, HWEYIZv=Veo L LTKRES, XD J L potential2.edp

2: HRT VT v ILER 3: TR X 4: X7 bLig
ZHEL T,

18



FreeFem++ |2 & % Bl & fifi R D i
$ FreeFem++ potential2.edp

(1oM%EHH 2L 1cik % 20T, -2 T, KICHED, REBIC * — %
LTKTT 5, )

e potential2.edp ~N

// potential2d.edp

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

// HEART vy vob, OB, WEZ RO

// HEXRT VT vouRk, ek, HEEY 2 <

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 u, v, phi, psi;
func Vn=x+2xy; // QSHEIIT, V=(1,2) DL F V- n=x+2y

/] BERT Yy ILoERD, ZOESGH (FRT Vv 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);

/] OB 2 RD, ZDEEM G Z2fi< (b ko ELELP D)
func Vn2=y-2xx;
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 FERT 2> e VR E Btk RIS <
// plot(phi,psi,ps="lines.eps", wait=1);

/1 X7 (u,v)=V ¢ ZHfi< (5o LML DT
u=dx (phi);

v=dy (phi) ;

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

TARNIC & 2 AER 2 it (FREYICIE R S v & v ) BIR) OBUNED dr = (dz, dy) %
I 2R (AR S 72 D D) 13, v-nds TH D,

(5 )6)-(2)

v-nds=—-vdr+udy =1, de -+, dy =di.
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fE>Tlligk C k%, o hIEH T 32X, C DIfRZ Py, K% P £ LT

Lvmdﬁiéwcwwm—w%y

WZIZ, 20D TIE S TNERZ RN 2 MAEOTHERIE, R LR DD ZET
b5,

HAKIEHRRR O <P ¥ 0 2 #PHNIEFED HTRRXD D 2722 WD 5 WIERPEET S
Ba, BEHLP»HE20IERVIAADLSH S LIk D, ZOLE CHrOMCESH AR,
VWH W %R E S

/ v-nds
C

/ v-nds:/divvdx
aD D

JEIEMEMA CHIUL I NIZ 0 TH S,
AR D 5 8 2 TN DR OPHt# C 1R L T,

F::/v-dr
c

AN
T D oS 0D IS LT,

Zz Pt ¢ 1in ) 183R & MRS

4 IFEHIR#HZEREERTVOrILETBRHiinEZDRHL

4.1 EEXEBGZHTEN
4.1.1 —EEBRh

ceC, f(z)=cz DHH., c=Ue ™ (U>0,aeR) £ T2, HFHEIX

w—iv=f=Ue"™,

v — wy) U cos «
\v/) \Usinal’

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

Tihbb

HEER T v v b ERNBISUE

SRV MR . T PAEREET, 26 I3 H L ICERT 3,

20



w = ST

5: —kEZeiin

RK 41l c=p—iqg(pgeR) LEVLITDVEHRTIZZ VP2 ZDL E

= (0)-6)

f(2) = cz = (p—ig)(x +1y) = pr + qy + i(py — q),
d(x,y) =pr+qy, Y(r,y)=py—qrm

4.1.2 BEHUL. IRLAH

m € R, f(z) =mlogz (z € C\ {0}) DEGE (ZAMBIE ! ), (ZAMBIEIISEF LE 2D L
e, LI (I, 2z 2 &8 LB THITT % & —liBABUC 2 2 DT, FAMH#EZR Z &I
3725750, )

z=re =x+iy £T B L&,
T:T(cosﬁ—isiné’).
z T

m
o e ?COSH
v @siHG
,

(51 1% i FRIU. m>0 A8 AEHET, m< 045 S, KESEA»S

HOIEENS 0, )
HWERTF T vl RN B

U(Iay) - Z"U(I,y) - f,<Z) =

Thbb

¢ =mlogr.
Y =mé.
(¢ 1F—MMBEEL. o 1ZZ%AMBISTH 5, )
FUSOM D % — T 2 RO C 22 L. C 564l X B iR (i) 12

/'v~n d3:/dwzlm/dlem/f’(z)dzzlm Dz = 2rm (BE L WERPK DETHEL)
c c c c

c <

21



E—EETH 5,

GHEORER: BICRZE I, n ds = ;?
Yy dr +, dy=dyp TH5B, £7. df = f'(2)dz = (¢pn + 10,)(dz + idy) = ¢, dx — 1, dy) +
i(Yy do + ¢y dy) = (¢, dx + ¢y dx) + i (Y, dx + 1y dy) = do + id).)

oAU, m >0 B o FERAICEWZBEHU (source). m < 0 % o X RICE W 72 IR
LA (sink) EFFIZI 2,

ThHO, v - nds = —vder+udy =

6: HEHL

4.1.3 @k (=)

(LD f D m Z2MBEICZZTHS, )
kK ER, f(z) =irlogz (2 € C\ {0}) DEH, z2=re? =x+iy LT 5L,

u(z,y) —iv(z,y) = f'(z) = ? = ;i(COSH—z’siDH) :;(sin9+i0059).
bbb
K ing
o %) _ oo _ Kk sinb cosf) \ [cos5F —sin=t) [cosf
C\v) \_Fsp] 7T \—cosf) \—sing) \sin== cos=F sinf |
T
i, () & —r/2 BEEL 251, )
R T v v )b & BB
¢ =—kb
Y = klogr.

MAREE R Z L ETEHT, FRT VY v URRIIEAZ RN L T2 FERTH 2,
o, FERICED?>NZRAR (vortex filament) £ 72 XA (point vortex) &ML 5,
X C\ {0} AT OTHB I EITHEREL L9,

22



EREES

4.2 Mathematica THRILLTHSB (D FADEREA)

(A Liiv, 7y 77— FMEoTFE W, )

BEREOFHE, 2B OEFEE E 2 RIGR 7 PG ORIH S RIUL R W,

FEBORALI 1, 2290 Re (1, KEHR Im[], HARMEFEE Conjugate [, #IAME Abs (1, WA (DI
fifl) Arg[], Z#1 & ComplexExpand[] & ESHIEI N T 5,

2 BRI D FEEHRIT T ContourPlot [1, X7 MLV DOHMIZ X VectorPlot[1 2SHE I 1
TWw3, IN6DHWITIEA Y I74 Y - ~L T 2K,
. 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 [] IFHHIC Evaluate ¥ 2R SEZEZTH ML 72D, wob Inzfli)od
DROVDIIRL TP 6 %0,
— IR RE L O THEBEICHETE 203, 29 THhWVLD DRELIENSNEZ ) 72,
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HEX7 b L

24

M/ A A b

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

8 —RERDEAR T > v LR R (b5 BABET )

9: —~FERDER T v v )LEL. Wik s



e source.nb ~N
(* source.nb -—— HEHLZHS %)

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]

(x FEFROL )V DOWDFIZHEH *)

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 RI3H F AT %)
g3 = VectorPlot[vv[x, yl, {x, -2, 2}, {y, -2, 2}]

(x WRIKR FRESDD ZFESEHEIZS 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 EBEEXHBRNhOERSHLE

§§4.1 THAN L 72 AN RN 2 BEREDEMNEZTARTAHA L D, BBOGRSIE 1] 126>
72§ 503, BIEDBBREL EZADBH D L) 72,

200D 2Rt LIEEMIRSH % L &, MEL L2 ZN TN v, vy, FREREERT Vv
Nz fi, fo £F 5, TDEE v +u, ZEES LT AAUL, I3 D 200 % LIEEARRL T
HhH, ZOEEZRERT V> v )Lk fi+ [ Th 5,

FEEE. rotv; =rotvy, =0, dive, = divwy = 0, f] = uy — ivy, [y = us — ivy THIUZL,

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— Rt E . HEEER T V> v VDS fo(z) = mlog 2
DHEH L OEREGDOEDOEFEEE LR T V> v L

f(z) = fi(z2) + fo(2) = Uz +mlogz = Urcos + mlogr + i (Ursin@ + mb).

25




W Z ST E X
Y =Ursinf +mb.
0=0%,T2Lp=0,Fl0=0msT2Lp=mr THEDPLE, TN5IF Y DEFEGGMT
b5, WZIZHI (Do FHREZRVZD D) IR TH 5,

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

7L pi=m—0. 2D (4.1) 1F, 0< 0 <21 DHIPATEZLDPRV, ZOLE —m1<p<T
DIIRY %, THAGIANCHIRICH O 2 U oM TH 29, WASIERMREOS &,
Nz BE & § 2Pk %2 (UFEHEBIC) ANTH, MAUSEEIIRZ T Zv», wAIZ, 2o
X, 20OOMkE L E5HNERL TS, »

T T T T T T T T T T T T T T
g e - - — - — e — — e

— — - - - - - - B e —

-2+

10: K LW Lo BERADE (KB ¢ = £mn)

B 4.3 (AUEESDESHU » MWAHFDF) FLWEIDOFESH L ERViIARDELAEDLE
HEZEI), z=a ICTEHWZBMI m DBEEHL, 2= —a ITEWVWZZEE —m DIRWIAAZ EH
PEOELMNDOERRE R 7> v )L

zZ—a

z+a

WEEEF T, B2LaltzEVTLEoTwh, —m<l< 7 EBZTLTWVTHBEH, HENTH->
7o

f(z) =mlog(z —a) —mlog(z + a) = mlog

26



(Z3UIFEIE C\ [—a,a] TliERI BB TH 5, )
DT TRD 2 ZEZNFN

91 92
)

z=a+re z=—a+ r9€

THESMMZ D &,

f(z) =m(logry +i61) — m (logry + ifs) = mlog :—1 +im (6, — 0s).
2

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

T2
2pb ' ' ' , ]
¢ S i .
’ o e L, T, 5 § |
| B A L e N i S W | I ’
T (PR B A e, e S R T S /]
<N et ot N 1 pos
AN s
0l- —= P — - —
P P ™ e =
o ! A "i “'\,_\ T A ‘c"f / * ‘1 N,
! L R el =i g U { Vo
N I 1 ! B T i e [ L |
A T e e S |
= ry LY \ D s = L | , i . ..I I. L I-_
-2 =1 il 1 2

X 11: MBI DOFEEHL ERVIAADELREDE

—J. WD AL 0 =0, -0, =FE. O X a, —a 65 2 ZHIALGATH D056,
Ak, 25 +a 2RSSO 2K E T HMINTH 2 (HMAADOEHOMICL2), =

Bl 4.4 (ALEE, RYMEDBOX) FL VRS 215, RO E DOV O MO H S
DEZEZL ). z2=0a,—a ITBEBVLRIBMOERELER T V> v L2 Z0Z N

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

ET 5, INHTHNDERAEOLYOEZEHRER T ¥ v LI,

Z—a

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

z+a

27



ATV v LRI

= B,

01 — 09

AR %

= B

(]

T2

Thb, n

==

-

-1

12: AUAE X, KHAZD 2508 (it ofhdbe

28



Bl 4.5 (T VF Y DIF (Rankine body)) U >0, m > 0,a >0 & T3, —k&i fi(2) = Uz,
B m D —a ITEVHEHL fo(2) = mLog(z + a). S —m D a ITE W IZWRVIAAR
f3(2) = —mLog(z — a) ZEHDAEDOE LN ZHHRITH L),

Z+a

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

z
iR gRESEUES
_1 2ay
¢ =Uy—m (b —b) = Uy — mtan PP
Fiih (y=0) T, v =0 THI05, EIRMTDH 2,
¥ 7

m_ 2ay
'QD =0 = Yy = ﬁ tan m

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

1 I 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 1

13: Rankine DI (M UEBS DB S HL - R\iAH & RO ENDAG DY)

Bl 4.6 (2EFEZHU (doublet)) #4.3 DIMNDOMRZEZ 5, IEE p ZHD . 2am = p
EWVLIH R R R T ET. a0 T3,

f(z) = —2ma (1+§(9)2+~-> LM s

z z z

105 F.#% @ William John Macquorn Rankine (1820-1872) 126 7 &5,
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log(z + a) — log(z — a) R

(EWVHEDb . m= % ZfUA LT, f(z) = mlog(z—a)—mlog(z+a) = —pu >

ﬂéé%z——gk?%®ﬁ%$ﬁ&%5o)C@ﬁﬂ%2iﬁgﬂb@mmM)kW$o.

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

B 14: ZHEBEEML (ACMIOHEEHL - WAL DHGIR)
Bl 4.7 (MAEFEZBEZ—KR) 7 F VOB T2am =p (IEEH) ELTa—0 ELTAHK
) (CHBEEML LR LDERGEDE, EDBFA5D),

R:=\/u/U £EL &

WERT VS v L ¢ EIRNBE 13

2
¢—U(r+%)0089

2
zﬁ:U(r—R—) sin 6.
r

M r=R ETy¢Y=0TH2056, r=RIBIMMTH5, n

30



q

o
ra

—EII I—'II
X 15: MR:%Z 8 E 2 &

5 MRy vIIBBZRVWTHRiNnZRDS

e TRT vy vV E 2 ORI Y v ) XEZHEL T 5, ZOfiDNEIXE
BLRbDIZLT, L DILRBZOXEHZHETHS ) LIHICTE28 D) (FlRT-b Ik
TWTH LA W),

51 IRFrIvILEEER

Laplace HfEX Au =0 OEREMEZRT> v ILEE L 5, IEHIBEBO A - B
FMBIE (7 777 A TTHEADR) TH 2790, BHBGROHE ZHLDOHERELGIH TR T V¥ v b
MG 5,

2 KoL U IEEMROBE R T > > v )L ¢ 1, Laplace D Neumann 53 FHiE

(5.1) A¢p=0 in 2,
9¢
on
DfFThH b, vy TP 7,

INTIid, 2hzd L —M{LL 72 Poisson AR OB HENE (5.3), (5.4), (5.5) 2%
Z 5,

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

2_Au=f L) BOMI A% Poisson AR, f =0 D54, §4b5 Au=0 2% Laplace FEERT
»H5,

(5.2) =v-n ondf2
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Fix, COMEIREFRICHORGEETH 2, 2D, R4 LBEFREEEH K S,
Z CTIRBIRESRILIC X 2 A R 2T 5,

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

5.2 BRERETRTVIOvILFEEZREL
5.2.1 Poisson FEADIRFMERREE ENICHT 55N
Q% R? OFRBZERK, ZOBER 00 3T, [y Kbt Tws LT3,
0N=T,Uly, I'Nnly=0.

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

(5.3) —Au=f (in Q)
(5.4) u=g (onl)

ou
(55) % (ot

7T u 2RO £, L1 DB Poisson HEEADEIFARIETSH 2.

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

COMEIZ, XD L) ICEETE S (99EFIL, weak formulation),

4 N
Find u € X, s.t.
(5.6) /gradu-gradv d:c:/fv da:—l—/ gvds (veX).
Q Q Iy
22T

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

(D71 : gradu - grad v = uv, + uyvy.)

_ J
Zfh (5.6) B LS, WULREMFDD LT, FEXEHT ue X, F—RICEZE

D, ZN3b LOREDME L 72, BERZT v Z2RD2Z 2 T L DREZ M Tk

ZHEBOFELTS, (ZONV—r L LTHEARDIE, Riemann 12 X 2G4 EM D, Dirichlet

DIFEZ FHWZFEHTH 52— ZHUTODWTIEBHFIHT %, )
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5.2.2 HBREFRE, FreeFem+}+

BIRERE (finite element method) 13, F9EDTIEZFEH & § 2 HEHHRIETH 5, 21
37 ) D2 HELHR 2 720, EHOY 7 b 2 7HFESN TR S,

ZD1>5TH5. FreeFem++13 1%, RV 6 K% J. L. Lions tH%EHT D Frédéric Hecht,
Oliver Pironneau, A. Le Hyaric, JAEEFEEBRERAEDO RFKE R S D3BFE L 72, 2 X, 3 Xt
% GIRERE TR 72d D, —FdD PSE (problem solving environment) TH %, V — A
a—F, v=27) (fJ400 R— ) FWLIEX), £ 77 v FF—24 (Windows, Mac, Linux)
[T D FTIEA Ry r =P BRI T 5,

FreeFem++ 122V TE, KIF-Eif [15] &0 ) iESE S ITw» 203, i 2 &3, TFreeFEM++
DI ZHDIEDDBTH A,

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

1. B> Tw 3 Mac OS X (macOS) D/N— a ¥ ZifEER 35 ( T2 D Mac lZ2W T
25 LX),

2. VBHBERS, O WWW H A b (%7:1% FreeFem++') L5id WWW ¥4 225,
TD OS DNN—2 a /il A Y 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 NVEETT 5 (Control+7 Vv 7§ DD 502 b)),
b L OMRAEICIR D322 5 7% 6 1, /System/Library/CoreServices IZdH 5 “A ¥ A
F=77 2L, 226 pkg 77 A NVERET 5,

4. /usr/local/ff++ D NIZH 5 bin L W) HZHTOT AL 7 P Y4 2P L, PATH IZZ Nz
ET 5, FreeFem++-3.53-1-Mac0S_10.11.pkg D¥#rld, /usr/local/ff++/openmpi-2.1/3.53/bi
EWV)T 4L 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

(R D $PATH IZ : TIXYJ>TEMT 2, )

EWVI)TT2EEIAL, F—IF NV ZEH LET D, source .profile DK ) ICL THE
ZBLAET

/usr/local/ff++/share/freefem++/freefem++doc.pdf &\ v =2 71D H 5,

Bhttp://www.freefem.org/ff++/
“http://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++ D707 3 L
MR T V> )L RO 5 BN E

(F5.1) Np=0 (inQ)
(F$5.2) g—i =v-n (ondN)

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

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

a HWERT V> v )L %ZKRD S potential2d-v0.edp!® <« TNZIRET S N

// potential2d-vO0.edp

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

// HERT Yy v, HEZRD, FRT V2 v bRk, B2 i<

border Gamma(t=0,2%pi) { x = cos(t); y = sin(t); } // PFIEGER
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+2x*y; // QHHMHT, v=(1,2) DL F V- n=x+2y

/] BERT Ve aRD, ZOEER EFERT V> v Ui 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);

/1 X7 (v1,v2)=V ¢ Z2Hi (b ko LHERP DI
v1=dx(phi) ;

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

/] FERT T v MR E T POV 2 [FAIRF IS <
plot([vl,v2],phi,ps="both.eps", wait=1);

_J
707 757X AL - 74 % — (mi, emacs, Xcode, T¥ Ak « ZF7 4y ML) TE
KL, ¥—3FLhs6,

ARSI THET
[FreeFem++ potential2d.edp ]

UFXZAPZT4y FC, TXAL - 77 ANEAT] - ET 2IC3HETOREPNIETH 5, http://nalab.
mind.meiji.ac.jp/~mk/knowhow-2015/nodel.html % F X,
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EZATLTHETTES, VI =« T—2f[ DT LICRDMITHEAR, iR (X7 P EE
KT v v Utz i TEE W) 1 Escape ¥ — 2> TR T T 5,

B 17: —FEROER T v v IURR, ks, X7 kL

Zo7ur 7 L, KD PostScript 7—% “counterpotential.eps”, “vectorfield.eps”,
“both.eps” ZHITLTWw3,

(ix, LoFERIBO—RBER 2 DT, 2O70 77030 LEIVEIADH 5, )

FreeFem-++ [E X7 ¥ > v )LREICIR S 97, s ZEEZFE 2 LUk S, R R- 72
IR DB : Navier-Stokes HHEHIC X 2, HHALMHEDOH ) OKO|NDS T 2L —2a v -
78 75 L NS-cylinder.edp'® (¥R JEJE/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 RNITMNIVEREITRDES
I TNCHRE Y. IR DERDOEE IZEMKT 5 (FEH [12]),

Q%R DHEHKET S, QZ2ERKETHEBMER7 PVERKF:- Q-RDOZEZ2 Q L
DANZF—IZ LTS, £/, Q Z2EREET S n oG 7 FVEBE f- QO >R DT L %
Q EORT NIVIG LS,

fi
f2
F=| | eTBLE,
f
de:}j%?

j=1
EBE, divf % f OFEL (divergence) EWES, divf DI EZ V.- f LDEL, divf i Q
LEDAAH T —YTH B,

“R BER 2RO Q OPER T C o7 Pl f ISR LT

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

DR D 32D (Gauss DRELEER), 7272 L n 1, 00 LORICE T 20 M S HALEM T R
ThHD, do ZEHEER 2 XLOLEIIMER) 2RT LT 5,
M 16. (A1) &

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

LHEETH D I LERMERE K, 2EL, n; En DFEjRITH 2,
CHHDBIB F: Q — R ICXHL T,

(A.2)

oF

o1
oF

grad [ := @

OF
OTn

L&, F OB (gradient) LI, VF Eb#EL, Z4UiQ LORY FAUETH 2,
Q EOXT7 FVE £ITRL T,

grad F = f (in Q)
Ziil- TP Q> RBGFETZEE, F % f OIRTVIVILETS,
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fOCPHDORT YY)V FBEETS%6IE,

ofi _ 9f;
A. = 7

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

N AVRYASN

WIS C DT PV f 23 (A3) &7 LTwT, Q LR IE, fORT v v
IWSET %, FEBE. Q WIEEDOHEALEN a ZHEAE LT, Q NOMEEDOMA 1T L
T,z 2R ET 5. Q NORXZTIIZHE S 22l Cp 12K LT

/ f-dr

DEIE, Cp DD THICKSTIC 2 DATEED,
F(x) ::/ f-dr

EBSIZLETHONZBEAB F- QR fO—D2DRT VYLl 5,

Q BEDPHEFECAVWEAED | EEORIFERERTH 206, f 23 (A3) 2z L
TVIUR, ERDHDTI/INS LA TR T VY Y VISFET 5 28Xk 5,

3RILD C {7 PV £ IR T,

) ol _ on

% fl eq Oxo Oxs

— |9 — | 9L _ 9fs
I"Otf | oy f2 €2 = O3 Ox1
2 f3 e 8 on

1 T2

EEBZ. f OEEE (rotation) X, V x f, curl f £ HERT, rot f 1 3 KILDOXRY L
Th b,
3XILD CH 7 by fITR LT, (A3) I1F

rot f=0

EFfETH 5, 2T, 3RILDXRTZ PV f R TV v V2 FFTE rot f = 0 23K D 37
5, Wil rot f =0 YK D 0% 51, HUEFHIHICE VT f DR T U Y VBFEET B,

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

Uy — Uy =0

EIAfETH D, FRRD Z &R D,
RIS 72 o 723,
rotgrad =0, divrot =0, divgrad=A.
nE
rot(rot f) = grad(div f) — A f.
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B FENFOHE

OMRIIMAEN LTI R ODOT, RN TEUIWITHVLDOLETNE (LT TILD 5008
HEL v, )

B.1 Navier-Stokes IR DERIT{IL & Reynolds #
R T E 7172 Navier-Stokes JTFEFIZ

ov 1
(B.1) E%—(U-V)v:—gradp—l—%Av.
772U Re i3, REWLEE U ERENLRS L 2HwT
(B.2) Re := PUL = vL
o v

TERE I N5 HRILE (dimensionless number) Td D, Reynolds # (the Reynolds number)
EWFIEN S,

B[N 22 BT, Reynolds 2035 L v 2 2DfiiLd, HITH S L v,
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~ WA DG
REN RS L, AENRES U 21> T

t
(B,3) = E R p— E

LB E 2 & IBIEIOTOMNZELTH D, o BIERILDOIEIRELTH %,
o oo UD

ot otor Lot
V', AN % 2 WCBT Ao ERFE T3 &
0 9z 9
oz Ox1 Ox 3 9
o o . o, o . 1 . 0 . 1 '
0 973 & j=1 ~"J
Ox3 Oz3 Ozl
PL E7% Navier-Stokes /7=

ov 1
P W Vo= —-VptvAw.
8t+(v v p p+rvAwv

WIARALT
Uo / / 1 / / 1 / 1 / /

il FZENEFHEBL T

pU? [Ou' ] 1o, WU
7 [8t’+(u V)u}— LVp+ .
Wjdz pU? /L CTHEl% L

ou’ 1 1
v B VAV v L A
57 + (u' - V'u pU2vP+—pUL u

ZZT
(B.4) '

EECLE, EB5ERILORT

/
ou .

B. OU Ty — —
(B.5) 8t’+(u Vu \%

N
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B.2 Bernoulli DE®E

"Bernoulli DM IXIEFICEHATHD., LIFLIEXSKINED, AIZRKEL TWENE
LAEEFEOWTHD I EIIERHICHTD 5,
(HEfR )
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C ROREE

BE1L Kl ld1g TH225, 1md Tlk, 1002 g = 10° g = 103 kg. D RIT p =
10° kg/m?. (1325 A — bV DKIZ 1 )

RE. BB (TR 32) EEFE (TR 28) 28, BB XZ 2080 o TIRAI N
TV5DT(LIHIDPLHEEICP S EMFE, EHR, 7T vp3 2178 : 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 =224%x10" em3 = 2.24x 1072 m3. WA p = %kg/mg’ = 1.3 kg/m3.
(b I UEHICEHET 2 & 1.293 kg/m?) ’

IKDBEE +~ TR DEE T 13 =770. m

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

R 3. (T IBIEEARITLRAAL DI EEE LTHLTL Eo%, VbERAV{l10
EERTFE v, PIZBHA - B 8] BBEICE S,

RE 4. (D — AEHROREFICX 229 7%,)
R 5. (MEfiEh)
B 6. 5 il

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

3
. 8 8vi 81}]'
25238 +)\d1VU)+/Lj;a—%(axj+axi>

7j=1

0 DPv; 0 Oy
a (p+ Adivw) +MZ( +8$Za_l’ﬂ)

dp 0

divw.

divP = —gradp+ pAv+ (A4 p) graddive.m

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

Eldv(x,t) =0 £\W9) T ETHSHH 5, Navier-Stokes 72T,

1
0:__vp+.f7
p
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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 KR ppg 12T 5 &

p(2,y,2) = i — pgzm

BBE 9. LomdkmicEEns, 1481 m DV AREZEZ 2, KHIC 1 m? OKICEH E
N5, Kid 1Tem? = (1072 m® DHEDN 1g=102 kg TH 205, 1 m® DKIZMH
EEWIIES

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

@zmmﬁigmxgﬁﬂi~ﬁ KEJEINE 1013 hPa = 1.013 x 10° Pa TH %025, K5TE
FIKED %%%%%f—NBET%% KETED ST HIRE W, KAEIDS 10m FDOEZ S
DKEDFIF 1 REE VW) 2 s, BHMHIRFATEIEIRE D (LEFIELC L), =
BE 10. fHELLTWwE256, E=0THLDT, P=—pl. ®WZIT p(n) = —pn.

YA D i 258 % Q T 5, WEET 0Q DBUNED do D39KH» 6521 5 13, —pndo
ThHsH006., MERETIE

F:= [ (—pn)do.
o0

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

Y

0
F = 0 .
pg Q|

A} i 1 1
ﬁ%lLEﬂ%lﬁ@;Vp?ﬁﬁ—?fo%&

(i) BEE p CHENZFLIAH, EHplihoTLESTREDIE, FORTRLE057 2
Do (2.24) DEHOMET, W% p THZEERDH -7 Z 2B L THL »,

(i) B5 — VEL TV 2D bl v K 9 7223, (B ED 72 H D) 1 (O—H8) 2 THT,
(R 2 LT U D 0U0) FTEDE WD ARWTIZ I DMEI C 2 L IR TE 5D T,
—BhruEE,rLv, LAMTZIETTHS, =
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BRZ 12. (1) —MIC rotgrad¢ = 0 23K D 32D, (2) FEBANDE R D SEED M 2 12\ 5
I N DML C, ZHl-> T, gb(w):/ v-dr EBLE, IZvDRT YT YL THS, m

x

BRE 13. WA oDH: (x) ::/ udy—vder £5%, m
Ce

RE 14. g—f:o ThHHIENEPNS, m

R 16. (MEfiEH)

£E3
(1] ZFH00 « EERMT & itk 717, HAGE L (1981/10/20, 1989/4/1).
2] G WS B, EHERS (1973), B iE ko 72,
3] 5359« JSAEBIEGH 1, 11, 1 = > A%k (1981).

TeoAELES

[4] 58 KIE ¥R, BEEER (1982).

5] AL —RAF L1 7 AWEY 1, 2, 3, HEKE (1988), Lamb, Hydrodynamics, Dover
Publications (1945) O4HY), fGARZEIIC X 2HERTH 5, JHEFHD PDF 23 % v F TAF
T:‘ % % o

6] FARA : F7 4« 2 =7 ZTBRAOEB, FERYHIE (2009).

(7] =27 742 YHDI-DDRT PV ET VYL HIEEE (2013/1/30), )14 #

8] FAAK, WAt « BIBUAAT, S EME (2006/1/26, 2016/11/10 (POD fR)), 7k B
Bt DI (1996~1999) Dotz TR L 72 b 0.

9] FAK: F T4 - A b —27 ZHBADEZ )7, #FFY, Vol. 48, No. 11, pp. 71-77 (2010),
20104E 11 H=.

[10] 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), 704 1* Wiley & Sons, Inc. 7> 6 1971 FICHIR S 11 7.

[12] FEHIHESE : 2B DM ET - 2 §FF% / — b B85 28, http://nalab.mind.meiji.ac.jp/
~mk/lecture/tahensuu2/tahensuu2-p2.pdf (2006~).
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[13] HEFHHHSL : O T F 2 7% / — b 86 13, http://nalab.mind.meiji.ac.jp/
~mk/lecture/tahensuu2/tahensuu2-pl.pdf (2008).

[14] IMEEG + — MRS 5 2 hidfliaT i, EURFA IS (2016/3/25).

[15] REKEZ mareh @ ARERETHSHR EHOE — FreeFem++BMEE 70 /5 2 v
7 —, ESTHIR (2014), http://comfos.org/jp/ffempp/book/ L \>9) HH—TF WWW
YA 8D B,
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% 5l

dimensionless number, 38 Newton Jiiff, 8
streamline, 18 FRIEGREK, 8
Wz - S82
. b
RhETRAE, 8
R, 22 REE, 8
o Nua b a g, 13
IV IE— 13 JEIES, 5
Euler 723, 10 FEHERESRAE, 5
7, 6 FEANEER, 13
JGh TV, 6 EARHET VL, T
- EART VYN, T
54, 37 JE Newton Jitfh, 8
frDfEte L —EE, 12 JEREPES I, 8
Gauss DFEHERE, 36 ’
SEARIRAE, 8 BFRHEE 17
HEHERT V> v, 17
B, 36 WIRTRS, 5

Cauchy DG, 6

RO L, 32 ~7 PV, %
5 q: s

Bernoulli DEHE, 14

3;?;;52032 BIGRET VL, 7
WA, 22 Pf)ifson TR, 31
Xﬁ?——;% 36 /T:T‘/*‘/ﬁon/, 36
Stokes 7:7*%’;—& 12 ’T‘7: Mt w@%ﬁ, 14, 31
7 ATV ¥ IV, 13

e ERICHL, 38
HERT v v, 13 )
S WM 2, 36

o i1, 6
R, 22

HIREEFIE, 33
Eb*ljjl[‘étiéﬁ 10 Lagrange wﬁj\a 5

Navier-Stokes T2z, 10 Rankine D JFIE, 29
B, 16 e
; WA, 18

THHEHL, 30 T, 2
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Reynolds %, 38
e D IR 4

HMEML, 22
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