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Part 1. #1Eki7{A < X T Ls5f Global Fluid Dynamic System
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Introduction
- JEFEEENR E L COMBKGRIAS AT L

The global fluid dynamic system: a non-equilibrium open system

» M EK 0D TN 32
Global radiation balance
SumE D= E 7D
\ertical temperature distribution
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Heat transport by the general circulation
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Generation and dissipation of available energy due to heat transport

Hisash Ozawa, Hiroshima Univ.
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Part 2. %%%*%;ﬁﬁéﬂz%ﬁ Natural Structure Formation
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Periodic patterns in nature

AR DEEEE & T D

Dissipative structures of fluid systems

- AR DK EE

Pattern formation in granular flows

- Sl H D EHEE

Periodic patterns of cracks
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Fractal and dissipative structures

* = EBEFE (IN)A— )

Summary. and eXerciSes

s = A DIER T 77 1)U (PDE)

|_ecture materials (PDE): Moodle

- Moodle

Hisash Ozawa, Hiroshima Univ.
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2-1. A DfEtEEk FHEE DR ZhEE

Periodic patterns in nature Scientific essay by T. Terada

AR D ENRIEIE & T DFF

Dissipative structures of fluid systems
(NF—ILDEXTGR, BEXxmDiEEZEIE)
Bénard convection, electronic convection

AR DFR T e

Pattern formation in granular. flows

(it N9 & mininDirieim, 003k EDEH)

\ortex formation in granular. flows, sand ripples
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Periodic patterns of cracks

(BziEZEInE, KElT LINK, AT ADEEH)

Dried cracks, glacier crevasses, cracks in glass

T L — SR AR A AT BN 2

IS energetic interpretation possible?

JTorahiko Terada
(1875—1935)

Hisashi @Ozawa, Hiroshima Uniy.
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Pattern formation in electrlc convection

EBARMMDBIE ST A L—23 2 &4, RE (1983)

Numerical simulation of electric convection Suzuki, Sawada
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Governing equations:
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Continuity equation for: fluid

BALE (V) K O EE D

electric potential " large Conservation equation for charges

|

S SIRTANE e RICELET, AIHEEEE =

convection occurs Cc& e =2l — 3>

== Ve Numerical simulations under the same
FE AL (I) 7 Ehu electric potential (BC) but with different
initial’ conditions

Hisash Ozawa, Hiroshima Univ.

electric current increases
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Multiple steady states

n: imDE

number of cells

> E DINEN RO R ED ?

Which state is the most stable?
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eEEERPRERrRERPleRPe Numericallsimulations with

perturbations at the boundary.
m CEsnscit (ElzE)
Same boundary condition (V) Hisashi Ozawa, Hiroshinma Univ,
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Transitions of convection patterns by perturbations
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Vortex structure formation in granular flows

't <6< L]

"smoky" structure

Brad White (2000)

[http://www.avalanche.org/pictures/
avalanches.jpg]

Hisashi Ozawa, Hiroshina Uniy;
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B VRIF Dt S EER 40, 1V (2000)

Flow experiments on lightweight granular particles  Nohguchi, Ozawa

BEXNFEBRFO—)LDRF (ZE: 0.02 glcm?)

Polystyrene foam particles density

AN

[Physica D, 34, 20-26, 2009]

https://home.hiroshima-u.ac.jp/hozawa/Physicab-2009. pdf

Hisashi @Ozawa, Hiroshima Uniy.
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Flow experiments
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Structure formation in granular flows

L
B
twin vortices

Hisashi @Ozawa, Hiroshima Uniy.
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Energetical interpretation
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Vortex motion that reduces air drag force emerges, thereby converting potential
energy into vortex kinetic energy and dissipating it into heat energy.

e JLF—2Z2H 5 TEVYEALS || BS5EE oy Diitais

Vortex structure that “exiracis* potentialienergy. Hisashi Ozawa, Hiroshima Univ.
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Formation process of twin vortices
OC CD ZE KT 2 B 5 j—ﬁfiﬂl%iﬁbﬁ%i

N— /\l/ Formation of twin vortices that reduces air drag
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Increase of flow velocity:
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OD Potential to kinetic energy

EPE AN IPES

Increase of vortex motion
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Energy dissipation rate
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Evolution of front velocity twin vortex formation
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Nohguchi and ©zawa (2009)

Hisash Ozawa, Hiroshima Univ.
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Vortex size

/ A\ , E LB
, \ 550,000 table
tennis balls

*McElwaine and Nishimura (2001)

REEFIEDIES: 0 ZEHLA % 0 =1 MFDES T 1L F—

velocity boundary layer thickness  air drag force kinetic energy of a single particle

0 = (pp /pair) RITE

particle diameter.
S \Y L T1B*

56 120 220 5100
49+ 8 83 £ 10 304 £ 23 5300

Nohguchi'and ©zawa (2009) HisashiOzawa, Hiroslhima Uniy.




‘:E»‘:J:’D—C—G%%)Ew \I Sand ripple formation by wind
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W. Wiedlich (1993)
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Arakawa (1955
Mullins—Sekerka (1963) M&=14- rakawa (1955)
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>5°C, AR EfNZEIE,
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Honjo et al. (19895)
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K. G. Libbrecht [http://www.its.caltech.edu/~atomic/snowcrystals/]
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7IE=ln B Dried clacks

AT v e g

VWunderlich (19995)
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HOADEINE DEHIEE  Hirata (1931)
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Ei L/L \%.%ﬁ Yuse and Sano (1993) Nature 362, 329.

=1 B DSEium| <MD D ZEH G N oy o« dT/dz| g, o« AT, v

)
HOOOOOOBOS

o
<
~
<
[+)]
O
o
[O)
—
(]
E
©
[
—
e}
=
©
—
()]
Q
5
-

10 20 30
Descent speed V (mm s7')

- BT > S+ iR

A FEID B SN HHEE (0) DHRE 2

Hisashi @Ozawa, Hiroshima Uniy.




=l B DFIE (Y17
I )L —EmbafEfR

*

*
Oth < Oth =

20 ?
Eﬁﬁﬁ

ZIN B ISk HEEH T 1)L +-—DEEINE: AE,
SN BEISE HFRE L~ JLE—DIEE: AE.

SN EDFEERM: AE, 2 AE.: 7

Hisash Ozawa, Hiroshima Univ.




17 B D 451)

l_l_l
DE

&

o
i
¢
B
S
X

DENZ

Vot 5
: 25 . ‘ x‘
Vit il
3 =Py g \‘ \ / “\b {7
V008 \ 7
=0/ /4 \\ Y #
9 o

4

7 \:.\\
«\.\f\\
A
Il
\. ‘c

\\\\~ 51\
SN K
.\\\.\f.\\s

mx

NN

b
Y

%

7

N

.74
Q\ & \\‘\ ‘\ M
b

AT 77 \“u A
wﬂ».n‘.\.&\\m\w\\%% .&M%‘ )
7 % .

5
e
0
% LAY
i %

7 «\«\\m \.\ i

i A%
ks
Sk w\u. 7

o
i
v .‘ k

.

-
g

v
7
%

v
iy, 134

FLA4
) .
2y,
..L&‘\.\\,
A e AT

7 %

ol
¢/
9

@.\

o

v

2y .
We1nin
«‘\‘ hMm“‘
0

PR

-
G

S
)

3

-

RS
=

St

\‘%

e~

S
e
"" N

_—

;\‘

_—

Y
- —

o

s
S
TE G
>
v
?\" =t
RN
S

o

\.

7
(

)

)
8

S

~

~%

RS
e -
=S

X,
SIS

=

e

—
=

“"’-t.:
A

&

S
“".-‘
6‘3\
e
S

S

s
i .

.X$

VY
%,
V4

y

.

)

"

%

-
I

.
=5

oa\

2N

S RS
\N;:&»‘“ S

—s&
\‘ \"»\““ AN
= \.‘_\\\ NSRS N
SRS
SRR &
—
\—‘e:\:s\n;
SRS
SN
SIERE

R

A
A %‘s\
R
SRS
SR
A
R
PSRN
NEXG

<

A2
NANE

> ‘._‘
.
——
22N

= S:,"
S

~-‘é.‘eg-,.

i)
e

3
=

o
"_‘t

2
o
=

-'.\Q'. X

N

2006411 R

Hisashi Ozawa, Hiroshina Uniy;




- ¥h1%+E (viscous fingering)

SHETED TR (K or jH) [TIEFEEDFRIN (BRI E) Z:EA LI=FFIC,
2 DDA DEREICTE AHMDORE,

=

Plex'iglasplatten

Fast and Shelley
FEADENSENESHEANA S CEEMETE S, (2006)

Hisashi @Ozawa, Hiroshima Uniy.
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Nordmeier: (1998)

Hisashi @Ozawa, Hiroshima Uniy.
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FEMH 5= & 5 1E=

AU S Z & TTRIL
P DHARASEINS .

LHAL, EEITARILF—IE
TE0,

= Z=DIENN = RE L 7~ —DEn

= tEAMEO L B ERoro

BRI 22 /B I HE AT Martyushev and Birzina (2008)

H(3EZEIC = B0

Hisash Ozawa, Hiroshima Univ.




% 0)) 1'H_3. D) 15'] Other examples

- 15D #5 (salt fingering)

EVRIBIKZETSAHIITESGR TS
B DBRIFINI—Z N o

Huppert and Turner (1981)

» Lichtenberg M E X (FEiFAKIR)

AR ADIRE C, C=AizlFEH
9 DIRIGINF—Z NI o

Ball (1999)

Hisashi @Ozawa, Hiroshima Uniy.




Faled (Part 2-1) Summary

» BARISHE T AHFE R RIRR D 22L&, AFHIZET 1)L -— (or
BHEITRIILE—) 233 E<KEYAH, ZSHESE D EDISFEET
HEWSZEAT, EMEMICIZEAEZE T H5FENTES,

« LHL, @4 DIEEDFZPES (‘HiE") ZRHTINHE
BL<hmo TR,

= 2 1B B DEE (FF772TIVIE?)

Hisash Ozawa, Hiroshima Univ.




2-2. 75773 )LEFEREIE Fractal and dissipative structures

Clouds are not spheres,
mountains are not cones,
coastlines are not circles,
and bark Is not smooth,
nor does lightning travel in

a straight line.

Bandelorot (1982, Benoit Mandelbrot

(1924-2010)
BADH IS, Euclid 2 a2/ ClE7E0N,

SN BEADEZRIZET DBV IFIEIE7E0N D 2

= Mandelbrot DI IS5 )0 2 a] =]

Hisashi @Ozawa, Hiroshima Uniy.
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» [BIERXFRE (RXFRIE) — B DINE X FHE
» SRBIANE (EEXFE) — A, &, RITHE, ..
« M FETFRE (BIFAE) — #EamBEcdl, AT —ILDEXTTR

* TN (Ha/dy) sFnE (BEEAHEENE): 59 %)L (fractal)

INSDNENDEIART DE, EIRE
— 29 Do

EIRTEHEINT S E, ERTRERT
HECTHDINHSDERDE—3T 5,

Hisash Ozawa, Hiroshima Univ.
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« Koch® (FF1h73)

Initiator
Length=1

A ) EA 2
Generator
Length=4/3

A R 72

Level 2
Length=16/9

RARIEIE (B3F D L THR
ICZEDL B)

E&: L, =43

L, = (4/3)?

L, = (4/3)3

L = (4/3)

N —>e [ oo

Hisash Ozawa, Hiroshima Univ.
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Ei=: A, = (3/4)7
A —0

Hisash Ozawa, Hiroshima Univ.
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» Sierpinski (Menger) D A7 >
S ANIEAEIE?
M HARE 2T EHL T, &

EDFEAHRDILHIAZEY
fR<s

higld? YV, = (29/727)

n—o V.—0

xEEE? A =7




» TSI BIVRTT: DEHS (‘BEE)
RpElE? HEODESE X{ELEEOROELE

ORIt Mo X0=1 (—5F)
1RJL &S < X'=X

2 RJT  [Efg o< X2

3R IAfE oc X°

— & DAz : dRe FzDRIE=E = X ¢

> BEDER Sz X5 LIRS, ZalSxliin g &izMZ22 1630
XS7E B, TDHZD T 5 7 F VRIS do

Hisash Ozawa, Hiroshima Univ.
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2Dk Sz 35S LizkF, KochDBE#rD&x S (&4 15IS75 5

4 = 3d d = (log 4)/(log 3) = 1.262 ...
Dzl EED&K S D=

= HigDRIT L YRE <, HDRITTE Y /NS LY,

Hisash Ozawa, Hiroshima Univ.




Sierpinski® i R 79D TS5 )L RIT

REDR S % 2 (5[ L f=FFIZSierpinski
DARTy D TEiE] (X3EISES,

d = (log 3)/(log 2) = 1.585 ...
FEDZibzE HEHEDRE S DS

— KochDBIFEDRIT &L U RE VD, EDXRITE Y0y,

Hisash Ozawa, Hiroshima Univ.




IINER R

e SierpinskiMA—RNYLERR DD TSI IV RITERD TLI=
=by,

. BADRISTSIAI LR EEEL, ZDEH (EDHHH
TS5 )LEIRY) Bl TSN,

Hisash Ozawa, Hiroshima Univ.
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Hisashi Ozawa, Hiroshima Uniy:




BIERRD ITI53)L Mandelbrot (1967) Science 156, 636.

Nty M TURDEBERRORSIE LD

N
AN Richardson (1961)

= KSEEZTE L),
N BAHRERLS 5D,
757 3 LR (fractal-like)

MBITR0). J 5 JVRTT 2 KD B Fiks &5 A Do

Hisashi @Ozawa, Hiroshima Uniy.




BIFRRD I ZIZIVRITDKD A (H/\—i%)
BEDRSDARAT— Iz X ELIZEFIC, X9 52D R E3EA X
[IS7E B0, TDRDRITIFE d,

MDZILE = X7
11l) 78 R EfREREE L DB FiREERE e D
v | ETESE NEORSLES
1:51_ Ho
HEDES: ¢ — L (X=Lle)
MBI rRDZ 63 N

N = (L/e)e

d = (log N)/log L/e): € DART—ILCDIFIFILRTT

Hisash Ozawa, Hiroshima Univ.




IDEZEZZILSES: e=¢, &, ... €

N, & Ny = (L)

No B N = (Lfey)2

Ni ﬂﬁl Ni = (L/Si)di

HL, 158 d. D, & DIBLEIE (6, S & = ¢) C—FEED, Dz

(7

/

i) e, T ODEI

3

177’79»&’]1&'35

Hisash Ozawa, Hiroshima Univ.
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N, = (Lle)® DTEBOHEE E 3

log ;= —d; log ¢ + d;log L (y=ax+b)

w

HEER: FeaEm: x tEE yilhe

Y

059 5 JVR5T: d.=d|

D5 )Y 18 E A

Hisash Ozawa, Hiroshima Univ.
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PAT (2002)

Hisash Ozawa, Hiroshima Univ.




BIESRDITIRAIVRIT 2
T — AR

AT (2002)

T A =1. d DR =BEEE, alllxe
J+ 3) FEE ~ 1. KA D= EAEFR DR ?

_ﬂxw 9‘/¢~

KXz E S

Hisash Ozawa, Hiroshima Univ.




DRI DITZ7%2)LRIT
P51 T

500 km

d=1.26~1.38 ad=

= JlDiiEs ORKDILE LRI F—ZHEGTDAVAT L) EHIFT3
VEZR9, (EKk=E7=>d7 ?)

Hisash Ozawa, Hiroshima Univ.




S DEFZRD T T3 )LRIT Lovejoy (1982) Science 216, 185.

mEbf: L
L/IL,= (R/Ry)°
L =(L,/R,%) R?

oc R4

R: ZDHA X
Ry: /DA X
(=0, MEIEIE R E?)

10 102
VA ~R (km)

ZDH AR

fR= DI T FIVEL, FFEXTD
(FR) tE ez IR 2

Hisashi @Ozawa, Hiroshima Uniy.
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Nordmeier (1998)

= hlEtE (EAEICEDIESEEMYIAABET BiEE) ©IF7TF)L
EZL B,

IT7FIVE: SR iEED—HRHIEE 2

Hisash Ozawa, Hiroshima Univ.
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Fali'd) (Part 2-2) summary

s TRIILF—ZHYAHFRET H151E (BURIEE) DZLISTS75

JVIEDH 1D

LML, 9573 RITDPERIIEERRIEEIZBE<H M2 TLVELY,

o TR)LF—FHAA IR T DEMNRANISELSEENG, &< D

I3 )V RITZELE

SN CE=NIE, TFIZ2ILDARENIEEETES

B EEIED DD o

Hisash Ozawa, Hiroshima Univ.




FhDZEZ (ER) : T573 )L RITDEFK
THR)LEF—DEIEOEFEBEIRILTF—DEED BFEEHRE SN E ?

F71, BT IRIE T, HalE ]
AN QEE L 2R H A& /1, 2R E 16 AR

175 [ H7E I3 2RITTHIEZRE 73 (F3TRITE7SL )

d=1 Y~ 7 BKRKCTd<2 2KxtEH)
FHYELY d<3 (BRITZERMA)

1) F2Z=%0

ﬂ é % ZxHfs (d) 2Pl C, sl A= ?

l;jjlj\ l?jjj(

*) 75Fﬁj'|$0)7‘dtl,\737‘/5@%}]0)%7%0)@1&% d=2. Hisashi @zawa, Hiroshima Uni,




I3 IRITDAEY TG (FADF7E)
REME: L REH: A
L = Ly (x/)° o< (x/8,)°
A = Ay (X/0,)7 0 (X/8,)°

x: fZDH A X
Oy: BIDAT—IU
(Lo= 0g, Ag= 0%)

X>> 6,156, d=> L, A7
N\ N\

< b
\ ,

T 3L — 1 (%) B2
PSR pifEE

d N

Hisash Ozawa, Hiroshima Univ.
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LEGEND FROM PAGE C3, CONT'D =andt
PLATE C16. THE GREAT WAVE BY HOKUSAI.

Katsushika Hokusai (1760-1849) was a paint- (1760=1849)

er and engraver of extraordinary power and

versatility, a giant by any standard. He was

fascinated by eddies and whorls of every kind,

as exemplified by one engraving that reached

such fame that a stamp-size reproduction will

suffice.

Mandelbrot (1982)

TI'he Fractal Geometry. of Nature,
Plate C16.

Hisashi @Ozawa, Hiroshima Uniy.
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