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FHEERNIUENEERTEIT 5 2 & B HURE
WIETHY, XATFAYOLST—H—ELTHEAR
NicA V7 BREHEATHEINTICF 2T HRITH -

Tt LT BEFY. PPM B XU EHAM #icEHmn
FHIEFEHHEEINTLS. ZHUIKAM Fo—7 &R
Hha.

ZNF TR~/ PPM - EHAM (331 THE A BRI
BAIAFI 9T IFH—THAD, Lo INA[HES
EHIOA A RBERBIFET S, TOUE DI “Ua
03 FIBAHE" (Twisted Pipe Mixer:TPM)®) T b,
ZDZ DB Y ME BEREZ DM - THREIC RENAE U
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FREH—, NEFEIIAE (JbfEE k)
EH, TNICK DA TFEAES T SO ER IR A H
Z29ETEHHOTHS. £z, TTIIHL D O TEMIC
AL SN T35 “Kinecs Static Mixer”(®) & aJ #1584 &
TRIEWEBEETH D, /31 THIZ “Twisted Element” %
BIEAICRE LA AWEEEB5DTH3. Lol
ZORSBEBIIHRET S 3 IRERICL DEEICH
BHEJRETH O, EROMAMRE LT EFoh3 s
ERENT, LUATENEEHEDIS, EL 1/ IILE
FNELELVEBEMARICELETRE T — gl
ENTWBEH>THBEO).

IIT, Wt AANFRAMESEEN, REhTOY
BiH - BREEZEZTHBE, PRIV - ELEERER
HAERIZLUTHADIERIBETHL ENZ B, BMIZ
IRIZEBROFRELTHESTH Y, TEHIZZNICE
B5HDIEFITNEDICHEZS. UL, i iAEREE
MELRENELAHEFHTHICEEEO I RILF-2EES
ABIEREEEESTS. NI lLa—Et—H v ThT
D INVT OILEIE, AT~ U TEHRARERISITED,
B Ry — L OREEFNFIZL - TRESNDS., =
DEIIEV A/ IVZET HIE ORI E L ER O
DEUICK - T, FIADWP B BEDENRRIIILDLY
BELTHWIEPHONTHSE, IS 75007
UAHFRERIN, BEXRILF-TIX MIUBESFETH
H5.

AF AMEE BRI ERTE ARETIIINE
TITaiNTz K DI, RO TH 5 2 LU,
UL, TEMICEEDORECHLV A /IIVIEmENICT
LTRERNFHFEIZABILINTO RO ONERT
H5. ELROKREHAEL T EL 1/ IV R OTIE
CRAITNE, A RBEAREICEEL &AL R
LT3 EELSND, LA AA RDEINLTID S S
WELTH, EIX MIBEFRELTOA A XTHR
PHIFIATRETIIRWEA S D
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T, A RAFFRSDAOoTHRELTENTESK
WDI, RICHENFEREAEROFEETH SO, KED
HEIZFORWMITH D, B—RiBEERDHBBEITIT
2L ABWERETHS. BERJ[FHOIALEHM ST,
OIEERSGRBAENLTIENREFHET A EICESE
45, BLRBESIISWTHRKOIERSHMNELET S0
FEHIIEBETE T Rz ANF 2P IEUECR
WEEDZ SNNIETENEFIIRE 0.

2 ZXEF+ETAADESR
EREESUINBET A R TF v ET A RIZE N
< —#—HFF HES 2, BHELbizEoLH i
LT D ERLICBODNRI THS. BEERA
T THLE - AR D E LN SEREIIIETE#INT
W5, K3LYIZRBELDIZF+ ET 4 NBE LS THRFS
Do OB IEF P ET A RERINSBICYE
AT SIS S, BUOELEAFTIDIF oG, 2
DF ot R 1 242" B (Kneading Theory(D) &
LTaoh, AARMEBEEEESHTHALFRTHS.
I ITHEHEENDIL, A ZREDRITIICHER
WEBTHES 2ENLET, o & “RlEEE
LDONNTG UV RADERNBRIETHD. K4 FREOES
WEEBLT B0, A RWESIIBON TR
HOM/NEDFEEEREENIHEART 5 2 LICHER U, Bk
FEESOMUEONHERED ZEERELTNAS. £
BT T/ 7HEREEMFICIOBIEEED &, K4
RESLSIHFEORANTRERELRLLI EDG0 5. 2
NILEOREE, DX OBHEITEKFEL TR,
FTBAXEIIBES®EIES I ISR A MRS
fED 45 Z &if Chien ® St & DEEINTI B,
I I THEHHHEGRI SR EIIC Re =5 BEDRET
BREHINTHAS. TN UR 3L Re = 50 TOD
BNTHD, BITOBISHEREFERIN TN, £
72, Re =500 T CTORWHETIZLADREMU) 77/ 75
HOBKELDZEAGN—ETH S I ENTANSNTIND.
i, HiREBELIF v ETARAT AN =7
AFAUCBIT B AA RERA A LEZERZRAICT
HY, SNLATRNREDREBITH BT LRSS
UL, R3DEDICHEEEN R AN INEE LS
MROEHEITIE, FISEE LV OfFERIET— A —D3

_'7__

FrET A NE—ATIHARETHD. LT, MK
B E ELITHFRAANEEORES IIEEERITIL, £
NODHEDOMSEHE TR 77/ 7EEITARE
E2EBZ &2

3 ASXIORoXICLE3NFREIEE

BTEI T LB O L 1 SV RETAA A ESH X
NAEFlERLI. UL, TEMIELEIS L1 /L
ZERNIBOTHERIC A AKX LTEESMMEEZIN S
ZONDBETHS. TOWMLHITIHAFTEEEDOW
SEICLBHFRTHS. Fry hTARAY EFETN
BE—INIEAZEHFSOM@INDEDH HIZTE, ZD2D/D
FROENEESOWS FIZL 5 DETIZED, A4
ZHRAHTRI D, FO@EEITY NIVRA v MHETICR
EINHOTEAHELTHEZEZII(WD, ELAL /L
ZHOF+ ETAAERL XA ZRHPEI TSI
EizER L,

ERBDF vy M TATNUL, CAMBEERELACLDT
HABED, BIZLARRROWFRLERIIDS IS -
TREIFEZS. RS5DEIICEFFTOREREIZAD
EL, SEMRICEIELNTFHEHEETS.

CNSxEETFHIMISIIELC, ¥ NLRAL 2 MRS
NBT—A—RTHDIERT AT ERE I ab—Va
LA LONEE TH S, Nk, GPLEERLE 0.2, B
DI A& 1.0, @EEEE 002 ELTH3

K 6(a) (2B EDEREBEMPEEET, YRR A
FTCOF D IFICE DT — A —RFHP ETORICEREIC
WOMFondD, BEEIITIEELTHIEL. £h
L, [6(b) DEBEM TS INI I ZEE XN
KFFNDS, B E—ALTERREIATEERSIIE
EE By, SURICHEBAREI 5. K6(c) FERAMDY
SEEBZIEET, v —A—PEELTWEETE
RMDE4 SR IBERIIE AR,

COLIIC, MHOWSEILLBIRENETLF » E
T AN E RIS, 0 M TR & i B R AR
NERAERILTLE I &8N 5
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BETIERTFNDH L. IOEFIVRERTRILF—
k CHORE «: 2> THMARy—LEzRBELLE L T7H
IOEEIC L DI ARD B, BH oi3SFiIEE Lo
BEX S — /L& BB EE XA LTI ROER
FROEEFRNCERI LT 500, ~

LU, BLIBAICBS 0T HEROMBES) & 44 R
MIZT Bl L VIR AERETE A LT A8 EN ST,
ZERER A E R LTS RERDBEE T LTI < ILF
2 —VOBIEEE Y L 2 — N TERNI &I B,
Z ZCHAEE S TOELFESR) | S HE A B B Ao M 2 RS
BRETIINVEEATS.

1 1 1 n
BT = geeuiiy + gpeuliy + el

ps = exp(=Az/n) =k ZERAEEE
pe = exp(—=At/Tg) : Te = k/c EFEIMHEE
Y = P 0, Siko D EAELAL

00==(1—'§Pfr—%P?>k

K 7(a) ITEOREBOEL, D% HiEEEE I UCEEHEED
B LS AN TEGHORTFERLT S, EH
AR OERETF NV TRBE LI —A—BE
WIS S LCERTE A7), 8B T T TR
FREMIREDEL N ->TLED. HBLRBRY—IL
MEET ZREOTHENE T, BH7O0XHU—HEHMHE
RS TOIRL LICERERINEE L &EEH 2 RIcT I
EDGhD. DED, BRBICEHNTHF+ ET 1
®, BHERLLIITTODRr — VDRI & O ik
BPKELEDLIENRTFEEINS.

5 BEEOHIRFOFHFERCLZIEGLEER
EEXEDEZIL
BEERESNTHREEBRLAEREGTHIER £
NoVY I VB TRIESTEELTUE D 7D ICHE
L BERFHINTOI20EEREES Y HETH
5. CNEEFREICL > TENTZAPOENHTZADY 2y
MIEOFEINS I EEFAL, RRICEEZDH D
HAEAEIRESTAHETH D, - OFEITBIHEMREC R
T, BEEOH LML RESIFEE LT—HENDH
SHEFRVEDITICREADENEEDEEZ 5.

b

s o
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4 HREBVELLT K TI70DIT, ZRTORA
ADENENARAPICTHEET HBEEEZ 5. THEREN
ZOHFRGEEET S E, BEAR dp EEADER dp 12
LORKD & D RIBESEST 3.

Dw_ 1 Upx T
Be = 55(Tpx V9) 4

SHITRD, FRKEEEEICEEORSEET S
POTFRDORETRRELBENEL, HIDLSizH
AERFOMTFONSUNDELS. v N—05 Tz
LB AHALEEA Haas SICE O RESH T B0,
72, Yang SIIEEERRICK D, Bray REREILD
BEDREDIIITEAT 2METANTNEIY . 103
WREEZERTIHEER TR, IBESEEN
EERNCHE TELFNLNL S/, Yang SIE 8O
EOREDEIA, ML L &I hET 3
CEERBL, WEFMIEER (stretching rate of material
line) KK VEHEMEREBE LT 5. HEREEHEIC
Vazy MRRATNEHEP, EZARICREINE
BRE, BERIFINTNE. Z20hTRADMERE
RUILEBRESN T30, REFEREIT CIZE-
TET, —HHOBACEKLIFFEOBENEZEH
BBE8THS.

K10 KERENEVEATSE TOMBELELTH
ERBR LIcERERT. EEOREEEEEHZA
MEEFERT D00, BEY I 2V —Y 3 L OBRITIEHE
BEMTERAOCSLENSS. I ICAVKTFRER
T, E¥SEBOERMSETH .

INSOFERERNSHN D EIIHRHRDOAS S 1
I TESELT A I EICRD, A RENE SICHF Ol
HoNTHEROEIDFIEETENTN B I EN, o
NODFHRERNSHMND. Fie, BN HOdT &
GIFEFIUICLORESNTE D, HEAPIEE S
BRI THD., Zhid. WhWAAXIMRED A A
ZAXLERILTHAB.

EEZDDH HALIRAIE, WREEFOEEZ T
BHNICEHAIEA ZEICKD, BEXNA I EARLT
LU, BOMIRENTS S 2 FARNARAIATE &1
BRE. KD RWESRB D 7DD HERTESIAE
N5, TOVEDDT Fa—FIZHF RS HEN
HHILEERUL. REPEET IR E-TH

Soogt



MAEMHER T o XAPHUTHINL, BRELND
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ZAEEZ, TOFEEEAMINEGOESVMEFET S
LATFR L. Lal, LOBEBOSHEICE > TALR
KREABBICEDH LY, BIZRATTDTH7HIC
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i1, ASHADT 4 — KXy JHIENBETSH 5. ERIT

FF ADOEHEIZMET AP AE CERICITON TS
D, EXEHOEWMHFLEEIN TS, TOREMN
OGY(Ott,Grebogi,York) #IE(3TH b, A4 RMNEE)
A2TT L RFTOHAFZIZENT, Uiy A7 D
LEAHIEICE TH B I ENRNIEEINTNS.
LaL, o TeH—ERNOSE, BCEkEDRE
HEEIcBAELTAHS &, OGY ®IENERIIL TS
HERLEDBENADRLE 2T A FNOHIEERDHN
TR ARAOEEL, EBOHHEDEGSTHD.
BRI OEREN AR D & LT HE0EHEITHREITE
EHRTH LU LERIIKE DD B BHEIDE, BV
A4 ) IVEEH BNBEVA ) —EICBOTIRIEDRED
BEE— NHPEETHDT, FOTHETHEEEZLSZ
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ZENHEEBETLDICE S THEHREZUERTH S
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AHCE UTRETRINERE ST EENH I1ED
N AT, HIEETEEIIREEICE ADEEDETS. B
Fuz g, BRSSO MFEZER L TOREIE & (fixed point)

ARUEL, ZOEEIZOREINESLOEF>TH .

AEFADSHENTONMILE ) ICHETSENI I L
THD. BESEGEOHCHEANEET I LIZHDON
12, IEGRHOHNNERTH » THBEIIRIBALN
TEETHS. LvL, BIALLICEIEE > Th A ARE
ORTHNETEESILETIIN S, KEER< MY v
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T, OQY HMiEEFhoREIcEA LL>EFT 5L

__9_

FOLHUEENAET IS £T, EPHILE
75 ERAENOBBNE (LA EEICEET ARBREEH
LEd o ETHs JHAEFRERIIELOIETH LD
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EORIFIZ L VIREEHEEZHET 51 ENTELD D
LA, EHSIE, Zo—FiFry hT—T7 & ENE
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EHAEETH S Z AR L,

WICEIR E L B DITREER HEXDOEETHS. 5,
fEAEFETZ F— 7 ZHER (NS HERR) DY D
FENTHBETZE, NS HERINAGREKEERS
ERETAIELEEETHS. LD, MHiREICESH
WIS HRRESTAL LTHEE{ET 5L LTH, NS
FRHABRIS D DIILBELERDEE, DEVH
HEOSSIRENTALELSEOREIILLLED
na.

22T, NS HRRAEEED OTIRE, HERE
EFJAL L TERITGILT 5 ZENEBZ SIS, EEOH
R TIHIEH RZOFIHATIINT B EEERRT
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nEeF) 73509, AR TTFNVEBREOKRBES LU
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V) VIR EETLOREICKET S, JhiEAL
ZZEDEF) 7 HBHNFRIFTOBI LI LRV S
3, BRIF—IDSDT NT U5 —BIEEDRORHE
B EEERTH, ENENF VT v OEREET IV
AEGCHNT R EEZ ONG. K(HOSNTHAR DI
O—L VU YEFARLUVRT—ETI/INTIHERRIT3 TIE
FEiZT7 NS0 7 —ABHRTES. Ll AFRARE
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xTEZNTIE, TS o —L Y EFILVIEELR
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HIEDICRIETETH B LB B,

7T HHUID
BNOKMESEIZE D A4 RBRE LT HE L
HiZ, BV 7T JHERICEZDBAEOERILET -
fo. T—H—HFOMBUIRIINDOWS “DXBETE TH
D, HEERTEEOIEICREET A HENHS.
EHOKEIRIPERMANTHSF+ET 470 —T
BT—=A—DEENDOLH ) O—REEEEFEITBERE LT
WA, BAZEBENTHAREMEID THREOERERL
THh, BESEOHEL UTEN) 7T/ 7H2IFYD
THb. LHL, BEOLEIAINAEERTAET S
EREETHH, BULARDILETHS.

i, ZEERLERTEZAH LOEERET L E
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CIRFEE « FERIE )7 L AR BIF AT

Xt & A A

1 FR—bFRAo#RxF

B OMBEIX, ARINTH R LIZBHBEN,
Birkoff m# ¥ Lorentzix 1 9 6 34 1) Rayleigh
-Bénardm iz Bt Lie (2 RITEEBIZ oW
T1E—F, BEBIOVWT2E—FZ]3) 3Kk
R o Lorentz 58,

dx/dt = Pr(y - x),

dy/dt = xz +rx -y,

dz/dt = xy - bz @8]
ZERL. TOMOARRILIC X > THENEL,
ENDBHF AR >THL 7t A2 ERIC LT
EH U, b REALZEEERNICHASES >
LBEWHLP LY. ZTNBEEBEOTFHIREER
WGz iz mbhTna,

Pr=10,b = 3/8 4% L. Bénard Cell »5%
D5k (pitch-fork B) iwk-Tr=1TR4EL, r
= 24.74 < Hopf MU F R e85, T2iE L
EATFULYABRBHY, 1 <2474 THLHEERED
FABRID 52, 1 >31.71 TIIECGEINE Y.
Whw 3 R o” B » L BllERD, r—> o
ORIEHF X TiE2 < AR L FRlShTns, 2D

#L. Lorentz Model © (£%®7THZRM % )
Rayleigh -Bénardd ¥ sl S iz b i Tid iz
W, BEREERIC X 5 EMRRayleigh (Ra)fk =
1707.6 iz 3\~ tBénard Cell #8443 & = 5 &Tix
LT DE, 225DV FIFRELRDTH
55, ZoMERBusseYic ko THE D LS TR
bRTWD., kEL. ¥FA~NDLF IV FIERDOL S
REBBLETHD.

4y 1 DOFEBRELSRITHER T ozl &, ¥
BENRTG A —=Z DB Lo TZhnRE 5 k3 200z
DVTIL, FLEREEEY) 2ioT. ERHESD
DHIMLE— FOBALIZOWTD BB HFBRRIC X8,
FEMEHEMA f2) BREAFBRZIEY. ZORELOF
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M B (SRR KRS

TR ETNRD LI EESH 2 D, BELASFE
iz B B #Hopf Ak L v 5. AR ORkIZ

DV TRHZHAPEDORT v —BiHzE X5,
ZDOHENTHIZ 1 DOFHEEZ O Licky, 22
25 OEALIZEERN TIZD 255 1 DOEH FERRIC
HXAENDETHD. BRHERRIC X > TEOhTE—
RAGHIUE, FIU & St aEEict ~C2
DE— ROWELIZH T DIMBORBHFBER2/ED =
EBTE, ENIC L > THILOEERE 2B, =
T TOHE TRABBMSHIUE. £ 2 oHopf

HETHY ., HZERATORRE (F—5R) EHL
2%, TNESMCABIBSESHEVED, Zhdbos
IR 2 & 5 ITEB 5 2 L1333 LIXaEE T B s,
ERIGRTIIRW, BE P—SREHTHEID
Hopf 7% #C o4 Ric 725 & v 5 Ruelle-
Takens-Newhouse® 03 5 1 # & i #iH5 5k 0
VELTHF Ric72 D &\ 5 Feigenbaum® o+ 5
VFAPRENT, ENENERNESFT 2 HoTN 5,
Dz DIEMCRIRWEES S F U A b b D,
NFAZFEHRTHORPETHRWD T, 2hich
BEE— REDHTND, FORLEE— KOMER

Fb 3 osLyapunovig#k .
M =lim—s oo SUP In [Xp*(D) |/t 2)
THhbD. (ZzZiken=1,2,. .., N NixHZEED

RIT. Xn*(O)IZEELOENEEHOEE E— KD TH
%o ) M> 0 X FDEFLE — FOIHEBIBBIA DR
SERT. DI AOEHZMEKRE S DI

bW HLyapunovi~s Mt k> T¥E S, b3
ADT NT Y E—ZHEROBRTT S5 2 Z RIS

DESSTRY., FORIGIZLyapunovik it :

Dy =i+, a/l%4] (3
TREND, (ZIZTiHEHORES, = MPAT
ROBRDESTTHD, ) Ra BHEHI/NEWNRED
NFAE”T T ik dbbhd s, Raskx<
2B o TDLRBML, ” 3B BLikicB - T



<hDLBRbhD, ZOrE, REEET— KAHML
CThHF AORKEEBEDL DD THIN D, HFADHPT
O (BlEXIT) BRI >TWDIETHD. TOKH
HERTHIPE Y, ALKEERRITIT ARZEP 2D
72>, L7 LRa — o TRayleigh -Bénardojiii
DDA E 525X ERERADFRTH D,
BEERNICTES 2 LiX, BHURORRINICLY
AR D HED CHEMZREY . D zR<2 2L
THY. W OPDOHBDD. WTFRD 2RIEh—F
ADHBEIZ L > THFARLRDZ LERMLT, D
228z TnW5, HEEMEY 22 —-Yay (
DNS) 2T kRTHIE, ZOHFmORRIZD - &
A5, 1272 L. soft or hard turbulence&
NDWNNF A2 ITITEREP20 OEMIESHD.
(soft or hard ® X HIliZ iR B 2 A DS TEF 72 A 2R 3
SFEPICEoTHROBND, )

Tz, bhbhOMRRE T Ietfo b3 AL
B+ SR EZRNT D,

2 CVD#EhiZBIFZhF A

Chemical Vapor Deposition (CVD)iZ 3k
OERBLETHELONDIER THY ., 2 OBLEED
T& T, KFEEOTHZME L BEBRIEZEATET R
EZZIFTON, ZORGMHREERETHS.
#&-T. B%ixRayleigh -Bénardnstiiic
Poiseuillen i ssimb -2 b oic 725, CVDiz s

HR2EERHFTIIRa IBREEZBELDOT, EEIX
FROFMIZEHE BT —ABEL, ZOEDICT
T A DIREE DS AR I — T 725,
ZORBEARE—DEBEEICHEL, ERINiER
b¥—ThliD,

198 74, YESEREKRBCBLNEHFRERH
RiX. BOTEAF I v I RERTIOMEORREK
»EREN, Rayleigh -Benardofih oRE T
b XL H RERHN OBE X MEED R &4 i BUR
ZERFETDZ BN TND, BIRZT AT M
2 1 OBBHEORE L e BREE2EY. ETHEiC
—EDREXEEZEX, HEEOCREAETF2BTaY b
B—-ATHZEILE-T, EEMRE — A DO 2
12322 &ixmER. HIDBHE TR BN IER IR
BEERTEDZLERRShE, 8 BiE L
. ZOIEEFIRE TREES ORE S fizlllEd D

EARVEFRIZ—BIZZ>TW5, ZuiCVDo#
IR DB — LI &R FHETH D, bhvbixZ o
FEEH R I F ZA DN N EE L, ZOBED
HBUOEMEBREBI Uiz, DLESRL, Zhigw
A A OB TROFRICEEZRLS b TH D, 9
FERIESCERO — 1 2 #RCIES & LT, WHROER

oE3ML LS. CVDRIZHALPIZRERKT
»H3» 5. RamigiizReynolds(Re)$ & v 5 &
LWARSA—=2BAY, EHIMEED EEGBEIUT
FoERITTCEE. Oswu =(Tu -Tt)/(To - Tt),
Oswl =(T1 -T/(To - Tt) (TidArHEE) 5 2
— R B. MAOREIEINSTRTOART A4
HET 5. EBRTERa=34x105 L. v<»H
POReET, Oswu &Oswl ZNANAEE X THEDK:
REBAL,

B 1 i AT oD IRE R T M W TR 23 AR & SRV D%
M RICEEOREN2BEZRT. (a)itRe=220
T(Oswl, Oswu) =(1.00, 0.60)DHBE& T, FiLiZM
BETERLBPRTHRTITIEEOU—NIEES > T
W5, z/b =01fiE, z/b =1 Eohk, yb =0
TR, yb =112 EEOMETHS. SRTHOR2N
7ZFRAERESER (Boussinesqiifl) DEHEMBT
HD. BEZIAARVHFRIZKELEDY, v— RO
MEEHEZ R LTS, (b)iZRe=220T(Osw],
Oswu)=(0.59, 0.33) & T, Fhizighg< 14
OB—OIFNZS., WHEIZEBSHELTWS, Z0
BAEmNL L HICREROEGT 55, KRS &
LBl BEOLYOREIIZBNWTHAERBEHTAAY
R —RiZiz > T, (C)iZRe=90T(Oswl,
Oswu) =(0.00, 0.00)niB& T, Fihoa—r#Eix
BHlTERV, NIEEETHY ., REHORRE
1513(b) L AU R %2 bobs, ARV HHO—#
ORERZPRVE>TND,

2. Re=500, 220, 0ic B TZ D X H 725k
s (Oswl, Oswu)iz > TED L 5 Il 25 %R
3. Kizix], IL I, IV® 4 regions #3585, X
l@ixzolicg L. M1b)licE L. K1k
X2 ()nlllizE+ 5., region i@ oo —1#
HCHEEE T LR T 2h o % 7”7, regionll
Zizifregion i 508, Hhic /IR H M

{2332 Vol.35,No.136



08}t Re=220, Region 1
0.6
®
0-4F y/b = 0.50
o Exp. |
O.2<k ® : Cal,
l d
0.0 z 1.0
° (a)
L Exp.: Re=2 ‘
085 y/b=0.25 =220, Region 1I
o VY/b=0.50
4 y/b=0.75 [
0.6
®
0.4
!
0.2F
T L
0.0 = 1.0 time dependent two pair vortices.
b (b)
Exp.: '
0.8
l-rJ y/b = 0.25 Re= 90
© Y¥/b=0.50 !
0.6f-2 Y/b=075 ’
® |
0.4
l
0.2F
0.0

L
Z_
b

(c)
1 FERAEE R TR 2 A L D R AT AL 5K

{Z#F%  Vol.35No.136 —16—



>3, region iz L nIEEEROKR Z 28HET
»5. region IVizregion Il o EzHic Lz b D
T, QBEE T T RS Difiite b0, ROFOARRIEE
B DHE SN DM TH D, K2 (C)THiE
D —NEESERE e WERIZ. Ress/hEvig
BT 2 WIEE— XD 3 RITHEfTIKE — FHBEEL
T¥3%E LCpitch- fork B 2D L E X bR

D, (ZOZ LML EHRBTHREEDE T IIND
%, ) EE. B THRRBDNSIZL-T. QIBERES

i LR 2 25Ra=3.4x 105 Re=900 %A1z,
HEBD 3 RICE— KA 2RIGE— FICHEE L < Bl
LTHEEHETHDIZ LBHEREN, #-T, K2
(c)oregion 111X 2 (b)dregion Il & TixR L
FRHEFRTHOHEELE>TND,

Es@ﬂgdmml@ﬂxdm%QWNv—x&ﬁ
gz, (b, C)izidvT 2 ST Ut A sl ons
H b, HORRY pASEREEE LOZ L,
ZhixRuelle-Takens-Newhoused v+ Y T b
—Z ABHHEL., AFRELTHND ZEBHETE S,
KW, ERIREORE RIS LEDRAKRDHFET
Lyapunovz~2 hr%itE%+5 L. (b)T (20
+5,12 £4, -4 5, -18 £18), (¢)T (103, 3£2,
-4 £3,-17£7) 725, Lkl oTRFIHICHF R
THY. (bxk vy Bkl ;DL >4)
ATHdDEEILND.

bihvbizregion I[II© (HEAEBEOHHLZ TS
%) T ALY OREELBRETH. TETO
Sherwood(Sh)# 4 Ai 25 A RV KT mIc
HIRIE—RICRDZ L 2MAB LE. 1213Re=90 0
BAELTARTHIH, Re=220 0B/ Y LR
ELNEI o, Re=500 0Bz 2 TR
h3eByregionllliFELLRW. Li->TRe
=220 oregion [11i4G) THEE Ny — 22 X 12
zEieied,

M THERFRFT DA —_R—ar Fa—F—ic ko
T (Boussinesqiflic kv) FCHEHKED (2L,
PR EEA» S T E T—EORENEEZ SO TS, )
A~y b Akic EBDNSH ok, 14-16) Fr 2 .
1 D7 AT HOERIZ, % LzPoiseuille#in
L EEBIZERBOBRERNDH Y, Zhi HELEES

(a)

(b)

(c)

Theory:

Re=500 (Gr/Re? = 2)

1.0 T T 7 T T
| Exp. : One pair A
5 (Upword fiow clong the side -watls) o
= B A
n
@ o
= -
Py
0.5} A -
L & a 4
A 1
s — -~ Pay Fay [ ] 1
Exp.'_.' v VARG a |
One pair [1v ] v \
L !

1 18 | i Ll |

0.0 E!l 05 L0
®SW!

Re=220 (Gr/Re? =10)

v @ A : Previvus work [16)

v o A
1.0 T T

:  Present work

T T T T
Exp., Theory :
}» Exp.: One pair , \ One pair A
; L (Upword flow along the stde-wulls)J
S Exp.: Unsteady\ A \\ (1]
b 10 \ o \ b
@ {Uniform A N
| temp. dis.) & \ A N A
< \ S

o.5f N s @@

N
V\Q\’

Elp.i[: o
.
\vo
~ L]
v ~N
[ vy o
[y —— 1 1 1 i

0.0 0.5 ésm 1.0

One pair

Re=90 (Gr/Re? =59)
1.0 T T T T 1 T
[~ Exp.: Unsieody < o "1
> -
(2]
@ | < i
< <o
| o i
0.5 o -
= N 4
L © [ ] B
i o o © i
o NN NN SN N RN SN SO Y S
0.0 0.5 1.0
®SWI

B2 RUBERE LB Y — 2 OBEHR

{E8FF2 Vol.35,No.136



@
g
(a ¢
°
=
@
el
E
® s
2]
bR
@
3
(©) =
o
a
2.
(a)

R TE

Re=220, Region I

0.0

-

I B {

0.01

0.1
Freq.

Re=220, Region III

Hz

1

X3

Re

Freq.

NI —ZART bV

Hz

= 220, Gr = 480000,
T

T T

Otype-1
T T

Nu

Vol.35,No.1

100 200 - 300 400 500

36

600

(b)

(d)

Re = 220, Gr = 600000, O type-1
T T T T T
Ly ]
! 1
]
Z ]
2 3
1F b
1
0 100 200 300 400 500 600
t
6 Re = 220, Gr = 960000, © type-1
—r T T T T T
5‘ -
4t -
S
Z of ]
7} h
1k 1
0 100 200 300 400 500 600
t

Re = 220, Gr = 4800000, ©type-1

0 100 200 300

M4 HBETEROFEHR LA P EORESER



x5 B a» HIFET 5. WMHIEELS 2
KT CTHIUTBZIL 2 ke fFEL. Re=220T
s — L oREIFRa=2.98x 100 ¥ TR#E T.
Ra=3.02x 100 c2 ko AESARLh, &5
izRal HIZ R OGS Z B, WHARELS 3 WITH)
<»5 L. n—aksizRa=3.4x 105 CHALED
ARAEL (K4Q@)TIRERICRZ DM, FMICER
OHEPRAERD L. BFRCAESDE L TD. ) .
Ra=4.25x 105 THRAHEDHROND (K4
O)BR) . 2V, 3KRILE— ROFEREHHED
DR L HEZRD TS, RIS
WAE T DB Th D, —Ric, JEREREOBIH
TSR iRk LA B (BT N2 &2 —)
D eNEL, ERTIMEIEDI BLOENNLT
HD.
3RTCOMPBILOT T, THLHETELE L
Nusselt (Nu) B AW A72Grashof (Gr)#iz

3 ARHESEZR 4 iiRT. ERTIFRa=34x
10° T(Oswl, ©swu) =(0.50, 0.50), (0.75, 0.25)n

Ltx. K20Mb)icEbN3 k> icihidregionll,

NI o7k Lizdh D, MEESRGHOE, NSk H
DEBIVERBEAEDEELEXD L. ERTHRL
HHEODNSIZ L 29 R— bizd2< L bEEMCR
FTHdLVWx3E55. Ma(c,d)ixGritich

F AL 2D ETRRLTND. IF AOHERIC
X, EREDRMNRIITRDAAD S EEZAWTIED
Lyapunovig$iz A2 5 Z & &. HZEBO#ED
QRTCHE L RD Z L RERANTHD. hEIX. B
CRBITDHEED 2 R OB XIT LK<, JAYHER
ORELEEZRIOIELTWD, —F. Bi&ixh

A ADIFEL ZORE (RKTTLE) 2 RDIDITEL T
AP

3 RHIGENIEMFOR Y ohF 2

A & 0 RO TR T W B AR TROME
LT, EAEO LI WEaRBLORRO) KH#*
BHDEEEEXL Y. ZOFBRRITIX. BEICE
NWEZABTY ¥ —Ry MROCOZ#HEE DD 5
WHEET D L&, ZOR Y IZAET D BRI
T5,

Conductive Ceiling

10 F T *
a E
AN
:J: ( Osullamry Flow )
1 L
{ S
0.1
0
-b‘\\ f { Unsteady Flow ) w
0.01
10 10° 100 107 108
Ra
X5 s x—

2grofRl7.18), mis L Kk ohEREH/D (
D:FfOHEE) LT2L& ThERapR7 A—
zLry, EROKRFOFPETEHS D XS 2EED
Mg B RT A AE ==y 7hELND. 320D
regions P Z —YEE 6 IC Lo TRREND, H
Z 2RO ED 5B D BH D Didregion [ &region
<% 5.

region ITIX M LE CHEEIC X > THELU Lo
Du—ARNERCEHTIONALNSM, HARERF
J5 T T b T R R oBenard Cello 24
— L OBMBHELTBY. HZ3RTHTHETD
%, regionITH,/D=0.2 D & & DREMZBFR
HHAHDOBRI, ZONRT—RZAXZ by, BLO (#
WrHWwIE dm=4, 5, 6 &ItD) LyapunovA~7
M #E 71247, RakiticLyapunovikcos s
TEZLNEPDBN,. Zhz2RicTdLH80 L5
2%,

region Il CHFBOBITET DI LN TE, &
SHIZRNAZATHDZ LBAPDN, T2 TEER
3%, £ZTIRH/DAEKREVWDOT, FAVZHED
(RET2) #iiE LTOMRE D> TV,

{ZEF3E Vol.35,No.136



Region I

(a-1) 85/ (HD=02)

Ceiling

Cylinder

R Ceilin: R

Region Il Region III

(a-2) BFHE (HD=02) (b) HID=04 (¢) HD=23

6 BRI TRILER
Unsteady Flow : Region | , D=762mm, H/D=02, HFS, 6=0° , Conductive Ceiling

' ! ! ! dm=4 dlll)=5 dm=6
> 3 i | 26 * 04] 24 £ 04| 20 £ 04
H **"MWNW‘W——%W £ Nz | 10 £ 03| 10 + 03| 06 * 03
3 g N3 |-20 £ 04]-20 * 04]-12 £ 03
Aa |-8 £ 3 (-5 £ 2 [-42 £ 1

L , + hs -1 £ 3 |-6 £ 2

0 80 160 0.01 0.1 1 EY 2 £ 3
Time sec Frequency Hz Dy (32 £ 03|33 + 03] 33 + 03

(a) Ra=0.74 X 10°

' ' m=4 dm=S5 dm=6

N 3 A1 |29 £ 04} 25 04| 20% 04
- 1 1 2 A2 | 08 £ 03]07 £ 03|06 £ 03
§-‘ HWW h V'W g A3 |-13 £ 03|-12 + 03]-10 £ 04
A4 |-6 £ 2 |42 £ 1 |-32%05

N N As -0+ 3 [ -7 £ 2

0 80 160 0.01 0.1 1 5] As -13 3
Time sec Frequency Hz Dy 34 £ 03]35 £03]35 %03

(b) Ra=13x10°
T
' ' ' m=35 m=6

R 8 A [ 44 + 08) 38 x 06

< IWWWM” é A2 121 +04] 16 £ 04

é} g A3 |-03 £ 03].03 + 03

[m A4 |-36 + 05(-26 + 04

I L 1 N M As |-10 £ 3{-6 + 1
0 80 160 0.01 0.1 1 5 A6 13 x 3
Time sec Frequency Hz Dy |43 £ 03|44 £ 03

(¢)

Ra=4.3x10°

X7 JEEEH (IR Off

EEHESE Vol.35No.136




4 Fiawm

Bl iR 7z 2 DDEBRHIL. HHEBOHOIF
ZAORELEILZRLIZDDOTHS, PEBEREDIE
BRI X - THRERNTBES BRI S F R
BT ENEILENUE BRROZ2HBTD
SR AHREOEGE HENRZ OB EHEATIZ LIZ
RE/REZV., BEZ. 3 Ea—20BEORNT
ixLyapunovA~2 M 2EHTE 5 HHEIITR
RMEHDZETHD. Zhps, IFAOBEP BTN
TORRED T TERVEREW —DHEBTHD, RA
S OB EE izeF A (shell model 7z &)
BRBENDIBEHRBZZIZHD.

BUERAT B TE D TERVIIBIMEL LT, BRAR
DL OEHE oid R EBRAtLyapunov ORI
TRETHD, LERTROND MHOFEHEL it
BMEROEH., KBEEH. JEEL, ... 2,
ANELHBRIC RIS 0B, B RIERER
) ROPTOIFTALBDbND, (WA AEZENR
LI RIZO LA THA 5. )

Zhic iz Lyapunov ZE 7Bk, JERERE
FZOPRTCHHENRDTH S5, FIBSAERIEEZL D
ROWHRTIZ, HCHHIH DD THD, TOBR
K2, ISDXok @ikzerRy) ~F—-rey7id,
THMTF—ZRX—R L LTERERDOES S,

SCHR

1) E. N. Lorentz, J. Atmosph. Sci. 20 (1963)
130.

2) P. Berge, Y, Pomeau, Ch. Vidal (H#iR#=
R) bFROTOKRF (EXRE, 1992).

3) F. H. Busse, Reports on Progress in
Physics 41 (1978) 1929.

4) R~ bFA (FA =2, 1990).

5) D. Duelle, F. Takens, S. E. Newhouse,
Comm. Math. Phys. 64 (1978) 35.

6) M. J. Feigenbaum, Phys. Lett. A74 (1979)
375.

7) F. Takens, in Dynamical Systems and
Turbulence, D. A. Rand and L.-S. Young
(eds), Springer Lecture Notes in

Conductive celling, H/D = 0.2

oOrRWANOI OO
L T 1 1 1 T T 1 1 T

[l
2 .
e
J I DUNE G B W S |

—
[=

w~
—
(=]

o
—
(=]

-
—
1=

]

K8 V77 7wRIELA Y —HKOBK

Mathematics, vol. 898 (Springer, 1980).

8) #&. /MR, #ak 55-511, B (1989), 820.

9) Y. Mori, I. Hosokawa, H. Koizumi,
Wirme- und Stroffiibertragung 27 (1992)
195.

10) /s, M. #&3R 57-535, B (1991), 1051.

11) /g, M1, #3 58-547, B (1992), 891.

12) H. Koizumi, I. Hosokawa, Int. J. Heat
Mass Tranfer 36 (1993) 3937.

13) /hsg. #ILL #3R 60-570, B (1994), 560.

14) I. Hosokawa, Y. Tanaka, K. Yamamoto,
Int. J. Heat Mass Transfer 36 (1993) 3029.

15) 1. Hosokawa, in Computers and
Computing in Heat Tranfer Science and
Engineering, W. Nakayama and K.-T. Yang
(eds) (CRC Press, Boca Raton, 1993).

16) I. Hosokawa, K. Yamamoto, J. Sci.

Comp. 10 (1995) 271.
17) /g, W1 #E3R 60-578, B (1994), 3448.
18) H. Koizumi, I. Hosokawa, Int. J. Heat
Mass Transfer (1995), in press.

{2398 Vol.35,No.136



CNRESE  HP % & AREFAE)

NONLINEAR DYNAMICS IN BOILING PHENOMENA

Ralph Nelson David Kenning Masahiro Shoji
Los Alamos National Laboratory Department of Engineering Department of Mechanical
Nuclear System Design and Science Engineering
Analysis Group Oxford University Faculty of Engineering
Technology and Safety Parks Road The University of Tokyo
Assessment Division Oxford OX1 3PJ 7-3-1 Hongo, Bunkyo-ku

Los Alamos, NM 87545, USA England

INTRODUCTION

Boiling research has been underway for 200 to
2000 years (Lienhard, 1994), depending on how the
starting point is defined. In terms of what we will call
"the search for a mechanistic model," extensive data
have been accumulated from experimental studies
dealing with a diverse array of conditions and
configurations following the pioneering boiling
experiments of Nukiyama (1934). Despite progress in
accumulating data and the ability of these data to
identify significant parameters, most of the studies
have led to the development of either empirical or
phenomenological correlations that apply only around
the relatively narrow range of experimental conditions
on which they were based. Many such correlations
exist today, and select ones have been incorporated
into design and analysis methods. In contrast to this
multitude of correlations, development of mechanistic
models based on the underlying fundamental physical
processes has been sporadic at best, and the use of
"mechanistic models" as either a design or safety tool
is limited.

This review paper will summarize recent
investigations that relate to the nonlinear nature of the
problem and possibly shed some light on why we have
had limited success regarding the mechanistic
modeling of boiling. Our emphasis in this review will
be on pool nucleate boiling because it provides a
configuration where experiments can be performed
easily to address fundamental issues. To begin, we
first briefly will provide somc overview background
information as part of this introduction. The
introduction will be followed by three sections
discussing recent work in the following areas:
nonlinear temporal spatial-averaged characteristics of
boiling experiments, spatio-temporal characteristics of
boiling experiments, and nonlinear modeling of boiling.
The paper ends with a conclusion section.

Classical Boiling Background

Modeling of two-phase flow and boiling has
progressed steadily over the last few decades to
include the ability to represent phenomena with
multiple fluid fields having both mechanical and
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thermal nonequilibrium. These systems of partial
differential equations representing conservation of
mass, momentum, and energy for each field are
coupled to one another and to solid structures within
or surrounding the fluid through phasic closure
relationships, both for interfacial drag and heat
transfer and for wall drag and heat transfer (Ishii,
1975; Delhaye, 1981). Because we were unable to
trace the many phasic interfaces within such systems,
these conservation equations are averaged with respect
to either time or space or to both. This averaging
process extends directly to the closure relationships
(Nelson and Pasamehmetoglu, 1992).

Typically, the temporal average (in this case, for
the wall heat flux), is given by

1 t+8tmin/2 ,
dt 1
A gy Wt oy

and the spatial area-average is given by

qW - 5tmin.

1
(qw) = A /6 A, GWOA- 2)

As discussed by Nelson and Pasamehmetoglu (1992),
Otin and SA,;, represent the minimum time and area
over which the average must be taken to obtain a
statistically meaningful average. For example, the
quasi-steady assumption frequently applied in most
two-phase flow analyses is valid when 8q,/8t = 0 so
that the process is stationary over some time frame
longer than &t If either the transient changes faster
than 6t,;;, or a time resolution less than 8t,;, is desired,
the quasi-steady assumption is not valid and an
instantaneous representation of ¢, is required.
Similarly, if consideration of either a process where
the scale of the phenomena is influenced by the scale
of the apparatus or an area less than 8A,;, is desired,
a spatial-scale sensitivity is produced and a local
representation of q,, is needed. This spatial sensitivity
typically produces a correlation dependence on some
characteristic length L (e.g., boiling sensitivity to the
tube diameter).

Historically, most closure relationships have been
based on correlations of data either from steady state
or quasi-steady state experiments. In terms of the wall
heat flux, a typical relationship would provide
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Figure 1 Conjugate boiling problem

information related to a combined time and spatial
average of (aw) o< f(L) . In fact, a plethora of
empirical correlations has been proposed for various
boiling configurations. There is as yet no consensus as
to what the relevant independent variables are. Thus,
different empirical correlations for the same
experimental condition do not all necessarily contain
the same independent variables. And even for
correlations within a data set, the best optimized
correlation typically exhibits a considerably error band
for that data set itself.

This uncertainty is carried over into the older
mechanistic models for nucleate boiling (e.g., Mikic
and Rohsenow, 1969) that incorporate correlations for
physical variables such as bubble size and frequency
in expressions for heat transfer around a nucleation
site. It is assumed that the density of active nucleation
sites n(AT) can be obtained directly from a specified
size distribution n(r) and an activation superheat
relationship AT(r); increasing the wall superheat
(assumed uniform over the surface) creates
progressive additions to the population of active sites,
and each active site makes the same contribution to the
heat flux. This sort of model contains both implicit
and imprecisely defined averaging procedures; the
resulting static picture of the active sites conflicts with
observations of hysteresis, intermittent activity,
deactivation of sites by increased heat flux, and
interactions between sites, as summarized by Kenning
(1992a).
~ For many years, the normal tendency was to
attribute data scatter to "nuisance variables" such as
surface aging. However, Dhir (1990) suggested a
renewed effort in the study of the boiling process with
both experimental and modeling efforts.  Dhir further

Fltllid
- T 1
Physical ~ Near-surface Far-surface
properties features features
!, 1 [ 1
Meniscus | Vapor Digcrete Ivapor
.., stems  pyubbles | mushrooms
Liquid in Vapor
macrolayer PO
colummns
suggested that although there are numerous

subprocesses involved in boiling, one key issue was
the "... density of active nucleation sites and the
relation between active cavities and the cavities that
are formed on the surface after the surface is prepared
by following a certain procedure.” Kenning (1992a)
raised a similar question as to whether mechanistic
modeling efforts thus far have overlooked one or more
key characteristic of the boiling system. Kenning
suggested the issue of spatial and temporal
temperature variations on the heater surface as one
possibility.

Although these two suggestions may appear to be
unrelated, they do have the common characteristic of
suggesting the importance of the heater and its boiling
surface. However, they also are fundamentally
different in nature. The first suggestion can and has
been pursued within the framework of older physically
based averaged models (e.g., Lay and Dhir, 1994).
The suggestion by Kenning questions the fundamental
assumptions buried within the averaging process
employed by the old models (e.g., an isothermal heater
surface) and leads to a new avenue of thought and
research.

This latter view has lead Sadasivan et al. (1995a)
to discuss boiling as a local-instantaneous conjugate
problem(see Fig. 1) and to suggest that improved
mechanistic modeling of nucleate boiling and critical-
heat-flux (CHF) will result only when viewed from
that perspective. Figure 1 will be used as a simple
road map for many aspects of the problem to be
discussed. Further, as shown in Fig. 1, the classical
mechanistic models tend to separate the conjugate
problem in terms of how the heater is represented.
Although this assumption is not universally applied
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(sce Pasamchmetoglu et al., 1993), the heater
generally is removed from consideration by assuming
a uniform constant wall temperature.

Nonlinear Background

In a scemingly unrelated area, the study of
nonlinear dynamical systems has shown that even
simple systems can generate "noisy" information as a
result of nonlinearities. In this case, the adjective
"dynamic" already indicates that time averaging is not
a permissible operation. Early studies of these systems
concentrated primarily on temporal systems alone
using lumped representations of the spatial dimensions.
Those systems exhibiting low-dimensional
determunistic chaos have received a significant amount
of study, which has created a tremendous amount of
information and literature, as well as developed tools
to help identify various characteristics associated with
the systems (e.g., Ott et al., 1994).

The study of nonlinear systems also has expanded
to consider spatial variations as well as temporal
considerations. These are called spatio-temporal
systems. The nonlinear dynamics of spatio-temporal
systems can be quite complicated. Though low-
dimensional deterministic chaos is not often seen (at
least not reliably) in physical experiments, spatio-
temporal chaos may be more common. Spatio-
temporal chaos is extrinsic (unlike temporal chaos,
which is intrinsic) and scales with the size of the
system. Thus, for large systems, there are too many
degrees of freedom to evaluate by the ordinary
temporal methods noted above. However, it is possible
for large systems to exhibit only a few degrees of
freedom "per unit area,” where a measure of the size
scale associated with this unit area will be denoted as
E. Tools for detecting this kind of spatial "pattern
formation" are only now being developed (see Cross
and Hohenberg, 1993).

Boiling applications certainly can span the range
from the very small to the very large. Although no
information currently exists that determines if § exists
for any boiling regime, it is most likely that even if §
does exist, applications will span the range from less
than & to greater than E.

Nonlinear research on pool boiling previously
was very limited. Exceptions to this statement are few
and recent. In terms of experimental studies, recent
work by Shoji and his coworkers at the University of
Tokyo and by Kenning and his coworkers at Oxford
University will be discussed here. Shoji et al. (1995)
have performed an experiment to study the nonlinear
characteristics of a simple boiling configuration where
a  volume-averaged temperature  measurement
technique produces temporal information of a small
experimental system. This system is small enough that
even though the problem is truly spatio-temporal, the
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increasing complexity that results as the geometric size
increases should not prevent measuring the degree of
complexity of the system (a fractal dimension).
Kenning and his coworkers have produced studies
(¢.g., Kenning and Yan, 1995) reflecting the local-
dynamic nature of the temperature on a thin heated
plate. The size of the system appears to be less than E,
if such a measure exists, but the experimental
configuration and measurement method provide
dynamic spatial maps of the heater surface
temperature. In terms of modeling studies, the studies
of Yanagida (1992) and Nelson and coworkers at Los
Alamos National Laboratory (Sadasivan et al., 1995b)
represent two theoretical spatio-temporal studies. The
former focusses on boiling pattern recognition based
on a coupled map and lattice model. The latter
presents a model formulation and analysis for high
heat-flux nucleate boiling, as will be described later in
this article.

NONLINEAR TEMPORAL SPATIAL-
AVERAGED CHARACTERISTICS OF
BOILING EXPERIMENTS

Shoji et al. (1995) boiled saturated pure water on
a 0.05-mm-diam, 0.8-mm-long platinum wire under
atmospheric pressure. This work represents the
integrated effects of all the mechanisms in Fig. 1. The
experiment employs a microscale system to measure
the volume-averaged wall temperature fluctuation
easily and to recognize various modes of boiling
without special devices.

Wall Temperature Fluctuation

For many years, nonlinear analysis techniques
have existed for time-series data. For this reason,
Shoji et al. recorded the wire temperature fluctuation
using the electrical-resistance method with a sampling
rate of 50 kHz. This method produces an indication of
the volume-averaged wire temperature. Figure 2 shows
segments of the time series of the temperature
fluctuation data obtained for low (Fig. 2a) and high
(Fig. 2b) heat-flux nucleate, transition (Fig. 2c), and
film boiling (Fig. 2d). The fluctuation data shown are
the measured temperature minus the average
temperature at each point on the boiling curve.
Simultaneously, a high-speed video camera was used
to observe the hydrodynamic features in the various
boiling regimes (sec fluid far-field features in Fig. 1).
This behavior ranged from a few isolated bubbles on a
wire at low heat-flux nucleate boiling to only one
coalescence vapor mass over the test wire at high heat-
flux nucleate boiling and transition boiling. Thus, the
wire temperature is not spatially uniform in a strict
sense along its length. ~ We can see in Fig. 2 that
the wall temperature fluctuation differs markedly,
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Figure 3 Trajectories of reconstructed data set in 3-dimensional phase space
for cases of (a), (b), (c) and (d) in Fig.2.

depending on the boiling mode, and that the fluctuation
is largest in transition boiling, where the maximum
fluctuation reaches ~70 K (see Shoji et al.,1995).

Data Reconstruction and Attractors( Phase
Space Trajectories )

As shown by Fraser and Swinney (1986), an
attractor can be reconstructed from time-series data of
a single variable using the time-delay method. The
reconstructed data set in an arbitrary dimensional
space can be expressed by {X(t),X(t;+1), X (ti+21),....,
X{t;+(d-1)t]}, where t; is a discrete time, X(t;) is time-
series data, T is a delay timc, and d is the embedding
space dimension. The value of t typically is taken
from either the minimum of the autocorrelation or the
minimum of the mutual information function; a clear
definition of the correct measure remains a point of
debate (see Ott et al., 1994), but reasonable values
seem to produce valid results. Shoji et al. (1995) used
the measure from the mutual information function of
the original data.

Trajectories of the data in a three-dimensional
phasc diagram (d = 3) are shown in Fig. 3 for the
typical cases of low and high heat-flux nucleate
boiling, transition boiling, and film boiling. The
trajectory in a phase diagram often is denoted as the
"attractor." Attractors reveal a novel view of the
process characteristics. Figure 3a shows a different
structure for the attractor in low heat-flux nucleate

boiling, whereas Fig. 3b shows that the attractor in
high heat-flux nucleate boiling gathers densely in a
narrow space. The difference between the two
attractors may indicate that isolated bubbles grow
irregularly in space, including the end portion of the
wire for low heat-flux nucleate boiling, whereas only
one coalescence vapor mass grows at high heat-flux
nucleate boiling. Thus, spatial effects still may
influence results, even in a microscale system such as
this one. The attractor of transition boiling, as shown
in Fig. 3c, shows an intermediate structure between
Figs. 3b and 3d, which may indicate that both nucleate
and film boiling partly occur. The attractor of film
boiling, as shown in Fig. 3d, has a "wool ball" shape
with no trajectory inside. However, the trajectory at
the outside of Fig. 3¢ is not as regular as that shown in
Fig. 3d. This may imply that the film boiling that
occurs in transition boiling is more complicated than
ordinary single-mode film boiling.

Fractal Dimension

In general, the time-delay method is applicable to
a deterministic system; if the fractal dimension of the
attractor is a non-integer, the phenomena can be said
to be deterministic chaos. The fractal dimension
provides a measure of the minimum degrees of
freedom and thus provides a quantitative measure of
the complexity of the phenomena. There are several
definitions of fractal dimension; however, Shoji et al.

{Z#F%E  Vol.35,No.136



(1995) employed the "correlation dimension," which is
discussed in detail by Grassberger and Procaccia
(1983). To obtain the correlation dimension, we
considered the following measure of the correlation
integral:

. |
CNN) = oy LA 1% =X 1, 3)
2,7

1<i<G<N

where H[ ] denotes the Heaviside function, r is the
radius of the sphere in d-dimensional space, x; and Xj
represent two points, N is the total number of data
pomts, and || X; — X; || is a measurement of the
distance between two points. It is known that C(N,r)
scales as r 8 for a small r. Thus, the value of & can be
determined from the slope of the curve of C(N,r)
plotted against r on a log-log graph. The value of &
generally increases as the embedding dimension d is
increased; however, if it converges for increasing
values of d, the converged value equals the fractal
dimension.

The fractal dimension thus obtained from the
volume-averaged wall temperature fluctuation data is
plotted in Fig. 4 for points of the corresponding
boiling curve. When the fractal dimension is a non-
integer 1, it may be said that the phenomena dealt with
is deterministic chaos. That certainly is suggested by
the results shown in Fig. 4. Further support of this
conclusion 2 was provided by Shoji et al. (1995) in
the form of power spectra (not shown here). These
power spectra definitely were broad-band in nature for
nucleate and transition boiling.

Because the fractal dimension is a measure of the
degree of complexity, the level of complexity is highest

Correlation Dimension (8-72

10.0 \

8.01

¢ Converged

X Not converged

6.0

4.01

2.0

10°

Figure 4 Fractal dimensions of boiling

1) The correlation dimension technique does not function
for integer dimension systems.

2) Reliance on a single measure of possible nonlinear
behavior has been found to be questionable (see Theiler et
al., 1992, for more discussion).
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around CHF and decreases somewhat in nucleate and
transition boiling, as shown in Fig. 4. Film boiling is
the simplest phenomena measured within the
experiment. These complex phenomena are exhibited
within the small simple configuration studied by the
experiment. If such behavior is present in such a small
simple configuration, it is not surprising that modelers
have had difficulty in developing mechanistic models.

SPATIO-TEMPORAL CHARACTERISTICS
OF BOILING EXPERIMENTS

In the preceding section, experimental results
obtained using volume-averaged dynamic wall
temperature measurements were investigated using
nonlinear time-series techniques to suggest that
significant nonlinear effects occur. These are
important  conclusions, but they provide no
clarification of what creates such behavior. The work
to be summarized here eliminatcs spatial averaging of
the wall temperatures by measuring local-
instantaneous distributions T(x,y,t), which then are
processed to give the wall heat flux to the fluid q(x,y.t).
The work relates primarily to the heater side of the
problem in Fig. 1. However, it includes the interfacial
and hydraulic aspects of the problem: heat transfer in
the vicinity of a meniscus associated with a discrete
bubble-heater contact line (see fluid near-surface and
far-surface features in Fig. 1) and convection to the
bulk liquid.

This requirement for global local-instantaneous
information is met by liquid crystal thermometry,
which must be applied not at the boiling interface
which partially is obscured by vapor generation, but at
the back of a thin plate heated internally by ripple-free
direct electrical current. Most applications of liquid
crystal thermography to boiling have been limited to
being recorded by still photography or at a standard
video rate, which is too slow to capture the details of
boiling (Raad and Myers, 1971; Marto et al., 1976;
Oka et al, 1992; Kenning, 1992a; Watwe and
Hollingsworth, 1994), as is radiation thermometry
unless limited to a line-scanning mode (Sgheiza and
Myers, 1985). Kenning (1992b) combined liquid
crystal thermography with high-speed video recording
at 200 Hz, which is still slow by boiling standards but
is fast enough to capturc some important features of
pool boiling on a 0.125-mm-thick stainless-steel plate.
The hue information in each video frame can be
converted into temperature plots T(x,y,t) with
sufficient accuracy to calculate the local heat-flux
distribution q(x,y,t) from a heat balance on an element
of the wall, thus neglecting the wvariation in
temperature from the front to the back of the plate:

2 2
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Figure 5 Video frames taken at 200 Hz
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Figure 7 Bubble growth at 51 kW/m?

This technique has been applied to studies of local
heat transfer near growing bubbles in pool boiling
(Kenning and Yan, 1995), sliding bubbles in flow
boiling (Yan and Kenning, 1995), and bubbles
confined in narrow passages (Aligoodarz and Kenning,
1995), in all cases with simultaneous recording of the
bubble motion on one side of a heated plate and the
color play on the other.

The following comments are based on the study
of pool boiling of water at atmospheric pressure on a
horizontal stainless-steel plate 28 mm x 41 mm x
0.125 mm thick (Kenning and Yan, 1995). The plate
was cleaned very thoroughly so that it was well-
wetted; under these conditions, it produced bubbles up
to 5 mm in diameter, which were larger and at lower
frequencies than customarily are reported for boiling
of water on stainless steel. The back of the plate was
coated with unencapsulated liquid crystals with a
calibrated hue-temperature range of 106-122°C. Video
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frames such as Fig. 5 were digitized, and a detailed
analysis was performed on a central area 11 mm x 20
mm, with a spatial resolution of 0.25 mm. Even when
time-averaged, the wall superheat was far from
uniform (Fig. 6). The instantaneous distributions of
wall superheat during bubble nucleation and growth
were measured (Fig. 7a). The changes in wall
temperature during bubble growth and departurc were
confined to a circular region corresponding to the
maximum projected area of the bubble (Fig. 7b). The
heat removal was consistent with evaporation of a
liquid microlayer meniscus (see fluid near-surface
features in Fig. 1) but was not well described by
current models. The rate of heat removal during
bubble departure was much less than that predicted by
the model of wall quenching by bulk liquid; however,
the general level of convective transfer between
bubbles was enhanced. A pattern-recognition program
for the cooled spots identified nucleation sites and the
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Figure 9 Nucleation site time series

size of the bubbles they produced, with confirmation
from the direct view of the boiling surface at low heat
fluxes (Fig. 8). It then was possible to obtain the T(t)
series at individual sites (Fig. 9). Also shown is the
occurrence of each bubble at the site indicated by the
tick marks just above the time axis. For site A, the
letters just above the temperature data correspond to
the occurrence of bubbles at the site indicated. These
site characteristics show that nucleation depended on
the local instantancous superheat and that the
triggering superheats, although constant for a given
site at a given heat flux, varied from 8 to 20 K
between sites. A striking feature was the intermittent
nature of bubble production, even at the most active
sites. These sites had an identifiable base frequency
that depended on the rate of recovery from the local
cooling during bubble growth; however, recovery often
was interrupted. In a limited study of a small group of

sites, nearly ‘all interruptions were identified with the
cooling effect of bubble growth at an adjacent site.
Some sites produced only the occasional bubble;
however, these could have a significant effect on more
active sites. With an increase in the heat flux, there
was an exchange of activity, thus suppressing sites
that were active at the lower flux (e.g., site A in Fig.
9). The increasing heat flux also caused a general
increase in the sitc triggering superheats, for which
there is as yet no confirmed explanation.

The liquid crystal technique reveals features of
pool boiling that would be difficult to observe by any
other method; however, it has disadvantages that have
been discussed by Kenning (1992b) and Kenning and
Yan (1995), particularly in frequency response and
signal noise. The combined diffusion time 3 #/c. across
a stainless-steel plate 0.125 mm thick and a liquid
crystal layer 0.01 mm thick is approximately 5 ms.

{ZEAFe Vol.35,No.136
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Figure 10 Nucleation site time series at attractor
T(t) vs. T(t+v), 130 kW/m? on a 0.1-mm-
thick copper plate.

This response can be improved by using a thinner
plate of higher thermal conductivity, although the
system certainly will never achieve the response rate
necessary to study individual bubbles in subcooled
boiling, for example. Signal noise generated during
recording and replay is a serious problem when the
time derivative of temperature is required for
calculations of wall heat flux. Filtering in the time
domain is ruled out by the constraints on frequency
response; spatial filtering helps but reduces the spatial
resolution. The noise also interferes with the
application of nonlinear methods of analysis. Ellepola
(Ellepola and Kenning,1996) recently obtained the T(t)
series at a nucleation site for water boiling at 130
kW/m? on a 0.1-mm-thick copper plate and
constructed an attractor, as shown in two dimensions
in Fig. 10, using the method of delays as discussed

carlier related to Shoji et al's (1995) experiments.

Howecver, the noisc in the liquid crystal data so far has
prevented determination of the fractal dimension. The
spatial resolution available on a high-speed video
frame, around 200 x 200 pixels, also limits the system
scale O(1) over which it is possible to detect detailed
pattern formation. It is unclear whether the liquid
crystal technique can be developed sufficiently to be
useful at high heat fluxes in the mushroom bubble
regime (see fluid far-surface features in Fig. 1)
discussed below, in which the direct view of the
boiling surface is obscured and information derived
from the rear of the plate would be particularly
valuable.

{EEEF%2 Vol.35,No0.136

NONLINEAR MODELING OF BOILING

Until recently, the detailed mechanistic modeling
of boiling has been handicapped severely by limited
computing capabilities. Modeling of either the
hydrodynamics associated with a single bubble or the
thermal interactions of multiple nucleation sites is
difficult enough, but the full conjugate problem as
envisioned in Fig. 1 for multiple bubbles still remains
beyond our capabilities. However, recent work
provides valuable insight into basic mechanisms that
may be involved in the boiling process.

The Discrete Bubble Region

Numerous models of individual discrete bubbles
dealing with both the hydrodynamics and thermal
response of heaters have been documented over the
years. The work of Pasamehmetoglu and Nelson
(1991) represents the first effort to model multiple
nucleation sites and bubbles to study the boiling
process on a local-instantaneous basis [i.e., at spatial
and temporal scales less than 8t,,;, and 8A,;, see Egs.
(1) and (2)]. In this case, the models used on the
hydrodynamic side of the problem representing
multiple bubbles used those models associated with
single bubbles. Thus, the work applied only to low-
level heat fluxes in the discrete bubble region where no
hydrodynamic interactions occurred between the
bubbles. The primary nonlinearity within the system
was associated with on-off (activation and
deactivation) behavior of the sites that is driven by the
thermal distribution within the heater. Even with its
limited capabilities, the model revealed that thermal
distributions must occur on the heater surface and that
intermittent bubble behavior was possible. More
recent work using this capability has been published
by Unal and Pasamehmetoglu (1994).

Mushroom Bubble Region

Nelson and coworkers, interested in continued
study of nonlinear effects in the boiling process,
realized that the problems associated with modeling of
discrete bubble behavior and possible hydrodynamic
interactions could be minimized by consideration only
of the thermal site interactions (see heater surface
characteristics in Fig. 1) under a single large
mushroom bubble in the high heat-flux region (see
fluid far-surface features in Fig. 1). This led to a test-
bed model (Sadasivan et al., 1995b) capable of
representing hundreds of potential nucleation sites on a
heater surface where all sites are located under a
single mushroom bubble and therefore are exposed to
the same hydrodynamic boundary conditions. The
model allows us to study the nonlinear effects
associated with on-off site behavior (a temporal
nonlinearity),  macrolayer  thinning (a spatial
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Figure 11 Sketch of single mushroom bubble above
heater with region to be modeled contained
in the square.

nonlinearity), and unequal site spacing that occurs
naturally on real heater surfaces (a spatial
nonlinearity).

Figure 11 shows a snapshot of this configuration,
where a single mushroom bubble has grown above the
surface just before its departure. The problem
investigated was a small segment of heater area that is
located under the single mushroom bubble; note the
square on the heater surface shown in Fig. 11. The
segment is 5 mm on a side (25-mm? area), and the
transient heat conduction equation is solved in both the
heater and liquid macrolayer (see fluid near-surface
features in Fig. 1) left behind at bubble birth. Effects
of the macrolayer thinning caused by evaporation from
the macrolayer's various interfaces into the bubble are
included. Enhancements to the evaporation process
caused by meniscus effects at the base of the vapor
stem associated with each active cavity also are
included (see fluid near-surface features in Fig. 1).
The heater is 50-um-thick copper. Saturated water at
atmospheric pressure was assumed to be the boiling
fluid. Located on the heater surface were 180 potential
nucleation sites ranging from 0.5 to 5 um in diameter.
Figure 12 indicates site locations on the modeled
portion of the boiling surface. The different cavity
sizes shown in the figure are intended only to give an
indication of the relative variation in size; they are not
drawn to scale. The site spatial distribution was
assigned randomly in a manner that satisfied a Poisson
distribution. This is consistent with results of Gaertner
(1963), Sultan and Judd (1978), and other studies. All
sites were assumed to have geometries conducive for
activation (i.e., the activation and deactivation of sites
were controlled solely by local superheat values); the
potential wetting effects and cavity shape were hidden
within this criteria. Calculations then were performed
by driving the heater with an internal volumetric heat
source, much as an experiment would do. Based on the
heat flux, the bubble's lifetime (period) was

determined and the bubble departure was assumed to
be periodic. At the end of each bubble's life-time, the
bubble departed, thus returning the liquid macrolayer
to its initial state. Sites were allowed to activate any
time their cavity temperature exceeded the activation
temperature but were deactivated only from liquid
resupply at the time of bubble departure if their
temperature was less than their deactivation
temperature.

Because the system was relatively small in size,
the local-instantaneous surface temperatures were
area-averaged for analysis. This allowed the use of the
more classical temporal tools applied to nonlinear
problems. The transient variation of the temperature
averaged over the full heater surface, Tg,, is shown in
Figs. 13 and 14 for four heat fluxes. We can see in the
figures that the Ty, time series exhibits markedly
different characteristics, depending on the heat flux. In
Fig. 13, for 0.85 MW/m2, Ty, varies periodically with
a period equal to that of the driving process the
departure of the mushroom bubble. The vertical lines
shown in Fig. 13 provide a quick visual reference for
the stationary window present in each case. Each spike
in T, indicates the departure of a bubble. At 0.875
MW/m?, the resulting Tg, time series still shows a
periodic behavior, but now the period is twice that of
the driving period. At 0.9 MW/m?2, the solution shows
further bifurcation to a period six times the bubble
driving period. And as shown in Fig. 14 at 1.04
MW/m?, the Ts, time series suggests aperiodic
behavior for the slightly less than 200 bubbles studied.
A study of the site behavior for each of the cases
above revealed that the thermal response follows the
site ‘behavior. Each spike in T, indicates the
departure of a bubble. The spike is caused by
deactivation of several sites that have cooled
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Figure 12 Cavity location map showing relative
cavity size (not to scale).
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Figure 13 Segments of Ty, time series for three
heat fluxes.

sufficiently (meniscus cooling dominates this local
process) to allow the liquid that resupplies the
macrolayer at bubble departure to cover them. This
loss of active sites produces an immediate increase in
temperature that is corrected quickly because the
heater surface activates cavities based on the local
temperature of each potential cavity. In effect, the
surface is satisfying its own localized law of "supply
and demand." This localized evaluation of the process
is continued through the bubble's lifetime until the
bubble departs and the process begins anew. Thus, the
active-site density shown as a characteristic of the
heater-fluid interface in Fig. 1 is a dynamic quantity
and a result of mechanisms involved, not of a
correlated parameter that older models required.
Applying this understanding to Figs. 13 and 14
reveals that for 0.85 MW/m2, the same cavities
activate at the same relative time during each bubble's
lifetime. ( This conclusion was verified by detailed

analysis not shown here.) For 0.875 MW/m2, the
thermal state at the end of one bubble causes different
cavities to activate the next bubble. Interestingly, the
next bubble produces the original set of active cavities
at the same relative times as before, and the process
repeats. The description follows for the 0.9-MW/m?2
case, where six sets of cavities are involved. And
finally at 1.04 MW/m?, the active cavity sets do not
repeat and thus produce the aperiodic thermal
response shown in Fig. 14. This behavior also was
characterized by increasing the intermittence of
various sites from 0.85 to 1.04 MW/m2. At 1.04
MW/m?2, some site activity could be characterized as
being extremely intermittent.

Period doubling is a hallmark characteristic of
many nonlinear processes found in nature. Indeed, it is
well established that period doubling is a classical
route to chaotic behavior. The period doubling and
subsequent breakdown of periodicity that we see for
the problem under consideration suggests the presence
of deterministic chaos in the system. To investigate the
potential for chaotic behavior in Fig. 14 further
Sadasivan et al. (1995b) used the correlation-integral
technique (see earlier discussion and also Theiler,
1987) to determine if a fractal dimension might exist
for the time series. The use of this method with less
than 200 periods is at best a marginal undertaking, but
it did reveal a fractal dimension of approximately 4.8.
Coupled with period doubling, this suggests that
significant nonlinear dynamic behavior is present in
the system. The existence of significant nonlinear
dynamic behavior in this simplified model reflects that
similar behavior would be expected in more detailed
predictive models representing nucleate boiling.

CONCLUSIONS

Temporal and spatial averaging have been used
previously to develop our current correlation-based
boiling technology. This technology has provided the
means to design and build a multitude of systems but
requires either realistic experimentation to provide
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Figure 14 Typical segment of T, time series for 1.04 MW/m?2,
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accurate data for each configuration or significant
factors of safety where maximum power transmission,
tight thermal control, or safety are issues. Older
mechanistic models of the boiling process have proven
to be of little value in these efforts, principally because
of their inability to provide a priori prediction of the
result.

Studies associated with the possible nonlinear
behavior of boiling systems are emerging. These
studies suggest some fundamental reasons for the
difficulties experienced by previous researchers
studying boiling and two-phase phenomena in
providing mechanistic models. In particular, the
existence of deterministic chaos in a small simple pool
boiling system is suggested by the results from Tokyo.
The measurement of the fractal dimension suggests
that behavior is most complex near CHF and
decreases somewhat in the nucleate and transition
boiling regimes. Film boiling is the simplest regime.
The complexity of this behavior in the nucleate boiling
and CHF regions, implicit in the magnitude of the
fractal dimension, is great and suggests that much
work remains for researchers studying the boiling
phenomenon.

The underlying cause of what creates the complex
nonlinear behavior observed in the Tokyo experiments
cannot be determined within the framework of current
nonlinear analysis techniques. The Oxford experiments
begin to explain underlying mechanisms that create
such behavior, this reveals inadequacies in
conventional mechanistic models for nucleate boiling,
both in the details of the physical modeling and in the
use of an "averaged" description that ignores
important dynamic and spatial features. Any future
“mechanistic model must include a group of sites and
the interactions that cause irregularities in their
activity. It is not yet clear (1) how large this
representative group must be or (2) whether this
representative size will be defined based on statistical
considerations as might relate to dA;, of Eq. (2) or §
associated with pattern formation of large spatial
systems. Our current experimental capabilities are
limited to small-scale boiling experiments such that if
spatial patterns exist within larger systems, we have
not yet been able to detect them.

The Los Alamos modeling capabilities, a result of
increased computing power, have advanced modeling
to study selected boiling regimes where site
interactions are possible. This includes Ilimited
representation of both multiple bubbles in the low
heat-flux discrete-bubble region of nucleate boiling
and multiple thermal-sitc intcractions in the high heat-
flux mushroom-bubble nucleate boiling. Significant
nonlinear effects have been observed, including period
doubling and an observed aperiodic case that suggests

deterministic chaos. These results support the
conclusions reached by both Tokyo and Oxford
experimentally but have been reached from a
simulation or modeling approach.

The sum of these results lead the authors to the
following conclusions: (1) The assumptions used in
the older mechanistic models are not valid. Thus, these
models should be characterized as very complex
correlations (Kenning, 1992a).  (2) Development of
experimental methods to measure local-instantaneous
characteristics must continue. (3) A size scale, E, may
be associated with spatio-temporal chaos in boiling.
However, even if this is true, boiling applications will
span the entire range from smaller than to larger than
this dimension. (4) Nonlinear effects are significant
and must be included if mechanistic models are to be
developed in the future. (5) This criticism of existing
models is itself open to the criticism that the
experimental evidence can be obtained only for the
special conditions of boiling on a very thin plate or
small wire, which may modify the mechanisms by
which sites can interact. It is here that the future
linking of the experiments to very large computer
models comes into play (e.g., a model that can
reproduce boiling correctly on a thin plate has
increased credibility when applied to boiling under
more general conditions that are inaccessible by
experiments). There may be formidable problems in
reaching that state, even in proving that the model
describes thin-plate boiling well. The experiments with
liquid crystals have revealed the complexity of the
nonlinear processes in boiling, and we have moved
from the situation of knowing too little about boiling
to having embarrassingly large quantities of
information to assimilate.

Although these results suggest future avenues of
research, the complexity of the problem is tremendous,
particularly considering the influence of flowing
systems. Our current correlation-based technology for
design and analysis will continue for years to come.
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Announcement and Call for Papers
PSFVIP-1: The 1st Pacific Symposium on Flow Visualization and Image Processing
Honolulu, Hawaii, USA, February 2-7, 1997
Sponsored by Pacific Center of Thermal-Fluids Engineering(PCTFE)

Papers describing current research on flow visualization and image processing from principles to applications are
hereby solicited. Those pertaining to fundamental techniques and applications are appropriate. Topics include, but are
not limited to, flow-field visualization, surface flow visualization, computer-assisted flow visualization, graphical display of
data sets, digital image processing and others.

The official language is English. Initial selection will be based on submitted abstracts of about 500 English words.
The abstracts should contain: (1) paper title, (2) five key words, (3) authors' names, affiliations and full address of all
authors, and (4) name, address, phone and fax numbers or E-mail address of the author to whom subsequent
correspondence should be directed. The abstract should contain sufficient information to enable the scope and nature
of the paper to be assessed. Final acceptance will be based on review of the full length manuscript. All accepted
papers will be published in the proceedings to be distributed at the symposium. After a formal review, those papers
presented at symposium will be published in the Journal of Flow Visualization and image Processing.

May, 1,'96 Three copies of abstract due June 1, '96 Notification of abstract acceptance
Aug.15, '96 Three copies of full-length manuscript due
Oct. 1,'96 Notification of final paper acceptance Nov. 1,'96 Camera-ready manuscript due

Abstracts should be sent to the Conference Chairman : Professor S. Mochizuki

Dept. of Mechanical Systems Eng., Tokyo University of Agriculture and Technology
Nakacho, Koganei, Tokyo 184, JAPAN Phone/Fax +81(Japan)423 88 7088
Home Page of PSFVIP-1 : http://www.cc.tuat.ac.jp/~psfvip-1/

For further information, inquire at the above address or at the following: Professor Wen-Jei Yang
Dept. of Mechanical Eng. & Applied Mechanics, 2150 G. G. Brown Lab., University of Michigan,
Ann Arbor, Michigan 48109, USA Phone +1(USA) 313 764 9910 Fax +1(USA) 313 747 3170

The Second World Congress of Nonlinear Analysts
F f# . International Federation of Nonlinear Analysts (IFNA)
PR 19964 7H10H~17H B . 7R (FUT¥)

OF—HF+ 4 A Ftya vHABIUTTTAMT 7 MaY)
March 15, 1996
O Preregistration at early reduced rates O Preregistration at late reduced rates
January 31, 1996 April 30, 1996
SBROFEM L ERE, LTOWWWY A P TIEICENTET.
Second World Congress of Nonlinear Analysts  (http : /fwww fit.edu/math/wcna96.htm])
AKEFANOBEVEDLEE, TioE T F 3w,
T R04 JL AT FMMXALAKHET 1% 1%
FUNTTHE R TP ER R et A R Top
Wom &' L
Tk 1 093-884-3139 (¥4 71 ) FAX :093-883-2524
E-mail : masuoka@mech kyutech.ac.jp
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