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AR FEMEEFEHERES T, BRIOMEMME SN EIZIB T 5 BOREHEEEEHR
SO~THERMCICHE BREBRPRELEEELNR ET5. BARBHRE I, &
BEEOBDVICHE> CTEERENDHRERNBRED, TER 0.5mm BELLT TREENFR
REWCLDP>ERBREREEANEL, BRIEXSORBRBREDGRIBEEZ LD LT
AEINDLEN, FOEEBIIHSL TR, AR TIIKERDOEMREER & HEMHENT
WL HEERICHETIEBEERERE - GCEGHEOBHZE—DOENE T5. i,
EREME LY TETAEHEEEOS NI L2 BRBEICES 2 Y T, SIEREKRE
FRAVWAIEBEEREICLVEBERERZBEORERELZIT Y. KRICH BHIKEETIUE
ERICIVBMEERRZ 2 HENICHR TEAI LAHAEL, I LICHWER
KRBT A2HEHEVERTEEEER PERTIIHEDH LW EM4ICH T 3Rt
FITVEZOXERFEAL LI LERBEEZMATS. £, Thbo0mR
WESWTHMTETORABEEZOFAIC L B0 BMEEBEEEEORE %,
By F, RERERCERECHCEELRETLEDLDNIRFORETESIC
DWTHRFZIT-o T2
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KL, EABUBVWCRERN LENRNFOEELS T 5 LI d. BEME
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ARBEEIR->TETVAE LD LT, BHEAXTHREL LTHELEZXD
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ENBECESHEOMEIED LN TETWVAEADRINLIILENHF LIERDR
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1. X C ®» I

AHREIEZEBEADRPBEZCFERAT 2R CTHI2BMENEICB T 5K
KOBEREMRAZICOWVWTERNIZRF T2 LE2HEHNELTWVWDS. HHE,
ML EEORBORNANEEIIR>TETCVIN, BFEREDO/II N
RUBTSEREBESLOZ NI ROBBEER L IX RS ICH b b
ERNTWARY., —fRIZ, BRROBHREBENEZTEREEHZ L OHBITE
WTiE, BRAEOERBIOTEDOHMILIZEKEL TRERADEIHERL,
BEOENHBEBVWIRERREBENEENORFOEEX*Z T HI LI D.
3k XY Rayleigh WL AHEOY =y FOfEH ©V Tonb L oic, H
MEE 2 b OHEROBEEIFROICEE CRARL, EEBREI S FAIC=
AEKROMMERETAIERICELL, SHEEBFCIVEBCOET L. £
NOITERICHATIERELZETAZEPALNIEINTWVWS., £, &K
5B WXy, MABENBECBITI2ENREZHOER BTN ITORLTE
Y, Rayleigh O L HEU LA LERECETAIHERELIE O TV S,
Goren ® XEONHNE LOKEDOREZEILD>WT, BEOHMMED 5V IxH)
HHEEESEZDEB IO VWTHRBIOERNRMEELIT> TS, £z,
Nozaki et al. W X, YV a vHzZz2HAVWTEBEYVASAYIROOBEORTE
FOGERABEICETIEREZToL. VAYER BB KR ELZ LSS TH
EETV, BWEORTEH AN - LoV THRHFLTWVWS.

AMAEORNBETIHBEEBEINEZENAERRZICB L TIE, FEEN
WATHZI L THEFRACERATLIREERNOREERNRE Y, BEK
FEHCTELIZIREENALELLVERMBROBEOELRTFHEINLS. —F,
WML ZLICEY, RRAEECIZERA L-BEREOST(N4L L, X
LIz, MEFTHAMICEMBOR FTELERL T Z LIZRD. KB TIX,
IOEOIMREBEMEMEOBBEROMMTEICHE BEREREICET »E
BMERAREB2ZLEZEMNEL, AT UVLARAF— LHEOBHAE (SER
1.0 mm, 0.6 mm, 0.5 mm BL 0.4 mm) RICHHKZBTZLicky, &
AEFMIEEOKRKEKZBBEITS. FI2, RKEBHNICILIARLEICLY &
COBMBOTBREESIOCZOBMEECEE T ERLE LT, B EIC
FORDONDIEBEEE, BXOEMTHF~OEBMBERIE T HmEROEEIC
My sERMNRBRETEITO.



2. EREBRIOCHIE

M1(a) b) CEBHAEBRREZABIVEMBEOEMKBREZRLE. EBRO
FEIMSITINERZ 64 m AEI0mOERBEOBHEENL R D, BHEE
FTEBO SR RESICESINZIAER 1.0, 0.6, 0.5 721X 0.4 mm D KK
[ROBBEAHDOAT VLV ABBERMEICRVMFT o, MEO LW E THEHN
HHAKOAY OBIUOHRARENLENER I T WD . WHIZITKEKE A
W, A I RABIOHHAAKRKAY OBICHEToNTZMEARZICI Y KIERE S
B LWL TRAREZERIES. BER L TIZIVMES L, HEN%E
EFEMLLTFTHF~END. GHKOHADRTRERES 2] 17, HEAD
BELELAEZRkO2Lebl, HRATHAKRKKELRE L. I, WmHANK
WMEBR DN N, MEHARMEOKEBEELLRNREDL 7. KiEEE
DRHEBREL2EDLIL O, AENEAZEHACML2OERNICHEA LRIET
LZEHCLi. Fhbhb, MESEEZBEET 2 FEHBAMKEL RO . BiE
AOEKICEAEZEREAVE. B8 — X —MBIC XV ERIEAEB» D B
ENDKERIT, BMEELEEORTMEOMARNLOHE FTHEIZHAL
TEEHOWMHBHAZR T, BB TEEIOIBEL R TEY, BEAME
WWEAROBRNAUPEZEL LV I WVWEICRELEL. BasH oM RKRKICH
BEhTBY, ERIFIEIERIKERBZCITOhE. 2B, EBRBARR %
BEZECRAIERTZ2ZICCLIVAEHEIBAEZEVHET LT L.

KORBEANVEBEHREWED —RICERBE EICBIT 32 KEKOERE
EBRIIBVWTHER2R2BERREBICE A VIS, BB IO EE2ERT S
TENRELWEARZ V. ARMRICBW T, MBEICEBLT ¥ v oBHE KM%
a— bRIZBAL, RAOLQNWELEERITERBEHBOERLT 25442 ER
L7,

GHEEMNEICIZIA VO IABPIREINTEY, T 2B E2AB X
ODEBAXAHFBICEN ST, BREKEOBREICIX, FEEBEO R WERK
FEMELBEL T CCD WATHDVWIEREET A VINIRATCLZ2BEE4H
W Tz



(a) Experimental system

steam in cool ing water

|

thin tube
steam out l

Fig.1 Experimental apparatus



3. WMRBIUBE

3.1 VLhEZEZERATLILLOORELHE

& 2(a) (b) WHAEEN L.Om DATFT Uy LVAMEICRBITAREBOWLE%
ToTWRWEELLABREOSAZHBELTARLE. K2() OMEICE
HAEEIT> TWRWEE OB OKRTF TIX, BREKDE & BEORE EMRIR
BEETRLTVWAZ ERD0nd. 20X, KEKOBEREREROIT > B
B, REOLBNHICEETALELNLLZZ EBEREINDS. K 2(0D) 1,
ME BT HOoBRAKa—- M 2B/ LS EOBMERMEEZTRL T
BYOVVPBREEZFSOEREEIEZER I TNWIZ R bNE. ok, XE
BRCHWa— MIZEABERAT 2L VEKRKERELNLD 2D,
ERICa— I+ EABREZETCERBICHEEZITY L5 L. o,
ATV UVAMBIZOWTHRIGOLMEZ L THWE.

3.2 BHEMOBEZER (FEBOEE)

B3, 4 BXOYS %, BAEED XENLFN 0.4, 0.5 BX T 0.6 mn I
BUAEBEMEORTFEZRLTWS., ZRENLOMIZEBWVWT, KD (a) BLW
b)) FEZZ2BMEROBETHY, T ZNHEEHE OKETER & & HARK K
WL TWad., B2 ARLE D=1.0mOBAETIE—HLRESDE
WRBERERENTEZOEZFLT, TRE0OWThOoBEAICL, BRERR
FE A MICIZIERHA UM EFEORDLNRISROEREEHB TV 3
TLENEREND. BB, BAEDI=1.0m DL X T, RERELILEET
LR REITIE LT, BHEEEIN 20) tRAFEOLBERERLE.
£/, TREFRARI~5 OFnZhD (a) & (b) OBELLAZLNS XD
W, B OBERIZEY TEROBESSOEIBRERT S &L bic, o
BMEAEALTWAZ ERNbMnD.

X 6 2 FEOELERD DI, D=20.5mm D& XDLEBEHEWVE
TOEFNBRERORFEZRLTWVD. BRO LN EHFEAE 2= 10 nn,
T2 20mm 2R L TWDS., TOXIREMEMEI RICBWTIIEFHAE
DERIZE LR STZIEBMBTIRbbLBERBEOCHEENEML TS 22D
moH .

3.3 EMREHE

ik X9, MEEBERN 1.Om OBAICIE, EORX S IZE LS
P, AERBETCHESIO—ERRERELN-DICH LT, 0.6~ 0.4mn
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gravity

(a) Non-treated surface (b) Treated surface

Fig.2 Aspect of condensate for = 1.0mm

(a)155 (b)401 (a)98 (b)347 (a)108 (b)312
kKW/m2 kW/m? kW/m?2 kW/m?2 kEW/m?2 kW/m?2

Fig.3 Condensation aspect Fig.4 Condensation aspect Fig.5b Condensation aspect

for D= 0.6mm for D= 0.5bmm for D= 0.4mm
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Fig.6 Variation of wavelengthalong flow direction

of condensatefor 2= 0.5mm
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DEAICEIEREEINBAHOREREZ TR LE. 22T, T b OB 2/
M FoOBRERERICE TA2E%E 25720, L EIZRLEZEERAE R E N

e

/i

v,

bEMELFEAL L. LD, BHEEREEZEIHECE TSI IEE S K
TIWRLE., 22T, VEEERE (Z5HMB) , a., ZEF LD OBKIKE
R, 2, EEHOLONDOMPNERERRE, a 2T h bOFEHKRERLE, § %
BEESLL, $280Lmrb0o@MAFRAMNEL 2 T 5.

3.3.1 BWHEEIIHTIHEEDRKM

X8~ 10 LAWK OE/IIH T 2HF/FEEOELERLE.  D=0.6,
0.5, 0.,4mm D 3BEOEERERDHAIZSO>WVWT, MEE S 30 nm OIFIF F R
z=15mm BT H2ELZ2FLICHEL, SDICEBAOEELDEED D
BEZD=05m IZ2OWT z=7mm OEFHEEL .

M8k, BMKECEH FHMESE(LOERTEE L/2a DEFK KR I T 5
TilEzRLTWVWD., IFPFOERBLOERIZEALENL, R THEREND
Rayleigh W o BFE LX) 0oERDL P OFRREREICET 2 MITEL2 £
LTWa. ZFEL, ZThoi3HEEoEE IIERGFETHS.

A/(2a)=4.51 (1)

A /(2a)=4.45 (2)
AMEOBEHBEDOR T T 2R THMECRIBERAERINDE D, B
NFIZBIT D Rayleigh DBEE T =y FOFR, b2 VIEERLOEBEAHHIC
BI2ENAIHELEREOARALZRERREICHETIRLEHU LTS LD
LEZLND. 2= 5mOBAICE, FERCEDPLT, BREOEVE
BMIZBWTIEINOOMTEICEIFELEL T E, MEERNKREL 251
E, MBOMEICEHEWI LD bd. &6, z=T7m Tk, KB FEHEE
T Rayleigh DEICIFEAE—HLE., WTFhOoBEEB L O#@MFAMLEIC
BWTH, BRmEOEMIZ LR THURERmEZRL, HEZTEFICHE K
L7, AEEDORRKOAFTEAE (150 ~ 200 kW/m?) TiE, BHENKY 2 &
ETHMLE. BEO LS, AR (EHEE) OBMIC/E-> TEOKT
HEXERL, ZORERLELT, MMWOMBRER- T Z IR 5.

Mok, MBELERCHBLLEBEOERESORBREICH T 528 (ksrE
LTWS. WTFNOEERZBWTY, KARERCTCRE S OEME E&I1T X
W, Bl z= 15 mm BT SD D=0.4mm OBEE, B\FREDN 50 kW/n
R CABREPZELLTEY, BT RMESH 2 RE L K& VWHEB TIREER
DOEMIZE> TRREBEES OBMEEFHMLL B RS, £,
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Fig.7 Definition of physical quantities

20 z mm D mm
7 D8

1/2a

— Rayleigh A =451 X 2a
----- Takamatsuetal. £ =4.45 X 2a
O 1 I 1 I 1 I 1

0 100 200 300 400
Heat flux g kW/m?

Fig.8 Wavelength and heat flux
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200 300 400

Heat flux ¢ kW/m>

Fig.9 Maximum film thickness and heat flux

Wave velocity v m/s
()
U,
]

200 300

Heat flux ¢ kW/m?2

Fig.10 Wave velocity and heat flux
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D=0.51CBTHz=Tmé& z=15m (OCLA) OENSL, LEHEMANIZYE
BREBRESO/NIVWI ERERINLD. ZTUbE2FE O T, BREE S D/
EVWEHEICARZIZE, BAREROEAERLREEIO#EMNAA LN Y,
HESRO2EBEERERT IR DN D

X 10k, BOBHHEEOAFTRICH T H2E{LERLTWVWS. 22T, ¥
@%E&LT@WE@:&@M;%%%MELK%@T&%.wfﬂ@%%
EZEICBWTYH, UREROEMICE bR TEOR TEEIZHERKL TWB R,
TR OBEMICEI BMEEIOBERICI > THTFTEENRE o
rboEtEZLND. LrL, TOBERIZI2EEHEICKINT LI LN TE
5. 107 0=, BEEBVNSILSDOMABOREWVWEHEETHY, D=
0.5, 0.4 ® z =15 mm BNHEET 5. ZOHEICIE, HBEHERE DKV HE
B CITHEMEBERIRESSBAICAREOEME L BICHEMBER /NI 2o T
WL EmAEZRLTWA, D=0.6mm, z=15mBELARD2=0.5mm, z=7 nm
DE2OT N —TIZBWTE, BRREICKH L TERMNREERZHE-> TV
. Zhbofmit, RIOEERSZEFBLTEDY, BREREO/MS
WEBEAICIREOBBEERBLOCZOEMENELS, HICEELEMT S L E
ALV MESNHETEEOHMEBELAEE LN, TOEME S ITIIRENH
HZEERLTWVWS.

B, RSIBWT, BEBLIOMNEBOHMICH L TERENERT S Z &
F, B9 OBERESBIOM 10 DR THEDOEMIZHIGE L TWDIZ &Rb
"5

3.3.2 ®hHFMABEICXT DHEEOE|RME
M1~ 13 icsFAMEOE/ICH T 2 EMEBOLELLERL .
EUimﬁmm%%m:%#éﬁﬁwﬁm%,0:05m®$§ﬁﬁ@
BT REOCABEILIVEVEBIZCOWTEHENLNLHEALL > H DT
.w#h@ﬁﬁ%:%%f%,@ﬁﬁ@ﬁﬁkk%:%%i%ﬁbfw
<ﬁ,%m%ﬁﬁ®ﬁwq=31wmwma TITALBITIE E A EBHRARL
—ﬁ@ﬁ&&ofwé.it,z—7mm%”®tfﬁfim#n®&ﬁﬁ
T%H, Rayleigh ODEIZIELALE—HLTWE2ZERb2rs. FIEZhbD
Erik, M8 WTARLE LS, RBWE - /MR T HFMALE CIlEER
BEREVWEODBRRTOEENR/ NS VWEDLEEZOLND.
M2 TERTEBEESOMEBELEALEZRLTVS. WFROERAKHRIZE W
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20 T T T T T T T T

g kW/m® D=0.5mm
o 189 )
3 o 154 — Rayleigh
S A 31 | T Takamatsu et al.
~ 10F _
O
®o"
@8 B Ty,
o N TELTRRAE
O L ] L | L | L | .
0.005 0.006 0.007 0.008 0.009 0.01
Position z m
Fig.11 Wavelength and position
I |
[ | ¢ kW/m? ]
- o 189 D =0.5mm A
I O 154 1
e - 4
S o NS
:
RN o . 1
0.5F M O -
I O ST el ]
A
I g an &
O | ! . ! ] L ! | ! | )
0 0.005 0.01

Position z m

Fig.12 Maximum condensate thickness and position

16



e
—

@ I 2 D =0.6mm -
£ 0.08- q kW/m i
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Fig.13 Wave velocity and position
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TH, MBORPVICE bR THERIIZERBICED L., EBWKIT &
Y TREOEERTRENTVEIR/NDNEREICLZ2ERITIZTERSIZH»
STEY, BEREHEO EREHORBEEPER LELErTHL Z & L EHEL
TWVWBHR, AMEOHE CREMLRBRIE LI IODIBFEZLELT S,
M 13 (a) (b) (c) FENERMEER DA 0. 6, 0.5 LT 0. 4 mm
BT AEOBBHHEEELRL TS, 13 (b) @ D=0.5mm OHFITIX,
B lZ T HmE O LA TS CHEL TV D, BUHE R O8I BV FE T E
DEMRAELND EEDBIL, WTHNOEABRKEIZEBWTHMNEBOHEMIC L 2R
STHTEEZIEBRBPUICRELSR>TWSERFLISLS. 2, 2T b OH
EAIFEREAICH» > TEBY, MBOBDICH > THEHENE 2 IZESNT
WL ZERLMNDE., LD OMEMIL, 9IBLUVH 10 0FER & EELBER
FhoTWa. ¥hbb, BGEELIZWVWIIELLSOMEOEMIC LV E D
RIEWDSICHEIBRRNEEESSEMNT S22 &L - TR FHEE I RT
L. 0D, MI0IERENDLIICATREOEMIZ L > TR THE O
RKEHSN, ZOMKE, K 8ITRENEFmEDBMIZEE D K E O B8 IE H
NEBHhD., £, MEBOERIZIZIZNBRABIZHENL TS Z LIt d.
UEDOBMENATBOBEMRICB W CIE, REMBEEICHEN S Rayleigh
REEN, BEEREOCHEMD D WITMNEBEOERICL M TREOHEMIZER
LT, RABEESBLUVZOEERERT LI ENbhrolz.

4. #® W

BEZHEDACEROMMTEMICHE BREARCE T 2 EBO LA
BABAZLRPHMEL ATV LARF—ALBOBMEE (HAEZ 1.0, 0.6,
0.5 BL0V0.4mm) OHARBIEAEARTEMI T2 L EO0BEMBROBEEA
WOWTHRSLAE. BERERACLAARLECERT2EBHBROFBRE X
VCZOELEECEETIERL LT, BBEEHEESLOR T FHMALE O ZE
WOWTERMBEBRFTZITVY, UTORREE2E-.

(1) AMEOCEBEERD > S, 1.0mm OBAIWCIE, BEOEELETBLIF -
R EEME S A DALT2AS,  0.6mm LA F T, REBRANDRLEIL L 5 EHE
BEEE DR —PAEL, ZE5ROMEE2E T 2R OEREFR DR
.

(2) BWHRONMSVWEEBEHEEOSZHA LBV T, BEOCM MO K E T
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Rayleigh FEEWE L IFIF—K L7z, BEEOERE L LIZEDORIE
HSWHEYTIRREEES, BLXOEOBEEE XHEMEREZ R L.

(3) LHESBMALOMBOEBIZOVWTIE, LEOEBAFKRROBA LEE L
T, FHMAEMNMETIE, REECIVAELEZEREORK E X Rayleigh R
HERELIZE—FK L. £/, MBOEMEELbUEHERBREES, B
FOFEOBBEE IIHEMERZ R L.

(4) EF B) BXW® Q) ofE»0, BMESNEOEMERICE WV TIL,
IREEMEEEICH N D Rayleigh REENN DL, BEEEDOHEMHD 5 W ITAL
BOMRKICLIIZMTREOHEMIZER LT, ERBEEREIBLOZ DK
EOERK~OEABELDZ ERbhroT.

BB, BKEAE2ERTH o0 BHAKEa— M RENELEWEZEEB

HWaE (R WHEBEEERTD. £, EREB A LECBEE L RFEAHT

THECHEELZRT D.

X [

(1)Rayleigh, Lord, On the Instability of Jets, Proc. London
Math.Soc.,Vol.10 (1878), pp.4-13.

Q)@ tveE, BEHAR, AHEES, NLUWLH, BUNENDTIIBIT2BREED
wEM, ¥ (B), Vol. 64, No.619,(1998), pp. 904-909.

(8)Goren, S.L.,The Instability of an Annular Thread of Fluid, J. Fluid
Mech., Vol.12 (1962) pp.309-319.

(4)Nozaki, T., Kaji, N. and Mori, Y.H., Heat Transfer to a Liquid
Flowing Down Vertical Wires Hanging in a Hot Gas Stream: an
Experimental Study of a New Means of Thermal Energy Recovery, Proc.
Eleventh Int. Heat Transfer Conf., Vol.6, (1998) pp.63-68.
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1. IZC®»IC
WAE LIRS N BFEREICBVN T, BEVEEREZ2RETIZELRE
HeEBZLNDZMROBEREBOMCHFET 2BERETICEHATIMREEL Z &
NEETHD. RETHE, B 0.mm ORXAT UV ABMELFERL, ME/NHEELE
WAKERKEFBESE TCRARNOEELZ BT LB EITE L 5 KIR O EHERE
DLUONEHOEIZREL, REIZRIND VOF B2 AW HEMRZTER &
BMRATT 5.

2. ZEREELFHE

Fig. 1 WEREBEFORTETRT. REBEHF TKEKEHE S H,
KEZFEBHEEC XD BEENOFLB EEEEINLLME L TRID —
HPEML, BRoBARITEEENA~LHTWS . HEEZHHAT HHAKIL,
TSV —R TR EVRAEETF O, MESATCEBEELT IV MAEN
WWAY, BEETHAPOHTWL. IBRNZBLIHAKOHEEIX, 7T
¥Ry LI VHAGH SN . MEOAD L HOICARESZ2 I & EIX
DEEZBETH. HHAKOMEHRAVOOREEELHENLBARKE L RD
5.

Fig. 2 WEBREBOBRMEMEOKRTFZRT. Fig. 2 TIINHOEF N LIS
Lo, BELRBICUB LERFEZH TS, &S 30mm, PEE 40nm O M fE
FWEMHENOF.LE EIZ, MELHMECREEL THD. BIERE 4 IFHET, B
WMEEFLE EOBEFMEHE MNP OREITITFETICY T, EREICHEEED A
TEBROVMTHEORFEREL, ©7 47 —7ICEY AT,

Fig. 3ICWEKOMEAOMEDRFZFRT. YV arvyay 7 IZ/hERRe2dH
O, TORICHEZBEL, ET2ro3aryiyamay s 283220 TH5. U
a7 a7 EREZO0ATLICED, MBEEZIODNLDIEAZED, HBHAKIE
WERNICBAT L 0. MELHDbRKRIZY I a7 oy 72 ETFThbHE
ZrLeZ LD —n 1L Ths.

FERTITMEZMATI2HEHKD, MEADBELMEHOBEZBEL, 0=
OOREZEHHKRENOGBIRREZ RO . BEREICIT KE(Z a 2 -7 0 A L)
BN EFEHA L. 282XV BETAAVBIZZENEN ¢50um T, FANIZHENFEY
ZATNEBPBEIN TS, BVERORBEATHSY, EWMIZTHEBL N T -
CICEVHMENONERME CREZNET 2 LXAAETHS. Figd ITHE A
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Fig.1 EBREF

RENAK
S | : ‘

80mm

Y

Fig.2 EBREEEEX

22



\
}-

Fig.3 #HF A O KE

23



Fig.4 fAZTAOTOEEHE

Y o W ] m B2

\'4

REx

Fig.5 MEHAOCOBRERNTE

24



A OEEXORT, FigsSICHELH D OREROKRF ZRT. _

BHEESEICIAEESEAVS. BRe—F— kv ERINEAERIZTV Y 2
VFa—TEN L TCEBENICHBEIN, ZREo o . BEIKICIE
FEOKEKEZBAW, +OREEZHEAKZ V7D TEL. BHEAIKZ V710
TV =Ry T L o TRWETF NV arFa—T %0 L THENICH
wansd., T30y —RUOTOREEREL, VI arFa—TRNOEABE
ELRER—TEILRDETHETS.

BREERECBBAIL, BEENATICEBELZRY M7, REFBEREL R —
kot b5 REFZHEUAZEICLEY, EHEOL Y MR EERTEDYE
5. FOR, BWIBRYVMTEe—2—CLVEBESTTAOEY ZBMOERL . BiE
DHFFEHFEL, WENELEXNHRPEZER L RERLHEURERETCLETS.

AR ITEEKORELAEAAQD, HOOBEEZLLEHRT S, UTICEEHR
EEMBHEIEOFEEZTRT. BHEELEBICAKEANDIANC, BHEKERK LR
BETARDELHODOEREZHE LAEBREZZRET . 0%, BRIEPEMENI
L, BEENPERKCHLIL, EBR2EOREN—ERDIETHKET .
BHEIAKADBELHABER —EIZRho TWAZ L 2HER LI-BICHET 5.

BEEIATOTZL—AL— N VTV TEMEERET S5 ERYIAL,
FTRENOEBEET AT —TICRET S, BBREOMBLZEE L= HAK
D E LD, MELZEGRO L WVERREBIZLERIE, ZO0EEHRE LA
HONMEZRHERETS.

AHFRICBWTEHBEBELB L CEEET A VANV I RATIZL > TRYAALTR
EE»OEROLBIZL > TREAEEZHEL, BELTVWIRIEL, BEOLW
REDHEBOENLEREEZZRELTWVD. UTIZ, ZTOEMERT.

FEMECII R LEZEBSE ImsDI7Lb—AL— NCBEEFT A PHXLHIRATT
BDAARET AT —7ICRY AL, BRZEGLEY 7 F2HAW 1 7L —LAFI1C
SEILTHRYIAAR, BRETDH. BRYVRAAFREGRICOWTEEDO S » b KIEAE
EREL, 2MfE{LTSH. MYVAALEABE G A Fig.6 12, HEWLEIZL > T 2 ElL
L7-E% Fig. 7T \ZRT.

2 L LEBOERNL 7 L — A LOEBIZRD A TORES DE S 28 E
L, BMELIZREBEEHRORWREOHEEDOENCKEOES2RD S, Fig. 7
BT DRBOMELRESTHD.

BESEICEIAEREZAVS. BER e — 2 — It VARSI ARG IZ Y
VarFa—T7E2ALTEBENCHRBESL, BRERHEOLLHEHERS. &

25



HAKIWCITEBROKEKRKERAY, +O0REXHHAKZ V7D TEL. B
KE IS T TV —Ror7FIZEIoThHEWETFoR Y avrFa—7
AL THERNIC®RBENS., 79 0Py —R o T7OHREBEZRHEL, VU =
VFa—TRNOENPEELRED —FILRAETHET 5.

BRI OBRAC, mEEL A TICHEBEZRV AT, RELZEMEL R —
#EicEy b5, REFZHEOAZEIZLEY, EMEOY Y F2EERTEDLY
L. FOBE, BRICBOVMTEZe—F—ICLVBITRAOEY 2RV . BE
DETERERL, BEPEAIHEIP BB LCERERLEDRERECTCLETS.

BRI GHAKOMEBELMEAD, HOOBEEEZLLEHT . UTICEEA
ELEMBRIEDOFIELTRT. BHEEBICAIE ANLDENC, BHAKZHE L 2R
CTARDLHODORELZRE LAEBREZZRET H. 0%, BRKEEMHGENI
i L ,Wﬁimﬁ%%?ﬁkém EBEBEBORER—ERDETHET 5.

BHAANQBELHOBER—BIXR>TWVWAZ L2HEBLEBICHET 5.

BEEIATOTZV—AL— NPTV TEMELRETSH. 5 EHER VAR,
ITNENOEBZET AT —TICRET L. EREOMBLEE LI THAK
D E LD, MEEZEWMBEORVWEBREBICLERIL, Z0XEHRE LHAESN
HONE A REEREFETD.

AHECBWTIIBEBELZBL CEEET A VXNV ITATIZL>TERVAALR
BEGNOEGLUBIZL > TRBEREZRHEL, L TWDREL, BiEo
REDCHEMOENLBEREEZZFEL TS, LITIZ, TOEMERT.

FAMEE TR L-EKE Ims D7 L —LL— FTEEETFT 4 PF LI ATT
WMOIABLET AT 7R AL, BERZEBRLEY 7 P E2HAWV 1 71— AEIC
SEILTERYIAR, BRETSH. MOAALTEEBIZOWTEE O S bR A E
#REL, 2T S5 MOAAEABE B Y Fig.6 18, ERLEIZL > T 2 E{k
L7-E#&% Fig. TIZRT.

2 AL L72BOBEGEPL 7L —L EOEBIZED LA TORBYDOE S HE
L, B LIREBLEEORVWREDAIEEDENLRECE I 2RKD 5. Fig. 7

BITARBOMEPIBERTHS.

26



Fig.6 HVAATLHEE Fig.7 21fE{L L 7-HE#&

27



3. HEGME AT b oD B TR B O B E R AT

KBTI, MEATLICBIT A RO ERBEEORER 2L 2 I L —s 2y
TARMEBET e 750 LT, BREEZEIFHEICELZ VOF % AWz
BREHFT 70 T hE BV, VOF & 2 9 P 3 Hirt HBICXVREENTZFETDH
v, EAEREENIETF T LI, MEOHFERICHISH VOF A F Z2EEL T,
CTOFEEHELT, ZTOFOBRFEAXFEXZM I LIZLY B HKE % HH#E
TAH., TOFEE, BHELEEEROBHATES. HEO/NHEELIRNS &
Wo Rl EEED, FELOELRFHE LU, ELVNOREOKBEEE%2 7T F
e NP — -T2 877 3, EALRNOREFMEZRT 7T INFREBETL
5.

AR TR LEN LY 28, ¥RFMOEE r 8@ & U 7z 2RI E R FREAZ %
T 5.

EH, EHEESN, FEYL BEZELVFLICERL, FEZELVERTERT D
ABEyH—FRAvyazHW5

T BTAIMAEFELERLZF L LTEL, FOEICEY BALVHNORENMNE & &
DABICERL, EANORELZHETZ2RICOGERT 5.

e F < 1 R (BFEELMICEBEZEEL S W)
e 0 < F < 1 HEEN (HEEACIREELAGEET D)
e F > 1 AL (FERELVEIRAETHEZINLTWS)

7o, FOBRHERIRIITHES.
%};—+u—%§+ %‘;}i—o (1)

HEENVERDFHEELVIEIF OEOATRETEEN, ZOXREFITTHE L
NERETDHLEHELEZELOREMENELD. ZTO), VOFEICBIT 5 KBTS
e LTREENMVZIHEEELEEEELVICHENTVWAZ E A LESMELT 5,

VOFIBIZB W TREBROBHRIL, WA ENMZH L TEDOE LN TOREN E D
JEREENC LT, KV EERKAWOLZFEMT 22 LICEVBI Y. LER- T,
QRTEHEDOBAIZIE, BREEAMZASOFROWTFRANCHESN, —ONE
NEBEEBHRERLTCNWDZLICRE. 7ualJAaTE, 2hblc&EEn L wik
A EMZIZ6DICHEELVESE LTV,

EMRXILUTOoL2IcRENS.

28



,..__+___+—-= \i(\%@——t (2)

or 0Oz r R

ou Ou Ou 1 oP ’u d*u 10u u

ou, ou, Ou_ 10P O Ow 1ou_ u| . o FEx (3
o "o Ve por {wze% ror ﬂ} ARERETRL©)

1 0P v oty 1
ov ov ov + [_a_+§l+_-aljl Dz FWEEE R (4)
ort oz ror

oT oT aT A | 8*T &*T 10T
9y AL R e Ee 5
ot . o oz pCP { o0z> r ar} ™ e )

OF O L o romgrEt ©)

ot or 0z

,16_T~_LM PR F=NT R (7

or

OF 1 M
== o . F o#meE (8)
HEOFIEE L TIE, 4t FHEKTER, LHEEM, Avyaf, 4r, 4z
RRIEE, MENEEELZHELZMECEVANTS. AHT —ZITHEVEHEER
EEFHA vV aTRYY, AF v I —FAyT a2 LTEEALRNICHHEL R
BT 5. TO#h, BREFZEVHEERARXROCEAREORBELHET 5.
HEL—TOFNELTE, BESNZEHE, EAPLEHEFEXNTHS )R,
DRI L VTR IALAT Y TOEELRD D, T0O%, EHEFBEANSK
DI EEREROREZMHMETLOBEL, XX —FEBERXTHE G)RhHEE
ERDD. Flo, TRAF AT UZAO0RANLEBEEOHELZITY. FOBKEHE
KThd@RE N T — T ETEZ—ENDL FERDD., T0 F2RAWTIHKED
HE &R, REBREZRET L. HAEMOEE, EH, BE, FOLLZREROME

ELEBBEAASERBICELT, KEHMOEREHBEICEDR., Z0OL—F2 K TH
RICET 2 THRYVIET.

il

29



AT aDR

=

v

GBS L

E
t=cycle=0

v

i
Nt
Elég
im

4_.

Ste

&
oF
Hem
=i}
+

FOBEHE

B AR S

v

R S

v

HH & O x &
WEES OFE

Brfdl 2 7 v 7 R

HF ] 4

=t+A4¢t
cycle=cycle+1

Fig8 7o—3F+%—

30



4. BREROELE
4.1 FEBRER
Fig. 9 [ZEAE q=367kW/nd (235 1T 2 ME SN E kO BRI R 22824 U7 I o B
Tk q=367kW/ i, EEMEERFFEN O O 2=15mn IC BT 2 BEBOBEFE2RT. XLk
OEBITHEOBREEERTHD.

t=0s t=8ms t=16ms t=34ms t=42ms

Fig.9 BEMRIEDK OBE O T

31



Fig. 10 ICEMER DA ~TIEAZEHET H. Fig 11122.6 FT—HEEICZ L > TH
B UIBGRE 78kW/ i 2B T D BEH L BMERIED lm s BOZEEZ/RT . Fig. 121
Fig. 11 07 7OREDO L OVNE R IR LEREZRT. IFOERKIETLEH
BNEERBIOEEFO Yy MR/ 2RETERBLERICRS. Zhb0E:
FNENOMEE L, BRNREESIZEGE OZOFE LT 5. Fig 13 IZBRK
T8kW/ miZ BT A REDOE S DAL ZE R . Fig. 14 IZ&E R 0. 5mm 1T 1) BB HK &

BRREEE S OBBEZ7RT. Fig 15 ICER 0. 5mm I8 5 G & /K
EEXOBERERT.

32



dm:am— R

Omin = Choin — R

Fig. 10 TEDERER

33



Fig.11

W 3 X OVEE E o> B R

270 . — i ;
q=78kW/ni| o
' ©
o
0 o}
o
o o (s} aQ
0
260+ o o B
o
o o o
£ : o * (] p o) g
3 o o © oD o ©
. @ © © O
o o © o aliimaalils) ===V
faWalallicivialiate) om® O o
e, RGO GED 8 . o B
250t e Y e —
P i A o ¥
o &M
B
I ]
2400 100 200
time ms
Fig.12

WD < B

34



g ode BT T T T T
O o o 0 o
s
O i
50 © O oo o0 0@ ©
©00o o
@] O (@]
oaom
© 0 000° o® ©
©00 O )
o O@umv 19
m OU@O —
N = e
whe
2
I 0®©
0 0 O
g0 °°
I @0980 L 1 |
= feuke) = o nUﬂU
(o%0) \O <t o

time ms

RIEE = OMZ{L

Fig.13

35



L | 1 | 1 | 1 | |
0 100 200 300 400 500
heat flux g kW/m

Fig.14 BURHRIIXHT HHRRKEEE & OEAL

20+ -

dmin um

' | | | 1 | L | |
0 100 200 300 400 500
heat flux 9 kW/m

Fig.15 BMEIIT o2& /NEEE DA

36



4.2 fRHTHER ;

Tabled. 1 ICEELMHATR Y. Fig. 16 ICZOEMEICB T 3 RERKD V5 7 %5
T OB TE, EBER~DREOMHBERIZOVWTIIHFIHEEL T LT,
EMEBELEVEZONTNS.

EBEOBRG CIIEMERFBOICEBIROA = ADABREL D, KRIZRT SMH
CBWTIXZ O EMER (RAWHY z=0m) ~FFTEFELTVWBEBIA=RT X%
T2 L0 &k asRE L. LHBEGER COEREFICIIEESLLEEE X,
Bf A% 80° L LTHERT. Tabled. 2 ICHELRMHEEZTT. Fig. ITIZZ OELHBFICE
T AEEBIROERELERT.

W, AR DIBERWGEE, TROLEERREY 3T0KELTEHEZIToL. ZOFEIX
IBmsETHEATRY, WIKESOLBOXMSHELTRY. Table.d.3 ICFHHE L4 %4Fig.
18 ICZDEMIZRBITDHERIK DT 7%~ .

37



|

Table4.1 ®tE &

0.5mm
- , r AR 0~0.5mm
&t 5 B z HH 0~10mm
LD H e Zﬁﬂ gﬁ:
" r 7 [A] 50 &
z HHE 400 &
BmEE 363K
MHBERES 50 4 m
(i ! ' '
0.002}7 B
N
0.004 Wi % .
g I
N
Sms
L T, 10
0.006 A -~ isms
::_‘ aﬂu.ur.vi-‘;;; © 20ms
L ;F:@ﬁm © 25ms
o O 30ms
0.008F £ 0% s 40ms
i B /4 i ms
S & 45ms
A& 50ms
L 40 55ms
5 60ms
0.01 s i ) LD_QIIIL
0.0003 0.0004 0.0005
rm

Fig.16 #HmEHE RO BEMEEL

38




Table4.2

=E 0.5mm
& i r 7:','['&] 0~0.5mm
it HEE == G~ 10mm
r A E 104 m
LD 5 [7m 2Lm
" r 75 @ 50 1@
z 5 A 400 {&
EERE 363K
NEEEES 50 4 m
0
0.002
0.004]
=
0.006
0.008
0.01

Fig.17 WERRKOEMZEL

39




Tabled.3

(=82 0.5mm
- r HE 0~0.5mm
5t & &6 H g T
vl 10um
KEx |
LD ko e
” r 75 A 50 1@
z A 200 {&
BEmEEE 370K
WHEREERES 50 4 m
0
0.002 T
0.004 .
S ]
N

0.006

0.0ms
5.0ms
o, 10.0ms

0.008 7 15.0ms
& 20.0ms

25.0ms

30.0ms
35.0ms

0.01L .
0.00025

0.0003 __ 0.00035
¥ m

Fig.18 KERFK OERZE

40




4.3 EBE

Fig. 9 WEMKEOHE OB T 2Kk F452 R L7, Figg 92 RALEDOTMA R D
BV b EOLERFBMOBEN/NILLRoTNDIIERGND. ZHIEXKRED
BEVWESIc@BENNKEL2 TEIY, TOBRES ERAE TRAN 2V T
MFRICLTWBE EEZOLND. o, WEOEWHSPNEYVBESL L3 IZKE
IELS Y, WEPBEVWHSEFTICRVERKES. 2FV, TORICBWTEE
DENESBKRE %2 LD, BEFEICEFTICERCERLTVWDIEEZOND.

Fig. 111 1ms T & OEER L OBEH ORMEMICOWTR L. £z, Fig. 12
WL UONEOImL KR EZR L. £7-, Fig. 13 WKEE S OBEBZEIZOWTRL
7-. Fig. 12 # A2 L BH, ME L bIEZLOTANRAELNS. LML, ZORERE
FEIICLTH lunTHY, 1EZ7ELOEEIF0.9%5unicHlY 453, LR

, MERBEBWCEALTE, 7222 DICAETHZLICEY, £0.2~0.3umn
%E)T@?ﬁlE%Wﬁﬁﬁféﬁénrmé%wk%zahé 7o, R oERITE
Wk~ X oz, BEmE, RAMREO Ty bER/N 2 BTEULELOTIND
DEXOEEEEZ, TOBMKICBITI2R/NMEEES L LTS, Fig. 13 3%~
oy FRLEROELUBROEEZSIWELOTHD. NERD & HB/NMNEBEE X136 2
pm, EBANEEEIIEZN 0untli o TWNBI ENbMND.

Fig. 14 WARMKREERREEZORBFREZ R L. BEOHERER & THEMMBL
RERRSTEY, BEEOBKL EBIZERSERIZBLNRN o, Fig 15
WEGER & R /NEIEE S OBBRICOWVWTRLE., BUREROEKICHEWE/NEEE
SHLWRLTVWDEZ RS, THIFEBREROBERICEVEHFESHERT 50
HBEbLEIONDD, MIET—FRERELRNVED, SLICHEZED L LERN
B 5.

WIZ, #RHTD Tabled. | IZEHBESKMH%, Fig. 13 KX OBOEERROLEIL %,
Fig. 13 ZR 2 &, BMERECKIIHRZLRZPLW T L TWVWE t =65ms 128\ Tk
FHLVWEREFLLEELTWHIORLMNS. £z, 2z =0.003m Tz T,
BEO ONEBOL O b F e RENPBELED TS, Fig. 13 IBWTHEEDE
SOENMERTHD EERBREESITELEBEBRLTVWEN, H/NMRBEE ST 104
mETCTTFIEE->TWS., ZORRIZOWTIIEMRIC L 2 REOR K L o3k
HEAN=ALIBTHBRBIEAR2VH-TWHZEREZLNS. LarL, VOF
FEICBWTHEEVIIREE LV EREELVOBICEELR2TE 63, BEE
ROBOENMIEBNT, BEE/LLFEUVIFBEKF=10K&KELrELRLTWVS
FREMED B B .

Pz

41



KHEEHSDA AT AEEZBR LESHEIZ DWW T Tabled4.2 THHE KM,
Fig.16 THEB RO E{LE R L. Fig.l6 2 RA2 L A=A N A EE LR
WA LRBICEBREREOREIEZLZALM FLTWVE ¢t =50ms IZBW
THFEFLVEXILEFNPLEALTWVWEIORDLNS. £72, z =0.0065m i
WWBWT, BIEOSUNB PO LHIERERBELBED TWVWD.

Iz, EREREMITEROMBZ R, R/IKREEIIZOWTERERO ST 7
iz Figle, Fig 18 "o E LN EEZ Yoy P LEb O % Fig.19 IR F. &K
BEE S IZOWTHRBKICERBERO S I 7IC@EFTEELZ 72y b Lb D% Fig.20
R

Fig.19 # R5 ¢ R/INEBERE S IZ oW CTHREMITHER & ERERITPERREIC
BWTREWERE O, 72, Fig. 20 2 R 5 & R RIEEE & 0 5813 5 E 57
FREBRICHENTE2EMICBEVER SO L. RIBREES, RABREEX SLH
WBWTY, BITRREIEIFEEERT THAD, RABREESZEL, &R/IHK
R S XL e D FWHREMEN B 5 .

L L, RAARERES W TREMRITCIXEALO r FRAOEZ 10un &
LTHELTWAZ LE2EZERET L, BRIBEESZIL /NS RBZ L
LbEZNOND. LER-T, MERBREZEBRET 2L, SLELHEOKEE R
M EEHE-DICEELTEZSLCBALESETHELZEDLILEND S
TEDBHLEMNIR T

42



Rl
7

Tt T

L I 1 I 1 J L l ! l I )
100 200 300 400 500 600

heat flux g kW/m’

Fig.19 EBRBERLMBITHERORNDKIEE S O Lk

! | | | L | L | | | L
100 200 300 400 500 600
heat fluxgd kW/m

Fig.20 EBRGERLMBIGROEKRBRER & 0

43




5 I Ef
Observation of Steam Condensation

on Thin Vertical Tubes

44



ABSTRACT

Observation and measurement of steam condensation phenomena on the
wetted outer surface of thin tubes arranged vertically were conducted. The
condensate modes were affected by surface tension of the condensate, and the
wavy shape of the condensate surface appeared due to surface tension instability
on the thin tubes. While smooth condensate surface of uniform thickness was
observed for tubes having an outer diameter of 1.0 mm, a wavy shape with
non-uniform thickness was observed for tubes of 0.5 mm in diameter. The wavy
shape became distinct with a decrease in tube diameter. Although the
wavelengths of the instability at low condensation rates almost coincided with
those obtained from analysis on free liquid jet by Rayleigh, they increased with

increases in the condensation rate and axial length from the top.

1.INTRODUCTION

The objective of the study was to investigate experimentally film
condensation phenomena of steam on the outer surface of vertical thin tubes on
which surface tension effects are significant. Although equipment utilizing these
minute structures is becoming increasingly important, the condensate modes and
‘its heat transfer characteristics in the small tube system have not been
adequately clarified. Generally, for phenomena such as condensation of steam
during which a liquid film plays a critical role, surface tension effects depend
upon the configuration and dimension of the heat transfer surface and the
influence of the gravitational field. Rayleigh reported that the shape of
cylindrical liquid columns with a free liquid surface is not stable, which was
discovered from analysis of liquid jets [1]. The shape of the free surface of the
jet is based on a trigonometric function and is divided among the droplets
depending on the conditions. The wavelength is proportional to the diameter of
the jet. Experimental and analytical investigations of the behavior of liquid
films in a tube in a micro-gravitational field was conducted by Takamatsu et al.
[2] who reported that a wavelength similar to that found by Rayleigh was due to
surface tension instability. Nozaki er al. performed experiments on the
downward flow of silicone oil along a thin wire and determined its heat transfer

characteristics [3]. The effect of changes in wire diameter and liquid flow rate
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on patterns of downward flow were examined and the effect of surface tension
acting radially was predicted to increase with decreasing tube diameter. Change
in condensate mode occurs through surface tension instability. At the same time,
the flow rate of the condensate increases downstream via condensation, which is
nearly proportional to the rate of heat transfer. In this study, vapor condensed
on the outer surface of tubes 1.0 and 0.5 mm in diameter by flowing cooling
water through thin tubes made of stainless steel. Experimental results showed
that condensation rate, determined by the heat flux and distance from the top
along the tube axis of condensate flow, affects the configuration characteristics

of the surface tension instability and its rate of change.

2. EXPERIMENTAL APPARATUS AND METHOD

A schematic of the experimental system for the condensation studies is shown
in Fig.1. The main portion of the experimental apparatus is a brass condensation
chamber with a 64-mm inside diameter and 30-mm inside height. Thin stainless
steel tubes with outside diameters of 1.0 mm and 0.5 mm are installed vertically
in the center of the condensation chamber between the top and bottom faces.
Coolant water flowed through the tubes from the top toward the bottom. Tap
water was used as the coolant and heat flux was adjusted by changing coolant
temperature. The cooling water was pressurized using a pump. The rise in
temperature of the cooling water was measured via thermocouples placed at the
inlet and outlet of the tubes and the flow rate of the coolant water were
measured for deciding heat flux. The thermocouple junctions were inserted in
the tube near the ends for precise measurement of temperature because the
coolant temperature at the exit changed rapidly due to the small flow rate.
Average heat flux over the whole tube was determined using the measured
temperature values. Steam was used for the condensation. Steam flowed from the
inlet located near the upper edge of the bottom surface of the condensation
chamber to an outlet near the opposite side of the lower bottom surface so the
thin tube was not directly impinged by the steam flow. The experiment was
conducted at atmospheric pressure because the condenser exit was exposed to
ambient conditions. The non-condensing gas was removed by continuous vapor
flow through the chamber for several hours. In general, it is difficult to wet the
metal surface during condensation experiments because of the large surface
tension of water. In this study, the extremely hydrophilic titanium oxide coating
agent was applied to the thin tube surface for obtaining the wetting surface.
Four glass windows installed in the condensation chamber were used for
observation and photography by CCD camera and high-speed digital camera
attached to a microscope.
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Fig.1 Experimental apparatus
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3. RESULTS AND DISCUSSION

Surface treatment for achieving wetting surface

It is necessary to achieve wettability of the surface for studies involving film
condensation of steam. Despite the surface treatment, some non-wetting area
was apparent, which affected film condensation. However, overall wettability
was improved by the surface treatment. Figure 2 shows that condensation of a
smooth liquid film occurred on tubes with an outside diameter of 1.0 mm by
applying a hydrophilic coating of titanium oxide to the stainless steel tube. The
hydrophilicity of the coating agent was promoted by treatment with ultraviolet
radiation before the experiments. Stainless steel tubes 0.5 mm in diameter were

treated similarly to promote wettability.

Effect of tube size on aspects of condensation

Figure 3 shows the condensate aspect for tubes with an outside diameter of
0.5 mm. Figures 3(a) and 3(b) show results under low and high heat fluxes.
While a smooth liquid film formed with uniform thickness for D = 1.0 mm, the
condensate shape describes a smooth and nodular waveform with the axially
periodically ruggedness. Condensate mode for a tube with an outer diameter of
1.0 mm remained unchanged and showed the same smooth shape as shown in
Fig.2 with a change in heat flux. The thickness of the humps and the interval of

the wave increased with an increase in heat flux as shown by Figs.3(a)and3(b).

Characteristics of factors affecting heat flux change

A condensate film of uniform thickness on a tube 1.0 mm in diameter was not
dependent on heat flux; however, in the case involving a tube 0.5 mm in
diameter, a periodic and wavy condensate was observed. Physical values
defining the condensate characteristics are shown in Fig.4. A denotes the
wavelength ("hump interval"), au.x is the maximum radius from the center axis,
Amin 1s the minimum liquid thickness, a is average radius, 8 is liquid film
thickness, and z is the axial position from the upper end of the tube.

Changes in related factors plotted against the change in heat flux are shown in
Figs.5-7. The characteristic quantities were measured at z = 15 mm positioned at
the center of the length for a tube size of D = 0.5 mm, and at z = 7 mm for
comparison with upstream characteristics. Figure 5 shows the change in
dimensionless wavelength, A/2a, which indicates the variation in axial

condensate film thickness with heat flux. The solid and dotted lines in the figure
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Fig.2 Aspect of condensate for D = 1.0mm

(a) 98 kW/m? (b) 347 kW/m?

Fig.3 Condensation aspect
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denote the analytical values of the instability wavelength shown in equations (1)

and (2) by Rayleigh and Takamatsu et al., respectively.

A /(2a)=4.51 (1)

A /(2a)=4.45 @)

Since liquid film flow along the tube formed in a system in which condensate
film flows down, the phenomenon of wave length instability is similar to
systems involving the liquid jets of Rayleigh in a gravitational field, and a
liquid film adhering to an inside tube wall in a micro-gravitational field as
reported by Takamatsu ez al. In cases when z = 7 mm and 15 mm, the
non-dimensional wavelength approached these analytical values with a decrease
in heat flux. The non-dimensional wavelength was similar to that of the value
reported by Rayleigh in the low heat flux region for the case of z = 7 mm. The
wavelength increased two-fold near the largest heat flux (400 kW/m?). Flow
velocity of the wave increased with an increase in heat flux (condensation rate)
and, as a result, the distance between the humps became large. Figure 6 shows
the variation in maximum thickness of a liquid film normalized by tube radius
against heat flux. In the low heat flux region, the rate of increase in thickness is
large. The gradient changed near a heat flux of 100 kW/m? and the rate of
increase of the maximum thickness decreased with an increase in the region of
larger heat flux. Moreover, a comparison of results obtained at z = 7 mm and z =
15 mm confirmed that the largest liquid film thickness upstream is small. Figure
7 shows the variation of moving velocity of the wave against heat flux. The rate
of location change of the hump was measured as wave velocity. The
augmentation of wave velocity with increasing heat flux originated from an
increase in liquid film thickness with increasing heat flux. However, the change
was dependent on position. When positioned farther from the top (i.e., z = 15
mm) the trend was for a larger increase in rate in the low heat flux region, which
gradually decreased with an increase of heat flux. A linear change occurred for z
= 7 mm. These tendencies correspond to the change in liquid film thickness
shown in Fig.6. That is, wave velocity and the rate of change were low for

smaller condensate film thicknesses; as wave height increases, wave velocity
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accelerated and the rate of downward flow velocity increased. The increase in
wavelength with an increase in position corresponded to increases in liquid film

thickness as shown in Fig.6 and in downward flow velocity as shown in Fig.7.

Variation in characteristics of the quantities for the axial position

The change in characteristic quantities against the change in the axial position is
shown in Figs.8-10. Figure 8 shows the variation in wavelength with axial
position, which were determined from the images in the region of smaller heat
flux than the moderate heat flux in this experiment. Wavelength increased with
an increase in heat flux throughout the entire heat flux region. For the lowest
heat flux of ¢ = 31 kW/m?, a fixed value was obtained. In the upflow region near
z =7 mm, the data nearly agreed with Rayleigh's independent measure of

heat flux. As shown in Fig.5, these trends were due to the small condensate flow rate
under conditions of low heat flux and a small distance from the top of the tube. Figure
9 shows the effect of location from the top on the non-dimensional liquid film
thickness. Liquid film thickness decreased with decreasing distance at every heat flux
value. Although the linear curves fitted by the least square method for each heat flux
approach the origin, the situation is similar to the liquid film thickness at the upper
end of film condensation being zero theoretically. Figure 10 shows the wave
velocity measured near the origin.

The velocity of condensate flow increased linearly with an increase in position
for each heat flux value, while an increase in velocity of downward flow
occurred with an increase in heat flux. Because these points approached the
origin wave velocity approaches zero with a decrease in position. These trends
are similar to the results shown in Figs.6 and 7, in which the velocity of
downward flow increased with an increase in maximum liquid film thickness,
corresponding to the amplitude of the wave due to augmentations by heat flux
and position from the top. Therefore, an increase in velocity of downward flow
occurred with an increase in the heat flux as shown in Fig.7 and, as a result,
wavelength increased with an increase in heat flux as shown in Fig.5.
Simultaneously, an effect of an increase in the position also appeared. The
results clarified that liquid film thickness and the wavelength of the Rayleigh

instability, which appeared at low condensation rates, increased with the
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condensation rate or an increase in downward flow rate with an increase in the

position.

4. CONCLUSIONS

To obtain a basic knowledge of condensation phenomenon within a heat transfer
system, morphological changes of a condensate from steam on the outer surface
of thin vertical stainless steel tubes (1.0 and 0.5 mm outside diameter) was
examined. Experimental investigations were conducted to determine
condensation rate and the effect of the position from the top as influencing
factors for the shape of unstable condensates due to surface tension. The
following results were obtained:

(1) Film condensation on 1.0-mm tubes possessed a smooth surface. In contrast,
non-uniform condensate film thickness occurred on 0.5-mm tubes, caused by
surface tension instability, and resulted in a wavy condensate shape
containing humps.

(2) Under conditions of low condensation rate with a small heat flux, the
wavelength of the non-uniform film agreed with that of the Rayleigh
instability. Maximum liquid film thickness corresponding to the wave
amplitude and the velocity of the wave downflow showed a tendency toward
increase with increasing heat flux.

(3) Distance from the top of the tube affected the results, with the wavelength of
the liquid film similar to that of the Rayleigh instability near the inlet. This
result corresponds to the case involving low heat flux. Furthermore,
maximum liquid film thickness and the velocity of the wave downflow
increased with an increase in distance from the top.

(4) The results (2) and (3) shown above indicate that the changes in maximum
liquid film thickness and wavelength increased from those of the Rayleigh
instability, which appeared at low condensation rates, and were generated by
increases in condensation rate and/or in downward flow rate with increasing
distance from the top.

(5) We are grateful to Toto Ltd. for providing the super hydrophilic coating
agent and to Tetsuya Moroe, a student of Yokohama National University, for

assistance with the study.
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