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Research on Cooling of Ultra High Critical Heat Flux with External Flow Boiling of Water
— Challenge to Achieve Ultra High Critical Heat Flux and Improvement in Estimation
of Critical Heat Flux —
(JAERTI’s Nuclear Research Promotion Program, H11-004)

(Contract Research)
Masanori MONDE*, Yuichi MITSUTAKE?*, Kenji ISHIDA* and Ryutaro HINO

Center for Proton Accelerator Facilities
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken
(Received January 29, 2003)

An ultra high critical heat flux (CHF) has been challenged with a highly subcooled water jet impinging
on a small rectangular heated surface. Major objective of the study is to achieve an ultra high heat flux
cooling as large as 100 MW/m’ and to establish an accurate estimation method of the CHF. The
experiments were carried out over the experimental range; a fixed jet diameter of 2 mm, jet velocity of 5 -
35 m/s, degree of subcooling of 80 - 170 K and system pressure of 0.1 - 1.0 MPa. The rectangular heated
surface with a thin nickel foil of 0.03 - 0.3 mm in thickness, 5 and 10 mm in length, and 4 mm in width and
heated by a direct current.

Effects of thickness of heater wall, jet velocity and subcooling on the CHF were experimentally
elucidated. The experimental results show that the CHF decreases about 50 % as the heater thickness,
namely heat capacity of heater decreases. Characteristics of the CHF with heater length of 10 mm are
correlated within +20 % by the generalized correlation of subcooled CHF proposed by the authors.
However, the CHF with the shorter heater length of 5 mm shows large deviation of —40% especially at

lower subcooling and higher velocity. The maximum CHF of 212 MW/m® was achieved at the subcooling

This research was supported by the JAERI’s Nuclear Research Promotion Program (JANP) in 1999,
2000 and 2001.

* Mecanical Engineering Saga University
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of 151 K, the jet velocity of 35 m/s and systém pressure of 0.5 MPa. The maximum CHF under
atmospheric pressure approaches to 48 % of the ultimate maximum heat flux given by the assumptions that
vapor molecules leave a liquid-vapor interface at the average speed of a Boltzman-Maxwellian gas and any
molecules returning to the interface are not permitted. The ratio of the CHF and ultimate maximum heat
flux was considerably enhanced from the existing record of 30 %. This study can give the feasibility of

ultra high heat flux removal facing in a development of components such as a diverter of a fusion reactor.

Keywords : Critical Heat Flux, Impinging Jet, Boiling, Forced Convection
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BFHRENE L KHEIN. BY 77— )V ERERBERESBRRRRATFRELTAETHS
ZENTMo Tz,
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) WESNhS, —F4. ZOBERVBASHOER THR TERD, BEREOBOHEBHIR S
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LEIC BT HBRRABRREIESR,
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WET DI ENAREL/R D, Fig. 1 0 SEIRIC K A DERBIAKR T X > TRAMFTRA W L
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qCO qC

XOZAWT, XA)D 5 q/g, KD B &, K(14) LB,

q_c_1+1/1+4Cl'Ja (14)
9c 2
ZZT
1.55(d / DY*(1+ D/ d)°**%
c, - (d/D)“( ) _ (15)

(0110)°* 20/ o> @ -0

RAHD S FRE N5 BRBRFAOBRBRREREE L LB U ER, BHRESY T 7 —
NVEOEBIZIOWTRMIELSFMEINTNS I EBLUTAENRBRBEAEIEIZEZD LT
IRBLTWBZEBIUKE R113 OERT— IV TFHEL D KE 2> TW3 I EARED
INTHY. ThEORAZEEREMITRF LR, Zhud, RO)OBHICH > T O
O =1 LRELEEDTH D, WE. Ja = 0DEZ PO - 1 WSR2 HEE
ERTHE LEERI Ja> 0 LT @)% >1 L85 LB RTHDEEZEZENS,

T, ZOHEHEDN, NEL<BBEICKASDEELOIERZEREN LR, XX 2eFGF.
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0.95(d / D)*(1+ D /d)%%
(01 1p5)" 20 1 pu? (D - )]

¢, = 343 (16)

R15)DRH VRO ERND &, MF N8 T 7 — VBRBFRN L CBHEIND 2 &M
mEXNTNWS,
UEDESBRENS, 77— )LIROBRBAKRIZ. KA TEHEAOSNBZ &iThk3,

q. 1+ 1+ 4CJa (17)
9., 2
ZZT.
2 0.343
9. 0.645 g -0.364 18)
=0221(p,/p,) (——) 1+D/d (
Peh 100" roa) )

C - 0.95(d /D)*(1+ D /d)°***
(pi /P (20 1 pu* (D - )"

2B, RA7HDOEABENL. plpe=53 ~ 1603, 20/pu*D - d) = 2x107~10>. D/d=5 ~ 30
Th5, XD D DOfEIL. MBAANAED EZZFOEE. —HEHEO L E1T. BRMENS
WMAIE TOREEMO 25240, XVERICIE. D=@*+WA? &7x%, ZZT. LIiZMAE
&, widhBHE\ETH 5,

2. 5 EHRE B 6 % OO BR SR B R
SO E B RICDOVTH 2L FARAFET. KX THEARKBRNEEIND Z L0
BIhTnws,

1/3

pgqh;;u-c(p,/pg)'“(l+K(p,/pg)")(p—,:z—L) 19)

C=025,K=12%x10m=035n=1.0

B2, BT 7=V OFERERBERICONTD, BBEOESZEATEIECLI>TEOR
RAFRRIARXTEEINS ZEAMEINTNS,

q, -(1+0.35(pl/pg)0‘46]a) (20)

qCO

2. 6 MIERNORREFHR

Mudawar 5°%30%, JEFICHIVAE (@ = 0.4 - 1.07 mm) HD_EMEFHINCH T RRBFEK
Z Table 1 KRENBZEDBBBEERK,. BH 77— IEHETFTTHEZITH., TNETICREL -
PRABKRDOBKREE LT g.=276.9 MW/m* ZNERd=0.406 mm, BHEL =5.8mm, L/D = 14.3,

_8_



JAERI—Tech 2003-013

HEIHKG=120x10° kgm?s' (BENEHRE u = 132 ms), ADET P, = 8.18 MPa, ADWY 7
J—IVEAT =270K EVWIRBRBFHETEBE L, LT, BAAFROBEAZUTOLD
WREL TS,

I AO$&HZ2HW=BEK)

L c b, b, -b,
Bo =a We;, (B) (Z—Z) ‘1 - az(ﬁi—) X, *} @1
Z ZT\ a;=0.0906,a; = 0.545, b; = -0.823, b, = 0.124, ¢; = - 0.235, ¢, = -0.321
MHO&M2RWzEER)
b, =b,

_8 (P
- (pG) "0] 22)

CZZT. a3=0.0332, a,=0.0227, b3= -0.681, b;=0.151, ¢;=-0.235

by

Bo =aWe; (_&)

G

TAO&HZRAVWEEN (HREN))

b, -b,
1 -~ _a_4.. _p_L xi *
a;\ Pg

b (23)
1+4@W¢(ﬁi)(£)

C Z°T. a3=0.0332, a,=0.0227, b3=-0.681, b;=0.151, c;=-0.235

Fig.6, Fig.7 3. MEINRABAFREBERN L OLBEZRT ., FERAEH T THE I IR
RBFRTHZINE D, KITREIND & D ICRABBROABMIHR S W7 BEN(23)%2 A
WTE40 % ODEETTRINDZEMN0M5, £ BARKRIZ. AORHETEZISNSN
FA—FERVELIRLDBONTFRAZEXA TSI ENDN5, Zhid. RABRKERESRH LR
NS DOHRNDRRENEFEERBAEZFLRNSALTNS 2D EEZ OGNS,

2. 7 HREBEEHBRE

Gambill - Lienhard™id, WhBEBUZZEORRBAFIKRO LRME L L T, [UERE THRAE LZERN,
Boltzman-Maxwell DEE 53 A N H/E> TRIDO KK B 21T 5 Z &7 < BHIZKRE T T AR IR
L. WAHINOSFOBKIBED () MAEUCRBWERETSEENDRRT TORRRE
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BHER Graeme ZRQHTEHEZITNS, 2B, ReHOBAMAZEHOBRIIDOWTIE, FlAEX
BR32)R EICFEHEL < BRENTVS,

Fig.8 \CiABRIRAR D KT T 5 IR B BT K Qs max & PRI T, B E S PIPc 1TXH LT
B LR AERT. Fig L0503 X DT Greoma READ ERIZHES SRR ED ERITHEN
SEICHEARL, MBEEH08 ~ 09 HETERAMICEET S L, BAEEHE TREICHEDT
5 ENDMD, . KRAETAZER W ERR R BT gnaxme PIEIZ. 223 MWm* ITET 5,

qmax,max = pghlg RT /(ZEM) (24)

2. 8 HAaRmEGREBARGREORG

INFETREMINTVSEABKERIL, RRH)TEASNLEREGRTRKROE %K 10 %D
DR DEWVEICEE > TV, #HIZIE Mudawar 5@ 13, BBRBAFROBELEZERL 208,
ME HOEDEEOHEBERBTRKICH T SRARFROBEEFIIHRK 019 THS, i, M
IR 5 CMIRSUE F OMIE R ERIC BV TEESS 03 2R L. ZOENBIEET
DETARBERTH D, |

DX ICHRARERFHRIH U TRABKHRIME < 22 FRIZATH TR 2L 51T, JhiEs
R X B EGEEO EERAMBE X 0 T 2K & MEE EADREOHEDOINT > 2%
FETBHHANENZERICE > THRENTWE 2D TH B, ZOLIBEEERZE AT
KET B ENTRERTHNL, BAAKRKEZISICMEIVTR I ENMREEEISNS, FDH
EELT, HIECD2RU D F—THAEC EOWNERTH 5 WIIERBHR V2 & 05 s
HBFEIRFEELTEZALSNTWS,

LT AT, BREFEROBABF RO TFHARQ7) L ERBEERIIRE 52 524 2 KT
5ELUTOZ ENGMo7z, Fig9 i, B E L TK, ES P=1.0, 2.0bar. "BIEE u =20,
40,60 m/s, B 77 —)VE 80K DEREFICBNWT, RU7NDFPHEEZMAEES L TBELZERE
ERTRT. KPHRIT. RHOBRERTREET. Figd &V, MBAEES L=5mm, "BHE
d=2mm. KGHE. 727 —)VE 80K, HIRHEE u =20 m/s DFHETTIL, BRABFRO THIE
WERREAFE 223 MW/m? IIFIFEREL ., SSIEREED LR X85 BARKROIER
ETH5 250 MW WEBTELTRENEND B, 1271, BRBERIBERICH D TERE R
i< ORARFENEICERTETH D00, HWIITFRRA7)DOEABRR O&H: £ ERAIC
KALT 2 ENH 5,

3. EBRERBELERAE

3. 1 DnRAmEOBERE

IFAFERATR 250 MW/m® ICHET AR EZERT5201213. MBERAICEL 28K
RBEZOMHNEE LS, FIZE, BRE—Y—IL2MENAS R TRAGERORD X
EWVEH (K94 =400 W/(mK)) ZAWNTHEERNOREDRIZ. 625 K/mm EIEFHITKEVWEELRD
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MBMIAFBTERVERRBICET 20, EXNCIOREAREZHRFT DI ERATETH
%, 0D, BAMRENOBEREEICLSEEMASXNEFEMA Lz, MARMESLLT, X
Towrh, Z70Ah AT VAMIZIEB L. Table 2 ITRE NS ME O LK - BWHEEIC
DWTHHE L, s, AEMBICEA T EREROARIL. HKHN 1000A THHDT, &
FEN Z N T OMEICHIR & 15 7250, IEEHE & MBEHMEO LB R 2BYICRET 50
ERH5,

Z T, Figl0 KEENMKER, XEVNERAHINZEAHEMERN (NREES L, MRAREE
W, BXs) ORFR g EEBFE T EOBBRES)EAT VA, Z7 040, ZyTIIVOMEICH
LTENENRT,

q=I*R/W?,) (25)

Fig.10 £ 0., BlIASEROBRKEWMEL 1000 A, W=6mm, &=50 um DFRHTIL, HIEHIN
KERBZ7OAL ATV AOMETIIRESIT 250 MW/m® 28 X 5 BRI A1 AIRE T H 5 4%,
Zur TR ROMWM BEIREES, & 250 MREIERMCERNHRT 25 HIE. B
EWIEAE & T B MMBE & L THATBOT, Ya— Uik 2MRBREED 1 KTEH
BEERICL-> TNRAAOEREEEMBEZICDVWTRZ21TD &, Table 2 ITRENB L D IT#RK
R 250 MW/m?2 8 =50 pm IZX 3 B|EZEL, =704, AF VLA, ZyZVOMEBEIH LT,
ZNTN 437, 383, 140K &2B., ZDXI . AUERBAFRIIIH L TRGERNVNINY
OLEAT VAR, RBOREZNAKERLZHDABYNTHZDITHL T, US5H/HDHBRKER
REEREATDI IV TIHREEZNSKHRAZIENTES, £IT. Dy Em@E
MHEELUTGRRLUZD, MOME & AR THIEH OBV W28 250 MW/m? IZILRS 2 B4R
ZEAET 1000 A THZIZKE. Fig10 05 W=6mm. 8=30pum ® W=4mm. &=100pum 72 &
OMBAETEOHAEDOEEZRRTILENH S I EN0Mo T,

3. 2 FEREBOHMK

EBREB2AOBRE Fig.11 IZ7RT . Figll IZBWTEREE L. 1) MEREB L OEFRE ., )
D ENER. 2) EHEBANORRITTERZTERE > 72k > THER , ZIVICHERE T 2 KNS
WA, 3) MARABELZMBETI2HKRER. BXU 49 BREE, BiEE, BWRE2HET
BHPU AT LMDEBREINTWNS, Fig12 TEREEFEMOENBREERB LU Fig13 I
MARB LR ZNDOV1 7Y bOFEM%ERT. £/, Figld, Figl5, Fig16 iIZThENHERE
Btk - EAHES BRA 7BLCMERE - / AVEBLTICDNWTOFEAEEZRT,

Fig.11 iZBVTHEABRRIL, EHESE 1 TR SNEBRGik WHM) THsKkE, KE
AT 6 EBERTTICE > THER 2mm OBER/ X)L 3 ITHHE L. INEE 2 OH.0ICETZ
BRI, 0%, ABRFAEKIEHERIE LN —TNEZEERTS, —FH. GER T2H
= RBRIFERD L, NA/NSRAREEED 7V —F—4 THHAIN=%, BRMEER> T 6 DAD
CR%, BREEOREIL. 77— 55— OmAKRERSICE > TIT D, Figl2 KBWT, EAZE
w1E. ATV AMBTHALT 40bar TH 5., EHEJO LEFF|IT. BR/ ZINVBLTMN
BEEZRD I FARE—ABWMD T 5NTNSE, TARNE—ZXOXMIL, LFETEED
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BERDOWOALTHD ZENTES. BB, BY TV INERHEELIZDIIENBREEHE
HAZE>THRK 1.0 MPa £ THEL TERZ{T- /.

Fig. 13 ITRS NS MBAM 21X, MM OR—7 54 MIT Oy Iy T IViaE I RS O EE
AITRED 03 TRHEL  OMISIIZAZ T S N - EBICE R BI(Q5V-1000A)0 5 & 1 % 454
LTEEMAZTD. BHRISMARS.CEO 5 mm OMEBICEO 1) 57 EE 2 mm O/
ZymomBmEiciasng. b, MAEPOLE ) VRO B I 0 aEERR 0 IE
HRMBEbLEETo .

MR u i EER ST 6 ERMBWEEER S 77 EOEFEBIRICE > TRK 60m/s £T
REANRETHS. HitdEOR I, FTORBRE TRE LR/ X)L 3 OREREK 095 BX
Y/ AN TORENBEOPBICEDZRI L 2, BREIIR > FTHRETMRERIN, / XIVHEBTO#
Bt THIE S NDBEFRREIZNA N ZABBICRT SN HSR 4 OREICE > THEDOREICE
B, RERFRL, MAEOBBEREBER TIVEHLZANENZFEOEHRBRE
BTRLU TR, 2B, MBEEmEEEIE IR TWARWN,

3. 3 ERHL ~

BEFREEICBNT, EBRIL Table 3 ITRINAEHICH> THro =. ERIIUTOFMEICHS
T o T BN LJIC 2Vl & NEE PO —BT 3 & DI 2 2 BE L (Fig.15 (a)
), EAAER 1 IR HITEREE R EOBEL2TY. SUEEBBLOR T2EHL TE
BREMBT S, MREEIIR S T TOEBELICED ERT5-0, BRAEOHSGIIt—5—
ZRAWT, -5 —BHAKKRORAFTICL 0TV, BREESHEOHEICEZELES, FHREH
16 BLUNANAR 17 OBEIC X > THEREEZMEOMICHE T 5. BHEE, BHEE
WEFHIRBICRIZNTVWS Z EHRIN%, MBEEAOEHNERE 2 BFEIC_ LR X 8 TR
Kz EFTn<, BFERO LRI, PHERICIVEENICRE I NAZBRBRIRICE O N TR
TR DR BFRD 50 BICEET B ETHMEE .2 S > 7T RICER I B-%., BfHRO L RED
HIDZA Ty T TORRKMED S BT ERBEIXATYy TRICBER LRSE, EEDO LR
Ty TOMICEEFLETo/k. TUT, ZOBERBRBFERORBEICLD =y 7 IVENEEE
PND2ETHRVEBELITN, MBEERD -y FIVEIIERBICEVEL -, £/, BR&AKET
IBROLERRZNNZEMO =y FIVAOEBBEBRIIEEHITEILT 520, ERRBFERORN
ERRAIRETH oz, ZOED. BARKRFEEFD 1 DROBER T v 7 THIE XN /=8FHR
DEFMEIIH LT, BFKOLABTHS 5 HLOEZBRAFREEE L, - T, BR
BREIES OBETREINT NS, —H. MAEHSBEHNT 1 SHRICL> THRiIT 58
B3, BAANBHD 65 %RRELHETINTVEDT, RARFKROMEIIS TN A RN X
. BK11LS%ERBb 5N TS, RABRRUAOETRE, EiEE, EHhoREICEE
NDARHEN S BHEDMBHEERICDVTIL, Table4 ICFEDTHRLZ,
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4. EBRFEREELR

4. 1 BRRABBRIIKIIMRAEES OLE

250 MW/m* BOBAERFRZBEMATERT 21213, #EBEFEOBROFRS L OMETEE
HOBREEZENT57-DICMAEREI 6, 2R 5B TIHENH S, &2 3T, Houchin:
Lienhard®®. Tachibana 5. 77— Vil Ic BT 2 MBEE X 6, DR ARG R ICRIFTHEICD
WTHRELTWS, Figl7 IWRIND LI IZOT—) b TORABFRICNHT 56, OBEIL,
INEAE AL S 7 0 OBE Rpcds Y 1KI/mY/K LAFICE 5 EFHE L0, 5, EHHICBR REATTR
PRDTHILEBHMENT NS, TN, MAFEZE> THHEERIE FICRAMFREN X T
FELTWAS Y OBRO [ATRINEERICE D NRE LICHRENS RS540 ARy M TOMEE
HEEFHEDRRE SR BHE. BBBANOBBIEIVGRBEDEEILNTNDS, —H,
BRI R TIIRENEENICHE INTVEDTRS A ARy FRECIZK WRRIZH B 720,
T NHBEORRENTOEEBHTES LB SRV, EZA T, MATEE6,=03mm DAF
> b ZABMERE (pedn = 1.2 kI/m?/K) % i W /- B RE T B B TH S N 7= BB BRHRICH L T, 8
BRPVREVEHT O I THRLNBABFKRICE TV ZEBER(NBLORQNEHATES
ENHEIN TS,

22T ETRARAIRCH T B MBEE X 5, OFBIZ DOV T ORI 2175 7. Fig18 12 L=10
mm, u=5m/s. ATy,=40 K TORFBFIRE 5, TEE L EERERT. Fig.18 O LRI,
Sn ZBN LD Dy TV OB B pcon B LA —)V &2 7T, Kb oz, BRE
RERDOHUEMEZRSHBRHBTRAL DD TH %, Fig18 5. Y77 — )V EEEFHERICE
WTH 7 —)L Pl & FRRICBRF BT RIS, = 0.03~0.3 mm DEPHTon & & b ITHDT S HHFAHE
BTED, 728, =03 mm LA LORRAFHIIERBREOMBBEHHBRD =D ICHIE TEAh
7N ED. Fig18 IR EINSRABMFROMEM B L RERDORERE > D0 s = 7 )L EDE S
or 2 03 mmI72DE pcd, > 1 kI/m’/K TREBRBARICKHT 26, DEEBMTIF R A>TH
5HDEFEZONS., ULOBRBIUFig10 LD, AERTRERBEEOUBEROHBRT T
AR 200 MW/m® NEBFTRE & /2 2 MBRAEE X OB KES, = 0.1 mm 2 AN TEICRRAKRD
FIE 21TV, 200 MW/m? 2B X 5BRABRHRICOVTIEZ. EITs, = 0.03 mm DB 2 AW TE
BRETOZEICLE, BB, Fig18 £ 0. 85=0.1mm BL0.03 mm DRRBAFHIT. fnstmEE
SOXBEZTEED 03mm EENTENEN10%, S0%FRENILIRZIENDNMD,

4. 2 BRARRKIIKETY I 7N EOXE

Fig.19 B XU Fig.20 128, = 0.03 mm & 0.1 mm XX § DBEREIR K g, 25 T 7 — )V EA T TEB
BLIZHERZRYT., RPOEBRVIERIL. ThTh&ES - BEEE T 288R17)%
BELETIIRLEDDTH S, 8B, 77— VEOLRITHEVWEABEMLTWADT, EH
—ERMT2REA1N BB IR TERVWTINE S, AERAMICHB VLTI, Fig.19@)
WRENDBLITRA YT 7 —VECH L TEADOHBNEL 2 & Z2DRAT7)ICE S FHIEDH
EBII/NET N,
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Fig.19 & Fig.20 & DN 58, =0.03 mm TD g 1d. FI—FRHFICHT 58 =01 mm DFER &K
NRTMMBAAES DEEEZVTT 20 REEBERNVEZRLTVS, LML, WThOT 5 7IBNWT
B, g 1 3ATur DEMEMFIT ER L. ZOEHABBEMIIBEXQ)ITENDDO EZ> TS, K
D IEHBEA Tous DO WTOREMSTHN TS Fig20 IZDWTHDEL=10mm THRSNZR
RERRIINT B AT DZEIL, ERMIIRNQNETTFRINZERMERS BT D &0
%, LML, L=5mm i T2RARFRITEEEL THXA)DO FRIEL D ELSZ>TWVS,

L2 AT, RARFERO MR R EERITEIL. Mudawar 5CO2SNER d = 0406 mm, ERL=58
mm, L/D =143, HEHRHE G = 1.20 x 10’ kgm’s” (BN u = 132 m/s), AODFES P, = 8.18
Mpa, AD#Y 727 —)VEAT,, =270K &EWDRBHKZRETHRE 2769 MW TH 2, —F. &
EERTORRAFROBREMEIL. Fig20 CRENDEDICL=5mm, W=4mm, §=0.1mm, P
=0.5MPa, ATw=151K, u=35m/s DERHETD 22 MW/m* TH B, 2B, 22MW/m’ 2B X 3
FRABFRHIL, BEREFEUQEROFBOZDIERTERNoR, £, EEX§, =0.03 mm D
PNEATE % B - EBRIT, EIREREE O BER O BIBRA T 250 MW/m? R DR R BT RO ZR %
BIELEHDOTHo70, MAREIOXZBICLSBRBFEDETOLDIZ. HRIITH =01
mm THSNERRARFREOBRAME LES Z ENTERM =, UL, A—LXIVORR
B ROE %2 ER L 72 Mudawar SCODEREHEHEKT D L, REH. YTV —)VE, BRED
FUREDENRETERINTEY. ¥ 77 — )V EHREFHERIE Mudawar 5 DFRREGTTRD
RREBEBADRENHIEERHAFED 1 DEEZBIENTES,

4. 3 BRABRFIICHNT IEBREEOLE

Fig.21 (a), b)ICENENL = 5,10 mm X SRRBGRZBIEE « TERLZERERT.
Eiz, MPOEERI. =20 C, FEH P THTIZRA7)DOFREZRL. BRELRRBDOD
MBI ENTNG=0.03,0.1 mm IZX T HERERT, Fig2l £ 0. §,=0.1 mm TIEHREF&FTED
BRI T AR, RO EEHEMITHERNICO RS B L TWB I ENFN5. —4.,
&=0.03mm Tid. & DXEZZIT T, RABRFIIIBRK 60 EETREL D B/HAE<Z>TH
B, LML, u i 2RRAAFROFHEIRA)TEINI/MHELIFIE-BTEELITHS, ¥
72 u>40 m/s ORRFEFRT — 513, MNORAEICBNTH w DK E EBITKXA7)DEMN S
R L. BRABAFERN ¢ S 2BRICHET SHEANRSNS, ZOFEREL T, §=0.03mm
TR NVEZEBMICRSBICECZHDTHRER (L) #IToSNT. 40ms A LOE
BT ORA T TIIMBMICFEZ SN ERSMEAE LOFRNIGEZEB L. BhAFE—iIk
LD ThRWhEHEZINS, —F. §=01mm TIIXMBAEOEENE LI, KO¥EHELM
RENBUERTRE S 725720, BRABKET -7 DIXS5DEMNG, = 003 mm EENTEDLLEZDD
EEZOND,

4. 4 BRAGROBEROTFANEE )

Fig.22 {3, MARRE I OEEIVNING = 01 mm TOT—FIZHL T, RANIC KL 2RMAEAR
ROFAMEOHMNBEZEZ L=510mm IIH L TEELZHDTH S, Fig22 M 5. L=10 mm, AT,
= 80-120 K OB THIE & NAZRRBFERIZ. RO FHEL D BN NWE LIRS TVB M
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SEMITITE20 BUNT—HT B 005, ZOKER. RADDOFRHELZERTTH
%0, —F#, L=5mm Tid. RA7ITKT DHMBEH-40~20 % EBEZEOENEAL TV DS, 72
B, Figs OWMBETIN TRIND IR0 BEROBHOIZENTIE, MARRRER D
ANEARZE > THRNDWEEFROY 77— IVBOES DBXUEREE 4 i L THorKEL,
D’/D,d/D OFEROEMNBETED I EZRELTVSE?, 5T, L=10mm LTS5 mm D
MENKE o ERRER. XQ7)OBHIZB T BREMN L/d = 2.5 &\ o 72 INERB) E FEREA S i
WAL RR T TRERTERLRZZDTHAD, ZORIIDOVTIE, TS5ITRFTHHE
NHd,

4. 5 SRS TEBRICED K BRBRERFRME O

Fig.23 & Fig24 12, TNE€N65=0.03,0.1 mm I L T, BBABRFRERQH)TEHEA SN D ER
BREBER TRLU ZEXTRAR T 2O HREE B ER Gnagme ([T SRMBFR g, DERK
HEERENP TEELEEREZRT . BB KPR BB RGHERT -5 L LT,
Gambill 5%, FEIK 5, Mudawar SCODFEREBILTRL 2. Fig8 IKREIND XD ITEHHM
IS MFIHE D LR DD, Guame AREH P EEDICRRICLRT 2RMEE L, TOES
WIZFRRBHHM P & & BITHIMT BB L0 ARV KREL LD, TDED, Fig23 & Fig2d
DNTNDY 5 TIBOTD qlgmauma 1A T OBIFIZTRT . EFIFETD g/ gramee DEBA
3. KRHETF. L=5mm, &=01mm , u=35m/s, AT,, =73 KIZHBNT 048 BFEE N, 728,
ZOMERREFBEPDINTNBBAMD 0310 L T 60 %dAE BTN, HRBEHAFHIC
M9 HRABMFBROFEREIGE L TRIHEARE L XIVCRZELZZ &R 5,

5. %

T

(1) MBAFEINBABKRICETTEEBIOVWTRMLEFER. — v 7L OIMAEE XA
0.1 mm LTI, TOEENBERABBHRICHNIIK BB ZEBITMARES 0.03
mm TIERREAF R+ K EBBRBEZFDOMBMEIIH L TH 50 %EAT 2 2 00
no S, .

(2) MAFEE 0.1mm Z2ANT. BREAFEREZLWY 77— @HETHEL. BEEELT
P=0.5MPa, AT,,, = 151 K, u =35 m/s IZBWT, 212 MW/m®> ZER L 7=.

(3) FEINZMBAAFTERIT, MAMMES 10 mm £ T, £20 XOEETEERANICTLD
FHTESL ZENERIN,

(4) MEERFEROBRABRFGED, AN TEBRD SREINIEREEATED 048
FTERINSZ. ZOERRIT, BEETOLIAMRARRTLHTH .
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Table 1 Experimental range of Mudawar’s CHF data®”

Testing fluid Water

Inlet pressure P;, MPa 0.38-17.29
Outlet pressure P,,, MPa 0.25-17.24
Inner diameter D mm 0.406 — 2.54
Heated tube length L mm 2.4-341
Inlet liquid temperature C 18-70
Degree of inlet subcooling, C 32-305
Mass flux kgm™Zs™ 5x10° — 1.34x10°

Table2 Properties of heated surface and surface temperature
difference in both sides of direct heated heater

Stainless
Nickel steel Nichrome

(SUS304)
Specific resistance R, Qm at 100 C 10.3x10%| 71x10®€|108x 10
Thermal conductivity W/(mK) at 100 C 83.0 16.5 14.0

Surface temperature difference in both

sides of heater for 6, = 0.05 mm at g = 250 140 383 437
MW/m?, K
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Table 3 Experimental range

Year 1999 2000 2001
Test fluid Water Water Water
Pressure: P MPa 0.1 01-05 0.1-1.0
Diameter of nozzle: d  mm 2 2 2
Length of heated surface: L mm 10 5,10 5,10
Width of heated surface: W mm 6 3,6 4
Degree of subcooling: ATs,y K 80, 60 80 - 130 80-170
Jet velocity : u m/s | 10, 25, 50 | 20, 40, 60 5,17,35
Thickness of heated surface : 0.05 0.03 0.03, 0.05, 0.1,

dp, MM 0.3

Table 4 Overall uncertainties of the measured values

Critical heat flux Uge/ qc 11.5%

Jet temperature Uy;/ T; 1.0% at Tj=20°C
Jet velocity U,/ y; 5.9 %

System pressure Ug/ P 5.0%
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(b) Departure of bubbles from horizontal wire!""

Fig. 2 Behavior of coalescence bubbles and macro layer
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Fig.5 Flow model of subcooled impinging jet boiling
(Change in heat transfer regime with increase of heat flux)
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Fig.8 Relationship between maximum heat flux and reduced
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power supply 16. Flow control valve 17. Bypass valve

Fig.11 Schematic of experimental apparatus
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Fig.12 Schematic of pressure vessel
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(b) Cross section of heated surface and nozzle

Fig.13 Schematic of heated surface and nozzle
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(a) Whole of experimental apparatus  (b) Pressure vessel

Fig.14 Photographs of experimental apparatus
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(a) Low pressure pump
(Capacity 35 L/min, Total head 50 m)

(b) High pressure pump
(Capacity 50 L/min, Total head 250 m)

Fig.15 Photographs of liquid circulation pump
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(a) Setup of Nozzle and heated surface

(b) Heated surface

Fig.16 Photographs of nozzle and heated surface
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Fig.20 Relationship between CHF and subcooling for 8,= 0.1 mm
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Fig. 21 Relationship between CHF and velocity
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4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
¥ & 1Pa-s(N-s/m*)=10P(#7 X)(g/(cm-s)) 1.33322 x 107* | 1.35951 x 10~* | 1.31579 x 107* 1 1.93368 x 10°?
B 1 m?/s=10'St( X b — 2 2)(cm?/s) 6.89476 x 107° | 7.03070 x 107% | 6.80460 x 1072 51.7149 1
| J(=10"erg) kgfrm kW-h cal (3tE#E) Btu ft » Ibf eV 1 cal = 4.18605 J (Gt &)
*
v 1 0.101972 | 277778 x 1077 0.238889 | 9.47813 x 10" 0.737562 6.24150 x 10'® =4.18¢J (@L¥)
&
! 9.80665 1 2.72407 x 107 2.34270 9.29487x 107 7.23301 6.12082x 10" =4.1855J (15 °C)
% 3.6 x 10° 3.67098 x 10° 1 8.59999 x 10° 3412.13 2.65522 x 10° | 2.24694 x 10*® =4.1868 J ([HBEEXR)
- 4.18605 0.426858 | 1.16279 x 10 1 3.96759 x 1073 3.08747 261272x 10" (tHE 1 PS (LEH)
) 1055.06 107.586 2.93072 x 107* 252.042 1 778.172 6.58515 x 10%' =175 kgf-m/s
1.35682 0.138255 | 3.76616 x 1077 0.323890 1.28506 x 107* 1 846233 x 10" = 735.499 W
1.60218 x 107" | 1.63377 x 10" %°| 4.45050 x 1072¢| 3.82743 x 107%°| 151857 x 107%%| 1.18171 x 10°** 1
W Bq Ci % Gy rad 21 C/kg R " Sv rem
8 14 &t &
1 2.70270 x 107" 8 1 100 & 1 3876 W 1 100
14 ’ 7 &
3.7 x 10% 1 0.01 1 2.58 x 107 1 0.01 i

(86 £ 12 H 26 ABE)
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