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SUMMARY

An experimental study was carried out to identify the various regimes of
natural convective boiling and to determine the Critical Heat Flux (CHF) on a
square surface. The basic knowledge on the boiling heat transfer and CHF on
the square surface is necessary for various engineering problems, such as the
design of compact heat exchangers, cooling of CPU chips, and design of the
external cooling mechanism for the reactor during the severe accidents in the
nuclear power plants. The heater block made of copper with cartridge heaters
In it is submerged in a water tank with windows for visualization. The heater
surface has dimension of 70mm x 70mm and the maximum heat flux capacity
is about 1.8MW/m’ The boiling heat transfer coefficient for the various flow
regimes up to CHF has been measured for upward facing surface, vertical
surface, and nearly horizontal downward facing surfaces. The temperatures of
the heater block are measured by the thermocouples imbedded in the heater
block. As the heat flux increases from 100kW/m® to 1.0MW/m®, the
heat-transfer regime changes from the nucleate boiling to the CHF. Near
l.OMW/mz, the heat transfer regime suddenly changed from nucleate boiling to
film boiling and it resulted in a rapid heat up of the heater block. The various
boiling patterns on the vertical surface, upward facing surface, and downward
facing surface are observed by a high speed video camera whose frame rate is
1000fps. An explosive vapor generation on the heated surface, whose size and

frequency are characterized by the heat flux and inclination angle, is observed.
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Fig.1. Schematic of the in-vessel retention phenomenology
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Fig.10. Temperature jump of the 6° inclined downward plate

1.3. 48NS

A dE ZAAMY FEAFL g HlE FAANM o gL WHE
B FAHEe B, dA €58 AURAM EHLE7 o 10C #astm, 19
Al Ao g kHE o 0.005hard] A5E B FUHLEJ IFASE 3§
T Al (Holgd ol 4 003bar 2 o 6HAE ZAdE HAE & F 4
o gl FolM dulFoz o WZHHNME, 0.005bare] ¢ 22 WIHE Ho|t
7b oS GGl Ao dAS ¢HE RAK(Figll F=). A g
FE, €59 Wzl FHEA A AT AAWE BHAY. FALET FAS
g AP, FAH I vl o 0.004bare] FAE Holxm, WAHAAHAMN A9
dAE 4HE FAFAHFig.12 F=x).

AAM ez td Ao HuAg slustd, £39A, &gd g4 < 0.086bar,

0.03barz F2we) Aol tddsirl o Aste e 2 & ok
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Fig.11. Pressure variation of the vertical plate
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Fig.12. Pressure variation of the 6° inclined downward plate

14. 434 vla

stdd Myl A did BAE A™E] A B @A AAEH
Atk olF 71 Bo] A8 HE AR, BAAUF EAGY Be gol E& WA
7t9Ho2HEH JAFT FHRAA FAste FEuded o3 HAe=m A
Rohsenow(1952)9] =.@o] it} Rohsenowe F#4& Al&3te & APZAH9}
Nishikawa(1983)9] Z#& o] wudte EH A7 viXe 4% dotr
xot.
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Cp(Ty-Ta) ]:C a o W]"‘[ Cpll ]"
lgg Sf[ ifguf( g(pe-py) ) k ¢

Cyt 53 AA-TAED Zgo] Y44 duiFol vlAt 9% dgs 4
Folth. m¥ ne& W& dHUAY o HAo disf 0333 1.7°] AH&E F e
b, B9 A9 ZJE S g Bx2e ¥4t olUEE n=lo] F o Ay
A3 E Foh. Rohsenowd &A1& A3t 29 & 3H, 4gHe AdPdolHE
fitting¥+ A3, C,=0.0027°)th. Nishikawa(1983)9] 7%+ 000322 B Az

g AF¥S R

Ed-AA = Cy n
E-4A 0.006 1.0

E-Ug 0.013 10

£ -7 2] (polished) 0.013 1.0

E-7 2 (rough) 0.0068 1.0
E-8% 0.006 10

7He HEZAZeol=-Fa 0.013 1.7
AA-F 20§ 0.010 1.7
n-dg - 29§ 0.015 1.7
qedZ- A2 H 0.0027 1.7
olAZZYRE-Fg 0.0025 1.7
3% EEFA] F I H Y O] E-F g 0.0054 1.7
50% EEIAE FIEMOE - F¢ 0.0027 1.7
n-H€4¢Z - 79 0.0030 1.7

Table.2. Rohsenow correlation with m=0.33
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£ 1o 4 ¢ s Vertical
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o
1
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Fig.13. Data fit of experiments with Rohsenow correlation( C )

» Downward(6° inclined)
100
+ Upward
N — C,=0.0027
10 S - - - C,=0.003(Nishikawa et. al)
- - C,=0.0068(Rohsenow,rough)
e -- C,=0.013(Rohsenow,polished)

o
0.1

0.009 0.01 0.02 0.03

My - T,.JC /i, Pr

Fig.14. Comparison of other experiments
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2. A% wistol B2 J|Z HSe| JHAI3

109 shlets oldelel, A4 wsle] WE JL AFS MH 3%
. of= A% stevozyy EuHoR sEst WY, ANYoz
71E9) A%ol FrHoz Wt Ag BAE F AT AT AN A
£¢ 247 stdde) 2z mel Rolshl e AL ¢ 4 AUk T o
Aol SR sAWol A BRWD AZHOE AR PP BAG

w

A
alsr

2.1. 3u|S
AW, FAUGA BE 02MW/m'ol A 0.3MW/mAteldl A 71| E£59] AHFol
gat A dAge] 48 FAR, IA 4 F oA b= AFgez 7EH

TS BEY UM

2.1.1. 4¥H

(a) 0.IMW/m

Fig150] EA1Q AANY, 0.IMW/m A 10mmoliel 2712 2t 7| LU
o)Zo] HASEA x7|4EHe] #uS5S 1 chisolated bubble). TN 7] Ee]
£58 2487 94 Uy sz EANE 39 A5EEE ¢+ A Ak
NEEL AGW 2AHANA g 5mm A71A T, o dTem/secs] FEZ FEIAA

°F 10mme ZVIE EA A}
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(a) Frame # -3989 ( 0 sec) (b) Frame # -3939 ( 0.05sec )

(c) Frame # -3916 ( 0.073sec ) (d) Frame # ~-3864 ( 0.125sec

Fig.15. The isolated bubbles in the upward plate at 0.IMW/m’
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(b) 0.3MW/m’
Fig.169] EA® AANY, ANZHo2® 71 ¥E9 %4 (coalescence)ol FE& I
2 ¢ # Utk 71¥Eo] stEdW RZolA o 10mmeliel 2712 FF3] IA
g
o2 71¥ AAAA ) Agst Hdf 20mm7ix] @t 7|27 A4HT e

i)

o} At AW FEHAM st e AR A TAVNE ¢ F AAY,

Ee)
)

r2

N SAAE, BAHUFAA 14b0] 2 ol Bk Wold 1T Bel JEA7)E o

g 30mmA =2 A7]e]1 100/1000sec, 10Hz Frequency® E I

(c) 0.8 MW/m'

Fig 1704 A8 RAQ, 71%7h 44, 4+sas £33, 2ojAute
M P4e Mt FAT 0SMW/mAH F o BHY Fol FEAPE @
4 otk Zhd® AN J1E 27 o 10mme) 2712 0.3 MW/melAsh 2
SEA Y, F5staoha of 25mm 2712 ARG dYHoz @Rl 349 F1E5
2HA e AL ¢ £ AT "ol duue sEE WA 2FoR FYol 7
51 goz HAE WAL Rk ou sEY Fyo| BANWA X7 AR
% sz, Gge A4HE V¥ 9ARYS AN MAYIE @k ]

cycle®] A1z 121/1000sec, 83HzZ ot = #ASS ¢ 5 Ath
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(a) Frame # -3860 ( Osce ) (h) Frmae # -3820 ( 0.040sec )

(a)

(c) Frmae £ -3760 ( 0.100sec )

Fig.16. The coalescent bubbles in the upward plate at 0.3MW/m’
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(a) Frame # -3945 ( Osec ) (b) Frame # -3908 ( 0.037sec )

(a)

(c) Frame = -3824 ( 0.121sec )

Fig.17. The coalescent bubbles in the upward plate at 0.8MW/m’
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(d) 1 MW/m'

Fig.18°] TAl® 1¥& BY vtz 3 2Avt A% & A3 A== 7129 ¥
AA Aol FHAAG, Qr|ME stdE SHAM AV & F [UAT %
10mme] 71XEo] M2 sl Yo/t 3MAEY 7IEEo] FAHIN AAH HEH
(Frame # -3931), ol 0.8MW/m'®] Frame # -3908% #& F4E& 2. 3834
gk A1Zbe B 0.8MW/mel A 37/1000seco] i ¢17]14 15/1000secE2 R A
2 ¢ F Utk NER F o AAEA v T0mmolde Z1EZF WA FH=
Adsdte Ag wolx, oz Uzt ow, g Fro HY AL 144/1000sec,
69Hzolth. ¥ Aoz HYA 7|XE9 FAHF @Ao] dFo] FoAEA © F

A& & F 3, AAHeoz By, /X7 43I AAM tEE HIAA

LAFX HEY U= A ¢ F U

-927 -



(a) Frame # -3946 ( Osec )

(c) Frame # -3875 ( 0.071sec ) (d) Frame = -3802 ( 0.144sec )

F/’;/??;})} %" g;; %//%
(a) (b} (c) (d)

Fig.18. The mushroom-like bubble in the upward plate at 1L.OMW /'m’
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2.1.2 +35H
(a) 0.1 MW/m'

Fig1991X B9 & 5 gixo], 2FHoA g npdrixz F&Eo| Serte

b2

I 2L 27] Bee #ujFL ¥Ark(solated bubbles). M2 HHZ 71X E9
FOR A BFHAM Zo] 71X FEFEEEE DA XA HEEAM A
g 712 AZHQ WEgle] A%stEd A7) dF 5 - 6mm FEo|th AHS

g
Aol dsHgoM o] EHZP) AT 9714 AF BRE + AU

(b) 0.3 MW/’

Fig.2091d, Azt og 71%9] AFZHIe] 28383 S ¢ F At H971-RH
T 71X A4, 4%, 293 dedte AT FU1E BAY dAHoz B4R
F9 71X el(Wavy bubble)& B2tk z7]d Eldale] Hej2 5709 7|27 A
AHEed, 71dde 44E 245 71¥x9 277k ¢ At 2 37§ BYE o)
10mm, ¥°] SmmoAlAREH ARZ Z+2 HAY Fgz Zdo] A20mm ()
20mmelt. 71¥7F A= wAUsied 2™ AIe o 73/1000sece] i

Frequency & ¢ 13.69Hzo]t}.
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(a) (b)

Fig.19. The sidefa) and front(h) view of isolated bubbles in the vertical plate at
0INMW/m'
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300un

(b) Frame # -343 ( 0.041sec )

. ~
Onun N 30mm

(c) Frame # -311 ( 0.073sec ) (d) Front view of frame # -311

Fig.20. The Wavy bubbles in the vertical plate at 0.3MW/m'
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(c) 0.8 MW/m'

Fig2.odlAd #&std, 03 MW/molA e o] 7|7t Qs AXR FEd=
F718 Bolm AAHoz EARYY HHE HolAW, Frie F o #wAA
271 03 MW/maldA8 7127 AL X2 719d XA BAste
FAANM 278 =9 717 AP £ 03MW/m'eke €38 7FEd Zoldl
2 71%9 A7)e s AAHoZ gAY deol:, 249 X WA )
ddg ¥ UL, EolE o 30mm AEo|th 71X BAHFIIE % 63/1000seco]

11, Frequency= 15.87Hzolt},

(d) 1.0 MW/’

Qo e} o), 71Xt AN AL FFite FIHL FEE #EE &
itk AT F7NM 271RE vk e NEAY A FHE AGER A4
Y NEE AFSEA e dAE 28 AEE A olge Arle ¥l
o 30mm= 0.8MW/m'ollA ¥l 2718 B AW 7127t dHe F7le

o} 50/1000sec® k7t Wtz ot old el Frequency: ¢ 20Hzo|th(Fig.22 }X).
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B0mm

60mm

(a) Frame # -3047 ( Osec )

cunm

80mm

(c) Frame # -2984 ( 0.063sec ) (d) Front view of frame # ~-2984

NN
—>

Fig.21l. The Wavy bubbles in the vertical plate at 0.8MW/nm’
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60mm

80mm

(a) Frame # -3512 ( Osec )

60mm

(c) Frame # -3466 ( 0.046sec ) (d) Front view of frame # -3466

(a) (b) (c)

Fig.22. The Wavy bubbles in the vertical plate at 1.0MW/nm'
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2.1.3 8¢

(a) 0.5SMW/m'

X7 o deygz FEL Aoz HYowM mrvrsis AFE BRI
(Elongated bubbles). o3& 7§2] z& 7|¥7 AT 7tE9H S HAA FHAA
obx] stuel 71E7F HAHE RANY BHA BAHE VIXE JHEE o]99 HA
A REAR AL AR o ol AF 5 AoA wAYlG, ojd Hez @
W 71E7 wAUsE o 2™ AR 9F 132/1000sece] &L, Frequency® 7.57Hzol
o o 05MW/m7ARE 7127 2o met AR 2 olFe FANM HA

otz = A S HIHFig23).

(b) 0.8MW/m'

Fig.249l M Rz %o], oz b2 A F 06MW/meld 7127 724
@1 ol Ud4e BAW. 7IEE FHolHAY, 7IEAF £ 0.5MW/m'dl
s Ad wA A FU A7IME 0SMW/mAlA g miartA 2 o sHe 7]
71 74gE 2AHAA stde 71Xz XA M ETUU mAYstE F71€ 2
tHElongated bubble). 7/ X7} & ¥ wyrte d Zd Ak o 133/1000sec®]

1, Frequency= <F 7.52Hzo]t}.
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t’

7

[ 4

X :
R

o

.

ok

.
.

v e

N

.

] ' ) ";
L 70mm i t 70mm )
(a) Frame # -3934 ( Osec ) (b) Frame # -3867 ( 0.067sec )
(a)
(b)

| 70mm J

(c) Frame # -3802 ( 0.132sec ) \2

(c)

Fig.23. The elongated bubbles in the 6° inclined downward plate at 0.5MW/m'
(flow:»)
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L 0mm (-

(a) Frame # -2643 ( Osec ) (b) Frame # -2546 ( 0.097sec )

(c) Frame 5 -2510 ( 0.133sec )

Fig.24. The clongated hubbles in the 6° inclined downward plate at 0.8MW/m’
(flow:»)
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22 %u|S

2 A7 xgo]l FUALAY AAZ SHPNTY AHyzte) gomz F3
A3 sl s uls Jdelq BRsch

FAY B9 FAF FddAM 298 BHE 93 e gk g #F
at71 sl SHoA ZQAA L, AuF FHAAM JEI} AAHA BRAFS
of g2} Bojulg AFHoZ stEW o #FL A R 71E9 A7 E
"M ol 2 - 4m2 o] gre 92 st 2ae VRY £ AY. 29
AA B BollE ZIESS AHAHA g o F& FASAA, dAF &=
(2 37/1000sec) 2 Hg FAstAM 45 dh(Fig.25).

Ao #h¢ 219E B o] 727} opdet o o] 2aw XS0
ZZ% dZ€E d™z AA JtEE S 23 e Ae ¢ F UG 2R JES
S AEHA A7IARE dAFAA FAlo BAPHz2 AAN2ME sy 71E7t
FA43te Aol 28 ¢ F UG
Ao A= AHAA BFsUT. BHS AAE] BEE BA FAHANMAY
Bl % Ao e 2g PP, X 7|X o] vinAH A8 WAyt
A R FAHAEN wAYste A B 5 . ojde] ®MAYstE J|XE B
A, obA] 05MW/mell A A HEA wAYsts 21 XA E 3 v =P (Fig.26).

o}
=

o

-
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(a) Frame # -3492 ( Osec ) (b) Frame # -3479 ( 0.013sec )

(¢) Frame # -3455 ( 0.037sec ) (d) Front view of film boiling

FF1g.25. The film boiling of the vertical plate
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(a) Frame # -3537 ( QOsec ) (b) Frame # -3512 ( 0.025sec )

(c) Frame # -3432 ( 0.105sec )

Fig.26. The film boiling of the 6° inclined downward plate (flow:p)
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3. YA HE

% oHE GGl =2daieta e e B, ¥4 AEE FAHAG
Fig.27, 28, 299 3|8 &39 &x W3irt Yehd Ak o My & 4ol
o] & ez £ol Ahrt HA(patch) B2 Hojx yzith &AM 34x7] 7]
¥ E°] 7123, Bulk boilingel Hedl, olmel d&o] FH3 viHE Ao Hol
HYulF oz doIt RE ¢ F Atk AAAHA £ FIAAE ZUAT A
Zyoze YuFolA o5 dAYgoz BRHJYG. FAHNA BE, Yz
¥ oF 300sec7tA] 100secd 10CE WzZtEthrh, 2 o|F2 W Yzbgo] #A3
o 600sec 2AAA 227t A9 FHd ZH7hE 71€712 WzdY ojRew B
of, o] A HA o] WolAUrtEA o] Foixltks A& ¢ + AW 2
o] FRE ¥ulF FAorM WYZtg S Ro|tirt EHLEEIE oF 110To| F 25 E
Wzl o gtaid g & 4 ded. o AHEH G dF FHLo] o] Fo
A #ddo

st HulF A FAAHY] dAY FAFgE vus BE, FolE
A 7 UAAAL, YAAF L A3 AFolE HAh 100sec?d 10CE L&l ¥
2t ¥ 1000sec7tA] A& HRAAM g 7]E7]E BAoh oF 1300sec2HAAM =z}
71 AL Wz g adg. PYulFoz HolHe AHE By, £3dWE
v FA4% Wgel Aolg HAG AFE a1 EA Feudd dHulF FHo

N 9A5ge S8R obF use 34 By
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Fig. 27. Cooling curve of the vertical plate

JFilm’boiling

——TC 4
—TC8
—TC12
—TC 16
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Nucleate
boiling

T T T
500 1000 1500 2000

Time( sec)

Fig.28. Cooling curve of the 6° inclined downward plate
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Temperature( deg. C )
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Film
4boiling —TC 4
—7TC8
—TC 12

——TC 186

boiling

Nucleate
boiling
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500 1000 1500 2000
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Fig.29. Comparison of the cooling curves
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1. o 05MW/molatsl Aol q AA Aol AAgsE e ZE(4H, F
%, sa)o] TR AWY AFL R
2. °F 03 MW/molste] $e A&old ztEo] WE AAY Aol Hol& AT
#Hds YRy A4E vay ARE BolAW AW A WA W0
A5E AE ¢ 4 AN
3 Rohsenow®| 4848 Argstel, Euel AArle) Jae duss C @t 7

B AYe 000272 vebskoh

4. Nishikawa(1983)¢] 7 ¢-9= A % kol F 20% Aol7F YA ol EW

3t ZA 7, Nishikawa(1983)9] 72 -+ 0.003, 222

Al Aoz B 4 Qouz stdW Geometrys Yo AT
5. 4gwel A% 2ol FAREE TANUA, J|ZE WA 2oz WoiA
.

6. #Hwe] AY, 2] 2442 TAAT, 7|EE 2AYYE o) TAXN 44,

A9=H1, 71X A £ g4 F7kso.

UAE, E BH SEE SFUY ZA3

o

7.8 %Wel A9, £0) FHUSE JERGE AokAm, YHSEE A9 W
7 gt

8 WAMoz o OIMW/m ZHe & dold Zzo] FHsA Isolated
bubble FEHE Holth AW EA% Z=e] HE TE WHE woled, e

2L 22 Yo
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24 S kil i)
JNNILAF Coalescent Wavy Elongated
Qdaz7A | fr 22 | freque = frequency
= equency Z4 | frequency 3 Py

Table.3. Result of bubbles’ visualization

0. +¥W3} RN FHF F$, n&BIL T A

AT, AU % FA 24 L 71E} 71EAel S wavelengthE

o B& 4o Fasojor T Aot
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1. 89 9%

S22 Power 725kW/m'oll A & W& &%

APPENDIX

2 2 AN A(5AY

o] 4%)

i

Eolth g% Ade 7 AelAe

TE2E o8 &S TIAAL, o8 AT dHdE EHOoZRE 2mmAH

(TC5), 4mmA] ¥ (TC6), 8mm=A H(TC7), 12mm=] B(TC)N A =& & H},

TC5(2mm)

B e PSS S N N WU G S G G T QU U G P G G

2711E+02
.2634E+02
.2664E+02
.2648E+02
.2659E+02
.2664E+02
.2666E+02
.2668E+02
.2658E+02
.2642E+02
.2656E+02
.2672E+02
.2672E+02
.2673E+02
.2731E+02
.2655E+02
.2665E+02
.2666E+02
.2658E+02

TC6(4mm)
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.2985E+02
.2953E+02
.2971E+02
.2963E+02
.2981E+02
.2969E+02
.2955E+02
.2961E+02
.2951E+02
.2955E+02
.2944E+02
.2968E+02
.2965E+02
.2966E+02
.2958E+02
.2966E+02
.2964E+02
.2968E+02
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TC7(8mm)
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.3631E+02
.3609E+02
.3640E+02
.3627E+02
.3631E+02
.3625E+02
.3632E+02
.3636E+02
.3632E+02
.3634E+02
.3642E+02
.3625E+02
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TC8(12mm)
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.4395E+02
.4387E+02
.4391E+02
.4380E+02
.4399E+02
.4418E+02
4412E+02
.4408E+02
.4408E+02
.4391E+02
.4412E+02
.4428E+02
.4382E+02
.4405E+02
.4415E+02
.4394E+02
4424E+02
.4405E+02
.4412E+02
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