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Numerical Simulation of Boiling Heat Transfer
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WIS R A I D HERR I, ST & HM AR & bR
&, W OBGRAKO WSR2 BT 5 2 &2
LW RN, B Iz —va v
(Computational Fluid Dynamics (CFD) simulation) “C
W ZLE ) N EFHBR LIV E W) EER D D . i
7o D000, WAL - 4E O 11 1454 O H O P i A
ThHo. mERLCEBIHBT, & DICITBMERE
IHEE DT, B A T BTN 2 L E
BT 2 Z &%, BOTRETHD. 1E>T, ES
KN CTHBEECET 2N B AE LG E, 5
W7 —%2 Eproa, F7, g X Ok
TRRES) 72T TR, mHAKENRNORE Y I =
L—ya YEMEMICHWD Z Sk, fEE X

DIEREICHIET D 2 LR TE D,
WA Y 2 2 L— 3 T 5 LFEA
FRHEE LT, oblgn O IE ~ DB Ot
ENRET BV, ZOERBIX, BN H 5 RME
(FRAZAA R, Critical Heat Flux (CHF)) ## % % &

FAEL], EEBoAMREE EH 272569, —7,

By S 2L —a O EEFFEAE LT
X, WIS D A 1 = X ARIADNZET b s, il
R 31T 2 BVREFR I, 50,000 W/m?-K LI kI
ET D0, TIUTIE A tED KRG OEMRER
(1,000~5,000 W/m?+K) 2IZH_T—HrRkE ., &
DEFERE LT, —KJEDKDOEEIMNE TIX, Bt
(100°C) IR 7=z KRS m GRRIaDRE) 23,
EEE, MIROBERIZHET 5720, TOEMRTERLR
BURHRMN AT L2 R oS, ZRUI O
KNELT, RKOEIBRAI=XLABIWRINATW
B X7 iR X A RENO (R, ST 00 BE i B
WD PRI K DB DRESE. Znb DA =X
ATCTERZINDBGEREZ, ERCFHMT 2 2 & 138
LW, iy S 2 L—3a U ClIRBEHARETH D
720, I al—ia it kb, WRERD AN =
ARNEMATHZ ERAREL /0h. Z2C, 371

fEEN 2023 4E 1 H

TS & 13, pR AR EAREAR DRI AR S %
T, 1SR T L9108, Rt —2—2 v
TEEBRT, TWRHI LV RS O EHI ST
5.

7.50 ms 10.00 ms Ylﬂ"]olnul
o

0.00 ms 2.50 ms 5.00 ms

Bubble shape
—

1mm

Interfero-
meter

-
Temperaturi
distribution

Temperature drop due to micro-layer

1

underneath a

Growing bubble (top row), microlayer formed
growing bubble
(middle

distribution (bottom row) [3].

detected by an

interferometer row), and temperature

2. BEVIaL—Yavik

ETC,CFD ¥ I a2 b— 3 T, gICfE > 2T
DOHEEZFBR TXTEVDENR, AN biFx
Z ) HHTlIAv. CED Tif, #HEEM 2T (7
U v ) ChEl (Z2HBE#L) L, Navier-Stokes (NS)
FRALZ R F -0 Ea i 720, A
&, A XU T OBLRIIME TE . fif i T
XRWHRIT, BT L, Ty RET AL
LCHICER L (7)) $562 &5, 1€
ST, HOA8FA Xk T, 77V v K&
TMIED->TL 5. Bz, 100 um FBREDOFE
T RO E, WOBS % T Vbd 503N
5. (1) BEmEOMNY & 2 Z 0B I AT 5 0IHI&I,
Q) REKMLELDORICAR SIS I 7 viflH,
3) BT A XIS 0EE. L1 um RED
AOEET03ME 2 256, 7 ailE (2) 13RE
TX, Lo/ &g 3) Zmvfzs. Lal,
BEM O M=o U E RS P B KA 2 (1)
X, 7/ A— M A ZOBETHAHDT, HilkE
HHAL LTV S CFD TidZe<, HrFEihs
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(molecular dynamics) THUY #2 5 D23 HI T o H[4].

WERLORESIORAr— L&, v Ialb—vay
FEEZK2I2F LD 5. YD Single-fluid model
73, 1 pm B2 OIS F-% i - 7= CFD FHEICHYS T 5.

PRSI A — b v A XCET D56, iR
TOREEPRMmMHemDA—F—LbZ L
b5, WX, NOKIaNrGE H72H, mm K
cm OKEZ IO TIE, JENAEL TR A

R BIRWRY , K& 5 Z LN TE 7200,

Z OGS, [IaCRR R m it T a2 L x b
E 0, FHHEAEFNORE/ TR D ERE == 2 51
THFEZRDZ L LD (2 O two-fluid model
/Eulerian approach) . Z DOFETIE, KUK i % Hili 18
TERWED, fIZIX ERXJEDy Iz — a3y
TiX, B 4b @ & 5 ITKIROEFE 7 DGR AL &
2%, ek, KIAOREG R AR &SRR i O )
1E, EREICESCE RSS2, two-fluid
model O FHFFE R OE ML —AKATIZARV 23, A
— M A—F —DOREWVFFEFEIERNICE T 2 g
MNEFHETE M AR S 5.

~— Single-fluid model
— Two-fluid model / Eulerian approach

] [ Flow, temperature and volume fraction of ]Large
3 liquid/vapor in bulk (>cm)
g [ Liquid-vapor interface / bubbles in bulk (mm~cm) ]
% g [ Bubble growth, sliding and liftoff on wall (*mm) ]
§ [ Microlayer (<pum) ]
D _ [ Bubble nucleation on wall (~nm) ]Small

“— Molecular dynamics

2 Length scale of boiling phenomena and

corresponding simulation approach.

3 Boiling of water near hydrophilic zirconium using

molecular dynamics [4]. Because of the hydrophilicity,
liquid layer exists underneath vapor phase (yellow

surface).

fEEN 2023 4E 1 H

(a) (b)
P~ P
e :
C C v P
®5
Volume fraction of gas
o® € ¢ .
(& 0.027
0.024
) k( © o 0.021
D L 0.018
. Q¢ 0.015
CC ’
o @ — 0.012
O |©OC o 0.009
Nl 0.006

4 Bubbly flow simulation using (a) single-fluid
model and (b) two-fluid model.

3. Single-fluid model
3.1 BEIIaL—TarvnXEARER

Single-fluid model TiX, &k&1 RUTHE~T FL,
JED, RE, BIORKREIRLERT L. HE
RMLED, [ E D b OMHDIEZR DN, KUR AR
ERITEATT D TR, — O NS R,
T L —(RIE SR, B X ORISR 55 2R O i
FRAE 72 5. HELZZE L CRIRERRE 5 SR O
XA < 7212, Volume Of Fluid (VOF) ¥4
[5,6], Level-Set 1%:[7-9], Phase-Field 7410, 11]72 £,
Bex et HFERRE SN TE 2. WThOFEIC
BWTH, iR/ sn kv, HLek
ICHGTHRIEAEE Y OB R &2 EE RS 5
ZENHRETHD. B, K5iordT Loz, &
B L LRI O ARIRE T 2 5 %,
S OIERRR T S ovii O T, KRS B RIR
FIEA~OBRE, ¢ BEI QN g RT3 Z & A3A[EE
Thsn. ZOBGKOMPHEICFEDPILD & LT,
FZALRIX(q, +q)/L [kg/mis]EFHREND. 22T
L[VkgliZHHZAGIZE D R TH 5. BT O (R
AL, NS FREKXOEBEEGFICIHB VT, source
term & L CHLY bivs.

28, 2ETHIRAER, [UKREEHEST -
DI, ff e Lo WAEKKI K Y /NS 3RS T
DT L 7257280, KEWERERA O % &5
THIIIRKFIEENME L 0D, -, [iNEE
MmNIGIIIEEFERSE L LCORD VLT
720, EFREDS I 2L — 3 L0 b—~ M,
AHREENZL D,
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Interface
temperature at T.

QI:ﬂ’/(VT)'ﬁ
Y

Heat flux calculation around the liquid-vapor

q,=—2, (VT));L\

5
interface in a single-fluid model [6].

3.2 Single-fluid model ®> = aL— 34

Yialb—varfll LT MR TE-&E
O RN 5. M1 oAl X 51z,
I R OREmIE, BMRERNE L RV mAIE
5. b LIEESIER S NV UL, s
EERFEONR. 27 a@ENER SN S
ARV, R, B, WRIEORE R ElTkF T
BN, FORMITIRMATHS. 2T, T 70K
JEFERL D A 1 = X L &2 BRI, BfEs X = L —
Ta AR MWTEED T OIL TV 5 [12-14]. X 6 12
By I 2 —var ECERENZ I 7 ol
B, I/ niElEE T A0, BT Ise
Y OIEFINNE KT (0.5um) ZHV, X5,
B - 505 IR 5 3 72 12 IR STl B o BEEE R CTRE
BIA0ERSD. BEY I 2L—a T, |
B, BT, MROMEER E 2 BRICEZ D Z N
TEL720, BB CERSGHEEZRETH L0 bili5
TohD. 728, Bures H[13)I2 kD &, 7 ai@hn
B S5 D1E, KIEOIZIREED, WmnlEic L b
S OBE EOBENEE & Lnlo 5 A L
T s Tns.

y [mm]

8 039

(a) (b)

6 Growing bubble and velocity field in nucleate
boiling: (a) whole bubble, and (b-c) magnified views
around the micro-layer [12].

fEEN 2023 4E 1 H

“OHOFIE LT, B 20mm O 7 > 7
Bl EoKoOfFBBE O I 2 L—=3 3 U150
AR 7R, FHE O BENE, BRABGE R OHE
ETHDHID, BABGRITHRKR 1.5MW/m? &K
ERMWICHRESN TS, K, £ ABGT R AR
100 kW/m? EAKRWEAI1E, IMNZZIENER S, 24
PR KT 212V, KyaBEm L TEER L TE
RE@ADTER SN TND Z ERmns. Byikn
1.2 MW/m? AT Cl, IRESG S EEFIREICET
ZEMTERED, 1L.S5MWm? TIX, BEilED> S M
BB L C, 7 a7 OREN LS Ukt D5
BLRoTWA B, 20YIalb— 3 T,
FHEEEA KR EZ WD, — D H OB KO FHET
w770 rokrzEAcesd, K
100 um DAL TS, 2OV A XO/KT-
T, IV iEEEEGT 52 LIXTERVED,
R AT 7Y RETIV[16]L THLY i)
bhTwg., Fiz, BEAEEX, EBRTOFHIME
EEE EOBEREMEE L THEZ TS, VI 2 b—
VarEERTEONIBEHRORE AKX 8 (T
AT FHAE RO T Y R IRE VD, KB R
LE O THEBEHBRWEE T —HLTWS. 20
o b—3a X, B R 3100 5 R OIEEFEE
BThHv, s12 a7 AT #MERE CHES L
LOTH 5.

=HIE E LT, xR T oY T 7 — g
RO I 2L — g UEERAN 9 TR, T
7 — )V iblig &, W AK O 23 B R A O 5%
TECOUBNE A YR L, B2V TR CrIibis, s24m
107 R Gl 3 R AR 35 2 L AR E 35 U
fig & ERf I, BHE L, HELRORSHREDDIZT
72OT, MUTAIY XLATEHEARREN, AK
OEENFFHRE L0 E L IRWIEA, [IERET
BEOWRE AN KE L 2D, DLWV EREE T
MBI b, ZOFHFEFITIE, 75 pm O RHA
FT-BHWHILTW DD, HWRESEFUE 2 2 5
W2, TR RETEDLES 2D, L, BT
SBT3 EAICEL, BE XA L AT v 7L
OIFEFHAEVLBELTHIO, BHEDT T AKX —
SEETIIZANRRRTH S . A DT TR
WAL Z 0, FEICAT ISHEW, BRIEB &R L,
KBNS & IS 21T X R 2 IREIZE-> TV 5. [
O FIZRTIEY, FHE S U7 BE iR 1 S5
E R B LTS, B2 S N O ihlg i
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Tixd 508, AR E D, THNTERD S D
Yial—varkioTnb.

= e

! 10 L
11! 121.5 128.0
. o = -

1200 kW/m?

through the copper block for the saturated pool boiling
simulation with different applied heat fluxes [15].

T
— 2 1000 kW/m?
£ g0t 800 kWi/m 1200 kW/m? 1
£ g 600 kW/m? / ]
B r
=3 I ) 5
= 300 kW/m o
= I
o
s | el
= o Burn out
© o %
S L 100 kW/m? °
M T 1500 kW/m?
u— N 2 o
2 i 50 kw/m'—_ o
= L o o ]
s l ° o Measurement | |
T ——— Simulation
0 1 1 1 1
10 76 20 3040 50
AT (K)

8 Comparison of overall heat transfer coefficient
between the experiment [17] and simulation [15].

X] 7 Bubble shapes and temperature distributions
Condition: Water at 2 bar (T,,, = 120°C), applied heat flux: 1100 kW/m2 (= 90% CHF)
Domain: 351 x 30 x 4 mm3
350 Comparison of wall
o temperature between
300 measurement and
simulation
250
g 200
£
S 150
ju
100
T...(°C
50 ' o Measurement a (C)
h . 124
0 -e-Simulation 12
0 20 40 60 Bubble collapse 162 ﬁg
5
Wall superheat (K) Thermal plume 158 16
< = 157 114
= 156 || [ 112
> 155 ||—] 110
154 || — 108
153 || [—1 106
152 || — 104
Saui 151 || — 102
L|qU|d-vap 150 |[[—1 100
. 149 |1 98
interface 128 1 o8
147 |1 94
146 | —1 92
145 20
144 88
143 86
+ Temperatur 142 84
field : 141 82
and temperature drop Around the inlet region 140 80
] 9 Forced convective subcooled flow boiling simulation using single-fluid model [18].
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4. Two—fluid model (Eulerian approach)
4.1 Two-fluid model MXZEHIER

Two-fluid model TiE, &FHHLIE 12, WRAHOHE
N7 RNV ETHOBENT S ERIZITERT D.
D OMEE, MO NS FREXAR Z ik
DRDHILD. fiES NE NS HFERAOEIE, single-
fluid model ® —f% & 72 %. &AM RITHNT, K
FH & KA OEFE DR BT 5355, WA & KAHICAH A
177 (interfacial forces) 238 < 723, two-fluid model C
1, RIRAWED RS SN TV, interfacial
forces (T ET /ME LT (7 AR) ZHWTHE
END. WEHIZOWTY, #ES L FRIC, &5
BRI, IR ORE L SHORELEEL, £
TNOHDO =X —RFD X LM Z & T,
BEZEET 5. SIRMHEBE OGS (interfacial heat
transfer) 1%, interfacial force & [AfEIZ, EF LK%
MWTEEHES 5.

WS IC L A LRI, B, S TRICBITS
K[IRFOWRE L fafiRE o227 1T
BHENS. £72, BEm ECTOZBETIE, HEk
FIWR OB, B RIaR, SJuBEBSEEOET v
AP L 72D,

EFED X 912, two-fluid model Ti, TF /LK%
HOTERLT 55, Tho ok, SEhRs IR
SR THY, =7 Ao HEEE B2 58560
BT EED LV, il 21F, interfacial forces O —->
DEFL LT, [ia LTI\ nb v, #it
N OFHRIZITE IO i —5a O FEBR O 15 54
PR N 50, WHEOYI2b— 3T
I, LRI CE R OKENGFET D70, ET /L
KOBHFHZEZ TWH EF 25, BIORFITIE,
A OSBRSS X A3 & RS 1
RELKFELTLEID, EF VRN EDORELE
BLENTWARWY., fEme LT, two-fluid model &
M iignin cix, 7T A REemBRET 2 —=07
L72WR Y, EEENEWFERERE2 55 2 L3
FrpnEEb X% % 272\ UCLA @ Dhir 4% 1%,
ZDV I 2 b—1 = V% hopeless task & FZELL T
%[19].

4.2 Two-fluid model d 22— 3 4l

Two-fluid model Z H W=l OFHE & LT
&, K10 IR T L5 7%, MBS L7z~ A 7RO
R0 DD, ZOvIal—ariE, £F
NKET 2—=27 L CTEBRBE LG REER

fEEN 2023 4E 1 H

-11 -

a5 Z N TWA, 228, two-fluid model T
ISR MR S T2, K10 a 1R T &
N, BHRER S L TRiavRiE A masls 2 ik
T&ERRW.

\

Void Fraction

ls,ouoe~om

—3.750e-001

Lig. Temp.

[ 5.300e+002

~5.150e+002

2.500e-001 5.000e+002

1.250e-001 4.850e+002

0.000e+000 4.700e+002

()

)

10 Upward subcooled boiling flow in heated pipe
using a two-fluid model: (a) volume fraction of vapor, (b)
liquid temperature ,
experiment (@ A X) and simulation[20].

and (c) comparison between

FR RIS EERERNO v X = L— 3
X, HEVZL 20D, R TIREOREHES KN
O IR OEI X 11 12779, Two-fluid model (2
LOHET, Z<OETAREEALZZ LIZLD,
FHEREROGEEEIIREEm O XS W EE. L L,
HHEYIa2b—varz EFEgHT LT
v, BWRIEOMRIIER TE 5 E 26N 5.

X 11

nuclear power plant using a two-fluid model [21].

Boiling flow simulation in a fuel assembly of a

5. 8hYIc
WL DOES I 2 L— 3 LIz THE#E
L7z, BB, COREDZ ENRHBEY I = —
Ta UCEHEFRER OM, R LTV ek
B, S%oMEE LT, fLikicB+ 28 (A
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ZAbZ LT 25U S i & LI O AT, two-
fluid model D EFT VA ORMEL EnFF o5, &
FL, FHRBEEE I DI A B JE L, single-fluid model

T, TFEXDEANLBSRA Y I 2L —a v

2179 2 ENATR 10 < S WRITIIFREIC 2 5 &

ZZTNWD.
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BR DT BT LV, BRI L D EREL OB T
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BRI 2 D 720121, Wb 2R T D AL
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JESHI 7 v v OEEREO R, KIaEENICHIRE S
A, XD Ty T 4 T ORRICAL S
WEBVAE, ARSI 5845870 &) i
B LT, TNENOREAF BN Z T RO EEE
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DTN — LI 35 1T D BB A 2 T A
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2. EBRLGREFEOAE

Bl DREHAVEE A 1 = AL EFRD 10T, B
B &2 5HT 5 721 TEA+H T, B ONTIRED
SIEEEZ M 2 L END 5. @RISR A
FZIZR 53, MEMS & > D[40 HR B EHS5 2 E D
thOFIEEZHNAEEICL, LT T et A% T
BE A ESCERER AR CE 5. (DET O
BEEIRE SR 2 BUST5. Q)78 S IBE S H

X 1

TV TR C DAL

ZELN 2023 4E 1 H
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OGS U - R BEE R T O IR BT AR & VIR
TE W BRI A O TR EVBEIN O TR EE 43 i & 51T
5. Q)mEEERME IS 2 EEm & FEE T A O
HELH S 7 — VU = ORI % F K i B R A
BT 5. (HRERE & AIRE D7 & R HR
MO RMBVBERZ AT 5. BYREFHE OB OB
B ME, &0 DI RENEE SR H OB R % B (2
HCTEXDLZEBTFETH D, BdERINRA A T 72
EONFEHTEEZRWD &, BEmIRE “Of” 25E
WTEDH728, REERGEOEENEG D,

B OHIROIRINE S A 1%, 1,000fps &2 5
RECIHEE, 100pum/pixel LA T D ZE[H 53 fRHE T, em
A OTEIROWRE A A FHT 5 Z L RAEETH 5.
RERABET D REIEABIET 20 ERH 57
W, BT ATRVY 2 EO X D ITIRIMRITKS
L CE =R O @O R 2 AR B 65 L 72 i
RB72WHIKIR S 5.

AT, EX 0.6mm OV 7 74T 7T %
{REBEIZ N, ZOFREIZE —F LA EZ RN D
FH AR L, & 5% OFRmICES
DI=HD SiO, WA M L T\ 5. F % e
— X ONBGEIE OV A Z1F 20mm X 10mm T 5.

3. Y774 7 EREALORMEERE

X 212, BAEKIOD 2 MEEAGEH (0.2MW/m?)
&, KA 2 CTRUBRI TN TE TS 72 - T HblE
AR DM ME 2 B BT (0.6MW/m?) IZB W TS
NEBRER S M A AT, 7 o @FEHEEO
100kW/(m? K) % I8 2 5 @ W BVRZER NI E 5
X5 HT— =0 ERZED D L OREIERE
OEFFNENTLE D 72, Z 2 Tlid 60kW/(m*K)
BT —=N—ORKEICHEEL TS, R—=F Y
KO @BV R A KT R O X 7 = R E Ik
Thd. KETIIRE RV, I 7 o fkFEaEs ik
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Fig. 1 Boiling curves under AT, =30 K.
(Reuse of Fig. 6 in [1]: permitted by the JSME)
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Fig. 2 Schematic image of microbubble emission
from heating surface.
(Reuse of Fig. 17 in [2]: permitted by the JSME)
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Fig. 3 Boiling curves under A7, = 40 K and 60 K.
Test liquid is distilled water, and the heating surface
is made of copper, whose diameter is of 10 mm.
(Reuse of Fig. 3 in [12]: permitted by the Elsevier)
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Fig. 4 Successive images of the behavior of the
vapor bubbles on a copper heated surface of 10 mm
in diameter under ATy, = 20 K for (a) nucleate
boiling, (b) near CHF, and (c) MEB. The time-
averaged wall superheat and heat flux are (a) AT =
19.8 K, ¢"=2.56 MW/m?, (b) ATw =28.1K, q" =
2.82 MW/m?%, and (¢) ATw = 534 K, ¢” = 3.38
MW/m?, Test liquid is distilled water.

(Reuse of Fig. 8 in [7]: permitted by the Elsevier)
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Fig. 5

under different conditions ('1' ~

(top) Boiling-sound spectrogram for 20 s
'13") under AT, =40
K, and (bottom) zoomed view of spectrogram for
state for '13'. The onset of the MEB is realized under
the condition of '7'. Test liquid is distilled water, and
the diameter of the heating surface is of 10 mm.
(Reuse of Fig. 5 in [12]: permitted by the Elsevier)
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Fig. 6 Spatio-temporal behaviors of vapor bubbles
over heat transfer surface under different conditions
('a5' ~ 'al3") as illustrated in Fig. 5. Dark regions
correspond to the vapor bubbles passing through the
monitoring line at 1 mm above the heat transfer
surface. The position » = 0 mm corresponds to the
center of the heating surface.

(Reuse of Fig. 8 in [12]: permitted by the Elsevier)
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Fig. 7

Successive images of condensing and
collapsing vapor bubbles on the heated surface in
transition process from nucleate boiling near CHF to
MEB under AT, = 20 K. Test liquid is a distilled
water, and the diameter of the heated surface is of 5
mm.
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Fig. 8 Temporal variation of (a) temperature and
(b) quasi-heat flux under (1) AT = 10 K, (2) 20 K,
and (3) 40 K. Rows (1), (2) and (3) indicate the
results with the heating surface of 10 mm in diameter,
and Rows (2)’ and (3)’ with the heated surface of 5
mm in diameter.
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Fig. 9 Temporal variations of AT®? = T, - T®
under (a) AT = 10 K and (b) 20 K. Here 7,© and
T,® denote the temperature at the center and at the
periphery of the heating surface, respectively. Frames
(a) and (b) illustrate the results without and with
transition to the microbubble emission boiling
(MEB), respectively.
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Fig. 10 Fundamental frequency f, against corresponding boiling curve for (a) AT = 40 K, (b) 50 K,
and (c) 60 K. The data of f; are plotted against ¢” and AT on the vertical planes. Note that the

fundamental frequency in the MEB regime only is plotted. Another note that upward and downward

triangles correspond to the data point obtained in the processes of increasing and decreasing the power

input, respectively. Test liquid is the distilled water, and the diameter of the heating surface is of 10 mm.
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1. [ZC&HIZ

H 3% A RS & 48 2 2 il m o g v EN
MEHE 7 0 2 & bhd & 95 TEMICEER G
HBRDO1-5Th 5. ORI EER DB
[ B U 72 R E 2R BRI ISt 2 5 de 72 0,
Pz X 2 Wbl eh oo % BLLISE 80 B R4 O Wbk
ZEIZHEDbLT, FEFHHBMBEORRE ZDT
IR S T e N e/ = SR R 2 AN AN
AT, L L TORLERQNITER S
% FETEHNE & 22 R AN — PR 23 R\ E R b g Tk o
W L JEEEFHANEIC O W TR R 7= 1%, LN
I R DAREVRFE~ O RS Rz W TR T % .

2. hEEHhR & AR

2.1 BECROEREFMHLETHRAOREN
WIEEMREIE, X 1R NTR O PR &
XD MR 7 7 7 i D T BE R B AT, &
RIMBGTER g, OBIRCTREST Hvd . Wl
LoupkEbst (ONB) s, BRFEVEHR (CHF) i,
fi/ NGRS (MHF) S0 3 SOfESIC LY, B
HEMEE (SC), ikl (NB), ERB K (TB),
EE (FB) @ 4 SOEAGEIIC /Y S, ThliE
HBR O A X 0 REVGEIR AT T & 5.
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A (CHF) point

s
D 5
T

49 MHF
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Flux (MHF) point

Heat flux log ¢,
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T TR O I S H T, RS O B

B Uh e ik 2 i TR OB IS k2 = 2 BB O W I (B
XS E R O FETE B E L L CHBLT 5.
FARBIE RO TR EICED S, EB g O
THRE ERZESH S CHF &L MHF &, L CE
T UBIE SEIR O FE AR I S W TR ik TR & 720,
CHF %, mE\#E TS T O m —F bk o T3
THRABHEAS S HIFR S AL D55, 52\l L OWRE D
RZIWICE-oTCHEmEAC CEBBES LR L,
ERBEIRA~BITT 5. EEFIRETO CHF I3,
BRI E F B E DB A T D72, mKE
MR EXB L THESRGEALH S.

EBWIEIE T, BEmE Lo i &
WX I CENEIEINE & IRk FT 5. &
BB g O b BE 2RI, X(DHITR
T &9 ICRER - 2RI B b S s dadumm o
S A EIS T TERMIT Lm0 & g o 20k
Raws & grsDFITH 2545,

qrs=1""gve+ (1 - 1) " qra ©)

BRI 2 RS 1 2 AT o B R
1%, (1) T CHF AL h S MHF S5 E TATw
O EFITHENT NS 0 TTE, SDFVETGEH
DIER T g+ 5720 Th 5. ik re
OB EREF & BB RS R & OB, Z o
2T 50, ERMERICEET 2R E DM
e, M, bt EoREEECNZ T, &
IR L Covai & & M) B R oI E 7 B8R
WL O EERTRERTRERFICEL, —
BEWINC T (AT % 5 2 CEB ISR 2 TH3 2 =
LIxREECH D, Fim, EBRIBEIIAEERRO -
WARLEEREIRCTH D, FlxiX, X 1 CEHEWEHR
qs O — S EHMR L PP AR 3 A2 D 5 i DR T A
AELD D-E OV 8 ClX, T, DEETE U 5 E,
T A I (g 7 qo) D3I EE 25 B 2 YLK 3 2 T IRl AE
AL, EARD C-D £7-1% E-F D72 E 7 Vi1 55
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FCHEELILT T, OBENEL L. EBHIEL
TEHOIRBE CHERF T~ 2 12T BT 2R KT & 5 [ Ek
[1]7% ERBRIEE IR TRBMLE L /D0,
REPKE B T HIVTHEE F 2L 0ERE
RSB ORI ANVBBR AT RE & 72 D

BB O LR EERESO TIRZTD 5
MHF 513, s L TomMan - —Rh 7o Bk
fil > ERRICEE D 2 Bt S D7, &R IEE F G
HCrX, BRERBALGICHE S 2mBtGORR & 7
% MHF s OFEIZIEFICEE CH 5. MHF st
FCORBH R EREMEALE LT, K2 ITRE
N5 a)-c)D =ERANFETOND. EHEEKCAT
L —7¢ & OANRE H R IR g R T, b)lo)d X
D L 72V, MHF RUREORIRIEDAET 5.
MHF JSOHE EET A, &< X0 7 —
62 RGBT TN TEY, 1) ABREERD H B
AR F 7 1B R B R SR 12 S <
I SCRLA2], 2) WRiR ) FRIARZ E CRIR S
D BEERLS 2 RAFEHEICE Y &9 =¥ —fik
oA HET 2B R KR O € T V3] MEET
5. &EFTI, SV AMBVEIZ LD KRKETO

KexH ) =V OWHBERFESE Tom ORIEMIL,

ZNEN302°C, 199 CL 72 5[4].
2.2 AR

X 31%, miRmIFEEEGHPONTBIERE T, £7-
ERERE T, oREFEERFHEECEZ DD E
Hgh#p 2R L2 b0 TH 5. mEdh#Ro

Taylor / Kelvin-Helmholtz Jet
instabili(y wave |_|

|
G Liquid
Liquid <:|l e
— S’Vapo\r éw Vapor Liquid
Solid

Solid Solid

Three phase contact line

()R 22 & Fm (b) ZE A (c) AT
2 BRI C o iR R D 55

X . Transition boiling (TB)
Film boiling (FB) Nucleate boiling (NB)

Single phase convection (SC)
| e
- . Minimum heat flux point (MHF)
Apparent quenching point
DéMaximum heat flux point
\ (Critical heat flux : CHF)
B

Cease of boiling(ONB)

Time, ¢

Specimen temperature, 7},
or
Wall temperature, 7,

X 3
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AL, TbbmAEE L, SEE L2 XERT D
BRAFERITIE L TRELSELT 5. Fri, wHRIB
BERIT I OO B s 38 C DR 0 M 72 15 HR B 70> & 228K
Al ERET 57 = F RO L EEE, SR
O HEEHIE CEE/R/T A= Thb.

B 4 1CRdRmfE A, BEV, YWEEpck, R
IR T, DO =i R MRERIRIR. T DRI X 0 BYR
R LW THHAINIGEEEZD. BATOER
MIEONTRIRE ToRIRE T, IR — 079,
I FREREDT HHEAE= LT — CEYIR
) ORI LERIL, RQ)DOBENE DT X —
RAFRICHE D . HUOBEEDRE D T, m#E
FERXOENIZfED h OZTZ T T <, &k -
THAFTLEEEERO EAEREEEOLELDE
B HAMERICIINO STV S,

%fﬂ; pcTdV = — th(TW —Tox)dA  (2)

Circular water jet u
i |

Hot specimen
P 6

Volume :V
Cooling area: 4

T )

Thermo-sensor
reading: 13(?)
X4 mEPOERDEOR (ERGHEIOH])

DFEV, KM 2 IR T AR Ao [E R A S &
BipE X, AR O EtEnm<, 1| Ao
{RFR R E B R C 2 OAREVRRE O A Y 72 B R 1R
AHET, RGN R R ER D, 2721,
/NS - B BER ORI mH O X5 12 ko
3 Biot #2 0.1 LN OEHEECRITEL & —HR7REL
BEFESMBENLT D56, FREO TBXOT,
DREIRE Ty L% LW T, RQ)DOMNDIESS
D HICEITCEC, mENR ORE AR 5 F
HAVRER L R R A EREFi 5. £ L
T, X 3 OmERIZ R U T g bt Lo R R
RBEE R A — IS T R RE L 72 5.
o, FEEFMBEAEREZITH & 1L, NE
IREETEIE To(0) O RRALE SR iR EJRIE T.(6) DFF
i EIZ DN T RBRRNETH 5.

2.3 AHBRR &HBEIR & DS

B S ICACE R & e EiRE (89 mm) ko~

A= AT L — I EIERR([S, 611235\ Tl FR 2D
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FETE H BRG] AR AT CREAM & AL 7o AR R AL
& 7 =10 mm CTORMEE T, & FEEWLHR g DIF
B IEE & Wi 7 0 Lol ] 2 /=37, i Hh R 1 ey
MBS 20s HICHAR -T2 Ty & g DEZ 2
Ar<cFay bLbDT, v RGO
THEEHFEDORINyND. 7779, @iL”
TUF L MHF B R L, —RERIET Y ) —L
OB TR L Toy 277,

X Sa)iE, mREMHORTSEEZE AT
—W L 2mA T L —HhHO AR, 7
YFRIE, g BPERRBGRRA~R R L T, ORm D
BRIAIGZ TEFRT 5. T, DAKBKB AL T ESR N
RACKHET 5. 70 F U, ATw (2B 5378
figsah# > MHF sl —E L, MHF mEE & [FIF
AN AT 5. MHF JIRE & 7 = 0 FRET,
Tsur & FIER T 200°C L7225, 5(b)i%, #HDER
i O HLLE 36 mm D FFH O S m E BT - E T
J—IVEDAT L —{AN LT A7 L —mEID
FERART. AT L—H FO MHF SRE X Tan %
HZ 5K 300 CE Crilifb3 %25, MHF 5i T2/
CFERRET D 2 LA < RIRFHDE RS U IS IR R A i
L, T2 Ty % TlEISD 180 CTY = F 2Bk
L, 7T F i & MHF ST —E L7220,

X 20 &5 ik Eo— A2 smmAT 5
WKW CIX, MHF AR ENE Ton 282 CRiRET 5
N, 7 FREIIGBHOY— - RE—ICBb Y
2 T LLF, DF 0 751, &iEELETE
TERDAIVAFTHEZRR L F CORER IND Z L %
RS 5.

T T 1 2 i T o
Carbon stegl- Ethanol —T, Carbon steel T}, = 300 C
300 G=6 kgmg/s ----- | o 100k l-glhanol G =6 kg/(m’s) |
7,,= 300 C r=10 mm +40.85 =10 mm AT, K
E e b 0201
= A 40
0.6 . E \ o o
S Y, MHF point
0.4 <

uench point:

\ |Q
A\ v

t,s

(@) THEAT L—mHS]

4 B T
3~ Ty, = 400 Copper-Ethanol:

T
T T T T T
5)400> Copper T,, =400 °C r, mm AT, = 60K

= - Ethanol 4T, = 60K , 10 1E G=12kg/ig’y) £
& wi 12kg(m’s) T 205 2%
P . i ol AN
300+ MHF point hawi = 10 ; e uench
J = Po25)
Y y C g °\
it - :

q
(=
200 BnE1226 \
100 N =
/B T T 7By —=NB g £
200 400 600 800t : S1000 10! 10° 47 K5

(b) AT L—EH6]
B 5 AT L—mEAROnHIB#R & i o Hig

{EEL 202341 H
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3. BRAEEEEAHNERTORELA
3.1 HEMRICE T SRR ARTOER

T MEMS 7'm & 2 CIERL L 7o R i iR &
VY —[T1°FEE IR I A T[8-11172 EH LW IEEH
{REAGHHNE DS PRI AR BV ZE 1B A S 4L, TERTDAR
B\ B o022 - R A L & T s BV
PRl & B2 Y, ZERIHRE) M & IEEE R TR
REVRE, ZHAAEE R ORI - 3BT R
ZEWISEEE S (1 ~10kHz) & @22 25 fifrE
(7 VLF) THETZ 272 L, B aErsE
5735 COFHAMET TR & 7 b A2 TV 5.

IR 7 A7 CTOFHINE, FhISHEM S OIRE &
25128, AREEIE ARSI BTk LT 2
Si 72 & Dt B RO SRR EH & 7 S
R IEE E IS A T, 7 TR
KIZBUSHI MBS U D720, FEBREPE AR
ESNTLEIS, 11]. £/, FEEH EL IS
DHHAERCTIE, BRAmAEFEELLERLOT,
AT D& B a2 W2 ERTFERICLRN D 5.
L L, SWIEEFEME & AR — MRS OB i
I DAZ PGB TR ORI, FRRS M BN T
JRFTRERE - REPTEAGHUA R R &2 5.
3.2 BEGERERESH

FARTREERE Y Y —0 1 D [FEhEE X
(Coaxial Thermocouple) 73% 5. [X 6 OWrik X TR
FHEFALTE U 7= 4 AR o i Th] A BARE 4 IR O AR B
mHEH IWCEEL, A »X74 8 CEAmEF—4&
JE TN A F g L C RIS R A TR LT B
BRITHD. PREEE S U o & —pBED JE BN
BB B A N D 22 T IMEN 2 & O R B PE DS
RIREFHBICIRK b Tn g, Ei2, 60 1%
IS IZBEIZ CHF SR 5 C D FEE &R 5 IS 5
DWENRD D [12]. B —InEmEEL, HE
DESSERERER o ITKFTH. BRI
FRE N ~MaET 2 B, k= (Fla)? D
TR OPRIE L, RS ST FI2B=T H[13].
WS 12 DJFWEE finld, RQ)THEZLND.

Ni disk (Cooling &face)\
N Ni deposit layer
I —

.............

Radiation heating

Chromel wire ‘
Cu wire

Cold ' §i05 insulation

AD junction :
Amplifier J(Icebox) Chromelwire Si0; insulation layer

¥ 6 CR-Ni [RIEIEAEE X 2 FI T2 RG22 7 A
& HRRE LR G H[14]
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F LRI OBWMEEICESE, Nid Cul
%t LT fin= 100 kHz 235 121%, SIEThEiL 7.8
um, 223 pm O I NER I L. @R ER T
MR LS\ Culdffi 2 72 0T, BAVEMEIOMAS
DEITNiE#EE 7 2 A (CR) HIFRO—IRERD.

ﬁ/220.480 0/52 (3)

FH I, 6 {29 Ni ik (50 mm, t5 mm)

\Z Si0, DAffg =1 —F ¢ > 7 L7-$0.32 mm ® CR
ZXE L, TORMMIPBIE 3 pm OEEMHE Ni A v
XA L7- CR-Ni [AlhZAE 2 (EHRL L, Wi 2
ROTH 22 s vy H D JRy iy 28 BARBAG N T
%[15,16]. CR & SiO, DENRFEHE e (=(pck) ) D3RR
DO Ni L0 /hEnWize, HEROHEFRERRN
Ni HEHOEME Vi/ L7225, ZOREX SiO,
iz O X ¥ v THWIIMEE NS < L CEFAT
PHNIZIND B Z N TE BH[14]. B —0 68
ET7 7 OHTTETDOY AT AEKO /NGB
ML 70 us FRETH o 7=, 400 CE TOEEMHAENE
e oiX, +oRkmAEfmT 5.

1 BEMEORERER o & EGREZE e (600 K)
Material a, mm>/s e, Ws"?/cm?/K
Ni 12.7 1.86
Cu 103.9 3.72
Chromel 5.62 0.983
Si0, (300 K) 0.81 1.80

3.3 FEEHEIMRBHEEMEN

W B D S o T, & g 2 HEET D
1L, HEEFHBMEWMNE (HCP) TS v L
2%, L<HWBN S Beck ODFiEIE, NEREEfRHT
TR O PR A OIREBIENFZRME & — BT 5 F
TRMOR M HRIBIRE % KGR CIEIET 5.
— 05, BV — B O SR MR BRI 5% O i bt
Bk & L C Laplace ZHaEIZ IS < P O ik
[17,18]13% 5. X 7, 8 IZ{RFEM72 1D & 2D Ofif#r
S L PR Lot o —EE (B &
Y. P OMNTE I, PNERHIEE oo TR E A
& (ID) E{EES (2D) % EHREZ] O A
ZIOEPIA, R O EZEA L BB E O
THERR L2 CRER &2 525 2 L2 XD,
FAEFHE 72 LICRE BN T MR 2 15 T 5.
e TR FEE W  HI IR T, BRI R O 5
WA LRI 28 ) & 21 O AR AT ME D S 2R
PHAE &7 D, WERAAEIE & 4 E] UK IK O -l 2 Tl
PR 2B E R A O U E A (E[14,19], B4
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(RGO JE R AT % B IS HUD D 28 Bk 1k
[20]D 8 A T— ik ST 5. Wi R REREHT I
X D HEERE R OIS E X, K 7,8 THREEKD
IWHRRATR S S = x1, Ro - 1 CREHAREZR R IR
FEEB O R KE M CRE D . [AHhEGE X 231 &
X5 L3 5 IEFITR R mIREZ(LOFHI T,
[ AR FK 18 70> D A~ SRR 5 2 1R Wz o v J 8 il 40
DOIWENIEFHICRKRE VDT, MR AR 2 55
L T 7(a)DfiFHT iR C Ty, g Z el 5.

Boundary surfaces (unknown 7, and ¢,,)

Ii‘&‘z/—\lll‘
=2 X
| 1
| 1

Temperature measurement planes

Boundary surface (unknown 7, and ¢,,)

mx
OIE/Q
f
|

Temperature measurement plane

(a) Semi-infinite plate (b) Infinite plate

Boundary surface (unknown 7, and ¢,)

Boundary surfaces (unknown 7, and ¢,,)
=2\ Thermosensor —

“22-3\Thermosensors

- AAdiabatic surface
Temperature measurement plane
(Solid cylinder: R;= 0)

(c) Solid or hollow cylinder

Temperature measurement planes
(Solid cylinder: R;= 0)

> BN G T R AT (5]
X7 1D 7 & B ] RE g o
Boundary surface
Boundary surface (unknown 7,, and ¢,,) Boundary surface (unknown 7, and ¢,) . (unknown 7, and ¢,,)
X r 1
— )
1| |e-e-0-0-e-e 8 r
é\ .o e\‘; ooe|c 3
H Thermos: 2 z
2 | -t
z 3 | 2
< N 1
2
y | Boundary surface ,—/
/ Z
(unknown 7,, and ¢,) Boundary surface (unknown 7., and ¢,)
(a) 2D plate (b) 2D cylinder

[ 8 2D L i EMmE i ] A AT 1

4. SEEOERERIEEE SHDGEE
4.1 SERELOREIKR

X 9 (TR k) & pa T i o i 28 M i v T o
Rtz md. WEISRE, PIENERE T, = 350 °C
MRS d; = 1 mm , JKIR T, =50 °C, MEFEE o =
94 m/s THD. IREFRELIIHABLER 0.54 s T,
L EBEN SR T D AR E =
75mmICEELEZZAI T THS.

9 TX ER R BANEAFIZ D> THAHER
L SC & Bk NB 75 ONB /5. 2 8t A CIEE L,
LERBQIEZ IR T 5. NB Ik OEAr, 135
mm BE LR, TosAMizhainitidm (WE
Wetting Front) 723HfifE & 218 24§ 0 I RZE 72 ¥
FUIRBE DB e TB & 72 5. TBHIK TIX, WF
ATERE IS @ ETO RNy 2 Y o 7 TRIEIL A
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TR & 72> TR L, WF OIMU O & ik
IFREE T & 70D, ARERGR TO WF 28, MEjitH
H1 i @ Plateau-Rayleigh N EWRK E 4 = 4.508d; 12
B BELMRE 2L, IRIEDE R A mHE LT WF
FTHEEL, A - HiEOE A R L T,
4.2 FEEEBATMRESR
EFHOMET NV—T TElE LI T 7 — 2%
WEL i ¢ HI P O i iR FE T 1 BRI O BFSE[21] T
V&, PN OO IR TR S TR N AT RE 7 f RS BT
HAEm Ch A2 10 Hz ICE E 5709, [FHh

BN 2 [ Al L oD BRI E 2 AT o 72

B10 1%, FIHHREE T = 370 CIZBWT, ATws =
30-50 K, ;= 6-10 m/s T 5 DD DM AA D Fl
~F5 CHELNIAARAES » = 7.5 mm TOJRFTE
ﬁmﬁk%@ﬁfﬁ@fm%rﬁuﬂ ATgp &

Droplet intervals Al
Arg

% mm |

Oi

B o
&.
dge of hot surfac

5 ek, S

Hof jurictions by

s

9 L ’é7k4:ﬁ"am(A£I]EP@m@bﬂt(ﬂ

(Ts0 =350 °C, Water, AT,= 50 K, u;= 9.4 m/s)
4004 . . A0
F5 L
i F1|0280 [ ..
350 o TB 2| 0990 [0
) N > NB F3| 0670
*~,300] ‘{}_'H 0470 [ 300
&y F5 | 1.230
g F1I™ ' M%M \‘\ sc
£ 2504 m I 3¢ 250
g W ’“WM(;V v
5 2007 4 j V“ hﬂ.\ | -
= | / |
i F4” | ‘ ONB
= 150 L\\ M‘\i W{%-lso
Time, #/s st =
100 : . O
¥ - = 15AT =70K
& twr=0[150s Fl ;ub* .
E Vv tipr=0329 s 0= 8.0 m/s
B S ———
5 tf=0650s | trmr=1.041 s oxg P2 f/T::) " 5n(1)/§<,
> L/ I h G
51 : ATas=50 K,
& ty=0410s v tar=0.712 s ¥3 | u=8.0ms
p t :
= AT »=50K,
S = 0313s orr=0.523 5 Fa lw=100ms
39 .
ty=1.09s E5 A?lu/; =30K,
her=1274sY ¥ uj = 8.0 m/s
0 "
;

T
0.0 0.5 1.0 15

Time, #/s
X 10 FIHIEE T, = 370 °CO Ni &5 mE R A H
PO RFTRmIRE, #mEARE ORI 22 E[16]
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DIEE, gD 77 7 HMIRT. P& Eou
EVDOUUBRNME, FNENREAE~D WF 2
WA tyy & g OBIEBR ST 5 7 = o Tk

W%l 1, 7 7~9°. FB, TB, NB, SC OF# X[, F2
TOFBRICH LT, WF BIEREZ b, BRKEGLE

AR fype (FE: MHF 1% Maximum Heat Flux),
ONB R EIFERZ] tons TRHN S T2 AREHNR A BT
DIEEIER 2/~ T.

F2 @ TB fHI% TIX, L& n & i2xfin L7223 10
KED T, 288 & 10 MW/m? FLEE D A 34 7R D
g B Z DN TWD. T, ZB8h) 6 R D 7- ik
IRF [ T B O G153 BT ©fF B v 7= fe & H BUBEE 23 i
WIRFEE RIS, NZEREOBY 4w & 133 —
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