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Verification of wave hypothesis for critical heat flux in nucleate boiling heat
transfer
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Drop impact on a hot surface causes a sub-cooled boiling wave with violent

bubble volume oscillations. The sub-cooled wave covers all the contact area between the drop and the
surface in several milliseconds of drop impact event. We call the unique boiling phenomena in an
impacting drop as impact drop boiling.In the present research, we captured in detail the dynamics of
vapor bubbles in impact drop boiling with a high-speed camera and a long-distance microscope. We
also developed an analytical model to describe the bubble dynamics based on the spherical bubble
model. By comparing the model with experimental results on the time variations of bubble radius, we
evaluated the validity of our model.

As a result, we clarified that the thermal boundary layer developed on a heated surface and the
microlayer formed in between the bubble and the surface play dominant roles in the bubble dynamics
in impact drop boiling.



1. WFEBRAE 4O 5

WIS EMEEE 2 I U2 X 2 BVE RO mENL, Bex e TEMBMRZICHVW LTV,
Fle LT, REWHDOTIHAIIFEEINCET 2B Hagn-O 7 7 I3 BT CORBREIOmHE 2 &,
INENWHDOTIE~A 7Ly hr=7 AEMEIKOKEEZ B E Lz b — M3 FOEZEN
HI(Spray cooling) 72 ENRZETF H VD, MEEAD B 15 ENR IR ~DAREEEIC 1, BEIAF AR
SINHRIEOEEINRKESEGLTWD ZENRELMLNTWS, T7bh, BEIAKESERIED
WREDLT PR D &, BRREICKIEDPER ST, ZOKIAOME & BNV KIS D 2
LI LY, INAAERRE RIS AL U, BNRAICEE SN D, Wb DB ER T H
b IHITRERY BT 5 &, BEVE N EKNE TR D ISR~ & &% U, BV I
WL 720, BE\EDONR—20T 7 N3 EEZTHENRD 5,

WRARIZ X D MBAER DB EANZEBNT, b o & b @WREGIENS 5 125 R B R (Critical
heat flux)i%, &) OB SER T 2EEICBWTHELND, LML, ZOEABWERD
AN = ZXLNE, RIZITHEH S TOHZR0,

T DS BT 7 ~E 223 2 354, BZSRMEESIX T A0 b Esn s —5 T, Einsilim
HEERN IS SN D Z L2725, T ORER, WM TEIBEIC X v Ak s 50, @en
HEH~BEAT D Z ETEET 5, 20X R@EY 77 — iz IER ICfEIcEB X5 2
EW, BEGHDEWGHBGERZET HRKTH D & HEEITS 2 -,

INETIELFERSINTE LT —LBEICBW TS, 27T EBGR s TNE %
ZEITE o T, SR A I LWARIGER 2 FBRL T 5 Z LN TE D, BlG A B
T2HIZTIE, COXHIREY T 7 — IV ET—/LEITE L TWDR, HElEi~DISH 2% %
5L, AN D CREIND,

T LU L T B L K A R S AT CEBRARER ST T — VB IL, T
WRHHETHHINTWDZEbHLb0d X518, ICHTBEANIEFITIA, FHiEE L, &2
WHNEFE O@Y 7 7 — VS 2 TEZSR g & 407,

SR Pl T I, WEE RICTER S N KIEEE D BTGB S I, F 7o lm AR EIZ T
B g5 (X 1), 20X D 72k - I ES 2 EW 723 b, IR E 22N T o 55 ms DFIZ,
T 87 22 T A R R IRREIR AN LN D 2 E NS Th B,

KIEB N IAL Lz 7 7 — L b e Ik
WERTIZ, IROBEHENMEE S D IREE R E N
PiHT-0, [ILEE O L S B EMT 5, ),

LI L > TELE N TV RV B EAE L & B2
DY 77— VbR s TIE, T LVDRTRA
B2 EV 2 B RTEBEIRA B T & IR > T
<

Cold liquid
(0 I R I IR ()

DD 5 e 55 = & b, %I Hotsurface

YOI R LN B HAE IR T 51 b S
%b%f,:ﬂiﬁmg$w&$%bnfm@ M1 RS 77—V ibigE O A,
WO L BAALDS L, BIBEET o +ycam RIS WIBR KD G S D,
I T eot,

2. HFROHER

U bOERO G L, ARHFYETIIE LRI R 51 5 B O RLE) & KT HiRo 1L
230 EEONT, @EEIIARY & 7V SOVEBLEIC S S ERICHHIIT 5, 7, Th
OKTEE 2 BRI BT T VAMEL, FREREUKRT DI L TTORAERGT 2 &
ZAMET D,

2P, HWERHEERIHIIET A7 7 m 2 MEE &0 DT MNIUROEB RIS EIRIC A 6 5 5%
AR OWBBROAZRFFER G L LTV, LL, BIEZEDHIZONT, KV RWEER
BAZ TR SN D RIL DMK « [EEZ M O WHRROTA, LY WARED &2 LA b
fpote, £z, ZOHBRRURWREFE TR ON S XILEB OTT L2, BIIEOETT /L~
IR 5 2 & T, BB WIS RO N D W BB S &2 GEIICHIT 5 2 LN TE 5, Zh,
REBRIRET L 80 bRKIAREET AV OTN, Bk 5~ A 7 v LA YOI 182 5 2,
LVBGBEHETH LD TH D,

UL Z &inh, RBFFEO 24070 B I, BRIk~ @R WIS IR R 5 2 e s c L
D RS T TR 2 21T Lz,

3. WD JiiE

FEERIFFE L PR T T D 238 Y DIFIEIC L - TR &2 1=,

FEEEEAIE (X 2) 1R T X9, MEALT=Y 7 7 A 7 AR #2232 ik O s %
PR LI E T, Y7 7 A TERAERBE LTI Ty 7 28GES, 1— b vV —&—,



1.2 B B & P O R EE 28 BRI IS 7

2Lk 5 PID HIEAFT5, Wic, e T

VIR T ‘\_Ofci\% {TQ{%%‘H_7747:F4{}§ Droplet

{%Tj—é ;“ﬁi\/ ,l}l/ j—%)"j‘/f 7:L*-“H"—‘ Laser Sensor D R IR D 1
L O RO R AR 5 1. A5 v ‘
[:0:/7%_&_015‘;‘/‘, 71‘—‘]):‘—;%@ D ’fﬂ'bj—’ Light Diffuser

W% T o L—F b TR LI
T—H—HEERS Tz, THUCK D BATHIIE L Aenses O
D b EEI 2R E SR OBILE A AlRE & LT, S S ] tishseeed
AT, LA A D R R A T D |
U W=,

TWRARBEHZAK, TREAT 4.6 mm, 75 F & 313 X2 SEEREAS
15 ecm THEHEE Lz, MEAEBEHORE X
100 “C~ 185 ‘COHiMH, MHREIL 25 C,
65 CO25M:& Lz, @MEREIT 50,400 Model Overview Bulk subcooled liquid
~ 500,000 fps TIT->7~,

W I F5\ 0 C 3, BN O L |:|
B L, ARIESICERInNS~A 7 ul
A Y —DNHRWERTHD & E2T-, ZDT ‘
B, KWFZEClE, ZD2-5OEEEZT AN

[EAREE ) o B — BRI R VR i B & & T 5 T@=1

TTNEME LT, T MBI itk BT =BT gy bir 7, QP

TR E K 3 1R T, f;ja, A= oot the .

—RERET, 13, ST 28U Fr03E il Gt P= Qi+ &1

BB LT EBRRNIMEIT NSRS Incresingntaral eyt the ubbte tmetace R

BURIETT AN HRD T, Q',-an.l.% Q,-Imzn‘q,maado liquid
RESL L 7= 30BRE 7 L D Y PERREEIC BV T Evporsion ot micoyer

L, b EANREERENEE~A 7L AT D Ry e

’—i)s‘:/ﬂ;“&:ﬁﬁ Lf@b\%?fll/@§+§fﬁ§% k gﬂéﬁ Microlayer

k @Hﬂ'&?b)%ﬁé‘&), Yklzi‘éﬁ Lb‘ﬂiﬁ%%]\ LT 7 Heated wall
TV AEYRIR U RS R & SR E & Lk S AV _
FBEVD YA I AEEO BT LT, By RIS REREEEE T L OB
RET N DORYBYEERRFE LT,

. WFgERk R
EHEILARE CE LN T 7 — Vb ORER R ES L, BGOSR AX 4 I0F L
D, 4 (@) IR L DI, EEE bmm AR O KIEREZZZ L - TR S Ve 7 7 — Vil

Length fum]

100 150

Time 1/150k [s]

X4 (@¥77 —/lx{ﬁ%ﬂé{ﬂi (%Eﬂ) 0){1\:%0)1‘3%% &) ¥7 s —Jl/{%ﬂé/ﬁﬁﬁﬁ@m/ﬂ@éb
() Y77 — Vg DIR Y Zond 3WTTEMg,  (d) ZRFEEEME 2 1F O e ),



_E =2

Microlayer Jetintrusion Dry-out region Entrapped microlayer forming a drop ring

X 5 $7 27—V AAOBRE, EERICKY =y FRAKIEEZEBL TWDHIETLE, «
A7 BLAY—PRIAII N T vy FINDHT LT, WY & 7 BIER S DR RS
TWo, K () OBAIE s, BEEIREIL 170 CTH D,

BEIR I, BEMMAEZEM% 2ms FEEED B4 L, 6ms B IIXIRIETIM 2L D, £72K 4 (b) I
IRENT=Y T 7 — VISR O IEREE NS, B CIIRIEAE L BRI L T\nWb Z &
DD, (o) TIEREMENZ RN & >7- 37 ey MZXY, 77 — gk n s 5 s
S L DR TTIIMAIA & IR DR 050R 4, (d) THAER T RN AZRINE GRIEEENE)
L7278 BIRDN 5 B O KIEEB N R ST 5,

BT — VS OYVE OB 2 A Wi A X 5 1ZRT, SRS 5 2 & CImm AR
JEA~ZENT D= DRI B HERET D, T OB, BEEA~MN DY = v MBI RIS
S, Fr b7 —a VRIARRERFO X 912 K= RICER T DT/ R STV 5,

X 5(g) & (h) TlE, KIaWOBERZEBATICHIRE SR SN TWD Z ERnbnbd, i,
~A 7B bAY—PNRIEIZ N T v T SHHERRIZR Y, FNATMORLEERIZE > TEA O
TR~ LIZZ ik TEBNZ LD TH D, 2D LI, v~ 7L A v —DFENE
BEHRICL > ChiER ST,

W CEER T VRIS R A R T,

FTNE, v A7 v bAoA Y —HIEEEE EORE SRS WA, TRb b RIE AN —IRE
BCh D EME LTI ORIEAEE £ ORFRIZ(LIZOWT, FHRMAR L ERfE R 2 i L= 7
Z7 75K 61T, ZORIIREND X OIZ, URTIEH DD, KJAR FEN LS TN D
72U, EIRICKIBIEKRE LT 27217 Th 5,

Z T, INEMEE RICRET DIRESRENE AR AN HER R T IORT, SRR, &
W2 K> TFKIaR T H 2 —EEICPORT 5, LorL, EEERICA OGN D X O ZREREIZ X 2 I
EERNTFHBLTE TR,

T, IREERBORBIINZ T, [IEHRO~A 70 L4 Y—0OFK LB LR ANhD
L, X8 DT DWMRITREND LD ICKIBOMEFRE R L OUHEICER U A% F THAE
g B —&H LT,

B0, ERERICAONAKIARZDIEL S ITHONWTELET D, ZhbKIEE, W
LEERMGZ ¢ =0 L LTy FLTWAR, WKIHEZEREZ 0 B IXENEN R D RFEIC BT
HEIEER ZERQTERRLTND, 77205, EBRERCIIE~ OKIaoEREES N R D 2
LIZER LTz, RS, 77 — Vil R OEE L, KIEENC L A EBOREIC L > TRE
SIRERARNED Z LN TRIND, ZORESGOIEMNFNMEELEEST D7D, Y77 — i
I AR OIR FE BE S I RN Bt , AL, 74 v T 4 VI RT A= L LT,

9 1Tt B ZAL S BT BT VRN R & KBS R O A R, ZORIRENSEY, K
TR O EIESIEEBET 5 2 & ¢, ERTHLNRIEDEEDO R/ NERT Z L 2B3H
BETHD,

PLEOEIET MR R D, EEHR IS I DN D 7 7 — Vilbligl OEEN 21X, IiEL
BEE IO SN DIREERE L, KJAESICER SN~ A 7 a b A ¥ — 5 0BHHE N X
Bl TH B & fEamft i 5,



t [us]
6 HIRELZEE LIET VAR
R & RERRE R O i

300

250

00|06 ¢

Expl
Exp2
Exp3
—O—Expd

> Exp5

Exp6

----- without dryout
= with dryout
----- without microlayer
(EoTTTWiRhout microtayer)

0 10 20 30 40 50 60 70
t [us]

8 N\ LIS HEE Y D IR E &
JAEH O~ A 71 b A Y —&2RKELIE
TVEHRAE R & B R D g

0 10 20 30 40 50 60

7 NEAE RIS HEE T D IR E &R
B LTZ e 7OVEHRRE R & FBRES R O L

250

St,,=005ms o Exp2
..... te = 0.5 ms Exp3
_____ t,= 15ms — o Expd
..... t,=3ms - Expb
—O—Expl Expb

30 40 50 60 70

9 ~A 7l A Yv—LEEEREDIE
KRR R E LB T VR ERE R & R
RER DL



10 5 2 1

van Limbeek Michiel A. J. Hoefnagels Paul B. J. Shirota Minori Sun Chao Lohse Detlef 3
Boiling regimes of impacting drops on a heated substrate under reduced pressure 2018
Physical Review Fluids 53601
DOI
https://doi.org/10.1103/PhysRevFluids.3.053601
Web
2018
2018 A311
DOI
Web
2018
2018 Al121
DOI
Web
2018
2018 A324
DOI




Web

2018
2018 A323
DOI
M. Limbeek, M. Shirota, R. Kolderweij, D. Lohse, C. Sun uss
Analysis and application of high-speed frustrated total-internal-reflection imaging 2018
Proceedings of the 32nd International Congress on High-Speed Imaging and Photonics 0
DOI
T. Kawasaki, M. Shirota, Y. Akiyama, T. Okabe, T. Inamura uss
Simultaneous Measurement of Wetting and Spreading Behavior of Impacting Drops 2018
Proceedings of The 15th International Conference on Flow Dynamics 0
DOI
M. Shirota , M. Kato, T. Kawasaki, Y. Konno, S. Fujii, T. Okabe, T. Inamura uss
Measuring Nucleate Boiling in Impacting Drops using a Combined Total-Internal-Reflection and 2018
Back-Lighting Imaging.
Proceedings of The 15th International Conference on Flow Dynamics 0

DOl




Y. Konno, M. Kato, M. Shirota, T. Okabe, T. Inamura uss
Hybrid-wettability Ratchet Accelerates the Propulsion of Leidenfrost Drops. 2018
Proceedings of The 15th International Conference on Flow Dynamics 0
DOI
32
2018
116 123
DOI

https://doi.org/10.3811/jjmf.32.116

10 1 5

2018

2018

2018

2018




2018

2018

2018

2018

M. Limbeek, M. Shirota, R. Kolderweij, D. Lohse, C. Sun

Analysis and application of high-speed frustrated total-internal-reflection imaging.

The 32nd International Congress on High-Speed Imaging and Photonics

2018

T. Kawasaki, M. Shirota, Y. Akiyama, T. Okabe, T. Inamura

Simultaneous Measurement of Wetting and Spreading Behavior of Impacting Drops.

The 15th International Conference on Flow Dynamics

2018




M. Shirota , M. Kato, T. Kawasaki, Y. Konno, S. Fujii, T. Okabe, T. Inamura

Measuring Nucleate Boiling in Impacting Drops using a Combined Total-Internal-Reflection and Back-Lighting Imaging.

The 15th International Conference on Flow Dynamics

2018

Y. Konno, M. Kato, M. Shirota, T. Okabe, T. Inamura

Hybrid-wettability Ratchet Accelerates the Propulsion of Leidenfrost Drops.

The 15th International Conference on Flow Dynamics

2018

M. Shirota

Bubbles in Drops Impacting Hot Surfaces

PHYSICS OF FLUIDS FOR THE 21ST CENTURY

2018

2017




2019

2017 157597

2017




