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Study on Mechanism of Critical Heat Flux Enhancement by Nano Particle Mixing and
Boiling Elementary Process
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Pool nucleate boiling heat transfer experiments were performed by using a 10x 10
mm heat transfer surface made of a coper print circuit board at 0.1 MPa. Three-phase contact line was not
observed at the critical heat flux condition in the purified water experiments. Small dried area came
out, it gradually grew oscillatory expanding and shrinking and finally the heat transfer surface
physically burned out. The critical heat flux was enhanced apﬁroximately 50 % in the nano-fluid
experiments than in the purified water experiments although the boiling heat transfer coefficient was
deteriorated. The dry area that appeared at the critical heat flux condition in the case of nano-fluid
was smaller than that in the case of purified water. The heat transfer surface was covered with deposited
nano-particles. It was considered that the deposited nano-particle layer suppressed the spreading of the
dried area, which resulted in the enhancement of the critical heat flux in the nano-fluid.




¥ XL C—19, F—19, Z2—19 (=
WFFEBRAE S ) DA 5
ﬁ%%lﬁ%ﬁ% BT CRAE LS

B ORRER DN S | SRS S R DA T
TV ERENRIBENIZE EORETHAT
LI RO T Tz, FDO—oL L
T E B Z NN BKETIC L, JEAR

FRAMEE L 2 O HMAl O RIEA O O R BRIZ K
ZUE LA, KOUBEIHEITERENS 2 HFiEN
EFbhiz, LnLERE, AT LARREY
DEBMNT 7 U O EEICEEL L TEE
#ét\ﬁmﬁmlﬁwaWﬁm%&D\
RARAGE R A2 DHEREIC/ D Z &N T
EnEY, ZoREIC ﬂb EAKT BAKIZT
SRR S YT, RABYERAZ M LW
BDHEPRE I TV,

T R TIREIC L D RAEGR K oW
PR ST 22 > TWRUVIREET, 20
R R IF Otk F 22T
WA Z EERFE N, FOEKT, F R
A O [RFL BN SR 1] - B O fif A A3k 0
LTz,

WFOE T R R L D 7 — L ib i
AT, RABGRHRD 200% A Bk %
HELTWD, ZOHERKE LT, BEEFENE
m BRI T D

2. WMEOEM
@ﬁﬂﬁﬁ%é%%ﬁowfﬁ%ow@
PR D0, HOEAVEICED Y 2FFo 1

DELT, THEDSDO =ARBEHEGRNH H,

ARG T A%@Tmﬁﬁi%%ﬁ
THY ., B ETE LD H KRB EEE
FIZEPIERITFET 5, 2O =M o
FEARBRN REITH Y . ZFHRE SO
J‘rﬁlﬂik otz & T ARG RS

IR TAE LTWnA,

F 2 R IRARE, kAT E S ETEN
P EEb 63 B 25 m kA
WThEL 720 AR EBNEROJERE b
=6 L. [BREGEEROM EALOFHBHIC 5,
T EEFERICHERE L, IRAT R
L B ORI, fERE L To CHF M kb
DR ERRGEET 5,

bR Z i, i, g L
b@%ﬁoo%%ﬁﬁ&%%iiﬁﬁﬁéﬁ

2D O WO L E = A, 5
é%%%ﬁ®\m21\ﬁéﬁ®ﬁ%é@$
BT UMERVRIRE, F7-. BEVREEHR
ITRIETE RN EITH D, BDEDIANRY
&L THRERIFTO 2 6 OMEOREN, FiR
FIMIC B SNDLER D D,

FI T, RFETIHEUTEZHM E LT,
(1) fafn7r — VR B 21TV, F ki1

IR X5 BRI EAG R M & =R &

@%%%%6% 235,

(2) ZDT7=DIT, BDHEDIANY & L Thilks

%@T@1ﬁﬁﬁ{mrkﬁmﬁ@/ﬁum% F %

BN SRt T 5,

3. WHEDTiE

Standard re

)

FEERIEEING A X 1R, EBREE I,
TR, 7 A MeEHE | AKE I E BB,
EAEHH, TNV TFA—H— F—X
—aH—, WEECT AN AT IR A
T, TOMFHAREER TR SN D, FEBRAL
1T 20 BT, A 200 mm DN
HREMAEGR TH D, RRERIERICT A M
T%éfﬁﬁﬁﬁ: RESILD, X2 (a) IZRT

BENEICIE, REHSE Ty F T
fﬁ@@wtmﬁﬁﬁﬁFéSBMm@7)
v RN E AW, FI S OR B 1
ﬁxwmmwﬁﬁﬁf%é SHIZHE 2 (b) D
L2101, (ZEAVEITPRATE 7 mmX 7 mm OFEIE
iz ibb\7f SUBAE S E OJEE 1,57 mm D
— 7 T4 NEREERE L, %%ﬁ% ZH X
Wi, BHEE—FRICT 27201, B LK
%%H%ﬁt%@ﬁﬂ%x7v%iﬁb al
D %4 T —% I LT, RIS A
TR U BN RS 2547 2 3 L 7=,

1

— Constant
| r]i] temperature bath
[15)]
L
Condensi Ilﬂ
I [
I | | m
V!
Lighi Hl.'ﬂlf P
transfer
Q | surface - /'>CCD camera
iﬂl Iligh speed video camera

Gold mirror

istanee 0.2 mi)

1 SEEREEE

Test clectrode
(Rluk hady s pn,]

E
g

- ®_'e
(b) Back of the heat transfor surface

2 A=A

b f0 mn
Applicalion Lap E' Application tap

(a) Front of the heat transfer surface

TEEDRIAIC IR K, KO8, Tio, T/ K1
BAREAKICEIM U F 7 Wik E vz,
TRRTEE L, 0.04 g/L, 0.4 g/L, 4 g/L &L
77

R BN ~ D RGBT & s BN i i 0 FE
MOBENLESIEIZS, TOBREINT
WA BELHEP EIEE & OBRD BB
SRR A LT, BEVRINEARIL Z O
V& BIENGRD, T % BRSNS
Th L TREE BRI & Lz, S BIT,
EIREET AN AT LRI AT %R
ST L, W2 Eh & (R8N O Ja prbics
mﬁ“ﬁ%ﬁﬂbto%wtﬁﬁﬁffﬁw
AT O EE L 1000 fps. 224 fERENE



0.02 mm/pixel, FRAMRIE 1 A T O H
FEIX 120 Hz, ZEf]50fREEIX 0.2 mm/pixel T
HoT,

4. W
(1) il FEERAS

3. Ry R N R P
[ S =S AT TH = P Sk T 2= R VN VN
Rohsenow @ 7 — Vil iEEMaFHRIAL, F 7=,
Kutateladze o [R5 ENGESRAH B $ Lk
DI RINTWVD, 4 DFEBRTIX, 9X10°
W/m? SZ 1T B R 2 B ECIR T E w2 HEFF LD
BN EH, ZAULIRE 1.1 X108 W/m? £ CTREeh
VBN R A BRI ER R AR B Dl £ © BT 7=
B ORER T, MERBERIZE > T 5,

)

g Kutateladze(CHF)
(c)5. 86X 10°

10 SR : 10

Kutateladze(CHF)

Heat Flux gy W/m?
Heat Flux g W/m?
=

=3

(b) 1.25%10°

.
Rolsenow(Nuceat) Rofeenow(Nucleat)
CA0013 CF0013

fog i S U G
Wall Superheat AT,y K Wall Superheat AT, K

(a)3.10x 10"
X3 WhlsHhgR X4 Wbl

0.0167 s

0.0333 s

0.0417 s 0. 0500 s

5 A=BAEIREE A (o = 1.25 x 10° W/m?)

10g

Area ratio in the temperature [-]

b d
120 130 140
Temperature T [°C]

6 iR AR R AR

K512, X4 (b) q, = 5.86X10° W/m* O
A D 0.00833 #0785 1/120 B 2 & D JikHE.
PEFIZ X D ABEANE IR A7 R ERE R 2R,
X612, X3 DEBRDEGHE D | IR DIREL
T VL PSR AR D & o T, 5, 6
L0, BABWERICES £ T, (BEmEIEE Y
TGP, FRAZGEHRATH 6 CHICER

LINTWABZ EDRgnd,

X712, X4 OFEEROGE ORE IR E 5y
RER A2 7T, 1200z THIESNLTWS
2. BBIWTERENTWD, ., FHHIZER
EDOREFRT 150 CULEIZ—EMIZ/e > T
5, K7 TETFMBIZ/NS mEiEsnsgin, <
FUDMIER, HMig/ N2 BBk 0 K L7 s BRI
BRI ORE EINKREL 2D, DWOITIEIEKR
D—IRIZEY . DWVIZITARE I OB PRAOBEE
ICESTWA, TXT7 mm DOKRKX XOEFHTIX
HAHMN. EIREIE 1 SOBREIL, FRNTEK
R LIRABGRRICE > TW\WD Z LT3R
\ET %, RS L > TS T\,
8 Bk 0> =R SRR AT 1 A 2 R EE Sy A
ERERIITR TR0,

0.172 s

0.225 8

0.492 s

0.00833 s 0.192 s

0.217 s 0.667 S

g i B : 3
—-—

0.308 s 0.608 s

X7 ASEAEIRESA (@ = 1.10 x 10° W/m?)

(2) T/ RS R

X 8 127 / RO Wb A . A KDY
AORER L U ORT, IR LIZARREK
O 3 [EOFEERT, BEmHIBEEIZ S CRE D
BRROND, REBRTHWTWAEZ Y Uk
RO EEVEETIT 5°CREE O#iPH CRER
MWEE XD 2ENAE L LT Ebnd,

2 [B] B O K DOEERTIE 1. 44X 10° W/m?,
3 EHDOFEBRTIE 1.07X10° W/m® TIaEhE X
PEZUIN TS, 1 [BIH OFEER TIIsEE 2
PESUINDANCERZE T LTS, 2
FEFE R AL FFEAE 1T Kutateladze OD[RSLEL
T A B O I T,

X 8 2T 7 /iR DI AR I BT
b, ZOMEAITREKEFHETH D, KET
ATk BRI BMR ZEF B o BRI
BEV, EHICEGRR A BN S 5 & B ARKHA
AR FEMBERXOBEEN LI TN T D B
%, UL, @BURdkcl, AEKOEA
X0 EEEE A CE ST B D, BRI,
Kutateladze OFHPBERN R BRI LA LTI,
BETEZVE |3 20CREEE & < ZBE K DEEIC
HEARTEMEEENMME T L2 b nd, 2
DODEMEERDKTORKE OO ESE LT, #4
fRE R DR Ti0, T/ K1 HMEENE AT
HL7ZZENEZLND, ERE THRONEFE



APEMAEIC L 2B 5 AT LTz Ti0, T/
FIFEOEZILI6 un~14 um THot-, 1B
0.4 g/L OF 7 iRFEERTO Kutateladze
OF B R T IRI BRI 1. 06X 10° W/m?
ThU ., 0L & OHUREN IR BN IR
1 152°CTH - 7=, Ti0, DEYREHR 7 W/ (n-K)

& Z OSSR EVEIRE 2 AV, mEE L Tio,
KAMrHEESE 14 um & LT, z2vE E
B @ I8 & 5 N kb3 5 — IRt E i VR E
K OHTHEREREZHERE T2 & 150C L
725, ZBIKOSE O RIENT R OR 2 IR
FEIXK8ICHAH L HIC130CTh S, JEEE0. 4
g/L OF 7 FARSEERERE, Whig AT g <
EL TS ETHIRHEm TOWEIZ L~
T, MrHEERE TOWE CIXEMREEN KX
CTETFLTWAZ EERLTWAS,

BN RERRRTIC EBR 2 T L2 L[ H o
JE 4.0 g/L OF /7 ik FER% ., /R EE
BN IS S B RBECTRE-EKIZ K B
EBREHEIT -T2, T OWEEHBRIT T/ ik
TITo e & X DM L IZIER —THY |
T AN R 5 2 DT R
KA Tld7Ze <B8E Bkt LT 2 kL
FEIZLDLDTHDZ ERbns,

BN BEIR I, JBIE 0.04 g/L OF ik
T 1. 74X 10° W/m?, 0.40 g/L OF /KT
1% 1.66X10° W/m?, 2 HIH®D 4.0 g/L OF
TR TIE 1. 66 X10° W/m* TAHL TW=, T/
B IINT K0 FRIEGE SRIL RIS 1. 5 5121
HEENTWBE R, REBROREOFIPH CIX
] FAE D EA WD E~DERFEIL R B
2o Tz,

r T
3 ’-/7':— Rohsenow -
1 (c=0013)
Burn-oud X lads
1 Kutateladze
Y i (XK.=0.13)
10 -
i %
st A
R & e
= 3k > _
= | §@o* S
= c /A
3 [ @@ DN L 3
= | $&5 3
= /] e & & /Experimental results
T 10 [ ® B> F7  ® Water (1st)
=160 B &
wr/ i &/ © Water(2nd)
;:f Py m;; / @ Water (3rd)
sf’ oDe X / Nano 0.04 g/L
o % Nano 0.40 g/L
e M Nano 4.0 g/L (Ist)
T me X Nano 4.0 g/L (Ist)
/- —>»Water
ozl ¥ Nano 4.0 g/L (2nd)
Ve Correlation
, PR . L Water
10 2 3 4 5 6789 2
10 100

Surface superheat AT, [°C]
B8 T/ P A

X 9 IXRAR T A F & AW CEHEI L 72145
ENTENRE AT, st i IR & N B e iR
EDORMZENTH D, [P DX (a) D3FRE K 2
B H DR, X (b) AR 0.04 g/L OF /¥
BOEBRFERTH D, K(a) D EKITRT
BKSEBRIZ IV T, B 1. 31X 10° W/m? I,
B 7 RENEIRE ER N R OG-, £ 0

BEERIZBLE 0.07 RS, KEiLE
X 150°CREREE & TR L7214, oomﬁﬁﬁﬁ
TIHDIBEIHE Lz, BEVmIEE S
%@(mr—iﬁ‘ i.EPu‘l‘//HIAEﬂZODE‘F@%Fﬁ
THAL, BE LRI & & RN -
TWABZERDND, ZDOIAN Y T miRE
BIEER, BIZER U, $£72. FFE4) 4. 702 B
WCBWTHR—ET CHWNEE AN X
oo ZOX D RERFHINICRATCRAET A
W2 72 ARENANRE B 5 & 2mix. — R 2 m
1 b R pir R & ﬁ@%ékﬁﬁ CERT D &
EZbD,

X (a) T [X 045 2 i BEHE 25 L & 72 2400 R
1.44X10° W/m* Tix, Q2B EE IR L5
DIAETDH L 0.3 BZRICITEHA R E IR
D B50°CIZEE LTz, Z OREREE ESIX
BAGRA 1. 31X 10° W/m? BE LI R— &P TR

L. IRE FREIZZE Z 2 F0DITER > T
B 2 B IFBUBRE N R AR R SR A
0., RURZERE EFBAMGD 0.4 BUIRICIEET
BB RN E R > T\ D, IRE EFBHED
O 0.45 BREICFHABECESIRE X T4 4h D
TW3b, ZORZNZEEEER S BE LT L
HESND,

=
=
=

T,

]
=
o

Temperature [*C
Temperatur

Temperature [“C]
Temperatur

Time | 5]
(a) Distilled water (2nd)

180 E IT66s 37995 38325 38655

20 ] .
“’"'lll I.i
=

EMaximum ~

Temperature |"('|

F 5848s 8914

Temperature [°C]

8.0 8.5 9.0 9.5 10.0
Time [s]

(b) Nanofluid 0.04 ¢/L

X9 BEHIEERTE ORI L 53 AT



KooK (b EXTRTLIIC, BE
0.04 g/L OF /7 MARFEBRIZIB VT, ZEEK
EER L FREIC, JRAT CORENR DA 72 5%
5 & i EN DM B TR 2 AR B AR B 2 DA
BNCER ST, 7272 L. Z DOIEREO BT
HIIAEKERELY HE<, 1.66X10° W/m?
Thbd, o, ZOBEAEIRE EFIT7EEK
FROLGE LRI CRAELTEBY ., B
K20, 07 CT215°CICEE L=, £ D, 0. 07
FZICITotIZE] LT, ZARKORER & g4
DL, WEEAPEFERIEFERE TH- T2
OO, BIFERE LT 2 AR OLGE DIE D 13 E
A

19 H D[ (b) X 4z BN\ i BE R 36 A= B
1. 74X 10° W/m? ;oD JR s 280 i D Al 7
JE ERIT, RBKEBROEA L REERPT T3
AELTEY ., A% 0.3 D CrHllgRRE L
FRAEIT < @ 530°CIZE LT~y = DBRAISENmIL
EIIABET LTS Z b, 530°CEEHE
BIAGARBER N RE LT EX DD, &
DR BIBEOHREZ R CAaAL L, K
(a) T XD ZE K TR OB A I3 HFR R
BENEFELTHWADICL., Kb FTRIO
F 7 FARFEBR OGS ITIXIEE LA B G E %
280°C £ CAMICIEEN EH Lk, —EfE
RNV | FO%AM e RIS TV D,
F 72, EEELEIRE IR K ERD 550°CLL
EThHot=dizk L, 0.04 g/L DF ik E
BRClE 530°C & BRI DS K & W\ AR 526
DIEH MEL , IBE EREE, BEKOSGE
KLV /NEpoTz, 20Xk HRIEE EENESS
DN 72 DRI R K CIIMRINTE D
T T /MERBAEOBG LW H, TDXD
(2T FARIZB W T, (B BRI
AHAKEID bEL, BEERBEHERICB N T,
IR FHNFEEKE T L TR TH Y
BIEERE MR e & BB BEE 2 305 5
fEIE A HERR S i,

10 J/kFHrHEEMEST S

K1 0I%, 1[EHDRE 4.0 g/L OF /i
IREBRTF R+ BT L 7w 8m & F
W ZRBEKEBR O T # IR LT 5B
FTio kAT B ORI CTH 5, KL &
PN BEREEIC K D TR, AL —
P—PEMEE TR LR T EE S Th D, K
1 0 DA O FREMEIC X 5 4 O
TiX, BOAGOT R IR ER T 5,
F7-, KROOEEIIT R ERFHB N TR
BE I LTV DT, R o
BRI ClX 2 OFRPEO fENE &2 Y5 K LT
5. BWVAGOMEE ST kBB FHI N LT
A T, BRIRDIED X 5 g N 24K
Rohd, —FH T, Lo CIlkiE

EIHERTE 2o T, ARO L—P —HEK
B X DEHINS  TOEDESIL 5 um D>
510 umfBETHY, IEIXL un25H3 unm
BETH-72. ZO XD bl OGN 73
D3R X I~ DR O 2R S, Lako T
J AR O [R5 B SRR RE S AR R D Rz X TR
KOIH, BIWTIXRAEGF R O] (2
STWVBLO LHER S5,

3) £&

R, KOV 2 AR o fafn 7 — Vb I
BREFR A I L, LT OkRmE ST,
OF 7 R T — A%l Tld, FEBRZaE
iz F ki o E R R S T,
BrEEEIE 10 80 pm &<, HrififEs
HIZIIEN S pm, EE235 ~ 10 pm OR
A2 28 DI RR S LTz,

@F 2 EOGE . BilEERERITAE K
DA _RTIETF LW, —FH, F/
TR RABGEARIL, R KOLGEIZHEA
TH ELTWe, F /iR, REKOEA
& B ITRENE R ATRIIC R S RIS A L,
FUNPERT D Z LI Ko TsEmBEH I
AL TV, HL, REKOLGEIZHR
THF MR OBEITIE., B EmLEKE
Wuxge< . ERFEICHERICE > T2,
J RLFAT B R TR S D IR DB
WHIZ X - T, X EE ARSI & 4T
T PR TIEBR R B RR IT M b L= b o
LEZHND,

<7 3T >

O HFA, Ko, g R, FLERT
7 U %K (IVR) (2R3 2%, HARR T
F1545 2012 4FFK D K23 (104 (2012) (473,

@ WF. /R E D7 —/LillE CHF {2
HEREAE — T /BT H 5 O ST 5
DOHIE—., F4 SEIHAEEL VRT T
€224 (2011), 341,

® (B z1E) Nishio, S. and Tanaka, H., JSME
Int. J., Ser. B, 45-1(2002), 72-78.

@ /MR, AR S O E BT L bl
REVDEEE, (REVFEEEE, Vol. 49, No.
209(2010), 39-69,

5. ERBRImILE
(Fa¥E) Gt 514)

O Ry —aR, ANMRZZER, SRHDLE, & HF
Z Briin % £F © Bk 7 — Vb i Vs
BEICBET D AFgE, & 53 [ H AGELY VR Y
A, 2016 4E 5 H 24 H, KIRFZIEFES
s (KRBT « KBt

Q/NRZRS, mfEfndy, R AR, & HEE
2. AR BEHRE R 2 O T B s
BENRFE AR RE S £ D 7 — Vs R
PEREARIIZ BE 3 2458, 26 52 [Bl H R ZE
VIRY T A, 2015456 A 3 H, fEERS
et (fm W - Al i)

® Yasuo Koizumi, Kazuki Takahashi,
Shinichiro Uesawa, Hiroyuki Yoshida and




Kazuyuki Takase, Sutdy on Heat Transfer
Surface Temperature Variation during
Pool Nucleate Boiling by Measuring
Instantaneous Surface Temperature
Distribution with Infrared Radiation
Camera, Apr. 27, 2015, Boulder (USA)

@ Kazuki Takahashi and Yasuo Koizumi,
Study on Nucleate Boiling Heat Transfer
by Measuring Detailed Surface
Temperature Distribution and Variation
with Infrared Radiation Camera, Nov. 18,
2014, Montreal (Canada)

® Yasuo Koizumi and Kazuki Takahashi,
Study on Nucleate Boiling Heat Transfer
by Measuring Instantaneous Surface
Temperature Distribution by Infrared
Radiation Camera, 1bth International
Heat Transfer Conference, Aug. 14, 2014,

FERERR Y R - HRT)

6. WFIERE
(1) BT R

/N 2R (KOTZUMT YASUO)

ENTAFZE BR S IR N B AR 1 ) 4F 78 BR 8 4%
1« T IRV IR R ) R T
et v & — - BREMIER

MoeE&s: 20215156



