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T 72, ko ba B E 2 b, KT CO ZHEH L A WBRSLT vE=T - KEARE
DH—HRy=a—FITVREEZNMT 2 M HfFINTwE, ZOoHhT, F =X
EIARPOBEAS, TYEZTHEADPOWMAINTVRE I EAEEINTNE, T
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e T 2 MRS B L TR B,

Ioic, A—Fv=a—F 7 V~DRBTHTIE, AlMCHRK? L CO D 7R
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PR X, KR % TRIZIICHIML 3 3 C & ZBEIC L 7= il 2SI EIE2E & sl 20 %
A b7z TMCP (Thermo-Mechanical Control Process) T 3%,

FIEEIE £ 13, A— AT F 4 P T TNEAI N HEMZ, KR SIEESCHE L <E
EFT 22 ETHD, THICED, FA—ZATFA4 MESRZMML T 2 & & bic, KAk
WICLEZEEI T, Z0ROMHAILECOLEKAER I A P 2HME T2,

RSB L lE, A=A T FA PO ERT 27 =74 P ORREEZIH S 572012,
REICHHIT L TH D, T, FEAREBEPLOBMEERKELT LI LT, &%
ERLCThbeedic, MEDMEETTHEAFT L2 LT, "I F A4 e~ rT v
A+ EEBEOSBMAMESZ C EATEEL b, HOLFERITICD X228, 4 F
A Fix 550 °C ~ 200 CTERL, TNIVEVEETYALT VI A4 P BERT 5, 0
FOEGN R EHRE SR 27201, ~ 4 F 4 BB EBHYICER I h w3, &
NooOEBHEBA B2 =010, SMENE T v v 2B W TIE, BHIBEN I T 2 %%
DEHE DD, IKEHBILL I T 5,

KICHIMOEE 7 4 VICEA S LT 2 mEHIGEEIC oW TR T, BEHEMAMK R & o
VR A BLE T 2 BME LIS O FEERICEEINTWS 7 v T v FEHIGH ik, Ll
ICIZ @20 mm REOHROBHIKEZEE T2 7 X 2R RNICEBIINE R 7254 7 F
IF =L EHAE—ICBRO B EKEEH T2 2 v b7 IF—DBEREBINT D,
T/, THICEAA T IF =27 L —/ AABFHEINT VDS, BIED G HIZ X
JEW & i d 2 &, I E 2 b RO GHEESZEBE I LTS, —7., ERTEIC
R ST BRI 1. SO o T . MERFEINEZD DD
%, AT T7IF—BIVORI Y F 7 IF—RRT LT THL, [BWEAGIAT
CEEEI IS EonH TR ERHA L ZEESREI LT S,

ERCR L 2mHE IRk b 3 R0 RFIc oW TR, BERS X ERE b
FITE DWHIGES) LIEH RO W HI —~ETcd 2, BIED 7 v T v FmHIEMClE, 51
WHIZKD ON-OFF Fithpisko bz, Zaid, fEEEESOHKIZ 10 m/s FRE & &
THhEEh, EEEEFORTFAMCTEENLET 2720, WHKTHEEZ 74 —F2
y 7RIl L TWB 2D TH B,

—J7 . JEWR L o s H 3% 0 < id . AR 72 0 1 @y H SRR ST AT R 2 28
A UL RIARE 2> 5 RE ST 10 O PR 7 iR 2 1088 Lic < < WA IR /7 i IR
FHBNES K e o0l 2 A IV I THHAIOHREPEECTZ 5, LA L. BIEMR L i
2L REIDFDIC, MEFEETE 224 I v cld, mHZEEZ®EL 21&
BIREAETHY, IANTDOT7 4 —FoNy ZHIIZERL Twinv, 7z, RiEd K
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Wiz, SR BT R SHIL 2B O Bk B B 200, I8RO mEIE R HER T S
LM, FricHEE R B,

T 72, g coAimHNL. IR ZT 255035 5, Fig. 1.1 1, Wl %2R
T il Tk, SR & W EIK O IS K SRS ETE 3 5 IR g AR, AKIRM i, Sk
R TORIUTED TR L 72 2 KU EEEL. Z 0P OKIbIE & BhIE 2 IRTE S 288
PEHEMEE T 2. T T, ERHEEEITSHGIESEH L v, chid, ERUE
TEIH D A H3 ., SRR N A3 ERGOR A3 < 72 0 . WEIATICHATE L T i i 72
BIERKLTCLE I 720 ThH 5, skl mENTEE ., BkEIRET 2 X5 RS> D
ez, BERBEHERIRFOFETH 5, B, O EBRBE~EITT 2
Re /7T vF ey, BRILAWIZ T Vv F8%ET 2L, ML o IC X - T, Fr¥
DAAMKRDF O T BEHEHERR S N WA PHIIRER BN T 2856085 5,
WL EDEBM TR TERET 3500 H 21, TEawhAicid, ko idEd
ZRENRD D, T, BRBFICEVE A, MoXENEA L, EEEIMET T 5,

Liquid Liquid Liquid Liquid
Bubble Bubble  Vapor film Vapor film
Wall Wall Wall Wall
Convection Nucleate Transition Film boiling
boiling boiling
/‘ e e >e

Heat flux, g [W/m?]

MHF, quench

Superheat, AT, = Ts — Tsat [K]
Fig. 1.1 Boiling curve.
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1.2 HEXRDOBHRE

PR D W AVRF R I AT S BRI R E < 00 TR EMI GRAK B X e HIZEE M)
Il (BRM) <©d 5, Table 1.1 I E A ER T 2R3, WwHMOZERT X,
MEFEE., w7k, wAVKE. FHAEN. KEZEREFT o NS, gaaifiliz,
MR, WmEILS, BELEE, RmERE EEEToNn5,

Table 1.1 Factors affecting cooling characteristics

Cooling side Steel side
Water volumetric flux | Surface temperature
Cooling method Cooing orientation
Water temperature Moving speed
System pressure Surface (scale) condition
Water quality -Scale thickness
-Scale type
-Surface roughness
‘Wettability

Table 1.1 128 L 7228 W13, 2 E THRA GMIEEIC L > THE I N TE 2, =K
. BB LORFMZ V72 2 7L — IR 2T, AR O fEEE T & 5 AKin L
CEXRRREERE L ARRmEE cBE L 2% /R L1, Zotkic, TEMTHIHAR
R BMRER B IRE I T 3 (2], k. SCHR[2]13 8k 17 2 0 BV Bl & ic X -
TV ELDOOLNZDDTH S, MEFE]S L UCRIMETs TRME X4, Biidqglx
X(1.1) ~ K14 &%k 2,

q= 10(5.591—0.0014—7TS)]0.663 (Ts _ Tl)
[T, = 500°C,J = 0.00167 m3/(m? - s)] (1.1)
q = 10(5:884-000154T5) 0793 (T _ ) 4 g5{(T 4+ 273.15)* — (T, + 273.15)%}

[T, > 500°C,] < 0.00167 m?/(m? - s)] (1.2)
q= 10(5.602—0.00179TS)]0.595 (Ts _ Tl)

[100 < T, < 500 °C] (1.3)
q = 105506]0.646(T _T) [T, < 100 °C] (1.4)

ZIZT. IBLUTLIEZENZNGEHIKS X CEABEZERORE, ek X Wold 2 N2 NiES
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BBIVORTFT 77y - BAY=VviERTHE, $7-. (1.1, 1.3 B X orR(1.4) 2485
WEEDETREINTWE—J, RA2D)TIEKEBICLIAGELERNADEEI N TE Y,
B2HEMPEHN XL T3, Fig. 1.2 THRBEEICH T 2 EMMIRE & BREOBR%E

s

Radiation Water 25 °C, Water volumetric flux
25 °C, e=0.8 — 700 L/(mz'min)
3 —— 400 L/(m?* min)

=— 200 L/(m?* min)
— 50 L/(m?* min)

E —-—Eq. 1.1

E —-—Eq. 1.2
2 —Eq. 1.3

X \.\. """" Eq. 1.4
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/1 7 ¢ — —_—
i S -
b,’,o' SOt emmm o am—— o
0o L&
0 200 400 600 800

Surface temperature [°C]
Fig. 1.2 Relationships between surface temperature and heat flux based on literature [2].
(Water at 25 °C, 50 - 700 L/(m?-min). Radiation at 25 °C, emissivity : 0.8.)

MRS X oI, REREICL > THE SN T3 720, BRERoEFREES Rz T
s KmHNC X 2R R O L% H 2 RERI I N TE Y | YR B HIGKHE O a%E -
FAFIC O CLEMEREHARETh oz e EZ LN S, 2. b oRERITHN
CHEVTH RO CIACHHINTWS, LALAYS, 22V FBREREI
TP, REHEROEZE O VWTERBNICREINT WAL 7,

Fig. 1.3 i<, gkl CcA I N 2 EamH T Eo 2 RT, BECEREE 7 4 v o
WHIEEE IR, M (a) WRTEIRALTTIF—BEAINTEY [3~5], FFic
BIED 7 v 7y PEHIEEO LHICE, ZIETRTOIANTAL TI7IF—2FKBEI N
TWwb, IbiC, MM 77 IF—X W RERBHABRNZHB 27201, K (b) TR
2V b7 IF=MEHINE LA D B[4, K () WRTATL—mAlE, /X
A5 JEEIFICHESR L, MEZEEICH L CHIENAE RGHEN 2B ON L h b,
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BIED S v T W P RO THGHICELE e — L O GHNICHEE X L5132 [4, 5]. ElRD
M EHEIC BRI LT 3[6], £/, KF (d) KR T ARz, JERD
M EH M cOMAR LR 5N 5[6], cho @A RICHIEL T, &£ I EAER
MFHESFEE N TV B 2[7T~14], 2 7L —=GHIDA 0 EIcB L Tid, TEMICFIA
ARE R BVRIER O X MER S T v 2411 7w,

(a)
v
< |~
6?/ N
N

R

(d)

Fig. 1.3 Schematic of the cooling method. (a) pipe laminar, (b) slit laminar, (c) spray, (d)
high-density laminar nozzle.

— T, A7 L —mHNI B i TR & AR 3G o s 2 Lo, Skl T
ick EEod, mbs 7 A08E[15~19], EFER[20~23], BEHE[24~27], kKK F
X OJRFIF & 4axtE(28, 29], M2 F 8 70 BF[30~32] 70 &'\ MEJA 2 B T osd 23 i3z 1
b b, MEEHORENZHINE LT, WmHREZRET 24 L EZRICO»
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THEmARINTE, BARMciE 7 AvofffEehn &, fiE, fiks X OCEERLDO
ButE, REME, EWVELRERET LN, 2O OBEICHLT 2720, A7 L —
WHNCBE T 2 72 L v 2 —5lE S SEAFEAE L Tk Y il 21X, Kim[33]. Silk & [30],
Cheng & [34]. Tseng & [35]% X U Liang and Mudawar[36, 371 % £ 238 %,

KR DS HIBE T 1< T3 2B D\ TlZ, Dhir & Purohit (3858 D Bk % Fl v T
K TIE A Z S - REGAER L EML 72, 2 ORE. BVRER KRS X O
BICHKAE L, KRBENIEE 7 v FORERELS B, ¥ 77 —AED—-ROA TR
L72[38], ¥7-. Kotrbacek H I+ —ZATF 4 FRAT VL AHiREH VT, FTHICHK
BLZ77Y FRATL— ) ALEBEX & TR ZGHIL, @ HUKIR 2 5 o 2n
HERE TV FORBEICKRIETHERZFEL 2, 2 OEER, WHUKES 40 °C2 5 10 °C
BT 5 & T, BEREROBGRERD 10%MINL., 2 v FoiERN 17%HMAT
5k ERL7[39],

WP O R OES B HFF R IC KT TR IC O W»Tid, Kita b 23R 7 v L 2tk %
WT, ZHDOEN%E 0.1 MPa 5 0.5 MPa £ TALI TR T L —GHIFER L FEE L.
s v FOLEEMEO VT VE KL 72, Z 0GR, MEZE 54L/(m? min) |
BT, JESA 0.1 MPa 25 0.5 MPa iIC#l$ % 2 & T, 7T v FDHEER 220 Ch
5310 ‘Clc ER T2 2 L %2R L72[40], ZOfERIT, Cai bR L ZREGHICE T 3
WK LKA RHTOIIDNT v 2% ERE L 2 FBEA[41] & I —FKL T,

KE DB D WTIE, FiHh S I1ZERE 30mm 27 v L ZHiBRD T %, o fEE
CURE R AL X R KIBICIRIE S & 2 R ML 72, 2 ORER. HAKkME 25 C
LT/ FORER LR L, HoMBECKERIRE L2263, KERPOETD
A VvHBEEYRT AL VELEBICL > CHE—NICEHEAEETHZ I L ERLE
[42], £72. ZEAOIC L 2MObEE ANF L L CORET L omHAREICOWTEHL
SRR R I N TV B[43], ZDflicd Hordk HIc X » T, $iliEclifflgns k574
2R A L7 &9 KkEZ VT, 25 ~ 250 "COHIPHIC 31T 2 HHE M F &
ThY., MPOERED 1% T, HHBRER 17.7%DIKT &85 2 L z2mm L [44],

WHIRBA DB IO WT, FHSIZEX 30 mm © SUS304 Stk FHvw<T. %Lk /
AN HIKEZEE 6000 ~ 10000 L/(m2-min) DB HIK #3506 E THZF N F N ICES L.
11



850 ~ 1100 °C& ) WK E WIREBIC B T 2 HER TEATAEL 2. £ OfE,
LAEDEHETTH XY b LHOBRERTEAAKE, ETHOEER TR KX
0.94 ~ 1.56 i & 7% Z & % L72[13], %72, Ravikumar & i3 900 “CiciZh L 7=
JEX 6 mm DZX7F YL AHREH VT, 0 ~ 60 CicfplI 722 7L — 7 AAhb
30000 L/(m?+min) O Jii &% & CHEI R % T L 72, Z OfEER. 7 VA 30°D 5
tholRb RERGHELEON S Z L %/RL7[45],—J5 T, Nabbout & i3, /E X 5 mm,
[ 140 mm @ Alloy 718 % 400 “CE THE L T, B L7 ICEE L 215 3 mm @ /
ANHHYxy PEEF L 30 ~ 90°CH I 2HEEMEOHELTEL -, Z DFER,
VE T E AR D AR A E L b T & BN LT[46],

Wo%® & 12 2T, Fujimoto H (3K 250 “CIchZA L 72/ & 0.3 mm ® SUS430 i
WA 0.5 ~ 1.5m/s THEE L., R S5mm OME 7 5 56 & 12 HHIKOBGRER
CDWT EHIE & RN RE L 72— 277 7 4 OREHIE T 2 2 & THEE L 72,
Z DOFER, WEEE AR E VTS, BRRBRESEMST 2 2 L 2R LEM47], —75.
& I13E X 30 mm © SUS304 il % Fvs, /KEZE 10000 L/(m? min) < 1.0 ~ 1.5
m/s OWFEEE THHIERZ FEHL ., WokEHEOFELTEL 2, 2ofHE. ETHE
bICHEEEE I A D LNE W L &R L[13],

REMIR S G HEFE O ELZ RITT L BE» LML TE Y, ARtV TR
R &k, REE PHAME. & O ICHREIM & 13 E 7 2 MR D B IR AS i EI I 1S AR R
HoLVIIT G INIREEZRET,

KA HE OFE L LT, Ohkubo 51374 I =7 a8EHCH L, B 7 o X —
MLHEZ E, HBORALHEEZE L., 2 7L —mHEREERL 72, ZOMFR, HEilfA
BIPT B, ThbLEREIEKIEL B 7L v FOREN ERT B L EZRLE
[48], Z 7LiF. Takata b D#H[49,50]i1CH 2 X 5 i kBl E I OFENED A Eic k- T,
Wi ORFBEB PR R 74T v 70 X MREFMHAT 22 i X HHAEETH
D, iR E = b RO %R L CT\w3[51,52], —F. IEEOHIZE L, Kita b
25, 200 °CLL b ER T+ 4 BN & 72 - 72356, RWICHET 3 RILKERLE
YIOBIEEL . BUKIESRBL, 547 v 70X FMREED 10 CRE RT3 2 L 2 ER
IR L CTWwd, ZOfERIE, R 7z v FRRICKITTEZEICONT, FfFCk
o CTIXEERICHIY© X 2[R 2R L <\ % [53],
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PSS 7 1 2 2 O ERIK T, MR IC R — L LT B BRI S E RS
2, A7 7RERTREPICRKAICELEINE 0, AT —ADBRH RIS, 20D
R —=nd, HIEE L OETEKEEHICX 27 27— ) v ZLIC X o T—RIWICHA
TZIEBREINE R, ZOEEZDPOLHUIARAT —VIIERK - KEBHET S, 20X Hk7v
v A%fEL LT, A=A DRI KEHET., IoICEAT -V OofRBZNT 5,

AT —NOERELEYED D2 TH 2 AEREEICONT, ThE TILE K DIfFFERHE
EENnTEY, HRFICL-oTELD2ERDH 2D DD, FeO Tid, IREKRTFELEZED T
0.5 ~ 10 W/(m-K) O fifH CHE TN T3 [54-58], ZDIEHLDEIIRT — L DERK
FEDE N > TEL 2ENZRICERT 252005, —/T, BMTH 2 ek
DERER I, A7y —r kY KE L, FlziE, SUS304 fiTid 17 W/ (m-K)EETH 3
[59], L7=23oT, A7 —A 3R IcE - Tid, BMEHE L LCERT 2 gk
%o

AT = VBB EEMEEOR X 0B OnT, INE CICEBOFAENEMS
nNTws, HESIIH T r Yy 7 OREIREMZERZMELZ 5 L, WAEERICX 36
FBE%EFEM L 72, £7-. Ohkubo HIZ 74 I =7 A DKM ICHBEEILIEE KL, 2
A FGHEBREFEBL 72, 2D DFETIE. I b EKEVEERCTH 2 Rilft 58 o
BEIn#EmdsiconhTc /7y iomErERL, 2EIULECEHIETL L
i L72160,48], —77. EFIS X SSHEH ., B O RS2 §H 3% 2 & TR
T VEI RS EAR A FR L, L2 DRA T L - HIERE R L 72, £ 72,
IEES IZRFHICH LT NI GEXEZHET 2L <, MAKICERKT AT — VO E
XEEEE, KEAAPLDATL =G %Z2{To72, TNHLDOEBRICENTH, A7
—ADREVIEE 7 TV FORENE L & A HABHE TN T 5[61,62], 7272L. Zh
bDOEBTIHERAT —VESOZLITHE W REAM X b FIRFICZEL L T2 m[RetE2 H 0 |
ATy —VEI LREM S OWEIEANICEHA T E 2N S, F-. MERE 2
1200°Ce M CTH 5 7D WHP DL ICH: S DL ELI MBI TE v ExILN
%,

Toic, wmHMERICE T 5 2T — VO R S S R ICRE SR EST 52 L
25, Kohler 5, Wendelstlof &, Chabicovsky 5 ic X o THif & 41T\ 3 [63-65],

Negeed 513 AT v L ZHICH RIS % AR X &, WM OB 2258 % @l H X 7
THIE L7z, ZO/R, BIUERIFIET 256 i, BB R wia & i L i
DI KRIEA Y EFED 5~18% 8 L. EfililE 25 10~28% N5 2 2 & %R L 72 [66-
671,
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FREO TG HFFE IS RIETHEIC OV Th, W 2o ESREI TV,
RO EMT ey 7ORMCHKY 7+ 7 7AFNZF LY G, WMEERICK 2%
HIERREEML 2, ZOME, KREMGLCwAWii7ey 7 LT, 72 v F
DML 30 'CLEFH 325 2 & %/RL7[60], 72, Hadala 13 TEMME S X 004 —
AT FAPRAT VL RBEHCT, ZNENICAT —ARERSINRETR T L —
WHIERREZ EMEL 72, 2 OfRFR. BRBEERICE I 2 BRI ImERcREAERTR
LN o7 b DD, AT —VEHBHEIECR T Y L A DT A, 7 v F DD
L B EmZ R L 72[68],

KM, A7 L =BT, Z0MMERMEA2 RS2 2 PA LT
%, Zhang & 138k 2 W 2 EERIC B W T, BRI B X O S DU o B HIE
WomicEs» T, REMH S O WEMRER R M 325 2 2R L7[69], 20
i (. Liu 53 X Zhao i X 2 EFIREET coEETHHER I T 5([70,71],

JEEH S HANCE L Tid. KA S 23 SUS303 §f o i i Y1 T ¢ = AT o M % £t
U, IAMGHERZERMML 72, 2 ORER, M2 % wix LI R O o H1E L 23K
TL, 22V FORENRERT S EERLZI72], —F . Lee 53X U Fang b1k, ZH
INT VX LBIOHIBIL ZREFEZROAT VLR, 7=y a6, WGe
EHCTHAIERZEML 72, 2 OfR, HoREAEBEROBRZz A&, 7
IVFDOREEZ FFRIEE AR L7Z[73,74], ¥ i, Deendarlianto & (Z{EAA IC
FHCIIC T 28 3 2 W5 2 V7 i HV B 2 i L . RIEH X o KIC X o THELEREE
DR T 2L BN L7Z[75]. T2, BEARG I, WHE L 72 SUS304 8 & . 2% 1000 °C
TMAL TR — 2 ARIERMMEZMC Lkl 2 MEZER L, Wi o222
EBIE L7z, 2 OfR. WO FRHC T 2288, OB HE T 2 R L K i 23K v 77 23
RKELARD, ZDEY 2 = N—BOWNMICHEWKREL 22 Z L Z2/RL7[76], Negeed b
F. va vy P77 A MM X > THE 245 L 72 SUS304 il 2 INZA L . B — i o fiy
REFZBEL 7, Z OFTR MM ORE CTIEBHOMERM AR 22 2 e 2R Lz[67],
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1.3 ABROBMEEA

Beax REEEN BT CER SN EMER oMK A RS 2 1ch 72 0. T oM &

% 7= I X HIRE OREH AR R CH 5, mEHE XS 2 FB L LT,
WHEEOMEFE 2 HEH T 2 FiEr—RWICH O TWw2, LaL, MEFEOZL
fLictiv, 7 v FORE O ENMT 25605 0 BEOREIR~ O HIfH 2Rt 7= 3,
X olT, REMRAZ L 28K 2 SH T 2541z, SHRFESZ L., RkCHE
DHRE S DR HEE & 72 2 ATREME A B 2, BVESIIROBE 7 4 vicB W TIiE, 7 4
— PNy 7 BXVP 74 —F 77— FEBICXYB2BREOFELTRETH 523, JEIK
g7 4 v oG&aIcE T WHIGE O FER 2 XM OWmHIEMFIC KT 21 &0,
HEM NG RoTLE D, Mx T, 7TV FORERETZEEICIT, BT - B
WowFhicENTh, FIEORERE CHHBEN 2R CE RVREFIAEL 2, 0
X oc, REMERSGHFEC RIS TR ELEE L aHAfHo BTN L, Z0E
B A B = X LT W TIERI L SRS,

AR Cld, REEROERL LT, A7 —ADEX, X7 — L offifH, K IiC
BHL, ZNZNHHAFEICRITTHELRAE L 72, B IC1E SUS304 #i % Fv, A
T REMERZ MG L2l B 2 FR L 72, wHIARicow iz, Bz &% <
DEETIELHCONTVWEZ T L —GHEZRHA L, BHFEZFM L2, S5, &%
HOMZE L EZED R WERSRHIER D EML . MATAT L —GHICE T 2 RBRETH
DY OB EEH 2 BIE L, GHFEICKIET A =X s TR 2T - 72,

KX F 25 B ORI, FEONFITTILOMY TH 2,

FH1ETIE, MEOERZB 7%, WHFHE I LIT T E R T Icow T, mAf (f
HiK 3 X W AIZEEMA) & gan A (D B3 20 kotfstz £ & o, AWK D
HAI LR RT3,

2% Tl SUS304 il % Bbbt & L C. @RI % RHICIEH L CE X 0 R 2 #
PR A7 — V@R K S 272, RS ZFHEL 2R 28T T, 27—
WBOE X % BMICEL T 2 87 A =2 L LEmHIEREZIT ., ZBEIRE ©oBGR
X7 TVFOMMER ORI RIE SR E T L 2, £, B oHZ LD
BROEEGHIERE TV, AT —mHlcoERBRLILET LT, ATy —LEX
BAT L —WHIFHEICRIET A =X LD W THRET L 72,
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B3FTIE, AR & FIERIC SUS304 Sl & fHb & L <. @EI(LY % Rl ES L R
TR AT — A EERTER X ¢ 72, REOM X 2% L 230 2ERL 72,
e LT A7 —VEOBWIMEZBEIE L, A7 — Vo2 7 = v F ORI KT T RE
ICDOWTHRE L 720 BRA RIBEEICIEN L 22 3R R ICMUN 2l 2 @22 & 2, Z O%H)
REDEE AN A T CBIE L, 7TV FORMRE bk L FERORE L - oS FR T 3
ZEICOWTHE L 72,

FaETE, REMIBRTL —FREic kg T w82t 3 5729, SUS304 #iic 2
BHEOMTFECEREHE 25 L%, 123 vay P77 MILT, REICT VX
LM E MG L, H2EEFR. A7 L —mEl L @RS AIER T A 7L — K
ICRIET A A=A LD WTRF L7z, DT, 27 L — WS IC T2 L 2B o
BHEBENICOWTHETE L7z, 5 123 L —F—INTTH Y., FiEicHAA BN
b~ Arne I —%BRIE, AT L —mHIEREERL 2, cnETLIIRE 2
BHBEELR GO, v~ A 27887 =D FER 7 TV FICMIETT A A =X LD TG
L7,

FBHETIX, AFEOREEREEL 72,
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F28 RS- ILETOEE

2.1 EHER

ERICHER 3 2B BF & LT, ZBREFEEC X 2 3R 2 & DA LRE R & HER S
% 7z 1c SUS304 #l % i\ 7z, BEMF oo ~Fikid, HRZ 20 mm, HRK0E 140 mm, £ & 130 mm
E L7, MBMC X o THEKT 227 — VIdRIEEL © 3729, ALOs, Cr0s, FesO4 3
X U Si0; - ZrOy DMK % FEM 0 S HIE AN IES 32 & & THHUR 7 — L &2 5. L 7=,
BHEFE 2 2S¢ 22 LT, A7 —AVEOEI 2R L -, BHE. Rl opE
HEBR T 2 720, KEMEZMEL 72, Table2.1 iIcfFRL L 7230kl —& 5 X U Fig. 2.1 ic
AEloNB A RT, A7 —AEOE Xk, 50210 pm, 10010 um, 160£10 pm,
20010 um THbH, EHEME X, Ra = 1.29 ~ 1.97 um OHEPHICHTHEL 7=,

AUBHC 13, BRI LA O REZ L2 MIE T 5 o ic, BHAIITRORED S 2

mm DFE I F0.5mm D K > — ZBEXZKE L 72,

Table 2.1 Surface condition of specimen

Test Coating layer Thickness [um] Surface Roughness : Ra [um)]
Al 04 50, 100, 170, 210 1.29-1.59
Water Cr,04 50, 100, 150, 200 1.53-1.59

spray

cooling Fe;0, 50, 100, 150, 200 1.39-1.76
Si0, - ZrO, 50, 90, 150, 190 1.69 - 1.79
Al 04 40,210 1.38—1.47
Air Cr,0; 50, 200 1.52-1.97
coi)eling Fe;0, 60, 190 1.36-1.74
Si0, - ZrO, 40, 190 1.60—1.90
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]
(@)
1%@1
F
(d)
10 mm

Fig. 2.1 Appearance of the specimen with artificial scale of
(a) Al,O5 (b) Cr,05 (c) Fe;0, (d) SiO, - ZrO,.

2.2 RREKE
2.2.1 RTL—AHRREE

Fig. 2.2 IC A 7L — i H1 B E O & % 7R 37, Kil % 30 "CITfR o 72 Brokili 2> & i Al
KE Ry 7ot L, 3B ICHUY (T 729528 0 A 50 o USRI A3 13 IS IE TR & 7
227 — 7 X0 (A4S, R XL 3/4KB3050SQ) T, FIEDHMEBHEL 5 X
SICHHITE AT I — I EH Lz, R 7L — DEHRZEE L 72 REEA & hEI SBIG © %
259, ABERTL— Xrvollicy vy v 2 —%F T2, AL —RiHOKkEXE
L OMWEHRE X R U&EE T 270, 7 XLOEEES 0.165 MPa, W4 & 24 L/min
T—E L L., EHEEEZ 530 mm & $5 2 LT, WEEEE 100 L/(m2-min)lc L
oo WEBEIZ., 7 ANHEBZIEAY M 50 °CHE I N2 ESEO TR TR L 721
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ELCRIE L, b, 2O/ ANVOEEEIAMIL. HHERE 265 mm O 5fFC. 20
mm A DIEHTEDZKI % b Ot &2 i85 I~ CHE L, 18 175 mm, K& 175 mm
DRI (LAY M 37 ichlY) TH—THLZ L EERL TS, Ml Ny 77—k
kY 7 A b 200 mm FENZALE CTHIE L7z 2 7L — @ HKD ¥ v 2 —FER 7%
(D32)1% 330 pm, “FHif#EIZ 10m/s TH > 7z, HHUKERIFZ 7L — 7 KA HOC 30°C
TH o725 SR LM I 22T 2 Tl328 ~ 29°CITfE T LTWw53 C & #fEL 7=,

(2)

Pressure gauge
—>
Water 30 °C

0.165 MPa, 24 L/min

Thermocouple
[
Flow meter Nozze
»~2,100 L/(m? min|
= Seesss, Shutter e
Valve v 20 0000 0
~ 140 cale
SK Stainl¢ss steel\
Thermocouple
Valve
Pump @
Water tank

All dimensions are in mm.

Fig. 2.2 Overview of the spray cooling test apparatus : (a) schematic diagram of the
apparatus, (b) external appearance of the apparatus.
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2.2.2 BRASHRREE

Fig. 2.3 i iUn LB EOMM Z /R4, av 7Ly i TIEL 227 ZmHl~
y ZICHE L, I8 150 mm, £ X 250 mm O~ v LS IC, §@5A 20 mm, £&FI7H
17 mm ¥y FCHTONZ 2.5 OEFLL2S 20 COTT HH L=, =7 OMEEER
Bl 15 mm & L, MEHEE ALV 7OMELZFARES 2 2 &< 370 Nm®/(m? min) & L
Too TT OWEHALEL KD G MEBFBTE 2 L5 IC, P LREEZR T2, E
Brrpix, WEHBEN MO SO E P I ND X IC, ~ v X OWEGHIPHN Cilkl %
EFHEICEE 0.05m/s. Abtr—727 120mm., B 48s AL —v a3 v dd/,

(a)

Pressure gauge Valve Flow mete;r Valve Compressor
@ | Valve
Air cooling header Valve

T IIFITITITTIL
-

=) Scale
3\ Stainless steel
~ Thermocouple
¢ Oscillation >

All dimensions are in mm.

: i A\ a2 ' er ji?i

Fig. 2.3 Overview of the air jet cooling test apparatus : (a) schematic diagram of the
apparatus, (b) external appearance of the apparatus.
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2.3 EEBRFEFIUERREH
2.3.1 RTL—AHIRE

Table 2.2 ICEBEH 2T T N 2 H A L ZERIFEH B Z 620 °CE ThHNEL L 72 .
ALY LT, HECHKBELZ, 20H%, ¥ v v X —%HU -IRECHIEDRER

Eed X oI EERE R T L 72, BVEN 2R T EUBHEEE 28 560 °C & 72 o 2B T
¥y R—%BAML, IZIEHERICRZETCHAN L, 2 EREHT3MERL 7=,

Table 2.2 Experimental conditions of spray cooling test.

Heating temperature 620 °C
Cooling start temperature 560 °C
Water temperature 30 °C
Water volumetric flux 100 L/(m?-min)
Spray area 494 x 494 mm?
Mean droplet diameter : D32 330 um
Mean droplet velocity 10 m/s
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2.3.2 HESHREE

Table 2.3 ICKEEMHF 2R T N ZEH A L ZBLXIFNTHEL % 620 "CX THIEAL 7214,
FHOID LT, MkAEICEE L, 2ok, bz mH~y X506 RFI7HICHE
L7iREET, WwHl~y £l kB LEEMZ N ZN T, IEDHBEREL %2 X5 ICE
BHmmz il L7z, BWEN 2R THUEHEE 28 580 CL 7 o 72 <, Mok B EH A BHE) X
T, RE2GH A~y FOEFEHENCTH I L —2 a3 vi 3872, 20k, SURHEE A
560 ‘Cic 7z - 72HFH T, W~y F~OEED LT RFAT 2 & &bz, %2 LEED
ST RS Z T, EEGH B L, 1RITHIRICE 2 ETHHIL

Table 2.3 Experimental conditions of air jet cooling test.

Heating temperature 620 °C
Cooling start temperature 560 °C
Air temperature 20 °C
Air volumetric flux 370 Nm?/(m?-min)
Air jet area 150 x 250 mm?
Injection hole ¢2.520x 17 mm pitch
Injection distance 15 mm
Oscillation stroke 120 mm
Transfer speed 0.05 nv/s
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2.4 BMRETORERBEDEN

AT —VEIRRAT L — G RT3 E L ERINICIBE T 2 720 BV <l
E LT — X R HIOREMRIT 21T\, A7 — e RMoRm (UT, BIcRiimeidd,)
TOWREERES X CBGR % Kk 72,

Ao B RE Tl B S RRES —mn IR TN T WS LREL T, JEX M
DIREARTE & L CET L 720 ARl OImET X, IEH L2 O DRz ye LT, B8
B2 TR,

aT  k 92T
%oy (2.1)
T T, IR, kIIBMEEE, 3B pREETH S5, RQDEH VT, BENT
BISE L7 HIH £ SE 2 mm O REIEIE % AJ14:1F & L T, Monde @ IFE ¥ En 85 [#78
R [77] % Flvo . @I 2 7 — v & B o FUAZE 1< 351 2 i E 5 X OB o IREfH]
ZACERMEE L7, A7 —AJEMNEC, BMEEE S L TH 572720, NES BT 72D
LRI K, A7 —VEEAERL CEHREZITw[62], WHITI CORREKE ko 72, K
Bl BYRER | i X OEEICIE, B Th 5 SUS304 fliconw Tl SN T 2 fE
[59]1% F w7z, o RIEHEIE S X OCBGTHR % o 72 IERERNTIC X 0 85 L 22 i 3mSR
J& 2 mm OIRFEIRIE X, HHBE»S 7 v FREICES 0, KRERL 2 %R0
MEC—KT B L RMRL T,
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2.5 REBRBRBLUEER

2.5.1 RTL—HHRR

Fig. 2.4 b Fig. 2.71C, A7 — L ERM O REERET,OJERE B X CREIRET, & 247%
RqOBR%E, A7 —VORHEILICA T —VEX CHIRL 2458 %R 3, Fig. 2.4 IT/R
T XL, ALO; D A7 —AJEX A 50 pum DA, HHIBGH 31 s ORI B 25 5
AL, 367 CETRBELLABEMTE2RL 7k, 2ok, BEBE~BITL CRMAR
T L720, 130 CRRETHUES» RiRER T~ LML, Mfoo7ay b TR
T, ERES O BEHE~EIT T2 v FRRE L TR - L B O BT
B Uk, TR0 7 2y FoiE] s 3, MERERES X CETR 021t % 5
HELZ, RPTDOIZ7TvFoEEIR. A7 —ARNEVWEIEELAY, AT —LDEX
50 ~ 210 um IR L, R2T o7z v FoillfEid 367 ~ 468 ‘CoHip cZ&{L L 72,
Lo L. BREIER O W HLERE IR 7 — Vv OB X ckifE 3. 1RIERLCTH o7z, T D
[f]1% Fig. 2.5 3 X U Fig. 2.6 K2 NZIRT L HiC, Cr,03 B X U FesO4 D A7 — AT
b RIBEDMEI Z R L7z, LU, Fig. 2.7 1IR3 X 512, SiOy - ZrO, D 27 — LTl
MR AT ¢ 3, WAEIFAIA & & D ICRMRIRER T & 7k 5 72,
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(a) Spray water 30 °C, 100 L/(m? - min)
Al,O4 thickness
500 = 50 um
= 100 pm
400 — 210 um
-
é 300 l/Ti /A1203
2 ¢ SUs304
g i
£ 200
H
100
0
0 10 20 30 40 50
Time [s]
(b) 25 Spray water 30 °C, 100 L/(m?* min)
Al,O4 thickness
2
£
2 15
=
éﬂ
= |1
§
an)
0.5
0

0 100 200 300 400 500 600
Temperature, T; [°C]

Fig. 2.4 Experimental results for Al,O scale specimens presented as (a) interfacial

temperature T; history and (b) heat flux gjversus T; during spray cooling with water of 30 °C
at 100 L/(m?-min). Arrows indicate apparent quenching points for each case.
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Spray water 30 °C, 100 L/(m’- min)
Cr,04 thickness
= 50 pm
= 100 pm
= 150 pm

Temperature, T; [°C]
(]
S
S

0 20 40 60 80
Time [s]

(b) 25 Spray water 30 °C, 100 L/(m?* min)
Cr,05; thickness

1.5

Heat flux, q; [MW/m?]

0 100 200 300 400 500 600
Temperature, T; [°C]

Fig. 2.5 Experimental results for Cr,O5 scale specimens presented as (a) interfacial
temperature T; history and (b) heat flux gjversus T; during spray cooling with water of 30 °C
at 100 L/(m?-min). Arrows indicate apparent quenching points for each case.
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(a) 600 Spray water 30 °C, 100 L/(m?- min)
Fe;O, thickness
500 m—t— 1(5)8 um
— um
3) " 5% ) o = 150 um
o nl T -
S, 400 N 3700200 m
B I 4 /305 °C
o ;
3 300
s
2.
= .
5 200 1/Tl Fe0,
& SUS304
100 &
0
0 20 40 60 80 100
Time [s]
(b) 25 Spray water 30 °C, 100 L/(m?* min)
Fe;0, thickness
2
ks
E 1.5
=
i
= 1
E
an)
0.5
0

0 100 200 300 400 500 600
Temperature, T; [°C]

Fig. 2.6 Experimental results for Fe;O, scale specimens presented as (a) interfacial

temperature T; history and (b) heat flux gjversus T; during spray cooling with water of 30 °C
at 100 L/(m?-min). Arrows indicate apparent quenching points for each case.
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(a) 600 Spray water 30 °C, 100 L/(m?- min)
SiO, - ZrO, thickness
500 = 50 um
= 100 um
) = 150 pm
& 400 — 200 pm
= T
$ i _sio, - 710,
g 300 K ~ SUS304
g q
£ 200
H
100 e
0
0 10 20 30 40 50
Time [s]
2.5 o Zemi
(b) Ti 0. .20 Spray water 30 °C, 100 L/(m?* min)
/SUSZ3O4 ? Si0O, - ZrO, thickness
qi = 50 um
2 = 100 pm
& —— 150 um
£ —— 200 pum
E 1.5
<
’
= 1
§
an)
0.5
0
0 100 200 300 400 500 600

Temperature, T; [°C]
Fig. 2.7 Experimental results for SiO, - ZrO, scale specimens presented as (a) interfacial

temperature T; history and (b) heat flux gjversus T; during spray cooling with water of 30 °C
at 100 L/(m?- min).
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Fig. 2.8 o, B RAE L, 20k s v F 5 HEICHEE X 7z ALO;s, CrOsF X
N FesO it onWT, A7 — A DEILAIFDO /7Ly FOREOEFGEEZ RS, AATo
7V FOREIIAT — VB L CTHIBICR S . g S 23T o 7= RER O 5 R [62]
LRICHEAZR L7z RpF 07 T v FORERFAL A7 —VES THIKT 3 & AlLOs
Db . RT Cr0;, FesOuDNETH 572, b, KK B T2 72 v FOlE
DIELOE L LT, MEAERRFEIL 4.7 ~ 28 CTH - 7=,

500

ALO,
Cr,04
400 Fe,O,
3
o,
& 300
5
£
3 200 Spray water 30 °C, 100 L/(m?* min)
£ Scale type
= O AL,
100 Q Cr0;
l/Ti _Scale A Fe0,
~ SUS304
0
0 50 100 150 200 250

Scale thickness [um]

Fig. 2.8 Effect of scale thickness on apparent quenching temperatures during spray cooling
with water of 30 °C at 100 L/(m?* min).
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2.5.2 HESHREE

Fig. 2.9 & Fig. 2.12 iIC 27 — A L B O RERE D JEFEIC O WT, 27 — L OffdE
TEICHB L 2R ERT, £TORT — AL OREAT, 27 —ADBEWIE &G HEE 2
KT L7, Fig. 213 1IC A7 —VJEX 190 ~ 210 pm IZDWT, A7 — )L OFEETHIE
LRz m 3, WHEE X FesOs 23 d m <. R T Cr03. AlOs, SiO; - ZrO, @
g & 72 o 72,

600 Air jet 20 °C, 370 Nm?/(m?* min)
Al,O4 thickness
500 — 40 pm
— 210 um
O
° ., 400 T
o I _AlLO;
5} SUS304
S 300 N
<
2
5 200
H
100
0
0 20 40 60 80 100

Time [s]
Fig. 2.9 Experimental results for Al,O; scale specimens presented as interfacial temperature
T; history during air jet cooling of 20 °C at 370 Nm?/(m? - min).
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600

500

400

300

200

Temperature, T; [°C]

100

0

Air jet 20 °C, 370 Nm?/(m?* min)

Cr,0; thickness
= 50 um
= 200 pm

T;:
/ ' _Cn0,
& _-SUS304

qi

0

20 40 60 80 100
Time [s]

Fig. 2.10 Experimental results for Cr,0; scale specimens presented as interfacial
temperature T; history during air jet cooling of 20 °C at 370 Nm?/(m?* min).

600

500

400

300

200

Temperature, T; [°C]

100

0

Air jet 20 °C, 370 Nm’/(m?* min)

Fe;0, thickness

0

20 40 60 80 100
Time [s]

Fig. 2.11 Experimental results for Fe;O, scale specimens presented as interfacial
temperature T; history during air jet cooling of 20 °C at 370 Nm?/(m?- min).
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600 Air jet 20 °C, 370 Nm?/(m?* min)
Si0, - ZrO, thickness
500 — 60 um
= 190 um
O
° ., 400
= Ji__si0, - 710,
) SUS304
5 300 T -
<
2
5 200
=
100
0
0 20 40 60 80 100

Time [s]
Fig. 2.12 Experimental results for SiO, - ZrO, scale specimens presented as interfacial
temperature T history during air jet cooling of 20 °C at 370 Nm?/(m?* min).

600 Air jet 20 °C, 370 Nm’/(m?* min)
Scale type
500 —Al,0;
—CI'203
8 _Fe304
S 400 —Si0, - Z10,
= 1/Ti __Scale
()
2 300 . ~ SUS304
<
2
§ 200
=
100
0
0 20 40 60 80 100
Time [s]

Fig. 2.13 Effect of scale type on interfacial temperature T; history during air jet cooling of
20 °C at 370 Nm?/(m?-min). Scale thickness is 190 - 210 pm.
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2.5.3 BEE

AT = VEE PR T L =R ICRIE T A = X L R SR EVERE & e L CE R
35,

Fig. 2.9 225 Fig. 2.12 1Tn L & S e, SREFR L 3B Cld. 27 —AEwnigl
EEAHI T OWHEE KT L7z, SHIF A7 — A MEBMEE R I EVE & L C/EA L
TW3Z L a2EKRT L, ., A7L—WHITIE Fig. 28 /R L7zLHic, ATy —nd
BMORBETCORPTID L v FORERZRAT — AV DEXIC X o> THRIEMICHEML, &
WOMEAE X N7z, PHRE O 1380 O RIANTAREMBE R MR 2 R INE & L Cied L. RIE
BRT VR CRIEGHIT 2IFEFEEREZIT . MINESE TR, Z0EI D
KiHE> TRIMERTCTO 7 = v FORESERT 205, H2EILUETr v F D
ER—EDfEERSZZERLEZI60], 22 TAERICENTH, A7 —AERH 512
JERE 72D AT —ARETD 7 TV FOMRMEIFIAT —VEIITKIEL 2w ERIE L 72,
Thabb 7 v FHRRORE X T ERE S O K % Fig. 2.14 IR T X Hic, 27—
ABBEYIEE LT 2 28T, A7 —VEIDHEKE LD ICHRETO A2 TD 2
IVFORENPERLELEEZZ, 2O, A7 — VRECHEOMEE % &%l
BT LHPEHETH LD, A7 — VG2 ERLI-GRGTREEH - ICERL 72,

Interface

Scale surfac
T, 2) Scale Ti; SUS304

w
1
Tw(:)s"ale(ll)Til SUS304 !
1
A '

Ti,

Temperature

3

Distance form scale surface

[
»

Fig. 2.14 Schematic illustration of temperature distribution during quenching with
consideration of the low thermal conductivity scale layer.
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Fig. 2.9 178 L 72 i i HIEBGE R % b L 1. ALO; DEMEERZFE L=, b, &
I cid. A7 —v & B o il © O S MBURYT X Bt oz 0 ER LT b3, 20
W XA —VOHENBMEERICED ZHTOFHIi L 75 T 2, HHIM O ERE
27 —NEX B X OREHEEICED 53 1200 W/ (m2-K) EE L 72, Al,O3 D EP il
(R, e, BMRER) iz —E e L, A7 —AEX 40 pm, 210 pm OEHET, R
R O HTAMIRE 2mm (& ICERE L 2 BEN TR O N REEIEN, EELiRE L
T—HT % X5 7%, ALO; DEMEER %Kk w 72, Fig. 2.15 1 % DFER%Z /R T, AlL,O3 DE
fREEIZ 1.IW/ (m-K)Th o 7=, HMEIC H 3 Befipric o v T fE[78] 0 32 W/ (m-K)
LV IEFICNZT WA, BHEEBEICOWTofE[79]TH 2 3 W/ (m-K)IT i < 62Ty
. TSR R72 X 5 ic, EEEIETR O ALOs K T O ff & KA BT X v b KW
2D TH Y., E7F UEHBEETHEFRMIC X o TRIEBRORN R E 2 &b E
bbb, REROEE KO BIRERSITN S ORFEEOME X Ko ik, K
DHE—F ZAHKRMTHO DKL B b7-0CTh s EHEEINS,

fhDFEF D 2 7 — A (Cr03, Fe;O4y SiO2-ZrO2) i 2T b, mEVENT I X 2 BREEIZ
EREL TRV, 2T —ABECIEEHIEEMETLAZZ 225, ALO; & FEkIC
BVmER MK, BMEPIE e LTEALTw3 e E26N0 5,

600 Exp. Airjet 20 °C, 370 Nm’/(m? - min)
Sim. a:1200 W/(m?-K), k:1.1 W/(m-K)
500 m—Exp.  40pum
mm=Exp. 210pum
— Sim. 40um
& 400 —Sim. 210um
-
)
3 300
=
2.
E, 200 ~
“ /33%04
100 8
Thermocouple, T
0
0 20 40 60 80 100

Time [s]
Fig. 2.15 Comparison of temperature history between air jet cooling of 20 °C at 370
Nm?/(m?*min) and simulation @ = 1200 W/(m2-K), k = 1.1 W/(m*K). Al O, scale thickness
is 40 and 210 pm.
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RAN = AL %R T 2720, ALOs DEEILA 7 — A Ic DWW TRE L 72 BMnig sk 1.1
W/ (m-K)ZHWT A7 L —GHICE T 2 27— VEI R A T — Vv e Mo REmTco R
IO YTy F ORBEICKITTRE RN L 72, Fig. 2.16 AT CHEM L 72 24K 0 5
FakmR3T. 50 um DRAT —AEZNG LzGHEE»L O, A7 —ARhndod LT
MEBENT 21T o 725 (AT, EERFER L) CB 1T 5 27— & BM o RIHRET;
LB R qOBIfRE R CR T, B X, B O, BUNRZBI 2 VIRL 22035
WA TR L7225, RIEEET A 367 Cic 7 » W fiCaduc R L. 220 “Co B IC i
Kehot, Tk Fig. 2.16 IR THMIFRD X 5 ic, A7 — AREIRET, & B HKq, D
BB Z T RElCET AL L i 72 ICE X 50 um DR T — LB &G0 =@ 21T > 72,
oL &, FNRET 28 O W T O fE R, 377 b B Fig. 2.4(a) 1073 3 FIANRET;
DIEE L MR—BF 5 &L 5 A7 —VKRERET, & IR g, ZFEL 72, REL AT —
ANRINRET, L B Rqe 2 VT, 27—V EX 210 pm DOBEICD W CERMEET
ZEMBL. 56N RERET,OBIE % | il o S M- 2 515 5 Wz R ET, O fE
JE (FEERFER) el T, A7 —AVEIBRACE T2 R»F0 72y F Ol
JEIC RIS R & G L 72,

25 Exp. Spray water 30 °C, 100 L/(m?* min), Al,O; 50pum
= Exp. (T3, q1)
= 2 o Sim. (T, qw)
g
é 1.5
2 T Tw
: I i
S ke
=
5
£ 05 \
Y
0 r‘*‘b\ hd

0 100 200 300 400 500 600 700
Temperature, T;, Ty, [°C]

Fig. 2.16 Modeling of relationship between temperature T, T, and heat flux g, g. (ALOs
scale thickness 50 pm, Water flux 100 L/(m?-min) 30 °C)
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Fig. 2.171c, A7 —AJEX 50 um B XU 210 pm OB THRIRIET,DJERE %Ko
TR BB R & R L R, R o mAISE L, BT Td X7 — A DRI I
Bbod ISR TH oz, £72. 7 v FRANOREIRET X, HEBREECIIZ7
—VEX50 um BLUW210 um TENZN367°C, 468°CTH o7z, ZHITH L, 2
MHEZET MEL TN 21T o 728 R Cld. ZhZEn 357°C, 422°Cero/z, 22T
F AT —NVEIZDH DB AT — v B O FRARET I RAE T B 25 2 729,
AT = NVRECE T 2WAFZMHEEIA T —VEIICEOSTR—-TH 2 LIEL. AT —n
JEE 50 pm DEMAETHL N PN EBIRZ TR &L LTHvk, 72V F5%
T 2LEDRT —VORMMET, AT —VEIICXOFTRECTH B LRKE T,
BKPUE & LERT 227 —ABRAEWIRE, 72y FRERORERETAE L &
LW AR ZBACE S, 7277 L, A7 —AEX 210 pm OBFEITIE, EEHAE
REfRITEROMIC 60 CREDEEMAED bz, ZoOEERZ, FHHEOEEL L T,
AT —=NEE 50 pm OFHETOFENLBRKRERLICHE L LETH 20 LEXD
Nz, A7 —mHNTBFEIC X 2 W2 mHAcd 2206 WIS 3 [E o /T
P72 B Ix, Fig.2.16 TRLZMEL D D IF 2 »icEmn, Lo T, 22 v FHED

W, 295 LAEMENABRACTHERm T ILELRH L LFEZLND,

PLEX Y, KRG IZEBERAHEE T2 L EEEZHNE LZdDTIEARL, F—o
WHAFMETICECTH, AT — ARG IE L L TET 22 8T, AT — e B oD
R cBM I N BErF0r v FRESZNT 2 L) XA Hh =X L EEERICHERL
726
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600

Exp. Spray water 30 °C, 100 L/(m?* min), Al,O;

N Sim. A:1.1 W/(m-K)
500 \\ m—Fxp.  50pm
~—— ==Exp. 210pm

.

110 °C N v Sim. 210pum
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Fig. 2.17 Comparison of temperature history T; at interface between simulation and

experiment. Arrows indicate apparent quenching points for each case.(Al,O5 scale, Water
flux 100 L/(m?-min) 30 °C)

T/, AT L —BHER T/ VvV FORERRAT —ALOEBEICK o TELL 7225, K
EEREROBB 2 OE, FOAHZZRLICOWCHET LI TEARdoT,
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2.6 £ED

28T, HRORMMEIRE LTEFTONE AT —VEIHRR T L — iRtk g

E.

WERHET -0, A7V —mAIER L mEOMEL R b Rl R R & 1T

2N

2T —GHTORP LT B LT, FOAAZXLICOWTHRETL 72,

KEMH T OREZHIRL, AT —VEIZHMICET 2T X257, B
X 20mm ® SUS304 fid % Bf & L <. @it (AL, Os, Cr:0s. FesO4, SiO2-ZrOy)
R ZNEFNAENIEICES LT 40 ~ 210 pm OHIFHCEX 0By 25U L 27—
J& % 5 U 7= ilRt 2 fFRL L 72,

30 °C, 100 L/(m? min) TD A 7' L —Hm#EHIEE & 20 °C. 370 Nm?/( m?-min) T O ffif &
MHERZITO.ZNETNDO R T =V RMORHETOMERES X OB Z KD 72,
Fh. AT =V EEEL BRI 2T, UTORESR ST,

1)

2)

3)

4)

2 7L —&HITIE, ALO;, Cr:0s, FesOy @ 27 — VA3 5 & 72 S0k C s g 23
FEL, 20%, ZJZVFRRELE, ZAT -V ERMOREBTORPTD I TV
FOBMEIIAT —ADBEVIEE, @ ho/z, £/, 200510 pum DRAT =T,
7 LY FOREEHKS 3 & AlLOs, Cr,03, FesO4DIEICE & o7z, — 17, SiO;
-ZrO [T HIFAIR L & D ICRBMAIRER T L), 22V FIRREL kb o7,

FEGEHICIZ, SEERL 22 TCOBEDO R 7 — LT, A7 —ARBEWITE, HH
WEEDMET L7z, £72.200£10 pum D R7 — T HHIKE % Hliz 4 % & Fe;Ou,
Cr;05. ALOs, SiO2-ZrO, DIEICEH K oo 7zy TNIZ, 2TV FRFEL D -T2
Si0; - ZrO ZBRWTCT, AT — Ve RMORHTORPTD 7 v FOREDEHI D
I & W CH o7z,

H R EEBREE R 2 5 27 — V2 B BEEAENT 2175 2 & T, ALO; DR T — LD
BRERICOWTHE L 72, Z DRGSR, S EERLL 72 ALO; D BVRER|F 1.1 W/(m-
K)Thbh, BEHEL LTERLTWE Z &b o7z,

[FE L 72 ALO; DBMRER ZHWT, A 7L —mHlz e T AL L ZBGRKR TR T —

NEEOREBENT 21T 572, Z OFER, FEERF O GHIEE I 27 — VE X b

LFIRIEFELCTHY, A7 —ApBEPE L L ERHT 22T, AT —ABEn»
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C. AT =L ERMORBTCORPTIO Iy FOREIIEL LY, EEEROME
M % E PR ICHERR T % 72,
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EI3F RY—IILOBEOEE

3.1 EHER

EECHEH T 23l oM & L <, #iFE L koM A2 5 SUS304 8 %2 H v 72, 50k
O~FEIE, BEE30mm, & 90mm & L7z, WHEZEH ICid. AlbOs, Cr:Os. FesOs
LU Si0:-ZrO: DR Z I L, Z 0 & 2% 2 720 I % il L 72, Table 3.1
ICERLL 2230 —E 3 X F Fig. 3.1 Wikl o2 "4, 27— A DJEX 3, 5010
pm, 100£20 pgm, 150£10 gm, 20020 um TH Y, XEMHX(F, Ra = 1.19 ~
1.94 pm OHPFICTE L 7,

Table 3.1 Surface condition of specimen

Coating layer Thickness [pm] Surface roughness : Ra [pum]
Al 04 60, 90, 100, 150, 180 1.55-1.94
Cr,04 50, 100, 120, 150, 210 1.20-1.67
Fe;0, 60, 110, 120, 140, 180 1.16 - 1.68
SiO, - ZrO, | 60, 100, 110, 160, 190 1.61-1.89
(2) (b) (c) (d)

Fig. 3.1 Appearance of the specimen with artificial scale of (a) Al,O;, (b) Cr,03, (c) Fe;0,,
(d) Si0O, - ZrO,.

AlBHC X, WHE R I 2 2oREXIEET 2 201, MK 5 5mm, 10 mm
DIEICZENFNRET O L R 3HEEITH05 DK & — 2BENZHREL 72,
eI T B A R T 2 20 OB S L2 R — A L [E LT,
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BYMEZES 2720 0B 2 FR L 72, Mo ~TEE RE 1 mm, RIE 10 mm, &
T 10 mm & L7z, Rt Fr i ic dm i 22 @15 o BURL & AR O < J@ B AL b oKk Z 7 4 L
Foo AT —ADEEIF500425 um TH 3,

3.2 BWiEAIE

BHICX > TG LzATr —Aro8WtE L LT, Bp,. i, . BILERa, % HIE
L7z, Hifficiil Zzadkhicow<, EFRH(A P 7 — - FL I, XS-200) CTHE%, 2
HE /R 72 BRI E 25 8 (NETZSCH,  STA 449 F3 Jupiter) THE%Z, L—¥F—7 5 v
> 2 3 E (NETZSCH, LFA457MicroFlash) CELECR ZMIE L 72, £9. &ikklo x 7
— B RER A HEE X B, 25 °Ck X U280 °Clc 1) 2 Bh#iRay,. e, ZHIE L 72,
WZIC25 CTORT —VoEELHREZEIE L., BEEp,2H L7z, HIEICX > TH
bnEtEr o, (3.1 ks LA (3.2) % v TARERK, B X VEREER, & HH
L7z,

k = apc (3.1
B =+pck (3.2)

¥, SRIFERL - EEOHE S 13 25 COATHHETH 5720, 280 CTOHE (%
HE LTz, L L, @EEAY o MIEREEILEE 100K FRE[80]Th v | B
—ELARBRTILEDARETH 2720, HEp, FMEICLST—EL L,

HIECHELN-EBYIED —E % Table 3.2 10R T . A B.5E & L TR TH 3 SUS304
ICDWTIE, XHR[59] Dfis bNFf L 72l /R L T\ 3,

S afEELL 72 27 — A JB O BEERE 13 1.0 ~ 4.2 W/(m-K) & B4 TH 3 SUS304
DOf 16.9 W/(m-K) X b d/h& | BRI L 22 C L 2R L 7z, E72. 280 Cick
F 2 BRE R 1, SiO2 - ZrO, <AL O3;<Fe;04<Cr03 DIHIC/NE | BRERB,, 13
Si0; - Zr0O2; < Al,03< Cr,03<Fe3;O4 DIEIC /N E > 5 72,

41



Table 3.2 Thermal properties of each specimen. The values for AL O3, Cr,0;, Fe;0,4 and SiO,
- ZrO, specimens were measured at 25 °C and 280 °C. For SUS304, interpolated values
from the literature data[59] are presented.

. . Thermal Thermal Thermal
Density Specific heat condictiiity diffflsiviy efﬁisiviiy
Pw Cw kw aw Bw
kg/m? J/(kg*K) W/(m-K) mm?/s J/(m2-s05-K)
25°C 25 °C [280 °CJ 25 °C |280 °C] 25 °C |280 °C| 25 °C [280 °C
AL O, 3380 1095 | 1095 | 3.450 | 2.205 | 0.932 | 0.596 | 3573 | 2857
Cr,0; 4950 542 | 542 | 4.244 | 4.015 | 1.583 | 1.497 | 3373 | 3281
Fe;0, 5170 654 | 890 |[2.416 | 3.169 | 0.714 | 0.689 | 2858 | 3818
SiO, - ZrO, 3680 601 601 | 1.454 | 1.091 | 0.658 | 0.493 | 1794 | 1553
SUS304 7920 556 | 545 [ 16.91 | 18.23 | 4.196 | 4.139 | 7767 | 8961
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3.3 EREE

Fig. 3.2 CEBREB R T, WHR~A 2702y F T4 2V ¥ — (X7 b,
MICROJET® MJ-020) X 82 v 7L v % —%HwC, ik Lfid 6 60 mm i
EL A OEH L7z, WilEr#EZRT 2o OREZZ (s 2720, ik
THICT7A Y —b =X —%&Xf 72, WRHERINOAPHBEH T2 X 5icL T, FHAZ
WrEhbf cfE o 72, EEHPIIERL 2Lzl 32720, HELKEZT — XA TEW,
ERA A EH AL 72 RO 2 HE T 572010, /) ANVICHAEN ZHE L 72,
b, EEEED T PT, MENBGEEIC X > T,  AVEHEDRENENT B
ERDPoTe, £ T, PH TN W OMMELHIETE 2 X 5 ic, 2 X JEICKIR
THEEY vy M EBE L T2,

AR EH ICHE T 2R OEE %, E#H A AT (/ ©F v 27, Phantomv310) % fw
THRIZEL 72,

Air Water reservoir

Pressure regulator i Microjet dispenser

N, environment

Temp. control [jacket

Nozzl
ozze Thermocouple

o
© Water droplet

J
1] Seate ]
Light e L Stalinless stepl High-speed camera
E I Thefmocouple
S+ Heater
s E—F%

G——+ tThermal|insulator

—F

<A =

<A =

< 4

©30 All dimensions are in mm.

Fig. 3.2 Schematics of experimental apparatus for single droplet impingement.
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3.4 REAEBIURREH

Table 3.3 ICEIRGEM 2R T, B2 HEICKE L&, KENZ N, THAL, FiE
DRMEFTe—2—CMAL, EHREICAZECHELZ, MEGEE . KX
5 10mm FHICHKE L-BAENOMREL ERL, MECHONAZKBEX 50+10 4m
TOREREE b LI, 7T v FiifFe X CRIEBER, ERMEEROMNE L, ~
A7V zy bT4ARYF =L FH L. SRR 2SR IO W CEEE A
A F ZHWT, BROEEE 15 kHz 3 X 220 fRHE 12 um/px THEIEL 7=,

Wi DIEEDy L EEV  F N F Dy =604 £32 um B XUV =1.50 £ 0.12m/s i<
L 72e CHIEATETOR 7L —mHIRFOMRMEE L O KE (L #HENNT W, Ll
CNXVHEZ/NS KT LRI N2WHEDIEODERRELAoTLE N, £
7o, WEEREST L, FHINWEHEAREHEEIIC AR L CLE o7z, LEdHh
2> & AR FEBR T DR PE & HE & RGE L 72,

Fig. 3.3 1C. ARE TOFEINERE & i EE OBRZ R, Kicrndkoic, /X
VERBICKE Y ¥ 7 v P B EEVIREETIE, MBGRE R EWIZE, b — X =25 DIRENIC
XY ZvAKS MBI W, WHRER LR T2 Bbhr ok, 22T, KAV YT
vy PEREL, WHREORIEZ AL Lz, 518, KiEY ¥ 7 v MTHEKT 2 HH
KB ZHFES 2 2 L C, WIHEE% 10.2 £ 0.3 °C, 30.8 £0.3 °C, 50 £ 0.2 “Cic#%
T L. FNFNOEMICEH T 2 EREEhd BHEL -,

EOREE A A T O L AT 2R B 0 5 b W OYE A ) ERE X OBl I o
WCIRIT 21T 5 72,

Table 3.3 Experimental conditions of single water droplet impingement.

Heating temperature at 10 mm below the surface 135 -484 °C
Water droplet temperature (without temp. control jacket) 20.5-69.4°C
10.2+0.3°C
Water droplet temperature (with temp. control jacket) 30.8 £0.3°C
50.3+0.2°C
Droplet diameter 604 £ 32 um
Droplet velocity 1.50 £ 0.12 m/s
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80
O With cooling jacket
5) <> Without cooling jacket
o
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D
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&
5
3
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B
<
=
0
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Surface temperature, Tg [°C]
Fig. 3.3 Relationship between surface temperature Tg and droplet temperature T;. The dashed
line indicates the trend line fitted to the data obtained without cooling jacket for injection
nozzle.
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3.5 REEBEDERERH

B D R 7 — v O R E % € F VRS RME 2 o Bl L 72, Fig. 3.4 iC
Hif D KMV T DEFRR L= X TT I D H
CRRiE L BEN2 S, REI3)EHTR T —

W E R T 5 1E
R — )VRALGEGE OB % R 3, W22 A
LU, pO—ETH DL L7, EEHMIC

v & B O RN C DIRIET %2 Ko 72,

X2
Ty = Tier — x_3(TtC2 - th1) 3.3)

AT =B VEARI TR AGI) THLNARET 2 RIEET,E Lz, AT —A235H 5
Laiciz, XG4 EHCT, EHELETZ KD 72,

ksteel X1 (3 4)

—(Tte1 = T)

TSZTi—

scale A2

Ty AT — LV ERMOBEERIZI R 7 — L & B O RECORET, COE% 72,
T, AT —NVDRE X x 13RI ORE O T OELZHE L 2fE, BAENOiEx,
AN =V EHOTHIE L 2 R VT,

X Uxzld
Scale T. k
\k e — Ts =T — steel 11 (Teer — T)
scale ° a2 kscale X2
T;
N X
Ksteel T...® = Ti = Tier — x_2 (Tee2 — Tecr)
Steel” ¢ ¢ ’
Tyc2®

///’—\\\\_’///

Fig. 3.4 Schematics of the droplet impingement surface.
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3.6 REERERMDRREDIREE

WA E 22 3 2 B AT O WL 2 ERRBIE T2 Z L REECh o o720, FHHEICK o
Tk 72, Fig. 3.5 ICEIHET VOIS Z /R, 7 A2 b EZEH £ TD 60 mm IHf L,
Imm #E L REEIALIC 35 1 2 W O W E 2L B AT, % (3.5) 2> H BB IC sk @ 72,

Qtotal
T, = (3.5)
47 pacaVa

T2 Tpgs Cqv Vgl Z N ZE NI OFEE, WA, R TH V. HE S X RIS X
N7WER, BT Z OB TR I N2 REOWEICHIET 2MHTH 2, 72, Qorarld
W ASINE & N 7= 2210 > 5 52 FEL D EETHIC X 2 BVE Qg &« WD FEHAHT X TH 5
N2 b Z DR Qeony TH V. ZNZTNK(B.6) B LUVKB.7)TRKIND,

Qraq = OFA{(T, + 273.15)* — (T4 + 273.15)*}At (3.6)
Qconv = h(Ty — Tg)AgAt (3.7)

ZZTORAT 77V - RAY~VER. FIREERT2 0L R & & OFEGREL
A L T AqIx 2 2 N EUR B & WO o R, hIZFRIHR T 2 &2l 3 % R o1
BVRER, ISR X DR CTH 5 TEREHREF 13 W 2 Dy D MR & %72 L T3
(3.8) % AW 7= [81],

F

ETE {RSZ + R+ 12— \/(RSZ +Ry® +12)" — 4R Ry } (3.8)
S

RsB L URyIZZ il Bl X VR O F1E, LIZAR LG & D cd 5, 72, 5

AN A 28T 2 B0 FEBEERRT. CHICEE X LT v 2 FEERE Y o BV
ERL LTXB.9)%HW[81],

hetalyy (RePr, D N 3.9
L 4 magt (9
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T T. kB L Va3 TR X DIMRER I X OBEHCKE, Reld v 4 7 VX8 Prid
TV MAETH D,

N, environment

Water droplet” 3

Scale -,

Fig. 3.5 Schematics of droplet temperature calculation model.

FHE4E% Table 3.4 1R T, S XL & 3k & DFEE 60 mm THEEBHICHE I L
5%ﬁﬁ§iﬁ%%ﬁﬁ?ét@m\ﬁﬁ@@%ﬁﬁ%lOtat\mg&3ib\ﬁﬂ
RMERET, = 472 °C, FHHLRAT RET, =69 ‘CL L7z, WiHAEDy = 604 x 107% m, i
FHE &D—BM@O3m&L\&ﬁ@ﬁ%ﬁ%ﬁ@%ﬁ%%ﬁéktf\ﬁﬂ%ﬁ@%
ICBIZRF O 1.50 m/s & 722 X 5, HHRFOEEZ 1.05 m/s & L7, WiFB X

OFEHRH A TH 5 EROYINEMIC D W TIE, TR S T 2 E[81] 2 & &R E D
%N L CRER L 72,
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Table 3.4 Calculation conditions for the temperature change of a water droplet from nozzle
to specimen surface.

Droplet diameter 604 um

Initial droplet temperature 10 °C

Initial droplet velocity 1.05 m/s

Nozzle height 60 mm

Heated surface temperature | 472 °C

Heated surface diameter 30 mm
Atmosphere gas N,
Gas temperature 69 °C

Fig. 3.6 ICRIHAER 2R 37, WM 2SS CRlBHcEE T 5 cic, TRRBIREF i3
0.000024 %5 0.00040 * CTZALT 5, E7, BMRERRI, 195 W/ (m?-K) 55 109
W/(m?-K) & T2 %, ShiC X ), s HBRENICOED I3 LIRE EA T 225, %
A 72 FAREE LTHRATY 09 KRBETH S 2 L 2R L . MR, W
(5T HIRF D fiff % V> 72

11.5
Dq4

11

10.5 | Ds =30x103m
Dq = 604X10°m
initial L = 60X 10> m
AL=1X103m
10 | initial T4 = 10 °C
initial vq = 1.05 m/s
N, environmental
Ts =69 °C

.0 10 20 30 40 50

Specimen surface Distance, L [mm]

Fig. 3.6 Calculation result of the temperature change of a water droplet from nozzle to
specimen surface. Ty =472 °C, Dg =30%X 103 m, Dg = 604X 10 m, initial L = 60X 103 m,
AL = 1x107 m, initial Tq = 10 °C, initial v4 = 1.05 m/s, N, environment Ty = 69 °C.

Water droplet temperature, Ty [°C]

9.5

Nozzle
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3.7 BREDEMER)

T OB ZE AN 13 ERMOBIEICIE L T, oI KA S g, B R4
T2 X0 amiBoREREICHZET 2E T, vz — N —BWe = (pjvg?Dg) /1 ICIE L
THERY . B2 VIEEHT 5, V- "=, HEOEENIERIE I & ORE
T TH 20 %2R TERITHTH Y, ZOEINIVIZERERIOEESKE L &
%, Hatta 5 13MZL L 72 Alloy 625 ORAI~NFH 2 EZ2 I &, ZOXEHZHEL, V= —
SN—HH 50 DAL CEREOWMEASMHT 52 L 2R LZ[82], SRIOERICE T E Y
= N—HI, We=19 £4.0 BN/ N Vo T, HEEHE L IR AT 2
e, BB BB A RT LTl nd, —, JTVvFrRET L LD
AR O BRI IS B 28 3 2 W < id, BRI BUR R CRLIBIE A FEE L. W 032K
FF 2 FETWIAET D, TD XD, WM OBMKEE X, B4 ZRIEEIC BT 2 K O 2 8)
RO 2 EE R EIE & 72 2 AIHEMEDY B 0 [66, 671, W O BEflRfE & HIE U FEAm S
58T, VZVFBRETIFMHCEDAN=ZXLITOD TR 21T 5 72,

W3 2 L C 2 b Bk 2§ TR O T EE) %2 Bk O [ FEEE) & YR i
flichzeLGa, BB 3RG10)cEKT 8 TE 5([83],

pDg’
)4/

T = 0.92 (3.10)

AREBREIFICHE ST EH X - MR 12, 1.62 £ 0.14 ms BRETH 2, 7.
EBR & 13 O N A T & W T 2 B R & B B, & o b/t %
HEST 22 LT, WHRMTDOIEL S EZDEEEHRL., AT — VoML Z DRI B X
VRO ELZ T2 2 L AlREL 72 5,

72, W AE 2 L 2B 0 MM T 72 1 T L RKIEDS D E D pax b fN S E
ICHY T 2 720, HEELFHITEEE TS 537, 67, 75, 84, M ARYEADS Y 1B FE Dy (3 ZEH
DIHBEREDGTIER L TN D T & 03% K| e RILDS D B D . /Da& L CaHii T %,
Clanet 1T X 2 iR FEE T VICHE D CmARIEA Y Hid(3.1) cR X 1 5 [85],

(Dmax/Dd)m = 0.9We*? (3.11)
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SO FERSM D 0B I 0 5 RKILD Y EFEH Dyax/Dald. 1.88 = 0.08 FREZTH
%o
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3.8 RERHERPLUEE
3.8.1 RHy—)LEHOXE

Fig. 3.7 I 2228 0 — i % /R 37, i Tl _72 X 91 . We =19 +4.0 /NI iz,
WiEOMEZEZEE) & LT, Fig. 3.7 IR g X S ic, BT 2 2 &7 | A —E RERH
R B L 215, BkRiR o7z, —J. 2TV FARAET D X D KR Rk 22
T3 Tk, Fig. 3.7(b)Icn 3 & S o, etk ic GURSRI Cbig 03 564 L. Wi 03 7%
Fd 5 ECTHAEL =,

(a) Bouncing regime

Dq = 600 pm

—p
Dmax
. . —
>T

(b) Deposition regime

Dmax
4- s -
>T

Fig. 3.7 Exemplary droplet behaviors in (a) bouncing and (b) deposition regimes on a Cr,0O4
scale with a thickness of 150 um. The droplet temperature was 30 °C, and the surface
tepmeratures were (a) 398 °C and (b) 198 °C. The initial droplet diameter Dgq, the maximum
spreading diameter Dyy,,x and the contact time T are defined in the figure.

Fig. 3.8 ~ Fig. 3.11 ic, A7 — VKERE I3 2 M EALREE o e/, 5 £ O
HAEAS D R H Dy /Dy A —ADEE DL ICE L7 iER AT, ¥, Fig.3.8 &
X O Fig. 3.11 (3R 2 Gl L T e WEBKER cH 5 729, Fig. 3.3 10/ L 2K
BIET, & IR ET O BIR (T = 0.102T, + 6.82) 2> b B L 72 iR L o H % % i T35
WiRL T3, £/, KD 7291 Fig. 3.12 IC A7 — v %2 {1 5. L 72> - 7z SUS304 R
THELZMRE T T,
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(a) 40 Layer thickness: 50-60 um Scale type
Droplet: water (21-69 °C, no temperature control) & A1 0
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Fig. 3.8 Experimental results of (a) non-dimensional contact time 7/, and (b) maximum
spreading ratio Dyax/ Dq as a function of surface temperature T for droplets impacting onto
each surface with scale thickness of 50-60 um. Droplet temperature ranged from 21-69 °C,
and the lower horizontal axis indicates approximate water droplet temperature form Fig. 3.3.
Dashed lines are drawn at (a) 7/ = 1, (b) Dmax/ Dgq = 1.88. The error bars represent the
standard deviations.
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Fig. 3.9 Experimental results of (a) non-dimensional contact time 7/7, and (b) maximum
spreading ratio Dy, a5/ Dq as a function of surface temperature Ty for droplets impacting onto
each surface with scale thickness of 90-110 um. The water droplet temperature was 30.8 =

0.3 °C. Dashed lines are drawn at (a) /Ty, =

1 (b) Dmax/Dd

represent the standard deviations.
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Fig. 3.10 Experimental results of (a) non-dimensional contact time 7/7,, and (b) maximum
spreading ratio Dy,ax/ Dq as a function of surface temperature Ty for droplets impacting onto
each surface with scale thickness of 140-160 um. The water droplet temperature was 30.8 +

Surface temperature, Tg [°C]

0.3 °C. Dashed lines are drawn at (a) /Ty, = 1, (b) Dimax/ Dq = 1.88. The error bars
represent the standard deviations.
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(a) 40 Layer thickness: 180-210 pm Scale type
Droplet: water (22-64 °C, no temperature control) A1 0
Dgq = 604 £ 32 X10°m S Cro.
vq=1.50 £ 0.12 /s A Fe,0,
30 |t =1.62 X103s B SiO, - 10,

20

10

Normalized contact time, 7/7p,

1
150 200 250 300 350 400 450 500

Surface temperature, Tg [°C]

5
Scale type
O AlLO,
< Cr,0;
4 A Fe;0,
A SiO, - ZrO,

~
Maximum spreading ratio, Dpmax/Dq 8

1

150 200 250 300 350 400 450 500
Surface temperature, Ts [°C]

Fig. 3.11 Experimental results of (a) non-dimensional contact time /7y, and (b) maximum
spreading ratio Dpyax/ Dy as a function of surface temperature T for droplets impacting onto
each surface with scale thickness of 180-210 um. Droplet temperature ranged from 22-64 °C,
and the lower horizontal axis indicates approximate water droplet temperature form Fig, 3.3.
Dashed lines are drawn at (a) /Ty, = 1, (b) Dmax/ Dgq = 1.88. The error bars represent the
standard deviations.
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Fig. 3.12 Experimental results of (a) non-dimensional contact time /7y, and (b) maximum
spreading ratio Dy, a5/ Dq as a function of surface temperature Ty for droplets impacting onto
SUS304 without a scale layer. The water droplet temperature was 30.8 £ 0.3 °C. Dashed
lines are drawn at (a) /Ty = 1, (b) Dmax/Dq = 1.88. The error bars represent the standard
deviations.
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Fig. 3.13 Experimental results of (a) non-dimensional contact time 7/7, and (b) maximum
spreading ratio Dp,ax/ Dq as a function of surface temperature Ty for droplets impacting onto
surfaces with Al,O; scale layers of 100 um thickness. Dashed lines are drawn at (a) T/t = 1,
(b) Dimax/ Dq = 1.88. The error bars represent the standard deviations.
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Fig. 3.14 Experimental results of (a) non-dimensional contact time 7/7, and (b) maximum
spreading ratio Dp,ax/ Dq as a function of surface temperature Ty for droplets impacting onto
surfaces with Cr,0; scale layers of 120 um thickness. Dashed lines are drawn at (a) T/t = 1,
(b) Dimax/ Dq = 1.88. The error bars represent the standard deviations.
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Fig. 3.15 Experimental results of (a) non-dimensional contact time 7/7, and (b) maximum
spreading ratio Dp,ax/ Dq as a function of surface temperature Ty for droplets impacting onto
surfaces with Fe;O, scale layers of 120 pum thickness. Dashed lines are drawn at (a) 7/7, = 1,
(b) Dimax/ Dq = 1.88. The error bars represent the standard deviations.
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Fig. 3.16 Experimental results of (a) non-dimensional contact time 7/7y, and (b) maximum
spreading ratio Dpn.x/ Dgq as a function of surface temperature T for droplets impacting onto
surfaces with SiO, - ZrO, scale layers of 110 pm thickness. Dashed lines are drawn at (a)
7/Tm = 1, (b) Dmax/ Dq = 1.88. The error bars represent the standard deviations.
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Fig. 3.17 Experimental results of (a) non-dimensional contact time 7/7y, and (b) maximum
spreading ratio Dyax/ Dq as a function of surface temperature T for droplets impacting onto
SUS304 without a scale layer. Dashed lines are drawn at (a) 7/Ty, = 1, (b) Diax/Dg = 1.88.
The error bars represent the standard deviations.
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Fig. 3.18 Experimental results of (a) non-dimensional contact time 7/7,, and (b) maximum
spreading ratio Dy,ax/ Dq as a function of contact interface temperature T, for droplets
impacting onto each surface. Dashed lines are drawn at (a) /7Ty = 1, (b) Dmax/Dq = 1.88.
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Fig. 3.19 Experimental results for SiO, - ZrO, scale layer of 50 um thickness presented as
interfacial temperature T; history during spray cooling with water of 30 °C at 100 L/(m?-
min). Arrow indicates apparent quenching point.
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Fig. 3.20 Experimental results for SUS304 specimen presented as surface temperature T
history during spray cooling with water of 30 °C at 100 L/(m?* min). Arrow indicates
quenching point.
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Fig. 3.21 Theoretical contact interface temperature T, calculated using Eq. (3.12) over the
surface temperature Ty for each surface. Temperature of the droplets is fixed as Tq = 30 °C.
Plots indicate quenching temperature of spray cooling with water of 30 °C at 100 L/(m?*
min), obtained for a scale thickness of 50 pm.
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Fig. 3.22 Theoretical surface temperature Tg calculated using Eq. (3.12) over the droplet
temperature Tq4 for each surface. Contact interface temperature is fixed as T, =250 °C.
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$4F REMESOZE

4.1 EHER

411 Yay ISR FMIM

FEEICHER T 2Rl LT, s Tl FkoBMEs» S SUS304 % v 72, R
M EfE5T2HEELT, Yay b7 7RXAMILBICL—F—MTLEHWw7,

KEMLHOY 2 v b 77 X b o~Fikiz, KE 20 mm, #KiE 140 mm, £ 130
mm&Ll, Yay FMOMEEZEEST L CHEIEZRHBRLEZ, L—F—~<Af 27022
—7 (¥—x v, VK-X105, ®¥L v 5L 50 %) #Hvc, REhRoig 2.4
mm I LT2270 2 F v v, BE 1.7mm I LT 1640 2 ¥ % v L TE 3 1E#H % B
DirH, FHERCERK I W2 RO RBEO#KRN L LT, Mihd EREL 2 EEH N 2K
EE Ko7z, Table 4.1 ICFR L 725kl —E % . Fig. 4.1 IC K AR O HEFE R %R
¥, RMEMELE (FENZRREEZ IS TR L 72E) . REAHWIEERE
1.96 ~ 2.81 & &L 7=, £7. Fig. 4.1 1<k 5ic, REIHWIZE, MY
DFREIE K % < 7 o7z, MIENRECHEIRGOREZC ZHIE T 2 -0 i, WmAIRHP LD
KEH» S 2mm ODEXIT ¢0.5D0 KAEBNZHDIAATL,

Table 4.1 Surface condition of shot-blasted specimen.

Surface roughness : Ra [um] | Surface area ratio

3.0 1.96
10.2 1.98
20.1 2.81
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Fig. 4.1 3D laser scanning microscopy images of shot-blasted surfaces. Top: Visual
appearance of the surface; Bottom: Height contour. (a) Ra 3.0 um, (b) Ra 10.2 um, (¢) Ra
20.1 pm.
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4.1.2 L—¥—mIIH#H

L= —IIHMo~FEE, REMLIATC/EE 10 mm, E 50 mm O FRIERE L.
HHE 25 1 mm OFZEIC 0.5 mm D K v — 2BBEN % HRET 2L %% I 72, Table
4.2 ITFRL 23 B oRBGHED —%., Fig. 4.2 K RAIREOJIERIR 2R, Rl &
DffGICBIL CTid, Fig. 42(@icmnd Lo, BTRICKE SNBSS ik~ 7a 7
— A 2 2 e ©, BN AHEMEZ KR L7z, v4 2787 -3, v
Z L —# —(TRUMPF, TruMicro 2030) % fl\>C, 2K P31 um, ~SA XiE 0.4
ps. XV ATZANF =5 u] DFEHCTIEE L 7z, Table42 IKRTXHIC, vI—DE Y
Fpld 100 um CTEHETH Y, 7 —DEWIF 10 ~ 80 um TE{LIE, ¥T—DEF
THIZ30 ~ 150 um OHPATELE B/, ik Y, EHPFEE S Sa oHiPHIZ
03 ~32 uméhsd, KX Tk, Filklxp-W-HE KGR T 5, fle LT, ¥7—
DYy F 100 pm, H10 um, & 30 pm OFEHT 100-10-30 L KL hz, v©7
—Dv vy Fprk 100 um CHEEL 272D, ¥©I7—EWEEME 3 &, v©J— Moo
DRA L. L —F =1 X o TREWREARTIRAR 25, KT, mDIEDIL V=80
um TlX, BEY 7 — e oflES R/ E 20 L —F —INTIC BT 2 TR G 23 BH
oz, TOFMTCTIMIARERRAY 7 —mEHIZ50 um THolz, FEROHE
T, ¥7—DEIH=150 um THLAERREAL 7 —EWIEX 10 um TH o7,

Table 4.2 Micropillar design parameters. Sa is the areal roughness parameter.

[ um ]
Label Pitch, p | Width, W | Height, H | Roughness, Sa
100-10-30 100 10 30 0.3
100-10-50 100 10 50 0.5
100-10-75 100 10 75 0.75
100-10-100 100 10 100 1.0
100-10-150 100 10 150 1.5
100-20-50 100 20 50 2.0
100-30-50 100 30 50 4.5
100-50-50 100 50 50 12.5
100-80-50 100 80 50 32.0
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Fig. 4.2 Details of specimens fabricated by laser processing. (a) Schematic description of a
micropillar array fabricated on a stainless steel. (b) — (j) Surface characterization of
specimens obtained by 3D laser scanning microscopy (provided by TRUMPF Japan).

Fig. 4.2(b) ~ (DIC/RL X5 ic, L—F—INTHEOEMHK D=0, &KLz
7 — LHUERER L ORI RA—EBE LTS, B, v — FHEES I, 5 ~
10°REDT =BV, FHitLl7z L) RERAEHKRTEL, v¥7 Iy FHO/RPK
R& 7oz, Table 4.3 CHIEMKEDOE LW EZRT, HitfHr LDV T —HIHB LV
v —IEWICET 27— LRI COZREHEICH T 22 ZNENRAT 195 %F &
U535 %THY., E52%136.1%B L1031 % THY, ¥I53—DT A2 b
H/W)BKEZEWIFE, FHiMEICN T 2RES I TELOE R REL B2 HALESH -
726
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Table 4.3 Measurement results of micropillar.

[ um ]
Width Height

Label Standard Standard

Average deviation Average deviation
100-10-30 8.15 1.22 30.14 0.76
100-10-50 10.26 3.99 56.25 3.04
100-10-75 11.90 3.83 83.52 1.41
100-10-100 15.35 10.31 104.50 5.19
100-10-150 13.41 2.81 155.48 1.61
100-20-50 20.10 6.17 40.26 2.50
100-30-50 30.28 1.12 52.65 2.30
100-50-50 48.49 1.02 49.20 0.49
100-80-50 68.51 2.12 51.76 1.15
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4.2 RBREE

4.2.1 Yay bISRMMIMZERAVLEAHRREE

Yay P 7 7R MILME XL —F LM IEZNZ 0RO mH FEEREEE %2 v
oo Ya v FTIZAMMIMIZ, FH2ETRLAEZRAT L —EHIEREES X OHESH
FERREEZHHAL . GEFEEZHE L2, F2ELEA2H 2. A7 L —mHlB X
DEEGHI E b i, MBEEL2Z{LI eI ThHb, 2 7L —HHIERTIZ, KL
ATV — 7 XN OEGHHEE 200 mm 5 X X 265mm & 352 & T, MEEEZ 700
L/(m?-min) & & 08 400 L/(m? min) iICFHFE L 7=, F 72, fEGHIER CTIX, =7 OMEE
PHEEE 15 mm CEEL, ~ATOREEZ RS 2 LT, REEEE 100 ~ 370
Nm?/(m?-min) ICFHAEERTRE & L 7=,

4.2.2 L—HY—NMIMZRAVEAHNEREE

Fig. 43 icL — ¥ —MMIM T L 2 EBREE O 2 R4, sl o2 7L —
RXVFENRGENICEEE L, slRlom#vhs X omHlibhoFHEAzfflcx s X 5L
2o T2, BENBBROETIC v ve —2—%F@EL, 7 AEx@ L CGREEHE %
BH T2 TEATEL L) iC Lz, CRICX Y, kot ziMik L, Eb iR
AREHIFIE L 2 REE L 2 0 . A~V F Y v R0 EIER T O BR15 % FHEES 2 2 & A3 ATRE
ot £l ENBRHBONEEE X OIEEICHmEAN S » 7y P 2RET S5 LT, &
MmNOBREFFEMHE L 72, A ES 60mmiiEC7rva—vBox 7L —7 XL
(WiF5H, Jv)—X 012) Z&iE L. EH/ES 0.2 MPa, & 0.2 L/min CTHEHT
L. MEEHESAL/(m? min)& L, 2 A5 69mmiECOMNMMHE Yy 79 —iET
HE L 72 A7 L —mHKOF Y 2 —FIRFRE D32 13172 pm TH o7z, b, Wi
DOEFEIF, EEEN AT THE LR, 6.23 £ 1.52m/s TH - 7z, EEHUKIRIZ T
7—%EHT 232 LT20 CEMFLAE, 7 A ERBoMIcy v v 2 —%2FT, B
B 2> O FTE DI E ZiEfk L oo, MmAIFAMKATO NEL E 7250k 2 & OFRS I X 2 KR
~DWERR/NRICHZ 72, hE, EEDoRE 2L Ol s X OFEHR & OBVRIEIC
X B RE O LR, BiE 6 ficR Lzt EFIE T, RATH 20KBETHL &
ZAER L 72,
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(a) Pressure gauge
N, 0.1 MPa

@ :l)lermocouple
4—
Warer 20 °C
ater
0.6 MPa, 0.2 L/min _N_
[»R
\/

Chamber
Vacuum pump
Nozzle
Flow meter O OY! L/(m2-min)
e, Shutter
Valve o
O
Pump '“i . @50 s
=] Specimen(SUS304)
Thermocouple
- Drain
Chiller ~ Water tank All dimensions are in mm.

T —

(b)

Fig. 4.3 Overview of the spray cooling test apparatus for laser-processed specimens : (a)
schematic diagram of the apparatus, (b) external appearance of the apparatus.
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4.3 REAEBIURREH

4.3.1 Yay ISR MMIMZRVLAHRR

Table 4.4 3 X U Table 4.5 5 v F 77 2 MNIMOEBRSEE2 RS, 2 7L —%
Hibs X OEEGHIERO FIEIIFE 2 BIOR L@ Y Th 2, fiffichbidzXoic, %
NZNOBRHGECHEFNRELZTARE L, MEFE LI LAA0, H2HLRER S,
Tz, EHEGHERTIE, ~y X2 bEHE I T, WS EIE o il cd 2 T
HHI~ETRAL TW2 Z EPHER SN0, RERICDAENZHEL., REREE
FEIE L7, ol T 25 L2 Rm OB R 2R T 2 2o ic, s b £ L 72,

Table 4.4 Experimental conditions of spray cooling test for shot-blasted specimens.

Heating temperature 620 °C
Cooling start temperature 560 °C
Water temperature 30 °C
Injection distance 265, 200 mm
Water volumetric flux 400, 700 L/(m?-min)
Mean droplet diameter : D32 330 um
Mean droplet velocity 10 m/s

Table 4.5 Experimental conditions of air jet cooling test for shot-blasted specimens.

Heating temperature 620 °C
Cooling start temperature 560 °C
Air temperature 20 °C

Air volumetric flux 100, 170, 230, 370 Nm?/(m?-min)

Air jet area 150 x 250 mm?
Injection hole ¢2.520 x 17 mm pitch

Injection distance 15 mm
Oscillation stroke 120 mm
Transfer speed 0.05 mv/s
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4.3.2 L—H—mMIMZRAN=SHER

Table 4.6 IC L — ¥ — I LM O EERGM %R 3, ilbl 2 HEIBHRNICHKE L 2%, B
NOZERZRET 2701C, 102Pa x TEHZEKRY 72 HWTHEZITo 72, it T, &
WANDEND 01MPa T 2 X CEREN AL R, Dk, BENCHIEL 23
RHEE A 770 CIcEET 2 F T, ~u s v e — X —CTHEL 7=, BAEEMEEE ICH)ES
ZEMICY vy 2 — %L IRET, FIEDHRETA 7L —EH 2L, BHOz®
DRE L -EEIREZHERTE 3 X 51 L7z, RBHREED 770 CIcBBEL 2 T, »
Ry ve—x—%{EIEL, B2 AR EEEHICK 5T 760 Cic 7 2 £ TRAEL 72
%, v v 2 —%BAKL T, k% 760 CH5 30 ClchdETHAIL=, ThE &5
- 3 [MFEME L 72,

Table 4.6 Experimental conditions of spray cooling test for laser-processed specimens.

Heating temperature 770 °C
Cooling start temperature 760 °C
Water temperature 20 °C
Injection distance 60 mm
Water volumetric flux 54 L/(m?-min)
Mean droplet diameter : D32 172 pm
Mean droplet velocity 6.23 m/s

4.3.3 REREOREN

KREM I BR TV —FEIC ST EBNICBET 2720, BENTHMEL 2T
— 2 % HvT, Monde D JEE # MW REE[7T7] 2 W B BGH R 21T o 720 v =
y b 772 MMIMORECTIEAEKEORKE E BmREFERL, L —F —IMTHOHE
Bicli~vA 7o s —KORE L BREZRINL %,
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4.4 REBBERBIUEER

4.41 2ay bISRMMIMZERVEAHRRER

Fig. 4.4 3 X O Fig.4.5 12 FE 3 400 L/(m?-min) 3 & OF 700 L/(m?-min) i 5 F % %
[ O JEIE 5 X ORI & BT R O BIfR %2 KM & CHB L 72453 % /R, Fig. 4.4
ICRT X9 IC, REME Ra=3.0 pm OBe. WHEIFGEE 31s OIS FAE L.
309 ‘CE ClELHRMERET & holz, Z DKk, BHHE~ITL CAMBIRERT
Lot Mb o7 ey bomRd, B, OEBBE~BEITT27 v F0REL
LEORMRE X, BEERES X VCRROZERLICHEL 2, Sh, £2ToEMHT
AR D O B A3 R E L 72, 72, TREEE 700 L/ (m?-min) D 75 23 2ARHIC - i
Hanr, THIC, WEHKE 400 L/(m? min)¥ X O 700 L/(m? min) D &5 5 DT
b, RMEAMAL %2213 8, ISR O mAEE IR L 7,

84



(a) 600
Spray water 30 °C, 400 L/(m?* min)
Surface roughness : Ra
500 3.0 um
%) = 0.2 um
2,400 _T 20.1 pm
S
B & SUS304
£ 300 =
£ 309 °C
2.
5 200
H
100
0
0 10 20 30 40 50
Time [s]
(b) .
Spray water 30 °C, 400 L/(m?* min)
25 Surface roughness : Ra
) 3.0 um
— — 10.2 um
RS =— 20.1 um
z 2 T
Z, £ SUS304
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.
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=
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Q
T
0.5
309 °C
0
0 100 200 300 400 500 600

Temperature, Ts [°C]
Fig. 4.4 Experimental results for specimens with Ra from 3.0 to 20.1um : (a) surface

temperature Ty history and (b) heat flux gsversus Ts during spray cooling with 30 °C water
at 400 L/(m?-min). Arrows indicate quenching points for each case.
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Spray water 30 °C, 700 L/(m?* min)

Surface roughness : Ra
3.0 um
= 0.2 um
= 20.1 um
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(b) .
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Temperature, Ts [°C]
Fig. 4.5 Experimental results for specimens with Ra from 3.0 to 20.1 um : (a) surface
temperature Ty history and (b) heat flux gsversus Ts during spray cooling with 30 °C water
at 700 L/(m?-min). Arrows indicate quenching points for each case.

Fig. 4.6 I 7 = v F O E D ik % B3 D Fig. 3.20 ISR L 72 FiFH T O EEBMER L &
bETRT, 7TV FOREIX., MEFE EWTA, £/, KAMET Ra=3 ym &
LT, 10 umBXUR20 pm IZHERT 2L, @<L hoT, FiFHE(Ra=1pm) TlE
# %75, Fig.3.20 T/R L2 EHE 100 L/(m?> min)® 7 T v F DR 288 “CL Y b &
oz,
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Fig. 4.7 1. BTN D 530°Ch & 430°C £ THEI & N3 B 0 EIEE o ik % o5

T IRRERF O M ALEE 3. REMH S BRI 5L &b

PEWFEECHETH - 72,

CEHRL, 20
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Fig. 4.6 Effect of surface roughness on quenching temperatures during spray cooling with

30 °C water at 100, 400 and 700 L/(m?- min).

80
Spray water 30 °C
20 | A 100 L/(m?-min) <o
_ O 400 L/(mi'min)
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&8 50 ds
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2
<
230 o
2 o)
2 20 o
Qo
10 o o
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Surface roughness, Ra [pm]

25

Fig. 4.7 Effect of surface roughness on cooling rate at surface temperature ranging form
530 °Cto 430 °C, corresponding to the film boiling regime, during spray cooling with

30 °C water at 100, 400 and 700 L/(m?- min).
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Fig. 4.8 ICHUAIRFIC 31 5 K1 2mm (71 ¥ X CEH O R EJERE O i % R 3, Bt
HPERIEIC X IR T L AL R, KEPHWIZE, WEAERERKRE S otz E
Bl onmEERE L CAGIREOREEBES M —T 5 L5 IcREmDOER L%
HEE L7z, [FEL-REONREMEERIL 11.6 W/ (m2-K), EHROMHHEIX 0.4, Hif
DB ER L 7.0 W/ (m2-K)TH - 7=,

600
Rough surface : 0 mm Natural cooling 20 °C
/2 Surface roughness : Ra
° /SUS304 ..... 3.0 um
500 XN ™= 10.2 um
) Opposite surface : 20 mm e 20.1 pm
[e]
£
= 400
2
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=
300
200
0 10 20 30 40
Time [min]

Fig. 4.8 Experimental results of temperature history during natural cooling at 20 °C for
specimens with Ra from 3.0 to 20.1 pm, including temperatures measured at 2 mm below the
rough surface and at the opposite surface (20 mm depth).

88



Fig. 4.9 A EORER R Z R T, RAPHNIZE, BHRERPRKELLoTwE
L HERR L 7z, DARE, )R AR C o RN L EE b X CEMER R IC 13, Fig.
4.9 1R L 72 R % v 72,

0.7
@)

— 0.6
z
E 0]
.4 Rough surface : 0 mm
£ © SUS304

0.5 N

0.4

0 5 10 15 20 25

Surface roughness, Ra [pm]

Fig. 4.9 Effect of surface roughness on emissivity determined from temperature history
during natural cooling. For thermal analysis, a natural convection heat transfer coefficient of
11.6 W/(m*-K) was applied to the rough surface, while the opposite surface was assigned an
emissivity of 0.4 and a natural convection heat transfer coefficient of 7.0 W/(m?-K).

Fig. 4.10(a)ic, KM & Ra=20.1 g m. HEFHE 370 Nm3/(m?-min) i 5 1F % KIH 2
mm i ¥ X WHE O EEN cORMEHEMFE L. Kl 2 mm (LB ORERBES O H
L 723K, Kifi 2mm ¥ X OHEENEOREEREL. Fig. 4.10(b) I #HER 2 5N
7= REME L BITR OB EZ R T, k. HWRFFOEEOBREMF L. HARBUSF UK
BHR 0.4, SHRBGER 7.0 W/ (m2-K) & L7z, M (a)icRmd & 51, Kifi 2 mm (iZi& 0
TR JE VR 13 R R & RS R A B L T\ B2, HEMEOEEERES KL Twik
WZEBbh o, T, B A2 OB & 7 2R E RN [E] D A A T,
BHIIN T2 THY, HECHOLNIAMKITELNGH I NZFELEEND
Zkichb, £, MPMIICRT LI, AL —vavic ko TREMEMERT T
EHNEHZEBL 22 L ICX3ZHAEH 200, BHKREFIRAEELHVIZ L, 1ZITH
FERICHM L T/ 2 e 6 BMRER I RMELIC LS FTIRIET—ETH o728 X b,
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(a) Air jet 20 °C, 370 Nm¥/(m2* min)
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Fig. 4.10 Experimental and inverse analysis results for specimens with Ra = 20.1 um during
air jet cooling with 370 NL/(m?* min): (a) comparison of temperature histories, (b) heat flux
gsversus Tg obtained from inverse analysis.

90



FRiE 2 S, HHEIC X 2 BRERDOITIELBNEETH 5 72720, Kl 2mm iZiE & HiF
TOEENIC X 2 HERE/E L —5%T 25 X 5 ic, (GEMYT CEE & il & i EGH
DEMEEFR Z FE L 72, Fig. 4.111c, KM E Ra=20.1 g m, HEFE 370 Nm3/(m?-
min)ICFF 2 KM 2 mm (LE S L OEEOEMEN COREANERKE L. Kilis X OHEE
DEMGER % ZNZF N 1590 W/ (m?-K) I X 8 80 W/(m2-K) & L THEME L 7= 15 BT 5
Rend, KR EHic, RKifi2o 2mm LES X OCEMOREBRESIFIT—EHL T
WB T LR,
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Fig. 4.11 Comparison of temperature histories between experiment and simulation. (Ra =
20.1 um, air jet cooling with 370 NL/(m?*min), 1590 W/(m?-K) at Omm, 80 W/(m?-K) at
20mm)

Fig. 4.12 i EFRIC/R L2 FiE T, EBRTH L W2 REREIED bRl & Hii o BmE®R
ZFE L AR ER T, kb, BHORMBREBIEIACELS FRILTH %20, Hl
DEMERIMEBFECOARMA T, REMIIC Lo TRAEN LTV DL L, ¥
CRT k9T, Riik L OEE L bAGELRIMEEEIEVIE LR Aok, Tz,
REEERSCEGICOAR, KA S ORI CREOMRERIID T A ICE L &
57223, Figd7T IR LA 7L —OERE iR I N L) &, REMI L2 KE L
BOIR SN 572,
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Fig. 4.12 Determination of heat transfer coefficients through heat transfer calculations for
specimens with Ra ranging from 3.0 to 20.1 um during air jet cooling (20 °C, 100 -
370 Nm*/(m?-min)): (a) Effect of surface roughness on heat transfer coefficient at the rough
surface, (b) Effect of air volumetric flux on heat transfer coefficient at the opposite surface.
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4.4.2 L—Y—MIMZRAVE=ANERER

Fig. 4.13 i, FEEAEED—F& LT 100-10-100(p-W-H) ¥ X VH#KE LTL — % —
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Fig. 4.13 Experimental results for specimens with micropillared (100-10-100) and No pillar :
(a) temperature Ty, history and (b) heat flux qpversus Ty, during spray cooling with 20 °C
water at 54 L/(m?-min). Arrows indicate quenching point for each case.
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Fig. 4.14 Experimental results for specimens with various micropillar heights (H = 30, 50, 75,
100 and 150 um) and No pillar : (a) temperature T}, history and (b) heat flux gpversus Ty,
during spray cooling with 20 °C water at 54 L/(m?-min). Circles and triangles indicate the
first and second quenching points for micropillared specimens, respectively. Squares indicate
the quenching point for the No pillar specimens.
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Fig. 4.15 Experimental results for specimens with various micropillar widths (W = 10, 20, 30,
50 and 80 pm) and No pillar : (a) temperature Ty, history and (b) heat flux qyversus T}, during
spray cooling with 20 °C water at 54 L/(m?*min). Circles and triangles indicate the first and
second quenching points for micropillared specimens, respectively. Squares indicate the
quenching point for the No pillar specimens.
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Fig. 4.16 Schematic illustration of thermal conduction and thermal resistances.
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Fig. 4.17 Relationship between air volumetric flux and Biot number, with schematic
representation of temperature variation during air jet cooling at 20 °C with surface roughness

of Ra=3.0 um.

100



Fig. 4.7 5 X N Fig. 4.12(@) /R L 7= X S o, HEGH E 2 7L — &l & ekl &
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Fig. 4.18 Comparison of temperature histories under spray cooling (30 °C, 400 L/(m?* min))
and air jet cooling (20 °C, 370 Nm?/(m?-min)) with surface roughness of Ra = 3.0 um and
20.1 pm.
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Fig. 4.19 Schematic model of two-stage quenching and thermal history for micropillared
(100-10-100) during spray cooling with 20 °C water at 54 L/(m?- min). Arrows indicate
quenching points.

104



FROANZRBICDONT, w4 7 aE 7 - E T 5 MMEEME L LCRA TR
AEL 72, Fig. 4.201c, v 4 7 m v 7 —iFic B 2 MRE o 2R3, wHlics T
2RTCOERIT. 477 2N L TREAT2LRET S L. RM@100BELN

%5

qop* = qpW? (4.10)
TZT, =4 7ney—%2@#L, v4 707 — L2 omAl SN2 GRTH
Bo k72, VAU 0T~V OREHHORENRRIE LT L, R0 R
EFARMATBC LT, v 4707 —0 FHRET, R, R@IDTEXNS,

qHp?

To=To =772 (4.11)
T
|é| W P

= — < qi}
v T apW? = qpp?® Eq. (4.10)
qiL" qvHp?
SUS304 : k Tp=Tp— 2z Ea @411

/\/

Fig. 4.20 Schematic illustration of heat conduction model around micropillar and
corresponding thermal flux and temperature equations.
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Fig. 4.21 Effect of micropillar height (H) on quench temperatures during spray cooling with
20 °C water at 54 L/(m?- min). The scale of the contact temperature T, converted from the
temperature scale on the left vertical axis, is shown on the right vertical axis. The micropillar

pitch (p) is 100 um and the width (W) is 10 um. The dashed line indicates the results for
specimens of No pillar.
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