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Hrd5121% DNS Z V2 DAL E LU . DNS (2K AL, 1980 A% 105 AIREIC 72
v, BEUTEES (B 2IR[32]), 1< B - FETL (1 213[33], [34]) DOELIRBIGAIZE S
NT&7z. LaL, Bl ThoTh, BLA JARECE T T v MDA,
FHRATMNIERICKRE 2%, £/, DNS %A SN DT, B HHER SR
T, JAMBERAAEAEH T & 285550, BWISERSIIHIRE £ 738U - 0%HE 7R &,
WP RSN G2 ONDGAICRONTE L. LnL, i - IRESS MR
YD KO BREROGLRERG 25T 57201208, WA « WSS EE T 5 9
BERRFT D B3 8 2 [35].

—75, FEROBEITEREETMT 5 LN TE D720, s - BES BN
B OBREOREICIL, EROT 7o —F B3G9 CThs. £, EMRFERT X2 %155
e TEIUL, CPD T OREROBEEER L, MATRE DM EA2X 5 Z LR TE L.
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1.4 AFEOHBY

RTRO X 512, BMBEDSIEF ThDH L&, SR EIRBEOIRENEB L, [5E4
BNIELS FRITE 20, et A 2B 28 23] 7o EOREN AT 28001 H
H. ZOLE, WENRKE (22R) OBAIEBMAERN T EE R0, BYREL
BICERT HHBITE Z TV, KR OK) OBEE, RIRL D bEMSEEREN 2 HifkE
H< 72570, BERBEORENER LT <20, BMREABICRKT 2 MEIE X 07
V. PPENELIE, BRI E OB ORE T T v R OREICL < R H D TRENTE
RECTHHT0, MENIELTEOBRESRI0C OABNC T 2 H % ERENICiE TEh
L, AMRORBEITHHL L, BERFTOREEEED R LIZFETEL LE2x6N5.

131 Tl XL 51T, BECEUERE 72 O SEHINC K 2 BVREHIE T, #
(BIERDADPIE—RRTH D &+ R2EMORREESR L DIIRETH S, —J7, Rk,
IRBEHS LOTRIMR S A T 70 &% Wz EFHICHE, BMREENANIE—HEThHh-ThH
HETE DRENRHD.

ARFFETIE, EFHNO 55, *HREMREO TR CX, JIE R OWRE 2R X <R
ETED VI FINRAT AT OBENPEICEE Lz, 131 HTHRAZ X912, (=R OIRE
O3AT + B DEMBERO AN « A8 A 2 FIE MR OBE & - BYREITER L
7o« 2R ZRERET 7. LnL, R OBEELZIETITNSLS 5L L
BT, (RENE OB & & T~ OBYREI L S RER - 22l 2 iud, s
EEROIFHAY - ZEMIN 725040 2 E BRZAHETRETH 5 Z L0V RSN TV 5 [26], [27], [28],
[29].

Z ORIE26], [27], [28], [2911%, HIEmAFE TH Y, FREmITRA—BEROSE R m
THDHN, FEHOMBIRY, MENTND X 5 78w A i O & OFLTBRE DO EE
TWYEZ RN A T 2 W FETHNE LI2BNEAFEE Ly, FENIRNLOSES, ik —
B DR OBERA T 2 JIE T E 22 o), FREIMERE ZHE L, ik —EkosER
[ OBERAEN 2 WA 20BN H 5. Fiz, WENRE OK) OBEAE, SF (X)) 12
B OETRRB N K E 2D, &61, EAmAHE TH L0, FHOBEIC
HeA_ZF 1706 DR OB T 5.

T TAMETIE, IO ERRL, RIMED A T &2 W THENRNLOEYRE

Eo

-
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ROJAARLZL DL ZWET 2 FEOHIEZIT 7. £, ZOFEEZHNT, HEWEL
TEEMBEEOREIN - 2R B8N BT 2 BT — 2 2 BT 2 2 L 2 AL Liaiise s
1To7.

HIETFIERFF OB CIE, &b ERRIENGD—>Th 2 HENDOH3E LN
[ZBNWT, AFEOZLMZRHGE LT, WEEOZSELHEGE L. BT, AFiEx, &6
(TR TR D, 1X<HE - A EME D TN, B JOVRINE - SIGEA 1 S T
B L=,
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15 A SLORERL

AR SCOER A X 1-4 17T AGRSUL 6 EER T 5.

%1 WmTIE, MEOWNR, BMEOLENC LY AU DM, BMREROMR L0
DEEENH N D FFEIZ DWW TR 1%, AR Bz R L.

B2 BMCIE, MEPKIRIERERE, 36 JUAIFIE TR ICBgE U7 BMs i e s
BNZOWTIRRD . Ez, ARBNEOIRERIE FEIZ DWW TR, HIE SR 0
DRERIINT — 5 1> b BYREESE OBRRE /34 4 L OV ORFZEE) 2 E &R T 5 HiEIo
WORT.

5 3 ETIL, AWFFECTHHYE LI BMREOBTE FiEz o396 L= M WELR O BYRE
WECHEMA T 2. MENOSFELHEEIT, b ERNRINSGD—>ThH D19,
BRI < DIFHETE DR RN MG SN T05. Ko T, ARHIETHE LN FHEEE
I JUBMBZORHHI - ZEMAIZRFE R 2R D EERT — 2 R° DNS (2 X DfftTs R & b
L, AREEOZ LM ZBEET 5.

AT, X< B - BTN A0 O BMAEEREE 2R AT D 701, 3 B L [ARRODARE
BRINICA Y 7 ¢ AfRAERRE L, 4V 7 1 AJEMICET 2BmEZ E 21T 5. ERRE
B2, AV 7 ¢ AT EERIC T 2 EIBMRERT JOBMREOREHIT - Z2Hr72
Wt EATHMI L, 25 3 HICIIT D HoFE LItk s ORHEDENEZ BT 5. Fiz, i€
ROWFET M SN TWRY, A AENLE & BMRERBRNLE A —E L7220 Vi
K& AT 5.

% 5 BTIE, FAUCHEREAZIREZ 5%, TSl - S980E % 1 2 BVREREC
DWTHAET L. 16Kk, MRENRIC K DAREMEER BRI R 5 ST 273,
RIZITHE MR AN LR TRV, Ko T, MNGOEH) & BVRERO LT O [FRFH]
EEATV, BAAIZIIT DU & & R OxS A BT 2. IRENSIE A2 2 S
HTHEZITY, ABMRELIRD G S D RIS & 15 b R WIREISAFIC 31T 5 BnE
B EDBNERETS.

F6ETIE, HIENDLE S ETHLNIRARIEL, AROMmEIR~5.
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4% 1 I<HE - FfEETRNE HEE JADOTINE - SR A
0 BMriERrE 5 BMriERrE

i

CHE

Fig. 1-4 Framework of the thesis.
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2 % FEREGER JOUE

X

2.1 HEKITERIEE

2-1(a) |\ZFEBRIEE OHAM 2~ T. BEEIE, (1) ~y R¥ 7 (head tank), (2) F&iiik
Fli(rectifier tank), (3) M BhaEE (inlet region), (4) HIEH(test section), (5) Hi &S (outlet region),
(6) HiF /Kt (outlet tank) ) HAERL S AV TN D, BEFOKIEIZI I~y X —REB SN TEY, M
BHO &~y F7E (1150mm) 200 2 2 L TKia e ST,

2-1 (b) \ TGN Zon . BRUKREOPENCIE, Tz AREPICHER S 5 7o DITkE
&t (buffer plate) 2, KFENOFEETEDT=DIZ/ T2 J7 X & )\ (perforated metal) %% L,
ME BRSO _Litsm I E M AN OELN 2§ 5 70l b~ U R efE LTz, £z,
FEFOKFENER AR U727 m — 0 K0 E S LK T, 23Rl L7z, b~ X
e (AR 13 2-1 (0) (RELRER (EE1mmOY A Y2 ) o 7RIS LIZS
D) HREARETH Y, SIMEERLRE LIGE ERE LW OREZIT 72, it
HZITSME 26 MmO T 7 U VIE 2 V. FEORNEEL D=20mm, iEMORE S L=
1040 mm (/D =52) TH 5. Bk S 2 HENED 50 5L 1 (UD>50) & Lol
S OYrty, BIEXKEOR S 2 HEPNED 50 {5 L AU HoRE LZEIRIC R D & O
IS N TN B [36].

TeElE, Bl & Rl SV 7 Ko TIET L (K 2-1 (@) 2, FE N OFEE 7
H PRI~ Lot i A s » 7 CIE LTGRO, LA VX8 Rep = up DIv D
PHIE Rep =1000 F2AE ~ 40000 FREETH 5. ARIMIET A T 12 & HRE T, BIEHHIRE Ty &
JAPRBRBEIREE DN R EWNE ERFE D M L 5720, HAKERNICYH—EX 2 v MIED
b—Z—ZREL, N7 TKEMERSED Z & TEBNOKIREZ 30 CRRE £ TR,
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(1)head tan:g [
header
>?\fallve 1150 mm
] infrared thermograph
temp.| TFObe (5)outlet region
t . prob
i (3)inletregion (4)test section 7“‘3 pro epump
G—(2)rectifier| (i S ®h
tank | 1040 mm '“500mm "~ 500mm #’T 4
heatyergp—
(6)outlettank

(a) Basic configuration of experimental setup

temperature probe

buffer plate ﬁ

perforated metal

[N
g o
::nl

™
“.bell mouth

=
|

h

iX
) 4

L
rees e

Uio

i

(b) Rectifier tank

@1 wire shaped
circular ring

(c) Turbulence promoter

Fig. 2-1 Experimental setup.
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2.2 MENELTTEMRIZEZS 8 O BRI E TR %8

1 mETIRARIZ XS, 1Bk, BMAERIIEICTE, %< OGAEEMSBWTRE
I LD MEHIR WS TE 2, ITFEOTRINRET A T OEPEREIZHE, FRIMRT A Z
AW BMREERABIE S WRRIC /2 Y, SEARELIRE S KO & A7 » 7% O
FZENC 1T D BERI OBMBEERAT T S 7=[26], [27], [28], [29]. F7=, KEEWNELHO
BVREERIEICBE LT, MERAFEE ChIUIZBIIFET 2[24], [25]. LaL, EH
DHBIRY, FENTRNOD X 9 72580 E@ D #h i O G OELIREMRE O E H LA RIS
AT e N TFHETHE LT B3 FE L7V,

KoT, AW TIE, Bzl OBMRERA HE TE AW A ZBR L. MEN
FLMBMAEOE RMEEZEBRT 5 5 2T, WP FHEOBFEITHAE  OREFHLF
L. Blz0E, EEEICITSREE AV CGREMNE L2, TOE, @i BMaiELH)
BRI DOIRELEE L L TR D720, [RENEOBEEL CE L/ s Lz, $7hb
b, @BBIIBERO/NSWT X AEERAT D & LBl KIRICHE ) BEE DA
IRENOFEZ IR 57201, FH U EOES1320 ~ 40 pm & U7z, =B\ 2 25— 2NE
T HOIE, REE & EMREZEE ST LMENH LD, B HIE Ch 5 72 DREH
LEBOBE TEEARRT D RNERH o1, Fi2, HEOMEAZPHIEEE LT\ 5720,
2071607 B O JE PRI AR E S U CARAMR A A Z I AT 203, Z D% 15 7)
MR D7D, [RENEIZERAA M2 L CHIR SR Z & 5 & & big, RN RIS
TEODOTREToT-. Fiz, BMREREZEEMICTHET 57-0100%, B ho
PESSBAE S a2 0N b o7, LLEERNE 2, R ORER L OBMEEER
DOREZEAT>T-.

F72, BRI ORE A ORERIIT — 2 035, BUREROBRR AR L O OE8) % H
327077 2EF L. MERNRNLOSS, iRk —EROSE HE ORER 2 E) 2 JIE
TERWZWD, TRESMEREZRE L, K —EROSS OB ZEE) 2 JFE G 2 B33
bole. LoT, FHUBEELEESA D 2 @GR HEEE D, BYSEIZ X DRHEN
LI GOBRE & LB LT 21T o7, £72, FIMRED AT TRIE L 7= As A o 2
BITHE Ol 2 FHICEE LI bOTH L0, Z0OF £ CIMeEENEE — KO BYx
BERERNTE ooz, Ko T, JIE S 47z M thif o BRI 2 i 718 — J& J5 1)
TSR A A LTz
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2.3 BMmENE s

X1 2-2 12, BMuEEE A OREBA AT, K 2-2 @), (b) ([cENEhE g0 TE (&
A v NBARD 3 LOME WS OKEE) 2R3 72 UV (RS 280 mm)
DRNEE DA ALV EY , G10 ROy 2 G HENIREITIh> TF & o E (E
X §,=20.70r40.6 um) ZHEAE L7z, KFEIZ XL 2T % EOZE K OMEE) & i35 72012
M Ml ISR 2 7% LTz,

MAEOWRIITEMERE L, ZNEN L TCF X RZBENRALZ. ZOR;, =2
TEPET,, & KIRIRET O PR M Ty - T = 10 °C FEEEIT/2 D KX O ICERME A %E L. &
B\ LB A S S 57201, S OSSO SMAENE A RHRIZE) 0 3AB A AT
BRI EE ST, e F 2 CERITEERESE T L), Btz 22k
ETERDoTlowd, X L E~OBBEMBEGTR Oin 1, BEBRE T L EOLERE
PIPBHEIM Lz, 74 AOHESIEIUL, RERTHW b0 LR T ¥ A% Fkk

281, BUNERECIEE L 7RO BT & B ORISR SR L. G L7 e SR
558 x 107 Q-m (20°C) TH Y, CEME [37] & IHEF—Tho7T-.

REVE OB R @D D720, FH CEONMEIITESA N T INT vy —AT
L—, BSH v ~RE ) 28fi LT (BMES 8, =10 ~ 20 pmfREE) . Bf v b
DOEMEHUC &L DB R EOIRE R Z MR D L RS, CEAROBERREZMZ 5720, B
NA Y MIFRERIRVES B L., £, A OBV LLEIMR D700, 725~
BV MBARE SN —HRIC2 D K 91T, AT L—D0 OB E CoORE, AE, X7
L—ZEi T A —F, HREBY) OEEERET L, SR, RUCEETERM L. BT
v NOEEL, HOMUD, MEESBER OSBRSS, U R EEAL, BEEERERD
FRH SR L7z, BMSERIE, SCR[38] & [k E 2 VT, BB DRI L 7=, =
DOFERL, B v NOBER L OBMEERITT 7 U L OSTHMER9] & Rk CTh - 127207 7
U IVOSCEMEZ M Uiz, FERICHENS 727 U VOSCiREE I Uiz, £72, Bl v b
OBRFIE XL, BEEICEAL  NERAT AR, [FRHC, 30 mm x 30 mmOABIE 12 b
BAL, B NOEBEEEEDNOI L. 727 VAVERGY BH T  TIHBEL
ENFZ AELE B P OB THER SN TV D IZOBERPIEFIT/NES K, BRKT~
DEMEZEISEN N > CRERZS B S8 9°5 . 2 OBERZAE) & S RIME A 2 7 (SCA000,
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FLIR) THlE L7z,

AREFRO X S ZEEAMEOSS, o & T mns b O PR 2311 E T
B U CTHIRINRE A ZIZAET 5. 2072, [K2-2 () DX HIZ, IBENE—TH k=R
DV ERR RO BASA o b 2B L2 b o) THIEROEFEZE -, JEFHE)
B D A Mz LTz

7235, [ 2-2 (€)D X O IS OEEE RGN EAT THERIFR (T2 LAEHERAA Vb
RISBERABIR, T2 G+T7 7 UNAADBEEREBY]N) &72oTHWDH, MENELTEMEE
DEIBE RN D 5B ]~ T-DNSOFER[A0] 2 &YW 5 &, MENOEESIINE (v
<10) ZFROTEWIBEREM OBV NS L, ZOIEFED B NEIR ORI ZIE
THEIRZLEA LN EZEZ OND. FFERITRA T W% 2z, MEEM%Z 0, FERERT
Mz r &Lz (M2-2(c) ZH).
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acrylic pipe titanium foil (20.7 or 40.6 um thick)

electrodes

(@) Photograph (before coating with black paint)

acrylic pipe titanium foil (20.7 or 40.6 um thick)

qu ........................................ 1.‘_._,-.-‘-._._.-‘_._,_-‘-._,;,-
= = 8=0
P 220 mm -
T Fad
P 280 mm N
T ~
electrode electrode

(b) Top cross-sectional view

Infrared thermograph

(SC4000, FLIR)
Am*mmﬂmmwmw

copper plates (3mm thick)

2 acrylic pipe

(c) Schematic of the measurement system

Fig. 2-2  Test section for heat transfer measurement.
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# 2-1 [ TAMZE TRYE - A L7 sBR o — B 4R, RP2IE, AR Lo
DIEBEDIES (FX AEREE &, B MNEZX §y), 255 HTHIRT 5 ZHE THMIN L
TARBNE D IR er BLOT 27 VI VHE DYDY Bt Mo GRhrmk S B LT
JAF ) 2R LT 5.

Table 2-1 List of the test models for heat transfer measurement.

Cutout region of pipe
Chapter | Model number 8¢ Sp €R
(streamwise, circumference)
Q) 20.7pum | 23um 0.89 240 mm, =+90°
’ @ 20.7 um 23 um 0.90 220 mm, +90°
® 207pum | 13um 0.90 240 mm, +90°
) @ 207um | 17pum 0.96 240 mm, +90°
® 20.7 pm 9um 0.81 80 mm, *=70°
° ® 406pm | 15um 0.87 80 mm, +70°
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2.4  JiAREEEOHNIE
241 L—%— Ry 7 —ytat (LDV) (2L D3 E 5 ARHIE

% 3 T EMaEEABOFE FEDOZAMRRE] L0 4 & NI HE - BfPETih
0 BMEEREE ) ([T, HIEOIRNIG A MR 5720, MEWmEOEE % L —
P— Ry 77 i (LDV: Flow Explorer 75 mW, DANTEC) TllliE L7=. LDVD#Et%
K 2-218%. ¥ 2-318, WESARER ORETOBNE 27~d. HEII A Ly 7 AT
28 (NEED=20mm, JEX 1.8mm) TH Y, KE LIZEEO Y r—4—V v ry b
MAEEFICIRY (7. U4 —2—T % 7y FOMImEICIE, ML (225U IZBs 1=
—T AT ERE LT T AR (925, JEES 1 mm) ZH0 AT HIEiciE 1 o L—9—
R 7°Z —iidEr (LDV: Flow Explorer 75 mW, DANTEC) M L, FALSTIAEE u, D4y
i % P O 5T (r 51, 6=0°180°) 12 1 mmiElE T k73— LCHIE L.
kL= =R ITRIAE 50 um OF A v R FEHA L, HES 1 A4S0 oV T T
— 2 B3Rk 10000 & L7z,

Table 2-2  Specifications of Laser Doppler Velocimeter (LDV).

Velocity component 1

Wavelength of laser 785nm

Focal length 285 mm
Measurement volume 0.1x0.1x1mm
Output of laser 75 mwW

Signal processor BSAF60

Max. velocity 212 m/s
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circular pipe
(pyrex, D =20 mm, 1.8 mm thick)

water jacket

LDV
(Flow Explorer, DANTEC)

window
(225, 1 mm thick, with antireflection coating)

Fig. 2-3 Test section for velocity measurement.

2.4.2 BNFEGEEHC X A E A ENHE

% 5 & [ oLImE « AR AL O BMSIERE] 12T, P Lo EE 2R E) 4
TET 57128, BVELHEET (StreamLine, DANTEC) & L 7=. ik~ n—~" (55R13, DANTEC)
ZAREER (1X] 2-2 (b)) DEZICERE L. By v —7 O a3 2-3 127 X 2-4 12,

B 10— 7 DGR Z R~

24



Table 2-3  Specifications of fiber-film probe (55R13).

Sensor material

nickel

Sensor dimensions

¢70 pm X 1.25 mm

Thickness of quartz coating 2 um
Max. sensor temperature 60 °C
Min. velocity 0.01 m/s
Max. velocity 10 m/s
Frequency limit (63 % response) 30 kHz

4 mm

wwgg

Fig. 2-4  Schematic of fiber-film probe.

BUBTIGEFT ORIENE, ERICRE W TOKIRR L OV A 2L S, ZORFOFIH Mz
A LIRS (K 2-1 (@2 ORE & H O KM~ LRI S ITo 72, 728,
ARFZETIIABROIEE HHE N TE TRV, AREIFTRE OBITEE Y 0 — 7 5 E AL
B COKIRE & LE L CHREET AR L. LU NICEWER OB IED HiEE R~
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BT m—7 (X 2-4 /) O7 4 VB2 EARES D &, HHEE Y OBRZRITR
ATHRIND.

Nu = CRe" (2-1)

O, BURT 0 —T DT 4 VLN OBERQIL, 7 4 L LD PR A
KIEFELA, T o= REET,,, T o—T7RAKEZTwE B ERATREND.

Q=1"R=hA(T,,-Toy) (2-2)
BT 0 — 7 OGA, 7 a—TREIT - EICHE ST B 7O EXEPIR XTI/ 5.
Lo T 0 —T b0 AEE E=IR 1L, X(2-1), 2-2)L v, BWEr—E<Thbd
ETDHERDEHIZEXERESD.

E= Cun/Z (Tpro 'Tout)l/2 (2‘3)

ClXBIEH TH D, BIEREFIIT v T T A 78y FEHELTWAHDT, X
(2-3)1%, cq, CaEHE LTIRATRIND.

E= Clun/2 (Tpro 'Tout)l/2 + C2 (2‘4)

—HlE LT, 7= RE— RO T oo - Tow 21 °CICEFE L T, EEZELSHT
REDEE T 01— 7 BT E O LA K 2-5 13, KIZ, B AL u=0.59m/s (2 [&E
LT, KRZZ(LS TR ORE Y v —7 HEE EOZ(LE 2-6 IR~ T. ZO%HA,
2-5 BE U 2-6 B QR-4)DEE n, ¢y, ¢, DIEIZTZTNZEH n=857 x 107 ¢, =552, ¢, =
-18.92 LT X 7=,
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° ®  Eegxp.(measured by hot film probe)
Ecal.(calculated by eq.(2-4)) 1

2 ol 1
Lu [ ]

4l i

2 B —

0 1 1 . ! ) |

0 02 04 0.6

u (m/s)

Fig. 2-5 Output of hot film probe with respect to the center velocity of a pipe at temperature

difference of Tyro - Toue #21°C.

10 T T T T T T T T T T T
*  Eexp.(measured by hot film probe)
8F — Ecal(calculated by eq.(2-4)) ]
S ]
L 6l )
4}
n=8.57x102 1
c1=5.52
ol c2=-18.92 .
0 1 1 1 1 1 1 1 1 1 1
15 20 25

TprO'Tout (GC)
Fig. 2-6 Output of hot film probe with respect to temperature difference (T, - Toy ) at the center

velocity of a pipe of u = 0.59 m/s.
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243 EMGRTEFHT & D EAENIE

53 i oOANNE « 2UBE 2 1F 5 BMmERE ] 1IcBW T, MELEZHET 5729
\ZEERG B (EGM1300C, BRAaHE) 25 L=, SRt EstO/EENFEIL 2 X 2-7 (2R T.
WEE D OMENICH 2R B 252, BRUCTEE TS ENMERIR)SEEFERE u, T

WiiLh &, BB , D X0t L ORRZ N E O BB G [ 2RI
il L7 A7 /103 E U 5 [41].
ExBDu, (2-5)

F7z, KR Q 1L Q=) D’uy THEN D, &EN E BLOWAEE B i
IFiE Q ZRKHDLIENTES.

F 2-4121F, BRATEFtOHITE T, BRIREFTOBIED, EHIEICHNT, Ok
~PEH L7z mOGFH R v 7 COREMEIZIE SN T T 72, K 2812, #t&EV v 7 THIEL
ot & BRI RGO OBRO—BlZ R T, 7ok, TRt ORIEFIIX 0~2.9x10%
m’s (1 ~5V) IZRRE Liz. Vi, BRATEHOW O 1Bl Lz, 728, B
A ORIENL, BMRERER O T — & BUFRI#ICITV Y, HEME MR L2,

magnetic flux B
A

pipe diameter
electromotive force E

flow (conductive fluid) um

Fig. 2-7 Operating principle of magnetic flowmeter.
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Table 2-4  Specifications of magnetic flowmeter (EGM1300C, TOKYO KEISO CO., LTD).

Nominal diameter 25 mm
Min. flow rate om’s
Max. flow rate 5.9 x10°m¥s
Time constant (63 % response) 0~100s
Sampling frequency 1/50 ~ 2 x utility frequency Hz
Electric conductivity (water) Greater than 2 x10°S/m
Output current (output voltage) 4~20mA(1~5V)
[x104] 1 - . .
08l Q=7.91x10%E-7.85x10%
0 R2 = 0.999
o 4
E
e 0.6F
0.4+
0.2} ’
05— 2 25

E' (V)

Fig. 2-8 Flow rate with respect to output of a magnetic flowmeter.
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244 FEFFHT X B EFLEENIE

555 B YRV ORINE « S0 A 1 5 BMRERAE ) I2BWW T, EEATEZNET 5720,
PoeERt (EIX120, YOKOGAWA Co.) Zfifl L7c. ZEERtORAAM K Z X 2-9 (277
PO NEAT 7T DNZTTEINE, V= NEAT 7T LR ZTAT 7T LOM
WCEIA SNV ) a v A A NV ERRHE L T MR SN AHEE IS/ > T B [42]. B
T (X2-9 DL \ZIZF AT 77 2F » SR FORRESNTEBY, ¥4 T 77 LF
AT BB REDNNDLZETHEAT 7T NIEBADELERL, TOEEAT 77
DTHAIMA ENTARE MOV L < 132, IREN - OEAIRE b 2625, Z R
RIS AR R I ATRE Td 5[42]. WEEREFTORITA R 25 1 RT. 72d, K250
IEEIRFH (Response time, 63 %J52) 1RO B & o E ToOEN (e, 100
ms F2EE) + ROV 7Y T K DRI (BReK 45 ms) Th D, 7o, ReEdi (Time
constant, 63 %JinE) 1%, EEHOBRRKIC L2 X U TEEERTHY, fHE 0~100s
O CTREFRETH 5. ZIEFHOMEMOZ LM ZRRET D720, ERm TR O EREZ
WRATE SN D IUHAEEEIC K 2 EFHRROBER (FLi— - UA 239 DX) [43]LtE
L7z,

Lpuy”

D 2

AP =1 (2-6)

ZIT, MIEEERETHY, BIROBATET - 2 h—2 ZAOROFEMENHRD SN
(A=64/Rep), FLIEDIET TV 7 2D, (A =0.3164/Rep’®) 7 bR SN H[43]. LIFE
THEKHER OB ES (KEBRTIIL=206m, [X51@)2ZMH) THY, Rep, D, p BIW
Un I ZZNER LA VRS, TENEE, KOBER I ORETH 5.

2-10 IZZAEEORIERERO— 273, K2-10 275 &, ZEOFANEL, 506
RS S T2 ERROME & 5 %FRELIN T LT\ 5.
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FeLIUM
FE T
_EiR
ST ISLFYT
REF
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Fig. 2-9 Schematic of differential manometer (Cited from Technical Information : Electronic
differential pressure/pressure transmitter, 1999, p. 11, Fig. 4-1-2, p. 16, Fig. 4-2-2, Copyright ©
1991 YOKOGAWA All Rights Reserved.).

Table 2-5  Specifications of differential manometer (EJX120J, YOKOGAWA Co.).

Measurement span 0.0025 ~ 1 kPa
Min. pressure difference -1 kPa
Max. pressure difference 1 kPa

Response time (63 % response)

Less than 150 ms

Time constant (63 % response)

0~100s

Sampling time

45 ms
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Fig. 2-10 Pressure difference with respect to the Reynolds number, compared with empirical

equation.

32



25 (=ENE OIREERE
251 FRIMEG A T2 K A IR R E R

ARETHEHT DTN A T1E, AP T LT o FECERHET LT OETR Of
B DAATTHY, NFLIEHHTRLF =201 L LTI 26D THD. #RHt
B A T1L, BEHFRF T L= F—%, A LER T/ A a7y b
AR LT 5. AT, FNRT A T O ) (RANE LR OB & B
SREE LIRS Z L2 D.

BAROHAKURRE B, (W/(MPpm)) 1%, FHAER (um) 4720 OHBGR TH Y, K
LTEIND.

C

— 2 .
 2[exp(C, /12.T) -1 (WAm*-um) (2-7)

Ebk

INETTUDOIERIE NS ZIT, C, C XN, FB1SHEE, F2 54
TEHETHY, Cp=3.742 x 10° (W-um*/m?), C,=1.439 x 10° (um-K) TH 5. Z DRFOHAH
WHHE Ew LR A OBMREX 2-11 (1~ d. BUROHEAKEE By & HOHREE T 131551
DEHRIZ 725 TOD DN IN5. Thebh, RN AT OMT) (GEEBREE) 25 HIER
IRET, ZRODHZENTED,
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Fig. 2-11  Spectral emissive power of black body with respect to wave length (Planck distribution).

—J7, FEBROMRIIERTIIRND T, 777 OIERNZIIEDRV. ZO84E, [FUH
FHEEET 1238607 2 BAm O HAKGHE By, (A, T) & FEROHEAFGHEE, (A, T ¢, %
IR E NS .

3 Ex (k,T)
TR 00T

(2-8)
BEERIT 0~ 1 ETOME & 5. BIROGGITHEN 1 &70, AF L2 Tolt%
WINT 2. T2 bt - B LRV, —J, —RIITER OB ER 1 L/
&, WEIZRIT DN EBET D20ERH 5.

4 2-12 12, MR A F 12 K DIREREOEEN A=~ T. WEEOREET, , FRIMRY
AT OWRAFNCBT 20N HRE ep &5, O, BIRRET EFRINED A T TRk
SNOMESTRE Er OBFR f(T) ZBAF TRIEL TH LN LORD TS &, X 212 O
BITEE D B OFEHEFERD 5 B, FRIMRED A 7 TR S LD BEREE p 1 IR TR SN D
[44].
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Erm=erf(Tw) (2-9)
Fio, WEHDARE D X 5 TR E B L7V IIROSE, RN 1-egllind.
Z O, JET O JE PHEEEIRE T N —EETH Y, JEPHBEm N ERIR & B 2355 (U
21 &R DEE), BB D OFSEWERD 5 6, JER CE L, RIMRED A Z
TIRE S D O TREE g 1T TR SN S.

Ere=(1-¢&r) f(Tamb) (2-10)

ZOKE, FRINEH A T THRENSIVD ESTRIE Er 13 Ery EEre OFNITH D, ATRIN
5.

Er=ewrf(Tw) + (1 -€r) f(Tam) (2-11)

DFED, JAMREER S BIRTIREDR —RRGE, DB ER g &JEPHEERIRE Tam
PN TCTHIIE, WEEDOIEET, RO END.
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Fig. 2-12 Conceptual view of temperature measurement using infrared thermograph.

25.2 IRANERT AT DT

AWFFE T W BRI A (SC4000-HS MID, FLIR) DFfst4 % 2-6 IR, 7R
SR IT A T DOWREERPAI T PR R B~5um) ThY, HRERBII7LT L—A
T 320X 256 pixels T 5. 7 L—LHEIZT LT L—LDRE, KK420Hz Ths. Wi
BEHET DL, ZRUISCTT7 L—2fEL BIF 22N TE D, 72720, AR TIE
FIRFREOREZFH 57280, +o7&E SRS NETD ~ 0.018 K) #1557
WICEENHR A 0.961 ms & LCW5. ZOHE, 7 L—lE DR AEIL 1000 Hz FEEIC
HIR S5,

AR ORI SV HORTREER D /AL, B\HEifR & L CPCIZiskI LD, ZNECSVY
7 A e LT UGB OIRET, 2R 7. (BERHEEOZEMIT 254 HIZRB W TRk
T5%.
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Table 2-6  Specifications of infrared thermograph.

Detector Indium Antimonide (InSb)
Resolution 320 X 256 pixels

Spectral Range 3 ~5 um (medium wavelength)
Sensor cooling Stirling cycle cooler

Full frame rate 420 Hz (at 320 < 256 pixels)

Integration time
9 us ~ Full frame time
(electronic shutter speed)

NETD (sensitivity) Less than 0.018 K

253 JFRDIRFEALD R

2-13 12, AWFFETHWIRIMED A T O OB 2 7~:77[45]. RN 2 D
FAImHEE RZ—=V TP A I N7 —F—) IZL->T80 K REETHHINTEY,
FPEIZIZZ— L Ro— L RORIT O TV S, KIED 2—/L Ry—)L KInBIEFE 7~
DIRINRO I NFEE A E 2L, FFAHFBIOFE O OGHIIRE T 5. oF
D, INR D DR OB TR A W@ L TRIBESND LA D, ZORE, HERO

IR EEZEALANAE DORZEZIRNT 225 .
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Fig. 2-13 Internal configuration of infrared thermograph (cooled type, referred to Nakamura,

Optical Alliance, 27-8, 2016, p. 2, Fig. 3 (a)).

ARFFETIL, JEFROBEZAN K D RERZEZ MG T D720, TRINRD A T DI
DILE T, B8 LIAERBREAFR LTz, A T L2 XD 7 L— LORIEIZ @EMREED
FVTEGER A L, WE LR Z RO L A7 Lz, RN A T ORZIEIC
AL (IR - R24, T/ —#h @ 2t =R 0.993) % iz, (Q2-9) FDFRINRA A D
RIERIEATIC, JFRDBELEEBE LI RIMED A T ORIEBS AR CTER LT
[46].

f(T,TL) = ’E|_(8.3T3 + asz + alT) + gL (a3T|_3 + a2T|_2 + alTL) + ap (2'12)

TIHKERE O BAIFORE TH 5. Ty, 1o BLUe IFThEN, HFEROIEE, FEhRE X
OB (= RIER) Th %, BAERO BYRIFEOIREE T (K) & RN A T Thdn L7z e
B Er OFERA X 2-14 1R, SRR A 7 OIRIERE, KIZRT L 912, =il 17 °C
FEIE, 24 °CREFERB LUV CRRED 3V IZBW T To 7o, IRIMED A 7 Tl L7 fisdht
FREE Er & R(2-12)0° B3RO TAEDF N 2 Tt b, [ 2-14 FITRT38 0 :(2-12) DR
BIRE LTz, PR DIRE OB D 51012, (2-12) DI R DIRET A3
HEAITERT HH(2-12) TR SN A RE R OEETOE N e Uiz, Bz, RIMRD
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A7 TR L7 TR 2Bl = 30000 L ARGE L, SEFRIRENT = 17 )CO% 5 £ T =32°C
DOFEZ T 5 &, BHENDMEmOIREIXZN TN, T=425°CEBLUT=420°Ce
720, 05°CREEZAENEL 5.
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Fig. 2-14 Output of infrared thermograph Er with respect to temperature of black body.

254 JREOEH

AMFZETIL, BIHEO X 91T, IR A T DOHFRDIREZE N E B L, (=B O
SR Er ((2-11)) Z2WATELT.

Er=erf(Tw,T) + (1 -€r) f(Tamn, TL) (2-13)

IRINER T A F12 K0 B ST AR B DO HUNTREE R 2 212, Fortran CERK L7=7'a 775 A
1280, R2-13) & 5H5E U TsBm (BAa o R SN F 2 U4E) OIRET, 2R 7.
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(T TOITRMANE TR U7 IR R ERSL, e pIZARIMNRD A T O EHIZE T D458 H D4y
KR, TR IO FFNEIOLFROIEER X OVEFBEmEE TH 5. R(2-13) @
FOE 1 BTRER O OBSCH Y, 5 2 BUIJEFHD OB ST RN RIE TR
HLizboThd. 7ok, WIEENDOHERER 1 m DN TH D728, KKUZ K DHRMED
W LA C & BH[47].

255 HHSEROFH

TRENEIR AT A TN & 0 ITE U T AsEN T DO B TREE D HARBNE OIRE T, 2 ERMIITRD 5
TDITIE, AR Do S % BRI 2 R H 5. Ko T, ARFZETIE, TE
HIETEMREERERF (53 % ~ 5 %) &[F UBREAZMED 0NHEHRAFHE L 7. [X2-15
VB RETAM V72 2E B OMEIEE] (1X 2-15 () 3 L OB@ERO—F (X 2-15 (b)) %77
I, TR OB L, 2 Keo8ik (30 mm x 30 mmx 2 mm) Tk —& —ZEA R
222> TRY, HROHFIIREAD 7=/ LU EEE STV D, RO 21X
BREIERTLOBER & RO S O (F7 U EB LRSS U NESBFRIL L D) 25
X SET. ARENEID D DOJEFREE R (X 2-15 (b)RERR O REIR) & RIS A T CHIES
% L RIFFIC, (ZEAEOIRET,, JEPFHREIRE T (8 FESIHIRE) 3 X ORI S A
TOKFROBE T Z2BERNTHET HZ EI2L 0, K(2-13) 22Der DIEZFHM L
7o E70, N R ORREEZ I T 5700, X 2-15 @I T L 91 2 [EOE
BRASERL 2 [RIRE LI E U, RRA S L7225 ORI D 53 Wi R 2 P8 LTz, 7S, Ak
DOREFLD 53 NS R D 75513 0.005 T2 TH o 72, F 7o, BN H & [FIFHCEAT — 7 (X
2-15 (b)) OFSTR G L, (mE\E O ST ROZ LML LTz, 5 3 &, 54
BB IO 5 TIBWT, BMRERE DT — ¥ BSR4 =B R O B £ 4 374 L,
OB & fERR LTz,
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Fig. 2-15 Evaluation of spectral emissivity for infrared thermography.
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ARFEERTIE, MEOHmEZFAER & LTS 728, Y & eXTEHm) b ORE
SDPRE T TR U THRIMNE A Z I AT 5. 2072, X222 (DX I, IRENY
— TSRO E IR @GR ONANC RS > M 284 L6 0) CRIEHE O
B, JEABHND OB A2 Uiz, 72720, SERILE—ICT 5 Z LITREECThH -
Tefe®, T CIRERBEORE—Z[EL, THUCK D322 LN L 5 IZFHn L.

ARNEOHREK A K] 2-16 (2R, FPERNIZITFIROKEZG L, RENEISFEMEE L, #%
BIEEOIRENT, = To= Taw & 725 £ DI Uiz, X 2-17 ICBAEBRO—fFlZ R~ . 7288, Z
DB A Z TRE S eHE O 2 Pl Lo b DO TH S, BN GO
TRONRA A T B H OB AT LD I OFET, 6 = 0° (IEICBWTERMMES  RAMR
AT OWHER), T OJEY % @ BEIREORER ORI A 7 OXE) BEHATHND. IR
GMRTI A T DIRHNE, BB O 72 OIS SIS BRE L Tnd. |0 R
<725 &, ERTIFEHETR->TWE, 22T, [X2-17 FOMFRRN ORI IS T 5 51
IRBGIREEE R 2 BRI, F(2-13)7° & AR BERT,, 2R T2 L, Ty=2075°CTh o7z,
7z, FEBICHIT DBERT, DXL SEX AFHii L7z & 24, R T 28 DA
PJ—IZ X DEERT OEHEN S DIXH DX (95 %FEE) 13 0.10 °CREETH - 7.
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Fig. 2-16 Schematic of the measurement system.
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Fig. 2-17 Thermal image on unheated test surface at Ty, = Ty= Tam (U = 0.46 M/s, T, = 20.2 °C,
Tamb =211 °C, §, = 12.6 um, &g = 0.90, model Q).
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RIEBRCIL, RO RE B D12, T4 AROHRIITERAL v h &2 B LT,
ZDLE, BRAUNMIBOVLLAHD L, B OITER L B OB SRR AR —
(2725 (Bl v ML 22D LR TN D). 2070, ESBE—225 K ) ICEE
RS BAL VR E2BAT LT, LL, BRI ST LIIREEThH 72720, 22T
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[X] 2-18 | ZENEG O—F 2~ d. [X] 2-18 ()i, HJ B > b EBEAT LT AEN i OB E
BThd. KaEisE, 0=0° (I DR 2 7 HE OBRY AT K D585 RS
1Z, 0] < 45°OHPH CITITTHETREN Y —TH Y, HEHEAY ORI E A ERVD
DHERTE 5. X218 (b)lE, A2 MBIV LR AEEHOAEBE TH LS. KF D
BEGITZERAA OO T HITERT 5 BERHRE DT bR TE 5. AilE & [FIEE,
2-18 (b) T DOMHRN DFEII I3 1T 2 SRR 22 G TREEE )g 22 B2 U(2-13) 70> & SR 72253 R
I3 epZHHT 5 Ler=090 Thoto. Fiz, FEKIZHIT 20 EegDIEHo& %
ML= 25, By U hOBY T HIC LD, S BEEROEIENSDIEH DX (95%
CFEE) 13002 FRETH -7z, ZOXIITEASA » F OBV T BITERT 2 iR —
DEENREVGEL, WH TR THIEEZIT 7.
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(a) Uniformly painted test surface (U, = 0.47 m/s, T,y = 30.2 °C, Tam, = 23.0 °C, model @)

Er
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23100
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22100

z=40 60 80 mm

(b) Non-uniformly painted test surface (U, = 0.47 m/s, Ty, = 30.2 °C, Tam, = 23.4 °C, model )

Fig. 2-18 Thermal image on unheated test surface at T,, = T,,~ 30 °C
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REANKIK 3~4°C BEETIKTFT 5. ZO%5E, JEBBHAE—IZ X 5HEE~D
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AREJ—IZ L DPNEME~DFRENRE L 70 D728, FRERENRKE W &Il L2 SEZ D0
T, MERIE BRI R B3 KO EAE — ORIEZ1T 572, BUFICARFTE Tf T -
ToED—BZ <7

%] 2-19 |2 PEAVODFFASHE 2 1F: 5 SRR OBHRF S5 27~ 3. AR O U REER & 5L,
(-13)) BIRENART, A KD, B L2 b D& 2-20 (T, 728, ZORITRINE
1 A Z TRIE LTARBNE OB 2 2-0 RIS LR R LTV 5. BRO@EY, it
ALOFERE (X 2-20 D z/D < 4 FREOHEE) TIIEEER-—KEOIREZEN/ NS <22,
JEPHRER A2 X DB m < 72 5728, K220 275 &, 0=0° fhTicsn
THRIMRT A T BE O AR K DI OFBENHER TE 5. £io, KPP oHETcE
A FOBY L HITERT HIRET D (BEHROARE—IZ L5 AT EolRETH) 2
FHET D, DF Y, JFPHS SABNE OSSR MR o 57280, A(2-13)ITKRD L H 1T
HEEED.

Eir(z, RO) = &1r(z, RO) {Tw(z, RO)} + {1 - &r(z, RO)} f{Tams(z, RO)} (2-14)

K(2-14)F DO JAPHERBEIRE 54T Tamp(z, RO) 38 L ORI eir(z, RO) %R, JEFA M
RY)—8 L OGS EARY — OB MIE L GEIfHRAZ SR I W), ks, 22
TIAINREA A T DOIFFROREZAIERE Lieh oz, X 22112, FHIEH ORI LR
JES AR, AR —OMIEET I AT (K 2-20) (ZHART, FAMNRD A T HH OB AR
X DIRFORBER LY, Bl v FOBY LIRS 2IREL S H ST D0
DHERTE 5.
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Fig. 2-19 Instantaneous infrared image on the heated surface around flow reattachment region

(model Q).

effect of non-uniformity of emissivity effect of radiation from surroundings

m— |
Tw(C) 3 4 5
Fig. 2-20 Time-averaged temperature distribution on the heated surface around flow reattachment

region.

—
Tw(°’C) 3 4 5

Fig. 2-21 Time-averaged temperature distribution on the heated surface around flow reattachment

region (after correction).
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TROMRT A T OBFIERRE (3 ~5 um) (ZBIT 20 SRE e, FINRT AT DN
FROWEET, FAFREZL Tam &7 5&, BER GERME) ORE T, LIRINRD 2
T TR SV IEERIE RAMMRIHTE T O M) Er OBIRIE, 254 H TR~ L 51T
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AT ONFFROWET, JEPRRE T ORIE, 3L OGTEHBEIE er OED HHRIEH O
HETZRDTND (254 THBM) . IR eq DEIE, T2 TE 255 H TR~ LD
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NHDOEZXQR-1NTRA LT gg DIEZFHEL TV 5. ZOEE, BIKIFTORETEKD
ToBE A(T) ISRAED B D &, Bl LTz er DIEIZRAZEMSRET 503, £D eg DEZHWT
Ty 2RO TNDDT, MENKITEEBRET De g & 53 IR AR D 2355 LTS,
To DEHIZEBNTEL, f(T) OZEITFEE LSy 2L EN5.

UbZaBETHE, WE T, ORERZES LTUTOHERNZET HND.

O B er FHIRFORZE (255 HBH, er®DEFNKIEREB & D2ERET)

@ BEWKFEEREILDeg DAL — (-4 > FOBY D)

© HRE (HME) Er O/ A X (IRFTOHIIES), LOHETHOBEEDIZSSX)
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723, AR A T DR OIREET OFRAED SR IR E T OIREET, OFRAZER & LT
Fo N E N2 (TLDORIEMEIZ 0.1 °CRAZED & - 7o 358 DT DiR7213 0.005 °CREEELIT), =
ZCIEEET S, RRRERICOWT, ZREIVERHEME (M- X VFEE) B, &L ONMER
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TWb., 2712, O ~ QORAEERZE LD, 70k, RHEN ST, FENELRD
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Table 2-7  Uncertainty factor of the temperature measurement using infrared thermograph.

HE RAZE TR feh IERERE B MoxHEHE S oL 0
ENEXHT L 2SR ORI ERR = By =0.1°C 0n=1
SRR PN & B Th O IR EE 7 (Befih
B, =0.02°C Bp,=1
AHHUC L D H )
@®
JE B DM R Bi;=0.1°C 013=0.07°C™
er D& WK it FEBRAER & D 72 B X
By, =0.150°C ™ 0, =1
(0.9+0.01)
%W7k/ﬁ£%*ﬁ@@8m@$ﬁj* .
®) S,=0.150°C™ 0,=1
(0.9+0.01)
IR F (#7225 E) .
S4 =0.003°C ™ 0y =1
(er =090 DEH, 74 NVH—1%)
@ | IRETF(EZ BWVBDOHDITS
DX (gr = 090 DA, T ANVE S5 =0.022°C™ Bp=1
—1%)
FEMENEE OKFiEH D) 1231 5 JE )
S;=0.025°C™ 0 =1
@ | B ORE) I ER ORE—
BB 5 A PRIRLES O ERR B =01°C 04, =0.07

*1 X (2-13) 725, Ty=40°C, Tap=23°C, eg=09 & LT, *2 SR OEIER: F> 5kl

% 27 O D, T, OREREZETIL FO X S ISl T 5.
MERTIERERE (D72 KV RRZE)
Brw = \/ (611% B12)? + (612 X B12)® + (B13 % B13)® + (614 % Bra)® + (042 x Baz)® = 0.182 °C
MoxHEIERE (IX5HDEEE) -
Stw = 4/(02% S2)% + (031 x S31)? + (832 x S32)? + (Ba1xS41)? = 0.154 °C

HaxtiEss (95 %AFERE) ¢ Uy =4/Br?+(2Sw)? = 0.36 °C
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Thbb, B - T OEENEIRE T, OiAA21E 0.36 °CL AT 5.

723, Tu MRHRBN A SN GAIRIRE F OIS (Sy) 23018725, F72, Ty 2
ZEHN ) ST A TR FRIOM NI DI H DX (Sz), <A FOBV e b D2 (S,),
B L OVEHPABEI O —DEE (Sy) 012725, ZOHA, Syw=0°CL7R0, T, AR
A ST A OREREZE (95 %EIEEE) 13Un, =018 °C L FHIliTX 5.
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Fig. 2-22 Schematic diagram of heat transfer from a heated surface.
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ENTF LA, A b ERLTWD. 2B, RFEBRTHEM LIZBAA U FOFERGIET
7 UNToh5D, 23ETRATZLIIZ, B FOBE & BRERZ I TR L& =
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| ([ TF % ABICHIN U7/, Ry (374 SV IEaOEBEIEL, A 1M OREIFE TH D, Gowr
IEFVEINRZE RO R TH Y, AEAE DY 0 BIRHEMEZ DR [49]2>
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Do|nh+3sﬂb(PnRam"»

Qor = (2-18)
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Qrar [LBAA > MED DIMEA~OBEHBPGR TH Y, WAL VRO

qrdr =& pG(TVC1 _Ta?nb ) (2'19)
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EplXBAA V NORIIHETH Y, Z 2 TIF2E55H TN L7200 = g)p & [Fl— & F27e
L7z, GIEAT 77 v « RV~ U EHTHY, Tawp (EMEEFHOBERIELE (X12-2 ()OSR
WIRE) Tho.

P NI~ DBREE « JRFTOEMRIESR h X, K(2-15), (2-16)7>HEH SN 5 R HEH
L7z,

. . . 0Ty 07Ty, OTw
Gin = Gour — Grar + Ae (St+p) (822 + R2002 )~ (CipiSt + Cpppdyp) E

h= i
— (2-20)

ZITC, Ae(8i+8p) (07Tw/622 + 92T/ R2002) | HBENE DR EENARIT & 1 IR OBVRE A
(Cipedt + Coppdp) OTw/ Ot | HEENE DBV BT L 2 ERTBN AR L TR Y, 2 b DEAFHET
52 & T, [mENEOIREZB ORFZERIFRBR 20T 5 Z LN TE L.

72k, FEIMBZER A~ OB drar 38 X OSHHEEA R o 1%, AFEBRSIETIIZN
i, KR THIEENBEGTHR Gn D 3WFRRE L /NS o7z,

2.6.2 fENT L

M NKTE~ DB « JFFTOBMRIERNE, SRIMED A 12 X0 BidS S A58 Em O ik
TREERZEIZ, FortranTIERLL7=7 0 7/ T AL W EH LT~ T FIEA X 2-23 12”7,
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IR A Z CRIE LT-BWli§ % Er D CSV 7 7 A JVIT A H

step 1 l

A(2-13) W T Egr D T, 315

step 2

\ 4

RIS A Z CRIE LT OREWTHE 2 2- 0 TN A2 e

step 3 v

EEWE (L), B2 kelhl) OF®Z o — 27 (L4
(x—Thy AT T 40%) THREL, /A RXEEHE

step 4 \4
K(2-20)0°5, &7 L—24, BEBEIZBOTH - RATOBRER h 235
step 5 ~ - HULER l v v v
5 R S5 it P8 E) IR Sy AT AT N VIERT
(rms i) (RpfEI 25, 22fio0n)

Fig. 2-23 Flowchart of post-processing of measured data by infrared thermograph.

step 4 OB, K(2-20) OMGITHEOFFEIITHIRAFEZTEH L. REOMTE AT, /At
OFFREICIE, FLZEsr 2w L, RFHZIA IR A T D7 L— L& (4t = 1.25 ~ 10 ms)
& UTe. ZEB OB AT, /AR 33 XY AT, JAROY DFHRICIE, 2 IRDFLFESy AT L,
ZERIG I B ARINR T A T DY 7 VNG (42~ ARB)~021mm) & L TR L7, step5 LA
RelX, B SNIBMRER h 2 RICELRBMRE DR T — 2 215 5 12O DALFE AT 7.
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2.6.3 EZGANRE RO E D2

261 TEREAFEA Tl_72 X 918, MEPIKIE~OBHEE - RFTOBMAER h 2R
THRE, SRR AT TRIE LT B v MM 2 F 2 U fEOKHAER iR ET,, & &
22U, BEE (B NERA LIcTF ¥ V) ORENESH—HREMRE L. L
L, I L o T, (BENHIE & 710 O EABHRIE ORE N B X WA 13 H 2.
2-24 |\ s BN DIREEB OBEEX 273, BYRZEEEPMREOSAIE, 1224 (@) DX
I NZHE i I O EE 1 AT & AR AE T 5. — ), BMoEAEsmilc/ied L, HE
LERIE D R L, MEE R OREZEN KGRI L v /&< 722 (K224 (b), (). ZD
K ONZ, BMAEAT ) &I 7 0 IREATIRIESINR T 2 &, BARORENE S HmZ
—hRE LTt CIIBMRER OB BRIG &+ r CE /el 72 5.
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(@) Low-frequency fluctuation of heat transfer

_ Tm
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T,, (fluctuating) chv h
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SRR
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(b) Middle-frequency fluctuation of heat transfer

—_— T,
water flow
T,, (fluctuating) chv h
P Er VI AR R R R R N R
DC Py Ay il LU 5, | titanium foil
& A E A L J

/j’:’////////////////
Ty (fluctuating) wQcyr
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(c) High-frequency fluctuation of heat transfer

Fig. 2-24 Conceptual view of temperature fluctuation across the thickness of heated surface.
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I AR ORE OB AT 2720, (B (8= 8, =20 um) OF & AEM Ok
FERD (IR BMARERZE) h=h+ANSIN27 f1) A 52 O & IO TTAMRRAR
BiaAT o7 (RIS & A1 BME X cp (0T 00) =M@%TIoy?) 2 T:) . [0 2:25 12
AT WA 2R, BYREEROENE h 3B L OBMRERO L BHRE Ah/ oo, AE
BC 51T 5 EREOERME h = 6000 WIM?K), Ah/h = 025 (P& MELTE, Rep =
30000) #L08 h =1000W/(m-K), Ah/h =025 (Rep=~3000) % 5% 7=. F % L AHOEL
RS- ORAEEL—TEE L, B2 bl GUEmA) ORI R L.
2-25 OYFANIBMRERAT 21TV, (SO BAT o Ml GUERHRD) OIRE Ty O
ZEhHIRAE AW TEMEESRE L dhhy #HH L, 52 7-BMEERE 8k D IRIEDOE T
F 1 = Ahelah 3 ZONCFHEIL ¢ = 2nfat 25 L 7-.

. AT
Gin — (CtpeSt + Cpppdp) A‘{W
hest =

Twr _Tm

(2-21)

2-26 12, BMRERAFHOE TR n BLONAEN ¢ &2, BEERE f 1L ORL
o 7235, ORI THIL L T D, BYREROTHM h B8RS L, 10<f<100 (2
BWTHOTMNETTE nIZZEZNE LR, TOMOEPHIZBONTHIFEA S~ LTV,
F72, £<10Hz TiE, BAA v FREOIRED O BMRERAE) 2561l L T HEITROIK T
ONAREEAUTIE & A EFE L0, £> 10 Hz CTIEERE O 5 & ITE TR0 oA
FENDRZIZKRE 72D, f=80Hz THEILEN 10% KT L, f=300Hz T50% F
IR T2 Lo L.
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T | 3, | 3, .
L > < >
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wr

est

Fig. 2-25 Conceptual view of one dimensional heat conduction analysis.

1 . — 1
| recoveryratio T~ | =
IN S~
N _ ]l ©
= 0.8 ——h = 1000 W/m2K @©
[ ——-Th = 6000 W/m2K 1 =
06} I
i Ah/h =0.25 40.5
0.4} 8 = 20um ]
L Sp = ZOpm p
0.2}
[ phase lag
O " T 1 111 el 1 Lol 0
1 10 100 1000

f (Hz)

Fig. 2-26 Restoration rate ) and phase lag ¢ of the heat transfer fluctuation.
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2.6.4 AHED S EHT

AWFFETIE, FIRA A T THE LA (B o b 20 L8 OIE T,
b, AT KV BERE - [PTOBMRER h ZHHEHL T 5.

. . . AT, AT,
in = Qevr — Qrdr + (Atdt + Apdp)| ———— +
Gin — Gevr — Grar + (AeSe + Ap p)[ A2 | A(RD)?

Tw—Tn

ATw
— (Ctptdt + CpPpdp) ——
o J (CiptSt + CpPpSp) AL

(2-22)

BMuiER h ORGEAFHIT 2 ET, £7, BITO45OHISTFTER.

O Bk i Gour — _q
© BJrECeA (Mt + kpép)( LZ;W + %} =D
® BEi (cpdi+ i) -
@ JRpEEE Tw—Thm AT

233, AHED ST, FENELIROBMAEERIE 1S3 5 RERI 7251 (Rep = 10100, 2 = 220

mm, #HQ) (2B TITo7z.

B osE
F 5 BN 2 2 WA Gin 1S, B 1, FX UBOEBSHIE R, R A
FOTGin= PR /ADSEE SN, 708, MEINT~ORHREHEL Qo 35 L O EL

B Qg 1E, W5 e LT-EBRSE (Rep = 10100) TIEZFALEIL Gin @ 05 % FREELIT &
INEWTZD, Qo BEWY Qg OREEIZZ ZTIEEE L2V, T70bb, BWiRoiE q 13,
Gin = 1 2Ry /A BEHIE L7, 3% 2-812, WA (G = Gin—Gowr — Grar ) DFGEER A E L 5.
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Table 2-8  Uncertainty factor of heat flux.

HH AR AEHLA] FAXFIERERE Blg | FAXPRSEEEE Siq FEXTRED
HEIRO E IRt OFSE
B
(1=600A 12X LT, #EE+X05% Bq/0= 0.4 % 0’ =2

+02A D 1/2 TEHH)

F 2 AEDRE S OFEEE
ER By/q=2.42% 0p=1
(20.7um #= 0.5um)
EEiE
T & AEOMED AL —
Rt nglq =05% e’qg =1
(63.2mm= 0.3mm)
eS|
BAEITNEWVOT, ZZTIEHEE LR
fEA

ZNEY, 2R (d=Gin—Govr —Grar ) OFIFAZEITLL T DO L 9 ITFHITE 2.

FHXFIERERE (M- K Vi) Bq/q = \/(e'ql>< Bqllcl)2 + (9'q2>< qulq)2 =256%

TSP (1IX5 5% 7858) © So/ 0 =4/(04sx Sea/ 0)2 =0.5 %

FERHEE (95 % 4IFERE) « Ug/q=4/(Bq/0)2+(2xSq/ 0)% = 2.7 %

M8 KD BMAERER; (Rep = 10100, 2 =220 mm) 13q=~ Gin=2.4X10°WIm*Td % D
etz (95 % AHEEE) : Ug = (Ug/ q) xq = 6.5 10° W/m?

EPIHOH DRSS
HoOPL B TH D= (M +Apdy) (A2TW/AZ2+ AT, /A(RE)2) [W/m?] @ = 3% 1%,

D, = (Mt +Apdp) [W/K] & D, = (AZTw/ Az2+ AT,/ A(RO)?) [K/M?] 12/ T TEZ D, £7,
D1 DRAEER (MEWNKROEYRENE, Rep = 10100, z = 220 mmDGE) %3 2-912F
5.
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Table 2-9  Uncertainty factor of D.
HH AAAE A Hact IEMERE B MRS EE S AT 6
FH ‘/@?ﬂfﬁ%$®*§f§ Bpu = Opu =
Mol Qrawim K) £ 2wim: K)) 2.0 Wi(m: K) 20.7X10%m
%& V%@Eé @BI%S}_E BD12 = eDlZ =
& (20.7um + 0.5 pm) 0.5X10°m 21.9 W/(m- K)
/\O/]) N @%&{E\‘g’i@@%g BD13 = 9D13 =
Mool 021 Wim K) £ 0.02Wim K)) | 0.02Wi(m: K) 20X 10°m
A RDEIDEH O Sbus = Op1s =
% (20 um =+ 5 pm) 5% 10°m 0.21 W/(m: K)
TR, DOKERIFRAEIILL T O LD ICFHECTE 5.
MERTIERERE (D72 KV RRZE) -
Bp1 = \/(9D11 x Bp11)? + (Op12 x Bp12)? + (Op13x Bpis)? = 42.8 X 10° W/K

HEXPHEEE (1X5DXFR22) @ Spi=4/(Op1ax Sp1a)? = 1.05X 10 W/K
HaRIREZE (95 %MIFEE) © Upr=+/Boi®+ (2xSpy)® =

42.9X10° W/K

RIZ, Dy = (ATl A22+ AT A(RE)?) [K/M?] DREFEER (FAEHNKIEOEMAIERIE,

Rep =10100,z=220 mmDGHE) #FE 2-10I2F L H 5.
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Table 2-10  Uncertainty factor of D,.

HH =t N MEXTIEMERE B | MEXPREHE S et RO
TROMRT A T 12 K BIRSERIEREE (2
FFIRID|AT | O FEHEI S 0.03 KFREE, Sba1 = Op21 =
At RO S HD|AT,| D FJEI% 0.25 K 2 0.0197 K 42x10" m?™
JEE)
TRANITIA E 7 2 VR R O HE Spz = Op2 =
“ (0.21mm = 0.004mm) 4x10°m —6.5X 10°K/m*?
JE T 7 2 R RO R Sbzs = Op23 =
AR (0.23mm = 0.004 mm) 4x10°m 41X 10"K/m*™
*1 Opm = U(dz)’ + U{ARO)} , *2 Opp = 24T [/(42)° , *3 Opy = —24T,[/(4R6)’

&Y, D, DiExtEAZE (RPMEOES) IZELTFO X S ICRHMITE 5.

MR (X5 OEEAE) -

Sb2 = 4/ (Op21 % Sp21)? + (Op22 X Sp22)? + (Op23 x Sp23)? = 8.4 X 10° K/m?

HaklEE75 (95 % ALFGEE) © Upa = 4/(2x Sp2)? = 1.7 X 10° K/m?

7B, Do= (A%Ty/ Az2 + A2yl A(RE)?) [KIM?] DOZEMIEHMEIXIEIE 0 THHDT, Hokt

EREE (D=L VRRES) 1320 EARED.
%I, D=D;XD,DiRAERAZFK 2-11 ITF LD 5.

Table 2-11  Uncertainty factor of thermal diffusion term.

THH RRFETIIA] MO EREE B | MakPHBE S AR SYRENS)
D, DA Spy =
BDl = Opy =
D, (D, DT 4.9 X 10 WIK) 1.05%x10°
42.8X10°W/K 5.4 X 10° K/m?
W/K
D, DA
Sp2 = Op2 =
D, (AT B3RO T=D, D -HIEIL 5.4
8.4 10° K/m? 49X 10*W/K
X 108 K/mF )
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&Y, DoiREGE (RBAMECSE) T TO LI ICRHETE 5.

kT TERERE (D=L 0 355) © Bp=4/(0p1x Bp1)? =232 W/m?

HacHSEEE (X5 DXFE) © Sp = 4/(Op1x Sp1)? + (Op2 x Sp2)? = 406 W/m’

Hoxtinzs (95 WaltEEE) - Up = 4/Bp? + (2x Sp)? = 845 W/m?

7535, D = (Midt+ hpBp) (42T 422 + AT/ A(ROY?)  [WIM'] DZERPHIEILIZIE O TH 5 D

T, DOZERPEEMEOMRIFAFEIT 0 & AR ED.

EVEPEIE DFE

EMEPEIE] = (Copedt + Coppdp) ATw/ At [W/m?] DREZEIE, 1 = (Cpde+Coppdp)  [U(MPK)] &
T THEZD. £, 1 OFREZRERK (MENKIROBRERE, Rep
) BR2L2ICFLEDD.

l,= ATwl At [Ks]
= 10100, z = 220 mmDEE

Table 2-12  Uncertainty factor of |;.

HH RAZE A HaRTIERERE B | HaxPREE S Ak O

FH D HEADIEE B = O =

; (520 Ji(kg- K) +5J/(kg- K)) 5 J/(kg: K) 9.9 X 10%kg/m?
FH L DEEDREE Biz = 02 =

& (4507 kg/m>+ 2kg/m®) 2 kg/m® 1.14X10%J mi(kg K)
F 5 RO S DR Bus = B3 =

; (20.7 ym + 0.5pm) 0.5%x10°m 2.34x10°J/(m* K)
A v N DHBADREE Bis = 014 =

K (1400 J/(kg: K) + 50 J/(kg- K)) 50 J/(kg: K) 2.4 102 kg/m?
A v N DB OREE Bis = O5 =

& (1190 kg/m*+ 50 kg/m®) 50 kg/m’ 2.8 107 m/(kg: K)
AU ROEIDIEL DX Sis = Oy =

% (20pum *+ 5um) 5x10°m 1.67 X 10° J(m* K)
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LD, LOMKFEEIILL TO X ) ICFHicE 5.

MoXPIEREE (D=L VREE) -
Bii= \/(9|11>< Bi11)? + (0112 % Bi12)? + (0113 % Bi13)? + (0114 x By1)? + (O115x Biis)® = 2.24
J(m? K)

Y

PRSI (IXDDXF855) ¢ Siv=4/(0116 % Si16)? = 8.33 J/(M* K)

=3

HoxtHsE (95 WAFERE) : Ui = 4/Bii? +(2x Si1)? = 16.81 J/(m* K)

WIT, = ATwl At [K/s] OFEZEZER (FENKTOBMEERE, Rep = 10100, z = 220 mm
DFE) #FK2-13 12 LD 5.

Table 2-13  Uncertainty factor of |,.

THH FRFEHIIA] HOTTEREE B | #axHEEIE S P S YY)
TRAMRT A T2 X DIRFERIERE (t
Sz = 0121 =
ATy | FIADIAT,| DO FEJfEIEL 0075 K
0.003 K 300s™

FE)

7 L— LR RS
At
(1/300s=*= 0, REZEITBE L7

ZNLY, LoMxERE BREHEDLE) 1ZLLTO X S IZFHETE 5.
HRTREE (X5 2%iE) @ S, = A (B121% Sy 21 2=0.9KI/s
HoelRbzs (95 %HEE) « Uiz =4/(2xSi2)? = 1.8 K/s

B, = ATyl At [Kis] OFRPEAMEIL 01225 DT, TDiE4ES 012725,

BIZIZ, 1= X L,OFERKAZFK 2-14 |2 LD 5.
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Table 2-14  Uncertainty factor of thermal inertia term.

HH AR Hisel IERESE B A RS S Hsch O
I, DR Bi= Sip= O =
Iy
(I, DI 82 JI(mP- K)) 2.243/(m* K) 8.33 J/(m* K) 225K/s
1,DFEFE
Sp= O =
I, (AT |72 B3R D 71, D IF-HIfEI X 22,5
0.9 K/s 82 J/(m* K)

K/STREE)

INEY, | OffdiisE (BHFEO

5e) 1ZLLTO XD IEHETE 5.

HochIERERE (D57= X 0 3855) By = 4/(011x Bi1)? = 50 W/m?

MRS (IED DX FEE) S =4/(011xS1)2 + (B12x S12)2 = 201 W/m?

HaklEE75 (95 Y%rFERE) « Uy =4/Bi2+(2x S))? = 406 W/m?

B, 1= (Cipde + Cpppﬁp) ATyl At [W/mz] DORFREPEAEIL 012725 DT, ZO#ESH 01T

5.

IRE DR~
IBEEZEAT = T\~ T OREZ TN (MENAKROBMEERE, Rep = 10100, z = 220 mmDGE)

AR 2-151CFE LD, ok, BEFHRREITARET, LB X 2 EF of)»

HROTNDHDT, TNETNDOBGEZERNZ BT L.

Table 2-15 Uncertain

factor of temperature difference.

HH e MATERIE B | ORI S | MR
T, | T, By =0182K | S,y =0154K Om =1
T DiE7= Bm=01K Om=1
PN J IR |5 ome
" 06 K DR LR LTS %E | B=003K O =1
)
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ZRED, AT ORI T O LD ISGHETE 5.
T IERERE (D72 £ D RE)

Bur = \/(eATlx Bur1)?+ (04r2% Bar2)? + (Bur3x Bar3)® =0.21 K

XS (1X6H D& FEES) ¢ Sur = 4/(Our1x Sur1)? =0.154 K

Wkt (95 % AFERE) « Ut = 4/Bar?+(2xSar)? = 0.373 K

MR O

B q, ZERCE D, BVEMIA |, JEEE ATOBREIIOWTENLTIRGT LA, &
RIT, MR h=(q+ D-1)/ AT OFEZER (FENKIEOBMRZENIE, Rep = 10100, z = 220
mmOEE) ZF 2-16 ICE L 5.

Table 2-16  Uncertainty factor of heat transfer coefficient.

HHH AAZEZEA At IEfEEE B AR S R RO

q DA
q By = 613W/m* | Sy =114 W/m? By =0.1K*
(DT 2.4%10* W/m?)

DO#EZE (ID|OFHIfEiE 2.6 10°
D B = 232 W/m? | Sy, =406 W/m? B, = 0.1 K™
WIMPEREE, DOSEHMEILIEE 0)

IO (|0 FH I 1.8 X 10°
I Bns =50 W/m? | Spg =201 W/m? Bre =—0.1K*
WIMPEREE, 10D3FH{E I 0)

Ops =
AT AT DFAZE (AT OFH)EIT 10 K) Bn=0.21K S =0.154 K

—248 W/(m? K?) *

* O =—(q+ D-1)/AT?

LY, hoixRE (B - JETE) (ZELFO L9 IRl T 5.
MERTIERERE (D72 KV RRZS)
Bh = 4/(Oh % Bit)? + (B2 x Br2)? + (Bna  Bha)? + (Bha x Bna)? = 84 Wi(m? K)
MR E (X5 f5) -
Sh = /(B2 Sn)? + (On2 x Shz)? + (Ona x Sha)? + (Bha x Sha)? = 60 W/(m? K)
HOTEGE (95% AHEED) « Up = o[Bh? + (2% Sn)? = 147 WI(m? K)
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M NAKIROBYEEERE (Rep = 10100,z =220 mm) D¥A1Eh = 2220 Wi(m* K) TH 5
DT, hOERFRE (BERf - JHETE) 1 ZLLTO X S IEHliTE 5.

FHRTIEMERE (D= X 0 FE#) - Bn/h= 3.8%
FAXEBIE (15 D& FEE) - Shih= 27%

FHRIFEZE (95 % TIfEEE) @ Un/h=6.6%
F 72, h DEFZERIIE L SN T-35A61E, BWERTA D B L OBVEMEIR | ORRZEIX 0 &
BB DH DT, h ORFREZEIILL TO L ) IFHMECE 5.

HOETIERREEE (72 £ D 7835) ¢ Bi = /(O Bre)? + (Bhax Bra)> = 80 Wi(m? K)
etz (95 %EER) @ Ur = Br 80 W/(m*K)

Z O, h OFxfREAE (FFZERPEE) 1T TO L D IR T 5.
HocHERERE (D=L Vi) - Ba/h= 36%
HaktisE (95% FEEE) : Un/h=3.6%

7B, AW TIHMEBRDOIRE ZZ S H A —HREARE L TWDH 72D, BURZEDOZH)H
BN m< 85 &, N(2-22) TR SN BMREROEBHRIEN R T 5. Z 0813263

g

HTRIR L TWD. F72, R2-22DEMUITHE, BRSO ERELT), BLOEZE
MR D 220 AT DIRIEN T 5. Z OB ISGIRRT)ICFER ST b,
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o 3 MR B OFTHIE TED 2 L ERGE

El= =R

31 MO =

HAE TtV SR & AR 2GS O— > TH Y, (nBEERPIOTiE)
NTEew, HERBAOELITEMREIZ B L TR BREATHIE T T E 72,

ZieL L TR WD

-
—

2T, 1EROMENELREMAIZE DOIFIEIZ DWW TR T 5.
MENOTNETE THIUL, WHEY, RS & HICH0%E L OEMRESR | T
HATEETH H[50]. — 7, MNNELITE CTH D & MR H AN XA TE 20

A IR

728, TR B A2 DFEEBRITIOILT X 7-. Dittus-Boelter <2 Colburn 1%, & NELHEOEM:
FEROFEWT —H & LN FIOR TR e A 2R L7 [51].

Dittus-Boelter D=
(3-1)

Nu = 0.023Rep*®Pr’*  (10%< Rep < 10°, 1 <Pr <10)

Colburn D=
(3-2)

Nu = 0.023Rep*®Pr®  (10*< Rep < 10°, 1< Pr <10)
Z 2T, NUlEX vV MICTH  BdmizEEh, FHEWNED, MAROBMRERAN LR S ND

HERITTE (Nu=hD/A) Th5H. RepldL A VA TH A, £7-, Priz 7o MVETH Y,

TR DOEBIEBIREL o 12k D PAROERSEREL v Dt (Pr=via) TH 5.
#i(3-1), (3-2)iEDittus-Boelterd>x=°, Colbumd X : L TR SN TEY, k1B IA

<HWHN TS, Dittus-Boelterd==R°Colburn OROGEMEFAIL, LA /L 2% 10°<Rep

<100k 1<Pr<10) IZFRESN5M[51], Kaysetal [52]i%, &dA (05<Pr<1) (Z%f4

LG I AR R L.
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Kays O

Nu = 0.022Rep”Pr®® (10* <Rep<10°,0.5<Pr<1) (3-3)

F 7=, Petukhov [53]1 1A & SEBRIRED 7 10 V—IZHANT, K0 KSENE < AP (10°<
Rep <10° 0.5<Pr<2000) |Jj#MH T& 2R AREEL TN5D.

Petukhov D=

(L/8)Re, Pr

Nu =
1.07+12.74/1/8(Pr?° -1)

(10*<Re p < 10°% 0.5 < Pr < 2000) (3-4)

ZIZT, MITTVTAOR (W=03164/Rep’?) M DHROT-EEBRHETH D,
Gnielinski [54]1ZPetukhovD AR LA/ L Z%iEN (2300 <Rep < 10°) (ZHE8E L=kl
REL TN,

Gnielinski D=

(1/8)(Re, —1000)Pr
1+12.74/2/8(Pr?* -1

Nu = (2300 <Rep < 10°, 0.5 < Pr < 2000) (3-5)

31125 oA (A(3-1) ~ H(3-5)) Z~d. Kaysetal [62)i%, ZiHDHDH H
Gnielinski Oz, (Xi(3-5)) MFEHT—X L O—EERFHNZ LA LTV D.
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100}
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Kays
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Fig. 3-1 Nusselt number with respect to the Reynolds number, estimated based on empirical

equations.
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JVRNES) & ELIRBGR R OEENZOWTIHAE L7z, ZOREER, GLEMREOM KPR LELIE
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P& NELIRICHRIE O/ N S 22 RE) GUFEANIEAE L7RWEREE) 05 L, B EBRZ VT
BEMmUTEF I D LIREOZE ZHE Lc. EORE, BEmTfFEo/S—R NS
CEELRMETHY, RHITITE LN LaRLTe.

£77, IFEOI B2 —F OIERITHE, CFDIRITIC X - THENFLEMEEBL SR DR
[ - MBI OVW T HRE SIS L 91X o7e. T O[BTIE, BERIZENE R —E D
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B —ELTWD Z Enfkid iz, Piller[40]i%, EEm ORISR 28 8 L CHEWEL
TROBMEERARMT L, BABER S OIENT K 2584 F38~<72 (Pr=0.71, Rep = 5300).
F72, BONTMITRERE, T v RN OMITHER L L, MENO T NT v v
TR L 0 HIREEEN O TN RE W £ 2R LT 5. Saadetal. [58]1, BEFEA A —
EDFEREM 252, MENOTIRBMREZMT L (Rep =5500), 77 & MAEDE (Pr
=0.026~1) IZKDBMRE~DOREEMAT-. TORER, 770 MVEOBME & HIZIRE
N OrmsfECELIRETURAY AL, Z OfAFSCEAERDODNS & K< —Ed 5 Z & Z s
L7, 7z, FEWELR L FATERT v R VELIRO LR R R A i L, 77 & b
EICBIR72 <, BEEOBRITEAMREIIZE A CEEBE L 22 L &R LT, £7-, Liberto
and Ciofalo[59]1%, BEE —EOBERSLM &5 2, sy HENOERELZMNT L, FE DO
SRELDIE M L D BB~ % FJ5-37-(Pr = 0.86, Rep = 12630 ~ 17350). T OfkH, &
DRI ORI, FiEAL TR OB KL ONREZE M T4 5 L@ LT 5.
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MENOHE L, L—F— Ky 77 —jiifE (LDV, 241 HBH) ZHWCHIEL
7o MENOVEFEHEIT Uy =005~13mis THY, xHET 25 LA /L ZHiE Rep = 1000 ~
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IRWGED 2 BV T T

3-2 1 L O 3-3 \TERE R D — B2 77 7. [ 3-2 (X ELIEEAR 2 5% & L 7e o T35,
33 IFELIEEARZ R E LG A O E TH 5. ELIRERO AL & T, Eiiod;
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T RT A AFRAUTIR > TND Z L AR LT,

—77, Rep>2000 (2722 LEHULOBEER U, /un -2 L WIEF L, ELFMEERZE LT
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ZZC, UIPRAVHT AR, u JTREEEEGHE, v [ IMEREEN D OEEECTH D, ks, BE
BEHEE u 13k R 7-[60].

B

U, =Un4|= (3'7)

MI7T TV ADR (M =03164/Rep’?) M BHROT-EEEREK TH 5.

L > 7= 612, Wu and Moin[61]33 & ORER[62]12 & 5 P& N O3 %2 L= iiniBic 38t
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DINT—E L, ZENEEDA U mlUn DEEATL A FREDNS EIZIE—B Lz, —J7, Lk
(R Z R E L7 - 72354, 2000 < Rep <8000 CIIBiH b ELIE~DIBEI L 720, #ik
D £ S IZBHEIRRE & BLTRIR BRI A ALICBIN A R LB /R E L 72 o7 (X 3-2 (b),
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Rep =5000). L7>L, Rep > 8000 Tid, ELIMEERDAEE) D & ELHLAFRE S 24K
HE L 720 SERJHEE DN RIT S BUANCAE - 7oAl 72 D 2 & 2 sl L7z (X 3-2 (c), Rep = 20000,
3-3(c), Rep=20500). 7233, [X3-2(c) (Rep=20000), [X13-3(c) (Rep=20500) & HiZ
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3.3 AMmiEllER R LB
331 [rEMEOIEE)

ARE TR OB EIND AL, BB (BASA U M EBAA LT 2 8) DIFFITEND
72, TADIKIRIZEVIREI 752 & ThDH. 22T, BmEHEIZIE BN OIRHE)
MEEIT- T2, PEIE, EGEF I D =7.0,0=0°) OAEIZTITo7 (X34 5/ .
gtz dlZ, Tl 7 UVEERE (2D =13.3,0=0°) OREHIE biTo 7.

3512, FAFHEEF (un~ 1.2 mfs, Rep ~30000) (31T AIRENVENANIE 24, IRENZE
i Ad (GEREEET) 1%, L—YZ2EF (LK-G150, Keyence) # HWTHIE L7=. X35 (a)
(ARENE (BBAA > N EEAR LT T2 U 00) OIEBVENIRIE %2, X 35 (b) (ZIZfgni-o,
7 7 U IVERE OIRENEN T 27~ AENE ORI T 7 U VERE & B <
THRY, 5L BIRBZA OmSEIE 1 um FRE BEEER | = vu, © V10 RELT) &9F
WIS L, REEDARE CThH 5 Z &1 X DIRE) ORI S 727,

acrylic pipe titanium foil (20.7 pum thick)
== / ; i SEEL - qgp0
m) I%Z _.-._._._._._._._,? ..................................................... ,."._
T PO 6=0
on the titanium foil on the acrylic pipe
(z/D=7.0) (z/D=13.3)

Fig. 3-4 Measurement position of mechanical vibration of the test model.
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4L Rep ~30000, AT = 10°C, z/D =7.0

Ad (um)

-4 : Adrms - 12um

0 0.2 0.4 0.6 0.8 1
t(s)

(@) On a thin test surface at z/D = 7.0 and 6 = 0°

4t Rep=30000, z/D=133
2
0 ..
_4_ Adrms=1.1“m
0 0.2 0.4 0.6 0.8 1
t(s)

(b) On an acrylic pipe at z/D = 13.3 and 6 =0°

Fig. 3-5 Time trace of the vertical displacement of the test model due to mechanical vibration

measured using a laser displacement sensor (up, = 1.2 m/s, Rep, = 30000, model (D).
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HPETHY, 5T DA VAL Rep = 1100 ~ 38700 D THSH. ARIED I HAL
SR eg 1%, 255 3 THET=ROFHE) (R 26 TRl L7z, SRl S 7o e =1,
er=089 (FHAID) BLU0.90 (HAQR) Th-ot.
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HECH D, “BERE oBE)G, HESSKOBRES ML I ONEOEHZHRE L. W
FTHHAKIE OTFIHRESE To-Tn 1310°C B TH Y, WOEIMBREZ, WG
RBZR LTS, D EIROYES (X 3-6 (a) Rep =1100) 1%, JIEHR Pt~ X %
DB THE LEOIRED EFH-T2 00 T 5. GLtD%E (K3-6 (b) Rep = 10000)
%, RFEPERERIE E T M OREZIINS S, OOV, £, Tt
Ao TRPRA NS NS T2, IREPMRZIZEA L TWND Z LR TE S, X 37
1, PERKHE” OBEBRO—FITH L ELIREERZR L, =190 ~ 250 mm). FALAVE T
D6 (X 3-7 (a), Rep = 1100) 1, /DR THE LEIOWEED EF-4 2525, REA9IZIE

Tt EIEO¥AE (K37 (b) Rep = 8700, () Rep = 15700, (d) Rep = 26200), ]
VREENIT BT HRMOREZET NS <, FHOEEIT NS V. WTNOSE b IV
RO A b U — 2 ROMEED B, ZNEROBENE) D1, I ORESIEIT L7225 M~
BET OB ESnT. F, BLROA N — 7Y, LA 2 VRO ER LT
A T o TN Z & ZfifER LT,

Tw = Tm (OC)
11

(a) Laminar flow (Rep = 1100, Gj, = 2600 W/m?) Tw - Tm (°C)
14

z=20mm 100 mm 200 mm 260 mm

(b) Turbulent flow (Rep = 10000, G, = 29000 W/m?)
Fig. 3-6 Instantaneous thermal images of the heated surface (with turbulence promoter, wide

measurement, model ().
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(d) Turbulent flow (Rep = 26200, i, = 51000 W/m?)

Fig. 3-7 Instantaneous thermal images of the heated surface (without turbulence promoter, close up

measurement, model ().
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#) (Rep =8700~26200) Z 9. 723, HHIIRLIZ LA JVAHUE, Wi JimzD =11 O
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RENEOREWTTR A 2-0 EIZBIEAHL LR LTV 5. () 23SB#REA0, (b) 2% =220 mm
(ZBU DJE T DA OREBIE, () A 0= 0k DTN ORRERECH 5. b
REOMAT () (CIEFN TN OEELIE O A N U — 2 038, (b)) 2R5 &, IO
(IR IR OB R BRI T R STV D 2 E R Dh D, Z
DEEMAERSEIIE, BN (@) ICEET D EEMAERO AR y M NI END Z
IRV END LD THD. £72, (€) PO Z HELIKED A b ) — 7 fE&E 0B H)
WA LT2E 2 A, 05 ~08unfRETH-T. od, LA S NVAHIN ERATDHE, B
(BEEROEBDPEEICRY, FBEDPMN 2D, 2oL X, BYRERRHRHCER LA
FRFEDTE (262 HBM) (ISP EEEEOBMRZREE), I XOSZERBEOZER 53410 D
IRIE DN L, BMREERORFH - ZEMA 7R A+ Cle< 725, Bl ziE, X 3-10 (Rep
= 26200, At = 1.25 ms, Az = 0.21 mm) DOFMFTIX, SCH[29IC L5 &, 90 HzLL EDOEMRESR
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ZEENT 10 FEAEREE L, 2.1 mmEL F OBMAEREEIL 10 RS L Cnd. £z, r—X
AT ANE (% —T Ty N T 74 0Z)I12L0, fu=200HzLL FoZEER LN, =0.84

mmiL FOMEEIL T~ b EI TV 5.
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(a) Instantaneous distribution
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Fig. 3-8 Instantaneous distribution and its fluctuation of heat transfer coefficient (Rep = 8700, I, =

3.85mm, f, = 2 Hz, |, = 0.84 mm, f,, = 30 Hz, without turbulence promoter, model ().
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(a) Instantaneous distribution (b) Time trace along &  (z =220 mm)
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z il ——
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(c) Time trace along z (6 = 0°)
Fig. 3-9 Instantaneous distribution and its fluctuation of heat transfer coefficient (Rep = 15700, I, =

2.50 mm, f, = 10 Hz, lo, = 0.84 mm, f, = 120 Hz, without turbulence promoter, model ).
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S0 ry —
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0 foly
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(c) Time trace along z (6 = 0°)

Fig. 3-10 Instantaneous distribution and its fluctuation of heat transfer coefficient (Rep = 26200, |, =

1.96 mm, f, = 30 Hz, I, = 0.84 mm, f,, = 200 Hz, without turbulence promoter, model ().
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NIBNTEZEOMDIRY AR, Fio, BEFEGIGIFFITDR. 20720, KER
TIF B AV RFZE IS A DR OBFTERE S & Uit U CHRGES 2 Z L 138 LV 23, i1l 2 13 Liberto
and Ciofalo |Z &2 5DNS[59] Dk F: & 22 bl 235 Z L IXF[HETHSH. 2 DODNSIERep
~ 17000, Pr=0.86, BER—E DK TITHONI=b D THSHAY, CHA[59]DFig. 6 127 55,
ELRD A b U — 7 &SR S N BRIR AR D/ 2 — 13, AREERIR (Rep= 15700 @
5a) LRETVS.

F£72, Wuand Moin {Z X 515 ODNS[61] & bt d 5 Z &R TE 5 (X311 1),
Z O SCCIEEERINTEE (BEf DD 0.01R) (231 DIRALH MR u, OB#RESF73Rep = 5300
DBZFEITOWTRINTNDD, ZOEIRD A h ) — 7 GO/ 2 — ATARFERGRR (X
3-8, Rep=8700) & BTV S.

Fig. 3-11 Instantaneous distribution of near-wall velocity (Rep = 5300, at 0.01R from wall, white
represents higher values of u,, cited from Wu & Moin, J. Fluid Mech., 608, 2008, p. 105, Fig. 27,
Copyright © 2008 Cambridge University Press All Rights Reserved.).
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EMREENTIY, W7D = 11 OACEIZIT DR Ti= (T, + Tn)2 TOMEZHH L.

h, (z) D

Nu(z) = .

(3-10)
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WELIRORERZC (2(3-5), GnielinskiD[54]) 7> HRO72ME Nu., THEIL L=, F£7z, &
THEEINDIRESOEX MR 25 A[52) ik TR LT,

Nu(z) = Nuw(1+z/%j (3-11)
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Fig. 3-12 Distribution of the time-averaged value and the rms value of Nusselt number fluctuation

(without turbulence promoter, model 2)).
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3-1312, z=220 mm (/D = 11) (253 R &L Mk LA /L X5 Rep Lokt L
T7my kL. HROTZ%, Petukhovdz (U(3-4) [53]) , F3LT* Gnielinskid =, ((3-5)
[54]) X 3-13 12”7 AKFEBRT — #Z % Gnielinski D= & Heifed=2 &, Rep >4000 TiX 5% LA
NT—EL T en3bhd. Thbb, I AT EHWERREFECLY, b
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Fig. 3-13 Nusselt number measured at z/D = 11 (z = 220 mm) with respect to the Reynolds number,

compared with empirical equations.
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Fig. 3-14 Temporal fluctuation of heat transfer coefficient (z/D = 11, 6 = 0° Rep = 10100).
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Fig. 3-15 Rms value of the fluctuating heat transfer coefficient with respect to the Reynolds number,

obtained herein compared with that estimated from the results of direct numerical simulations.
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Fig. 3-16 Temporal fluctuation of heat transfer coefficient (z/D = 11, 6 = 0° Rep = 10100).

(c) Pre-multiplied spectrum (PMS)

91



3-17 12, =220 mm (z/D = 11)IZ83\F B BMBEER ORI 72 BB A t.° =t/(vu.’) (B
REMERREL v & BRSSO u, CHEEYOUE LT ME) 2773, ARZEER T, Rep > 20000 (285U T,
t." =120~ 150 DIFF—EM T o7z, RO, HEROELIELE DOFER T DAz
— A FOFEEY QR OFEKIC kD v M, EREE CAEBEIC L D2 v D) e
> R L72[67], [68], [69], [70]. FHAETFIERCHEERGNFAE/R D T2 DHEDIXS D ENKE VR,
Fokteiat,” =80 ~ 110 FREEDH & 72> CVD. AREBRFERIL, SLREMAEOFEBR TH LI
foN— 2 NOEEEE LD bRED TH DD, FROIE Y BYRESRAB) O & WD B T 72
WZ ERFHIITENRRD L 2B ET D L, RERERTRNEEZOND. OFD,
AREBRCRHM L 7= BMREER ORHU 22 BB E T, ~— R MR EBEREICBEL WA L
EZHND. 728, Rep<19000 Tidl A //LVAEDK T LT t" DEIRAIZEFR LT
W5, ZOFRIIRHTH DD, ZOLA JIVAEEHTIIELTO A ~ U — 7 & D7)
MRS ENRED 19 FEEELA BIC72 0, BEEOHEEBEIRO X b U — 7 i O 28) | 58
LTWDHREMED B 5. 7238, PR LIZ NSO 28R (OF, SCHERB6]) T,
Rep =7600 (Z3W Tt =170 F2ETH Y, FEEEFEOM (" =80~110) LV &&m< 2o
TW5.

Re.
0 500 1000
T T
— 400} Present exp. ® without T.P. | A
N A with T.P.
S L
= & Kim et al. (B.L, water)
= 300f { } O Iritani et al.(B.L., water) |
I

< Naganoetal. (B.L.,air) |
O Issiki et al. (pipe., air)
< 200 { §

100: DﬂE }E } {

Komori et al. (channel, water)

+
T
——
e

|
1 2 3 4
[ x104]

Fig. 3-17 Characteristic period of the heat transfer fluctuation, obtained herein compared with

previous studies.
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Fig. 3-18 Circumferential distribution of instantaneous heat transfer coefficient (zD = 11, Rep =

10100).
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Fig. 3-19 Mean spacing of streaky structure with respect to the Reynolds number, obtained herein

compared with previous studies.
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Fig. 4-1 Schematic diagram of an orifice plate.
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Fig.4-6 Top cross-sectional view of a test model for the heat transfer measurement.
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Tw=Tn (°C)

z=-60 mm 0 mm 100 mm 180 mm

Fig. 4-9 Instantaneous thermo-image of the heated surface using infrared thermograph (wide

measurement at Rep = 12100, G;, = 40000 W/m? model ®)).

fully developed flow, . reattachmentregion recovery region

flow —=
/ﬂ/ﬁ
N
Z0D=-2 -1 0 1 2 3 4 5

Fig. 4-10 Conceptual view of flow around an orifice.
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Fig. 4-11 Instantaneous thermo-images of the heated surface measured using infrared thermograph

(close-up measurements at Rep ~ 12000, Gj, = 40000 W/m?, model 3)).
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(a) Instantaneous distribution (b) Time trace along 6 (z/D =-1)
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z (mm

(c) Time trace along z (6 = 0°)

Fig. 4-12 Spatio-temporal distribution of h around an orifice at /D = -2.7 ~ 0.1 (Rep = 12500, K¢t

=1190 m™, fo; = 200 Hz, model @).

(a) Instantaneous distribution (b) Time trace along 6 (z/D = 1)

h (W/(m*K))
- 18000
= 15000
. 12000
9000
6000
0.2

(c) Time trace along z (6 = 0°)

Fig. 4-13 Spatio-temporal distribution of h around an orifice at z/D = 0.2 ~ 2.7 (Rep = 12400, Koy =
1190 m™, f,; = 200 Hz, model ).
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(a) Instantaneous distribution (b) Time trace along 6 (z/D = 2)

h (W/(m*K))

18000
15000
12000
9000
6000

60 70
z(mm)

(c) Time trace along z (6 = 0°)
Fig. 4-14 Spatio-temporal distribution of h around an orifice at /D = 1.8 ~ 4.4 (Rep = 12300, K¢ =
1190 m™, f,; = 200 Hz, model 3)).
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(c) Time trace along z (6 = 0°)

Fig. 4-15 Spatio-temporal distribution of h around an orifice at Z/D = 3.9 ~ 6.5 (Rep = 12300, Koy =
1190 m™, f,; = 200 Hz, model ).

112



0 (deg)

z(mm)
(a) Instantaneous distribution

,, S,
130 140 150
Z{mm

(m
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Fig. 4-16 Spatio-temporal distribution of h around an orifice at z/D = 6.0 ~ 8.7 (Rep = 12400, ko =

1190 m™, f, = 200 Hz, model ).
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-Present exp. — —Krall & Sparrow 7
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- - - - Suzuki et al.
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Mean value of Nu T

Fig. 4-17 Distribution of the mean value and the rms value of Nusselt number fluctuation at Rep =~
12000, obtained herein compared with the mean value of previous experiments, which are

conducted under similar experimental condition to the present study.
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Fig. 4-18 Streamwise distribution of rms value of the heat transfer fluctuation at Rep ~ 12000,

divided by the mean heat transfer coefficient downstream of an orifice.
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Fig. 4-19 Some examples of instantaneous convection velocity ug/u, and corresponding

instantaneous Nusselt number distribution.
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Fig. 4-20 Distribution of time-averaged streamwise convection velocity E/ U .
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Fig. 4-21 Ensemble-averaged Nusselt number distribution on the condition that instantaneous

reattachment appeared at specific streamwise positions.
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Fig. 4-22 Temporal fluctuation of heat transfer coefficient of turbulent pipe flow at Rep = 10000.
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Fig. 4-23 Temporal fluctuation of heat transfer coefficient around flow reattachment region at

Rep = 12400.
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Fig. 4-24 Circumferential distribution of instantaneous heat transfer coefficient of turbulent pipe

flow at Rep = 10000.
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Fig. 4-25 Circumferential distribution of instantaneous heat transfer coefficient around flow
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(a) Overall view of experimental setup
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(b) Timing chart

Fig. 5-1 Simultaneous measurement system.
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DOIRBNVENLILT 7 VVERERIREE CTH D Z LD, BB IF/KIRO BN LT3 72|
P d % &I L7z,

acrylic pipe titanium foil (20.7 or 40.6 pm thick)

electrodes

Fig. 5-2 Photograph of a test model for the heat transfer measurement (before coating with black

paint).
acrylic pipe titanium foil (20.7 or 40.6 pum thick)
Uy oS/ L S5 g2 1900 i,
— > l_)z : _e_ -
o —— e 8=0" R\
k ' 707€70°
(z/D=13.3)
on the titanium foil
(z/D=11)
80 mm
<>
280 mm

Fig. 5-3 Measurement position of mechanical vibration of the test model.
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(b) On an acrylic pipe at z/D = 13.3 and 6 = 0°

Fig. 5-4 Time trace of the vertical displacement of the test model due to mechanical vibration at

pulsation amplitude of Rep = 3000 - 12000, measured using a laser displacement sensor (thickness of

titanium foil 5, = 20.7 um, model ®)).
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5.3 e b & BMuE G ORI

(5512, [FRFAIER RORREREZ <. FBIAIZ, 7w /I~ 7 VEiEROEE
(a), FEREITERTCTHIE SN2 (b), BVRHGHER FCHIE S M3t Dot (2= 313 mm)
©), BIUBMRER () ThH 5. Wit = 0 SiTAMEH Uzl @~ o —7 T LR
FEDIK FEAER) 2R LTV D. BMREESRITz = 194 ~ 245 mm, § = -40° ~ 40°DHiFH T F-4
ENTWD. 7ok, BMAEFREHOE, BRROBESTIRE TnlJl, WIEMADRET,
AWz, 77 T7NITIE, BSOS (Rep =12000) 38X UPAUIKEE (Rep =
3000) (Z31F D EH IR OB AR TR LTz,

ERF OB Lo C, WiiE (X155 (b)) ARBMITEN - B LCTRY, 1HEAT v 7
IREEBAE LN TS, 2d, AIRO@EY, MEHFOREHIT 01s ThY, Fithv
TV T L= K25 Hz Th LT, iaEatOHES (K55 (b) (TFEEOREZEL L
DHDLENTWD,

BT A UT-BHE (UT = 0), Wil Dt 3 o) UiIRfElc = L (55 (),
R 2 BV NG (UT =0.5), WREEHLOEITEHIHIN L Tnd. 22T, Ak k9
12, BT 0 — 7 ORFEEUIIEF I NS, FEEEERAD & A X 2 7 E FIZ R
NI ONTNWD EBEZLND. 12721, 242 HTHR~ZX D1, AEBRTIE, YR
7u— T REAE TOKRE —E L EE L CREEE 2R L2720, Fhs o EILIE
fECRWFTREMED B 5.

[ 5-6 (a) ~ ()2, X 5-5 DREZIA ~ GITxHi Uiz RsMRmER i 2 v d . REIACldd
Ktk (Rep = 12000) &7e->Thh, ZORZIOBMREE M (K56 () (I, FiaLh
PN OZELR DO A B U — 7 HEIT S LT AR E MEGR T & 5. —J7, RFZAIBOTRIH
BEIL, JiE (X55(c) DAMIZIKTT 5. ok, X hU—27RofEER, iivhm
WZIENTE L9 e AR v MROBMREREIZZ(LT 5 (K56 (b). RFZIC~DTIE, iEd 1
MMETLTWAIZHEDL LT (K55 (b), (€), BMeERITT I TET, BSKT
LTS (K¥55(d). iUk, BEHERZICBENIZAR Y MMROGEYEERED - ITIXH
T, 56 () ~ (d)D X 5 IR 0% & & BITHLR L TV ~a | E XS e )
5, LIEBLFET 5720 ThH 5. EB LOBMEER & HIIFEHy MEIZE LIZRZIET
1T, BMmER B Aeo T D (X156 (6) . NEEEHORFZIFCIE, g RARIEL T

132



HICHEPHT (X555 (c) BMmERIT LA LTy (X555 d). Ziud, ShmdkHx
A ORI EIZ X 0 [02)ELn s il 4, 3 ITTEEDNE Z 5720z L& 2 bivs.
ZD, BYRERIIRVNEETHD (K56 (). D%, FEAGTIHE, Lt oai%
WZELA SRR L (56 (9), BMmERE LA Ligd s (K55 (d)).

KIZ, X 55 OitEEt & BMEEROLEAN S, JRENOFHGIZ L DIEEEHEDO A %2 T
HIZEHG L7z, AinRo@Yy, X 5-5 ORFZIBOWBGEEZIE, FEA UMK T LTl

(Rep = 3000) (ZE#ET 25—, BMmERITT CITETETITRSNTUE T T 5. 77205,
i & BMREERN 15 LS T D HAIC A, (X 5-5 (AR RO RS D OEERE DS
"BonleBEzxbnbd. —F, MAFOIEERIE, FHEA 5 EF L, BXiitE (Rep=
12000) |ZEET 5. BMREERIY, WASELIMET 2 £ CTEE LRy, itk & BMREEN
1 5%F 1 kpET DA, X 5-5 ()3 F A O s 7, (RZAD M S 7= Z L1272 5.
5-5 (d)DAREHES - HFEMMOEEE IR LIZE 25, TOEMIFRE Th-o7z. 728, A
FEERSAFIIIT D MR, 13, Gnielinski DE[54]7> 5 3K 6D 72 IREN D 72\ AL oD 5520
i (RN CldRep = 7600 DEHELNE) £V b 10 WRE/NShodz, DFY, K
FEERSAETIX, BoERFOREMEES R (K 55 (d), JREE) L AERFOEEHINIE (X
5-5(d), HEE) I, AREIOF G X AREMEEIT R Hhen o7z,

133



DC supply (trigger signal, on/off)
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Rl b ]
[ ]
RN |

O
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[ Flow rate

Fig. 5-5 Time-series of measurement data (pulsation amplitude: Rep = 3000 - 12000, pulsation

cycle: T =8s, duty ratio: 50 %).
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(@) time A
(tT=0.94)

(b) time B
(T=1.03)

(c)timeC
(tT=1.09)

(d) time D .
(YT=1.16) PR

(e)time E
(UT =1.44)

(fHtimeF
(tT=1.56)

(9 time G
(t/T =1.60)

h (W/(m?K))
800 1800 2800 3800

Fig. 5-6 Instantaneous distributions of heat transfer coefficient (pulsation amplitude: Rep = 3000 -

12000, pulsation cycle: T =8 s, duty ratio: 50 %, model ®)).
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(b) On an acrylic pipe at z/D = 13.3 and 6 = 0°

Fig. 5-7 Time trace of the vertical displacement of the test model due to mechanical vibration at

pulsation amplitude of Rep = 0 - 8000, measured using a laser displacement sensor (thickness of

titanium foil §, = 40.6 um, model ®)).
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A (Rep = 8000 DEF I, 2/D =11  (z=220 mm)) DOARFEN ST AT 72, T OREE,
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THEMRERTH S, IREIOZWFN (Rep = 2000 DEH ) O FHEMmER 1%, FE
PN EVEH L7z, K58 %5 E, T=6s (0 =11) OEEEER Kb EL, IkEDZR
WAL EER B0 %Ll Emidso 7z, 7eds, IE OFHINE LML T 2729, 2 BIORER R (Run
1,2) #OHIBIOOHITT 1y b LA, WL 2%UNT—EHLTW5.

T T T T T
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E_ O Run1
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e
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£
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b oo _______—_
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Fig. 5-8 Ratio of heat transfer coefficient of pulsating flow, hm p and non-pulsating flow, hy np
(for a steady flow at Rep = 2000 in this case), against pulsation cycle (pulsation amplitude: Rep

= 0 - 8000, duty ratio: 25 %).
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(a) DC supply (trigger signal, on/off)
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Fig. 5-9 Time-series of measurement data (pulsation amplitude: Rep = 0 - 8000, pulsation cycle: T =

6 s, duty ratio: 25 %).

140



(@) time A
(tT=0.72)

(b) time B
(YT =0.85)
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Fig. 5-10 Instantaneous distributions of heat transfer coefficient (pulsation amplitude: Rep = 0 -

8000, pulsation cycle: T = 6's, duty ratio: 25 %, model ®).
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(a) After opening valve (b) After closing valve
Fig. 5-11 Trends of heat transfer coefficient after opening and closing valve (pulsation

amplitude: Rep = 0 - 8000, duty ratio: 25 %).
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Fig. 5-12 Trends of heat transfer coefficient through one periodic cycle (pulsation amplitude: Rep

= 0 - 8000, duty ratio: 25 %).
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Fig. A-1 Instantaneous infrared image on the heated surface around flow reattachment region

(model ).

effect of non-uniformity of emissivity effect of radiation from surroundings

]
Tw(°C) 3 4 5

Fig. A-2 Time-averaged temperature distribution on the heated surface around flow reattachment

region.
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Fig. A-3 Thermal image on unheated test surface at T,, = T,,= 30 °C (uy, = 0.47 m/s, T,, = 30.2 °C,
Tam = 23.4 °C, model Q)
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Fig. A-4 Distribution of a spectral emissivity on the test surface.
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Fig. A-5 Thermal image on unheated test surface at Ty, = Ty= Tamp (U = 0.46 m/s, T, = 20.2 °C,
Tam = 21.1 °C, model @)
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Fig. A-6  Ambient temperature distribution on the test surface.
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Fig. A-7 Comparison of the time-averaged temperature distributions on the heated surface around

flow reattachment region.
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Fig. B-1 Anexample of the instantaneous convection velocity vectors calculated using PIV

software in the region of z/D = 1.1 ~ 3.3 (time interval At = 1.25 ms).
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Fig. B-2 Time-averaged vectors of the convection velocity in the region of z/D =1.1 ~ 3.3.
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Fig. B-3 Distribution of time-averaged streamwise convection velocity E/um , which was

evaluated using PIV software.
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BY) OfilzRd. XB-4 (0) T, ZR&EZmaTALTEY, KB4 (0)TiE, BHEX v/ N
SRR B — 7 B R BN, 2O X IIT, T L B Zimex = ZrIT72 2 DUT TIEZR .
AU, EETEECTIIONT D b OIGE O TR & BE I TEAS iz @il Oiiil2s 3
TEHNCEHE B3 5 720D L HEER S AU D . TR B [75]OFFE T, BRRFEMR R O MR &
E RS FLATEALE &AUE U CHEEHIRNT 24T o 7228, 2 OREITEBIIFIE L 20 e B2
bihd.
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EO 5 reattachment position
3 Y D
Moo kczv
=] W

SF A

-0 |
L i 1 . 1
o i hmaxl
3 8
___Z_‘ L
=] L
= 4 |
0 1 1 ] 1
1 2 3
z/D
(a) Case A
ttach t iti
:,EO,5 | reattacl mer\poslélor‘l
N c
£ 0 Tﬁ.‘w&
AB
-0.5} :
L i 1 i . 1 3
o I I
s 8f |
£ |
=] L
z 4 [ :
0 1 " 1 M- 1
1 2 3
z/D
(b) Case B
:;EO. 5| reattachmert\posl:i)tion
\c'\)‘ B, Q_. Pad
0 -—
> ./.—NA'
-0.5F

Nu/Nuc,
N

z/D
(c)Case C

Fig. B-4 Some examples of instantaneous convection velocity uc/u, and corresponding

instantaneous Nusselt number distribution when the reattachment occurs at z/D = 2.70 ~ 2.82.
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WU, 2R & L DBIREFEFHONTTRAR D 723D, TRAIT R OREE DALEIZ AR BN D =
EERMHSRME L LT, BREX vV NEOAT O T v TV B R T, Bz, XIB-4
ITRFENLE 2/D = 2.70 ~ 2.82 IS E N BN D558 DB#F X > &L M (XB-4 TE)
ERLTWDA, ZOSRMEMTZ 3B X v L MO & 2REREIT — 4 O h Bl
LT D &, 2/D =270 ~ 282 ICFIAE BN D X v ')V MG DT W T
BaRODHZENTESD. 22T, 141890 OFfEALE @/D=1.29~1.42,142~155,155
~1.68,1.68 ~ 1.80, 1.80 ~ 1.93, 1.93 ~ 2.06, 2.06 ~ 2.19, 2.19 ~ 2.31, 2.31 ~ 2.44, 2.44 ~ 2.57, 2.57 ~
2.70,2.70~2.82,2.82 ~2.95,2.95~307) ZHiHISMFE LT, FRMHTBIT DX v &L My
DT Y TN KT,

XIB-5 |2, FfIAE L 2/D~1.5,2,2.5,3 IZBF 5 X v NSO T %0 TV %
Y. HROD T, BRFRENT — & R LT X v MM & RO IR CRd23,
T U T LT X ey MEGAE, TS T 2 ARSI E IR TR I E
NDEALTNDZ ENDND. DFED, BRFOF AN ELZR & RO BYREEFMRRZ e 5
BICBR L TR Y, BRI E T DALEIC W THMRERNE < 72 D RN
BN EERLTWA. £z, FPEMEN EFICIET 51FE X v MEOBRAAE)
REL Lo TWD., Tbbh, LRICHMET 2HIUE ELBMEE~DF G LN &
ZRLTWD. Ziud, AU 7 ¢ AR CHE L7z iy Pt~ T Z EPaE L, Tt
BICITFMEIC L DEEMEERNH/E LD EE X HND.

B-5 D BT, BALEICIT 2 B & O HBBEP 2~ . HBBHE OMAA, 1E
RERPERFMENE 2z @D=27) L—HL WD I bbb, —F, Biko X H1g,
Zg LV RHBNCEME T DIEERX vV MEOBKIENKE 72D, Zd, FRHEERL
B Zn AR TRMBESRBANIE Zyme 25 FIBICTAET BIRE L 25TV 5. 7235, 1
KB T5] D FEBRIZEBNT bR RAVR Z LTV D D3, AWFSE CIIBHIF BRI & Bt
REF A AL A [F A&« F RSBV CRHId 5 2 S ICkEh L, ToRREHKIC, H
(BN & BMRERBRNLE ORBURIC DN TH LN 5 Z LR TE L.
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T T
6F Ensemble-average
g flow reattaches at —— Time-average
3T z/ID=142~155
< 1.93~2.06
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Fig. B-5 Ensemble-averaged Nusselt number distribution on t

reattachment appeared at specific streamwise positions.
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B4 Fl

WM R AT D 2~k ) 26, Kpa e LT 5 BMaiE S OB IR L & PIV
Rty 7 b U =T VTR L72RER, IR Z LB,

1. PIV A TR TR REL ORFEPEENT, B CHBRAIC KV RDIfEE L<—H LT
BY, EEMICZARETHD Z L 2R LT

2. DERDOIFZE L FIRRIS, BERPESBREROMANE (RIEBR Tl 2/D=22) 1%, KifF
PIEATENE (REBRTIZZD=27) L0 b ERANCTEET D 2 & 2R LTz,

3. B EHSENE 2SR U, BRFBMRERMOT Y o TN 2T o7 %
OFER, T oV TN LT BMBEER Y, SRR & LB A A AL R0
TE—JZR LT, 7005, BHRFEAEALE & B i N [ T2 T B AR
LTS L aHER LTz

4. T T NAEORER, Mgt & TR S AL E DS RIRANCALE T 213 S8R
EEEROMAAEDMEIN DA A D72, bbb, BN EE T 5 itduE S 2YE
E~OFGENE L, s, KEPEBMRERMGRNLE D R BAEMLE L Y b
EIRANAFHET BB TH D Z LAVRS NI,
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%k C  AHED SFRAT

ARRTHL, 54 8 NI<HE - R 2 BMeett] BLO0% 5 & Nithozin
W+ B A P O BRI 1231 DREREIETHONT, JRIMRI A T TRIE LTz
LIS L ONHi L 7= Bz RO ST 21T o 7.

Cl 1I<BE - BfEERNZH S BMezERE (Y 7 4 A B
C.11 HIEEEOmEFE

TR A T OFFENERAR B ~5 um) (BT 2 =% e, TRIMRET A T D
FROBEZT, JAMREL Ta &35 &, HHIER GERE) OEE T, AR A
7 TR S SRE (T2 ME) Er DEEFRIE, RATERIND.

Er=erf(Tw,TL) + (1 -€r) f(Tamn, TL) (C-1)

ARz, X(C-1)EHANT, FIMRED AT DT Er, TRIMED A T OISR DIRE
To, JAPHRE Taw OWIE, 3 EO0MHEIHE er OED HHRIEE ORET, 2 RD TN D

(254 THEHM) . N eg DAL, Z 2 TIX 255 H Tl L 918, FENKHEFEER
&[RRI R O HSRATIZ RN T Er, Try Tams TwZFHAIL, ZHUHOfEZA(C-1)
ICRALT er DIEZFHEL TS, ZORE, BAFE TORIETROIZEIM (T) (2
BdboE, L eg DIEISRREMSRET 505, Z£D gr DEZHWT T, Z3KRDTND
DT, MEPNKTTEBREI Der & 53 SRRl De 3% LiT AU, T, OFEHIZE
WL, f(T) ORREITEE Xy L EN5.

UEZEET DL, RE T, OHERZEL L TUTOERBZET HND.
O HHEHE er FHERFORE (255 HBM, er® BRI & DR ET)
@ BEWAFEEBEILDeg DAL — (-4 > hOB D)
@ HHRE (HHE) Er O/ A X (IRFETOHNHES), BLOETHOEEDIESSX)
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@ JEPEHE (1-eg) (Tamw) ORI & DA

7236, AR A T DR OIREET OFRAED SR IR E i OIREET, DOFRAZER & LT
FohE e, T TIFERYT S, ERBERICOWT, ZRTHAERIERE ()XY
7E) B, BIOMEHEEE (X6-%fRE) S #5tR Lz, vk, ZZCHEHT 2R
KOG, SOM8lICEL T 5. KCLIS, O ~ OOREERZ £ L iz,

TableC-1  Uncertainty factor of the temperature measurement using infrared thermograph.

e RAZETHIA] Mokl IETEFE B MoXPFSHE S Mok IE 0
BT SR X 2 SAIRIE ORI ERRZE B =0.1°C 0un=1
SR & B E i OIRFEZE (B2fik

By, =0.02°C 0,=1
BHHIC L D B D)
©)
JEIPRTRLEE D EREFE B;z;=0.1°C 03=0.032°C™
er DB WK FEBRART & o 72 B X
By, =0.180°C™ 0y=1
(0.96+0.02)
BN FEBRAETL D gig D AR — )
@) S,=0.046°C™ 0,=1
(0.96+0.005)
IR FET(& &7 DS .
Sy =0.003 °C ™ 0 =1
(er=0.96 DEE, 7 1 NH—1%)
@ |IREF(EZBMBEIOHADIES
DX (gr = 096 DA, T ANLE S5 =0.022°C™ B =1
—1%)
FENNBENEE OKFEDH V) 12B1TF )8 )
S, =0.039°C™ 0,=1
@ | B ORE—IHEIER OARE—
ENVEERHZ X 2 JE PR ORI ERR 7 B, =0.1°C 04 =0.032"*

*1 X(Q2) 7D, Ty=40°C, Tap=30°C, £g=096 & LTalli, *2 “5E M OHIER )6 3

INEY, T, OREEEZILTFO L I TE 5.
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HORHERERE (D= X ias) -
Bry = \/(911>< 511)2 + (012 % 812)2 + (013 Byg)? + (014 x B1a)? + (042 B42)? = 0.207 °C

Stw = 4/(02% S2)% + (031 x S31)? + (032 S32)? + (041xS41)? = 0.064 °C

HaxtH5E (95 YFERE) : Unw=4/Br®+(2Stw)? = 0.24°C

728, To MEFEHNEE SN A IRXIRE OIS (S) 28012725, £72, Tu M

PR,

ZERIHN T SNT- A IEE RO IIDIES D& (Sg), A v FOB Y Tp 5 DR
B I OVEEBH ORI —D R (Sy) 2301725, ZOHA, Sw=0°CL72 0, T, OHakt

FAZE (95 %EFEFE) 13U, =0.21°CE 72 5.

C.l2 BMrERoihaE
AHFFETIE, FORED A 5 TRIE LTAZENE (Brf v N &S LT-4JRTE) DOIRE T,
B, WU L 0 Y - BEFOBEER h #EH L TW5.

AT, AT,
Gin — Gevr — q,dr+(xt8t+kp8p)[ - 2W A(RG)ZJ (Ctpt8t+Cppp6p)

h =
Tw—=Tm

BrzER h OZEZMET 5 ET, £, UTD45DHEIZFTTERT.

O Bk i~ e e =g
© BaHOR e+ xpsp)(‘;lw A‘(‘;Tg;zj =D
@ ENEMET (Cipid; + Cpppsp)AA_-I;W =
@ ImEEAE Tw—Tm = AT
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7233, ANHED SFRATIZ, 13 < B - PRS2 5 BMRIERIE L2361 2R 540 (Rep = 12000,

z=-20mm, fERI@) 2B\ TiT-o 7.

B oS
F 5 BTG 2 2 WA R Gin 1S, B 1, FX UBOEBEBSH IR R, R A
FOTGin= PR /ADDEE SRS, 708, MEINT~ORHREHEL Qo 35 L O 2L

jﬁ% qrdr ﬂj:, %h%ﬂ qin@ 05% *%EHT&/J‘éU\fC&), qcvr j;SctU\ qrdr @%ﬁ%ﬂj:
TTEEBE LRV, Tabb, BUiROME q 1F, Gn=2R/ANLIHIIL. £C212,
?L{}:ﬁﬁﬁ (q = qin_qcvr_qmr ) @%ﬁ%g%i & &)6.

Table C-2  Uncertainty factor of heat flux.

HH ARZERIA FAXFIERERE Blg | AHRPREEEE Sig FAXHEEZO”

ELFRIR O FRHTR F O RSEE
(I1=750 A IZX LT, #EE+T05% | Bg/g=0.38% 0'q1 =2

+02A D 1/2 TEHH)

F 2 AEDRE S OFEEE
T Bo/q = 2.42 % 0’ =1
(20.7 um *+ 0.5 pum)

F-H ABRDRDO R —
Rt nglq =05% 9'q3 =1
(63.2mm= 0.3mm)

eS|
I/ NENDT, T2 TIEEE LN
EA

ZHEY, 2R (d=Gin—Govr —Grar ) OFIRAZEITLLT DO L 9 ITFHITE 2.

FISHERERE (3572 1 0 3855) Byl q = (Oqux Bar/ 0)2+ (Bgzx Bez/ 0)7 = 2.53 %

PRSI0 5) 1 Sq/d = /(0gax Sqa/ 0) = 0.5 %

FHRESE (95% AUEEE) : Ug/q=4/(Be/ Q)2+ (2xSe/ Q)2 =2.7 %
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VR B - FEAPE AR O BMRERIER (Rep = 12000,z=-20mm) 1Zq~ Gin=4.1X10"W/m?
ThHDHOT, YR q OMEXFAZEIZLLTO X 9 IS T 5.
HoeazE (95% AIHEAE) @ Ug = (Uq/q) xq = 1.1 X 10° W/m?

BRI ORRE
BLEELIED = (St + MpSp) (A2Tw / Az2 + A2Ty/ A(RE)2) [WIm?] DREFEIT, Dy= (St + Apdp)

[WIK]ED, = (A%Ty [ 422 + ATyl A(RG)?)  [KIM T T TEZ D, £, DLOREERK (1%
Bl - BT AR 9 BMAERIE, Rep=12000,z=-20mmDOEE) #FCIITE LD5H.

Table C-3  Uncertainty factor of D;.

HH AR A e IEfEE B TR S AT 6
ﬁ;& ‘/@?Nﬁﬁr$@*%}§ BD11 = 9D11 =
M (21.9W/(m: K) = 2W/(m: K)) 2.0 Wi(m- K) 20.7X10°m
ﬁ;& \/7@]‘@@ é O)%};ﬁ: BD12 = 9D12 =
& (20.7 um = 0.5 pum) 0.5X10°m 21.9 W/(m- K)
~NA b @§&4£§$@H%&F Bpiz = Op1z =
A 0.21W/(m- K) = 0.02W/(m- K)) 0.02 W/(m- K) 20X 10°m
/\0/],:/}\@J§-é@bj:%0% SD14: 9D14:
% (20 pm = 4pum) 4x10°m 0.21 W/(m: K)
INEY, DiOHEBRFEEIILL T O L 9 IFHMETX 5.
Mot IERERE (D 7= KV RE) -
Bp1 = \/(9011 x Bp11)® + (Bp12 X Bp12)” + (Ob13x Bpiz)® = 42.8X10° W/K

MRS (IXH D& #55) ¢ Spi=4/(Oorex Sow)® = 840X 107 W/K
(IS (95 %AEE) © Upi=4/Boi?+(2x Son)? = 42.9%X 10° WIK
WIZ, Dp= (42Tl 422+ 42T/ A(RO)?) [KIMP] DREAEZR (1< W - P52 0k 5 BmiEil
&, Rep=12000,z=-20mmOFH) #KCAIZELEDD.
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Table C-4  Uncertainty factor of D..

HH =t N MEXTIEMERE B | MEXPREHE S et RO
TROMRT A T 12 K BIRSERIEREE (2
FFIRID|AT | O FEEHEI S 0.035 KFEEE, Sba1 = Op21 =

At RO S IHD|AT | D FHJEIE 0.25 K 2 0.01 K 4.8x10" m?™
JEE)
TRANITIA E 7 2 VR R O HE Spz = Op2 =

“ (020 mm = 0.003 mm) 3X10°m -8.8 X 10°K/m*?

JE T 7 2 R RO R Sbzs = Op23 =

4R (021 mm =+ 0.003 mm) 3X10°m —5.4X10"K/m*™

*1 Opm = U(dz)’ + U{ARO)} , *2 Opp = 24T [/(42)° , *3 Opy = —24T,[/(4R6)’

&Y, D, DiExtEAZE (RPMEOES) IZELTFO X S ICRHMITE 5.
HTREE (X5 2% fE5)

Sp2 = \/(9D21>< Sp21)2 + (Op22 x Sp22)? + (Bp23 x Sp23)? = 5.0 X 10° K/m?

HaklEE75 (95 % ALFEEE)  Upa = 4/(2% Sp2)? = 1.0 X 10° K/m?

72¥, Do= (A%Ty/ Az2 + A2Ty/ A(RE)?) [KIM?] DOZERIEHEIXIZEIE 0 THHDT, TD
RAZEIT 0 & Tt D,
%I, D=DyXD,DiaEENARCS5IZELDD.

Table C-5 Uncertainty factor of thermal diffusion term.

THH RRFETIIA] MO EREE B | MakPHBE S AR SYRENS)
D, Dbz Bp: = Spy = Op1 =
D,
(D, DT 4.6 X 10 WIK) 42.8X10°W/K | 8.4x107W/K 6.5 X 10° K/m?
D, D7
Spz = Op2 =
D, (AT W2 B R D T=D, D FHfEIL 6.5
5.0 X 10° K/m? 46X 10*W/K
X 108 KIm?F2 )

ZNEY, DofxiaE (RFMMEOYSE) IULTO X DI T 5.
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HochIERERE (D37= 0 3855) © Bp = 4/(Bp1x Bpy)? =280 W/m?

XS (X6 >&iE4) ¢ Sp= \/(9D1>< Sp1)?+ (Bp2 x Sp2)? = 231 W/m?
xRS (95 WRITEE) - Up = y/Bp®+ (2x Sp)* =540 W/m’

7235, D= (Mt + ApSyp) (A2Ty [ Az2 + A2Ty, ] A(R)2) [WIM?] DZERPEANEIZIFIE 0 THDH D

T, TORET0 &EHRED.

BMEMIEOFE

BMEMIE] = (Cpdt + Coppdp) ATw/ At [WIm?] DRI, I = (Cpde+CoppSp)  [I(MP-K)] &
l,= AT/ At [K/s] 123 THEZD. £7, |, OREEER (X< BE - FAE 2 BYRE
HIE, Rep=12000,z=-20mm®DEE) #HKCHICEE D 5.

Table C-6  Uncertainty factor of |.

HH RAZE A HaRTIERERE B | HaxPREE S Ak O

FH v DD B = O =

" (520 Ji(kg- K) +5J/(kg- K)) 5 J/(kg: K) 9.3X10%kg/m?
FH U DEEDREE Bz = Oz =

& (4507 kg/m*+ 2kg/m®) 2 kg/m® 1.08 X10?J m/(kg: K)
F X AEDE S DIEE Bz = Ous =

; (20.7 ym + 0.5pm) 0.5%x10°m 2.34x10°J/(m* K)
A v NOBADKEE Bis = O =

K (1400 Ji(kg: K) + 50 J/(kg: K)) 50 J/(kg: K) 2.4 102 kg/m?
A v N DB OREE Bis = Oy5 =

P (1190 kg/m*+ 50 kg/m®) 50 kg/m® 2.8x10%J mi(kg K)
_RA U RDEEDIEH X Sue = B116 =

% (20pum *+ 4um) 4x10°m 1.67 X 10° J(m* K)
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LD, LOMKFEEIILL TO X ) ICFHicE 5.

MoXPIEREE (D=L VREE) -
Bii= \/(9|11>< Bi11)? + (0112 % Bi12)? + (0113 % Bi13)? + (0114 x By14)? + (O115x Bjis)® = 2.23

WS (5D FE5) ¢ Sii=4/(0116x Si16)? = 6.66 J/(m* K)
ot (95 WAFERE) : Ui = 4/Bis + (2x Si)? =13.51 J/(m* K)

WIZ, = ATl At [K/s] OFEZEEER (X< B - FAEE 20 9 2MsEHIE, Rep = 12000,
2=-20mmDOGHE) ZRKCTICELDD.

Table C-7  Uncertainty factor of I,.

THH FRFEHIIA] HOTTEREE B | #axHEEIE S HEeH RO
TRAMRT A T2 X DIRFERIERE (t
Sz = 0121 =
ATy | FIADIAT,| DO FEJfEIL 0033 K
0.003 K 800s™

F)

7 L— LRI
At

(1/800s=* 0, REZEITBE L72)

INED, LOMERFAZE BEHEOSES) XL TO X S IZFHMITX 5.
HERHFEEEE (X6 >&#A) @ Si2= V(0121x S121)? =2.4 K/s
HoktRRzs (95 WalFEEE) @ Uiz =4(2xS12)? =4.8 K/s

mE, = ATwlAt [K/s] OFREEPEEIL 012725 DT, DS 01272 5.

BZIZ, 1= X1L,OR8EHKEZFKC-8IZE LD D.
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Table C-8 Uncertainty factor of thermal inertia term.

HH AR Hisel IERESE B A RS S Hsch O
I, DR Bi= Sip= O =
Iy
(I, DI 82 JI(mP- K)) 2.23J/(m* K) 6.66 J/(m* K) 26.4K/s
1,DFEFE
Sp= O =
I, (AT |72 B3R D 71, D15 26.4
24KIs 82 J/(m* K)
K/SFEE)

&Y, | OffiRsE (BHHEOSEE) (L FO & D IRl T 2.

HochIERERE (D57 X 0 3855) By = 4/(011x Bi1)? = 59 W/m?

X (1E6 &) © S = \/(9|1>< Si1)2 + (812 % S12)? = 264 W/m®
HERFEZE (95 WEIFEE) « Up =4/Bi?+(2x $))? = 531 W/m?

7233, 1= (Cepidt + Coppdp) ATw/ At [WIm?] ORFRIEHIEIL 012725 DT, ZDiEEE 012
5.
SO

TEEEZEAT = Ty~ T DREZER (13 < B - AR 2108 O BMaERIRE, Rep = 12000, 2 =-20 mm
D) ZRKCIIWCELDD. 2B, RBEVFHEEITADRET, LA X 5 EA
DFMHRDTNDLDT, FNENORERR Z MR L7,

Table C-9  Uncertainty factor of temperature difference.

HH e MATERIE B | ORI S | MR

T, | T, By =0207K | S, =0064K Om =1
T DiE7= Bm=01K Om=1
PN J IR |5 ome

" 06 K DR LR LTS %E | B=003K O =1
)
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ZIEY, AT ORI T O L 9 IR T & 5.
Mo IERERE (D372 KD RRE) -

Bur = \/(eATlx Bur1)?+ (0412% Bar2)? + (B4r3x Bar3)® =0.23 K

XS (1X6H D& FEES) ¢ Sur = 4/(Our1x Sur1)? = 0.064 K

Wkt (95 % AFERE) « Uur = 4/Bar? +(2x Sar)? = 0.265 K

BRI O

B g, PEECE D, BVEMETE 1, BEE ATORRAEIZOWTENTIURGT L2, &
%I, BMBER h=(q+ D-1)/ AT OFEAZEEA (13 < B B35 2 1 © BVREHIE, Rep = 12000,
2=-20mmOEE) H#EKCI0IZELDD.

Table C-10 Uncertainty factor of heat transfer coefficient.

HHH AAZEZEA At IEfEEE B AR S R RO

q D
q By, = 1039 W/m? | Sy =195 W/m? 0y = 0.1K?
(qOFAEIE 4.1 X 10° W/m?)

DO (ID|O FHIfEiE 3.0% 10°
D B = 280 W/m? | Sy, =231 W/m? B, = 0.1 K™
WIMPEREE, DOSEHMEILIEE 0)

IO (|0 FH I 2.1 % 10°
I Brs =59W/M? | Spg =264 W/m? Bre =—0.1K*
WIMPEREE, 10D3FH{E I 0)

Ops =
AT AT DFAZE (AT OEY)EIT 11 K) B =0.23K S =0.064 K

—346 W/(m? K?) *

* O =—(q+ D-1)/AT?

ZEY, hoffings G - JRETE) 1ZLLTO X S ITFHE T 5.
HORTIERREE (1= & 0 R835)
Bh = 4/(Oh % Bi1)? + (B2 X Br2)? + (Bna  Bha)? + (Bha x Bna)? = 134 W/(m?* K)
Mo E (X5 &%) -
Sh = 4/(Bh1x Sne)? + (On2 x Shz)? + (Ona x Sna)? + (Bha x Sha)? = 46 WI(m? K)
HOTEGE (95% AHEE) « Up = o[By? + (2% Sn)? = 163 WI(m? K)
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< B - FATE A D BMsERIE  (Rep = 12000, z = -20 mm) D341 h = 3600 W/(m?
K) TH2DT, hotxtiags R - RPE) 1L FO X S IZFHETE 2.

FHRTIEMERE (D= X 0 FE#) - Bn/h= 3.7%
FAXEBIE (15 D& FEE) - Shih= 13%

FHRIFEZE (95 %TIfEEE) @ Un/h=4.5%
F 72, h DEFZERIIE L SN T-35A61E, BWERTA D B L OBVEMEIR | ORRZEIX 0 &
BB DH DT, h ORFREZEIILL TO L ) IFHMECE 5.

HOETIERREEE (7= £ D 7835) ¢ Bi = /(O x Bre)? + (Bhax Bra) = 131 W/(m* K)
HoelRizE (95 %EHEE) : U = By = 131 W/(m*K)

Z O, h OFxfREAE (FFZERPEAE) 1ZLLTO L 9 IR T 5.
HocHERERE (D=L ViE2) : Ba/h= 36%
HaktisE (95% FEEE) : Un/h=3.6%

7E, AW CIHMEEm OIRE 2 E S H IS E L TWD 120, BVREOLH)E
BN E< 72D &, R(C2) TR SN BMREROLETIRIEN BT 5. ZOFEIL 263
HTRIBR L TWD. F7z, H(C2DEMUITHE, @RI DOERZERALH), L2
L D ZER AR OIRIEIR T 5. ZORENE 333 TR LT\ 5.

o

171



C2 [I<HB - BN ZLE D BMuERlE  (FT 5 nEkk)
C2.1 HIEIEE DR

E T, OWERZL LT, CLLE TR L ICLLFOERNZET Hib.
O HHEE er FHIRFORE (255 HBM, er® BRI & DR ET)
@ BEWKFEEBEILDeg DAL — (-4 > FOB D)
@ HHRE (HHE) Er D/ A X (IRFETOHNHES), BLOEFHOBEEDIESOX)
@ JRBERE (1-er) (Taw) ORI —IZ L D%
ZC, #EERO ~ @1, BARRINEN A ZICERT 22 TH 508, ANREIXAY
7 4 A LOWIE (CLLH) & UARRIZEH LTSz, RESEAMIZIZFCTH
5. bbb, T, ORERAIUTO X S ITFHETE 5.
e IERERE (D372 KV FAA) @ Brw= 0.207 °C
MR (X5DXF478) @ Stw= 0.064 °C
(RIRESE (95 YATHE) © Urw=4/Bra?+(25w)2 = 0.24°C
F7o, Ty DEFERICES S N5E, T, OEkRRE (95 %oFEE) 13U, =021°CL
2%.

(Y

C.22 BMrEROFRAE
AT, 1< B AT AR S BVEEIIE IS BT B 37250 (Rep = 12000, z = 40 mm, F

@) (TR TR ST 4T > 72,

BMURDRE
BUTROME q 1F, Gn=12R /A DD L7, % C-1112, BUHA (= Gin— Gowr — Grar )
DEEENEELDD.
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Table C-11  Uncertainty factor of heat flux.

HH ARZEEIA FAXFIERERE Blg | AHRPREEEE Sig FAXHREZS”

ELFRIR O FRHTR O REEE
(I1=750 A IZXF LT, #eE+T05% | Bg/g=0.38% 0'q1 =2

+02A D 1/2 TEH)

FH AEDIE S DOFEE
T Bo/q = 2.42 % 0’ =1
(20.7 um *+ 0.5 pum)

T X AR DIED A —
R, Se/q=05% 0p=1
(63.2mm= 0.3mm)

eS|
I/ NE VDT, T TITEE LN

A

ZEY, 2R (4= Gin—Govr—Grar ) OFIFAZEIILL T DO L 9 ITFHITE 2.

FAXFIEREE (D372 L 0 7855) © Be/q=4/(0ux Bqa/ )2+ (042 Bg2/ 9)? = 2.53 %

PRSI (D0 5) 1 Sq/d = y/(0gax Sqa/ 0) = 0.5 %

FIRHRSE (95 % 4FERE) « Ug/q=4/(Bq/ )2+ (2xSq/ 0)% = 2.7 %

VAL ZIE « R % £ 5 BMAEERIER; (Rep =8000,z=220mm) (Fq= Gin=4.1x10"

WM T2 DT, Bl q OHREEIILLTO X 5 ICEHEi T 5.
Hoxl7E (95% AIFERL) © Ug = (Uq/q) xq = 1.1 X 10° W/m?

BRBIH DRSS

BUEHED = (Mt + Apdp) (A2Tw ! Az2 + A2Ty ] A(RE)2) [W/M?] DFEZEIE, Di= (Mdi + Apdp)

[WIK]ED,= (A2Tw/ Az2 + A2Ty, l A(RO)?) [KIMZT/FTEZD. £, D.OBEEER (1%

< Bl o BT AL O BMSENIE, Rep=12000,z=40 mmOEA) #HFHC-12IcE L 5.

173



Table C-12  Uncertainty factor of D.

HH R (R Hoet IEMERE B HoHks s S Mo 0

FH V@?j\wﬁ%%j‘@*%&f BD11 = 9D11 =

M (21L9WI/(m K) + 2W/(m: K)) 2.0 W/(m- K) 20.7X10°m
FH \/7@]‘@@ é @%};ﬁ: BD12 = eDlZ =

o (20.7 um = 0.5 um) 0.5%10°m 21.9 W/(m- K)
/\O/]) N }\ @%&{E\‘%Xi@%g BD13 = 9Dl3 =

Y| (020 Wim K) + 0.02Wim-K)) | 0.02Wi(m: K) 20%10°m
RA LV NDEEDIE SO Spus = Op14 =

% (20um + 4 pum) 4x10°m 0.21 W/(m: K)

ZNEY, DiOHIFRAIIL T O X ) IR TE 2.
M IERERE (D32 XV REE) -

Bp1 = \/(9D11 x Bp11)? + (Op12 x Bp12)? + (Op13x Bpis)? = 42.8 X 10° W/K

ML (X5 O 5%) ¢ Spr= /(0w x Sow)? = 8.40X107 WIK
(IS (95 %AUEE) © Upi=+/Boi?+(2x Son)? = 42.9%X 10° WIK
WIZ, Dp= (42Tl 422+ A2Ty [ A(RO)?) [KIM?] DREAEZR (1< i - P52 0k 5 BmiEill
7E, Rep=12000,z=40mmDOHE) #FKC-13I12F LD 5.
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Table C-13  Uncertainty factor of D,.

HEH ARAEBIR] Mo EMERE B | #axPHSEE S Ao
ROV A T2 & B IRFERIEREE (2
FFIRID|AT | O FEEEIS 0.071 KRR, Sba1 = Op21 =

Al RO J7 18] DIAT | O FE-HEIE 0.14 K F2 0.01K 4.8x10" m?™
JE)
TNITIE B 7 2 VRO RS Sp2z = Op22 =

o (020 mm =+ 0.003 mm) 3X10°m ~1.8X10"K/m**?
JE 51 & 2 2 LT B o Sbzs = Op23 =

450 (021 mm =+ 0.003 mm) 3X10°m —2.9X10K/m*™

*1 Opo = U(Az)’ + U{ARG)} , *2 Opp = 24T [/(A42)°, *3 Opy = —24T,[/(4R6)’

INEY, D, DR (RFTMEOSE) 1ZELTO L S ITFHETE 5.
MR E (15 & FEE) -
Sp2 = \/(9D21>< Sp21)2 + (Bp22 X Sp22)? + (Op23 x Sp23)? = 4.9 X 10° K/m?

Hoct#s5 (95 % AIHERE) © Upz = 4/(2x Sp2)? =9.8 X 10° K/m?

7283, Dy= (A2Tw/ Az2+ AT,/ A(RO)2) [K/mz] OZERPEHEIXIZIE 0 THHDT, D
AT 0 LA D.
%I, D=D;XD,DiRAEKRZFKC-14 IZF LD D.
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Table C-14  Uncertainty factor of thermal diffusion term.

IHH RAZE A MRS IEMERE B | #ash ks S Hakt O
D, D& Bo: = Sp1 = Op; =
. (DD FHIEIE 4.6 X 10" WIK) 42.8X10°W/K | 8.4x107WIK 4.9 X 10° K/m?
D, DR

Sp2 = Opp =

D, (AT B3RO T=D, D F-HIEIL 4.9
4.9 10° K/m? 4.6 X104 WIK

X 10° K/m?HeEE)

&Y, DoiREGE (RFMEOCSE) IO X I IEFHETE 5.

Mo IERERE (D= X WERZE) @ Bp=4/(Op1x Bb1)? =208 W/m?

HEXHEEE (X6 &) ¢ Sp= \/(eDlx Sp1)2 + (Bp2 x Sp2)? = 223 W/m?

Hoxtaiss (95 %alFERD) - Up = 4/Bp?+ (2x Sp)? = 492 W/m?
focjb D = (Mo + xpé‘)p) (A2T [ Az2 + AZT\, ] A(RB)?2) [W/m ] D22 EAME] FITOTHAD

T, TOEEITL0 &5,

BMEMEIHORAGE

EVEMEIEL = (Cpedt + Coppdp) ATw/ At [WIM?] DFEFE1E, 1y = (Cpdi+ Cpppdp)  [I(MZK)]

Ely= ATwl At [KIS] W23 TEZD. £7, |, OiEEEK (X< Bt - FEE2E D BVs
EHE, Rep=12000,z=40 mmDEE) ZFHC-15I1CF L H 5.
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Table C-15 Uncertainty factor of |.

HH RAZE A HaRTIERERE B | HMaxPREE S Hasc O

F4 D HEADIEE B = O =

; (520 Ji(kg- K) +5Ji(kg- K)) 5 J/(kg: K) 9.3X10%kg/m?
T2 DEEDREE Bz = Oz =

& (4507 kg/m>+ 2kg/m®) 2 kg/m® 1.08 X10?J m/(kg: K)
F 5 RO S DR Bus = B3 =

; (20.7 ym + 0.5pm) 0.5%x10°m 2.34x10°J/(m* K)
A v NOHBADKERE Bis = 014 =

K (1400 J/(kg: K) + 50 J/(kg- K)) 50 J/(kg: K) 2.4 102 kg/m?
A NDOBEEDREE Bis = Bis =

& (1190 kg/m*+ 50 kg/m®) 50 kg/m’ 2.8 107 m/(kg: K)
A NDEIDITHHOX Sue = BOie =

% (20 pum *+ 4um) 4x10°m 1.67 X 10° J(m* K)

LD, LOMKFEEIILI TO X ) ICEHicE 5.

HoXPIEREE (D=L VREE) -
Bii= \/(9|11>< Bi11)? + (0112 % Bi12)? + (0113 % Bi13)? + (0114 By1a)? + (O115x Bj1s)® = 2.23

J(m? K)

Y

PRSI (IX5DXF855) ¢ Siv= /(0116 % Si16)? = 6.66 J/(M* K)

=3

HaxtssE (95 WAFERE) : Ui = 4Bii? +(2x Si)? = 13.51 J/(m* K)

WIZ, ly= ATl At [Kis] OFRETER (1< B - F5 20 0 BMElE, Rep = 12000,
2=40mmDIGH) Z#RC-16ICE L HD.
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Table C-16 Uncertainty factor of I..

THH FRFEHIIA] HOTTEREE B | #axHEEIE S HoxhE e

TRAMRT A T2 X DIRFERIERE (t
Sz = Op21 =
ATy | FIRAIDIAT,| DO FEIfEIL 0.056 K
0.003 K 800s™
)
7 L— LRIROREE
At

(1/800s=* 0, REZEITBE L72\Y)

-
—

nEY, LOMRRE (BRHEDOSS) FLLTO X ISR TE 5.

XL (X5 DXFREE) ¢ Si2=4/(0121x S121)? =2.4 K/s

HoclRbzs (95 %HEE) « Uiz =4/(2xSi2)? =4.8 K/s

mE, = ATwlAt [Kis] ORFFEFIEIL 025 DT, TOAEL 010725,

BIZIZ, 1= X L,OFERKZRC-17T IZFE LD 5.

Table C-17 Uncertainty factor of thermal inertia term.

HH AR Hisel IERESE B ARG S Hch 0
I, DR Bi= Sip= O =
Iy
(I, 82 JI(mP- K)) 2.23J/(m* K) 6.66 J/(m* K) 451 K/s
I,DFEFE
Sp= O =
I, (AT |72 B3R D 71, D IF-HIfE 15 45.1
24KIs 82 J/(m? K)

K/STREE)

IHED, | OffiRse (BHHEOSEE) (L FO L D IZRHETE 2.

HoP IERERE (D= L 0 3E55) ¢ By = 4/(011x Bi1)? = 101 W/m?

MO (X6 &) © S =\/(9|1>< S12)2+ (012x S12)% = 359 W/m?

HoKREE (95 WEFEEE) : Ui =4/Bi%+(2x S1)? = 725 W/m’
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7235, 1= (Cpdt+ Cpppdp) ATw! At [WIM?] DOBFRIEANEIL 012725 DT, ZDREEL 012
5.

IR DR

ILEEFEAT = T~ T DRAZEEIA (13 < B - B8 21 O BMziliE, Rep = 12000, 2 =-20 mm
DIFE) HRC18 IZE LD, ok, IREFEREIIAMRET, L MBI X 5RE
AOMMOERDTNDLDT, ENENOREZER ZMFT L 7.

Table C-18 Uncertainty factor of temperature difference.

HH ARZESLA] M IEHERE B MEXHREESHE S XTI
Ta | TWDREE B,n=0207K | S, =0064K 0m=1
T DFRFE B =0.1K 0m=1
B L DIRE EH A%
o (06 K DI FHIZKH LTS5 % | B,s=003K Om=1
=9

ZNEY, AT OERFRAITLLT O L 5 ICHHEi T 5.
M IERERE (D72 XV REE) -

Bur = \/(eATlx Bur1)?+ (04r2% Bar2)? + (B4r3x Bur3)® =0.23 K

HEXPREEEE (IX5 D XFEZE) © Sar = /(0411 Sar1)? =0.064 K

WIS (95 % 4FERE) « Uur = 4/Bar? + (2x Sar)? = 0.265 K

MR O

B q, FMLECE D, BVEMIE |, IREE ATOBZEIZOWTENEIVRG L7,
BT, BMRESE h=(q+ D-I)/ AT OFRZEZER (1% < B - P & 1 © BMREHIE, Rep = 12000,
=40 mmOEGE) #EKC-19IZELDD.
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Table C-19  Uncertainty factor of heat transfer coefficient.

HH AAZEZEA At IEfEEE B AR L S HER RO

DR
q Bp = 1039 W/m? | Sy, = 195 W/m? Oy = 0.25 K™
(qOFHMEIE 4.1} 10° W/md)

DO#EZE (ID|OFHIfEE 2.2 % 10°
D B = 207 W/im? | Sy, =223 W/m? B = 0.25 K*

WIMPELEE, DOEHIEITIZIE 0)

IO (IO FH L 3.7 X 10°
| B =101 W/m* | Sz =359W/m? |  0,3=-025K™*

WIMPEREE, 1D 0)

Ops =

AT | AT OFEZE (AT OFHIEIE 4K) B =0.23K Sn=0064K | —2.5%10° W/(m*

K?) *

* O =—(q+ D-1)/AT?

ZNEY, hoffxiRaE (B - JFTE) (ZLLTO X SR T 5.
M IERERE (DM KD RRE) -
Bh = y/(Oh % Bit)? + (B2 X Br2)? + (Bna  Bha)? + (Bha x Bna)? = 630 W/(m* K)
MBI (5o 5)
Sn = y/(Bh1x Sne)? + (O x Shz)2 + (Bhax Sh3)® + (Ona x Sha)? = 197 W/(m* K)
HRIRESE (95% EHE) : Up = Br+ (2xS)? = 743 WI(m? K)

X< B - BT E PR O BVmEE  (Rep = 12000, z = 40 mm) D¥5A1%h = 11300 W/(m*
K) TH2HOT, hotHxiizes (B - JIPTE) (L FO X S ICRHETE 2.

FRXTIERERE (D2 K VRS - Bn/h= 5.6%
XL (IX5HEFRE) - Sn/h= 1.7%

FAXIRAZE (95 %EFEE) @ Un/h=6.6%
F72, h PEFEMTEHE S5 E1E, BIEETE D B L OBMENMTE | ofEzT 0 &
FIRELH DT, h OHRRAILL T O X 5 Il TE 5.
HERFTEREEE (D372 50 7%5) ¢ Br = /(B x Bra)? + (Onax Bna)’ = 628 W/(m? K)

180




HERIFAE (95 %AFEEE) : Un = B = 628 W/(m*K)
ZOKE, h OXFRE (RFZEHPEAME) 1ZLLTFO X 9 IZFHiT& 5.

e ERERE (D=2 i) - Bi/h= 56%
faxREE (95% WFEE) : Up/h=5.6%
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C.3 WAL DOE2INE « S % O BMmEEl| &
C.3.1 HIEREDOEE

IR T, OWERAEL LT, CLIETRREL U TFOERNETF 5.
© IR er FHBRFORRE (255 HSBMH, erDBENKIEBRE & OZERET)
@ BEWKFEEBEILDeg DAL — (-4 > FOB D)
© HIRE (HHE) Er O/ A X (IRFRTFOHIIES), 36X OHEFHIOBEEDIZLSX)
@ JEAFRIH (1- er) {(Tamp) ORI —IZ K D78

FC2012, O~ @OBEETERAZ F L.

TableC-20 Uncertainty factor of the temperature measurement using infrared thermograph.

THP RRFETIIA] Hoxh ErefE B Mo S HocHRE 0
ENVEERHT X 2 SbIRE ORI ERR A By =0.1°C =1
& b1 HEHOIREZE (32
SR PN & BRI E i OIS 7 (B B, =002°C 0,=1
o BRHIC L B Hm)
JEIFRIREE DR TR Bi;=0.1°C 013 =0.095°C ™
0)/:1: ::t:Hﬂm =anll 0) L/E\: .
er DB N I/K T FZBRAET & D 2= B, = 0.031°C 1 0u=1
(0.87+0.02)
g TR EBRER Degr D R — -
® B PN KL SEBR AT D g g D R S,=0.078 °C 1 0,=1
(0.87+0.005)
FFE 7 B OHIE .
IR AFF( B2 )OI ZE) S5 = 0,003 °C 2 0y = 1
(er=0.87 DIEE, 7 4 VH—1%)
® [ IREFF(EZBMBEOHHDIES
DX (gp = 0.87 DL, T4 NHE S5 =0022°C™ 03,=1
—1%)
Y W B = .
}Fj]l],\ j{: (7J\<(}|L&) D’) L %U‘én S41 =0.060 °C 1 641 =1
BRI & 2 JE IR ORI ERE = B, =0.1°C 04 =0.095 *

*1 X(2) 75, Tw=40°C, Tam=23°C, er=0.87 & LCalfli, *2 SR OMIERESD O 3HH
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INEY, T,OWEEGEIFO L 5 1CEHETE 5.
Mo IERERE (D372 X 0 iass) -
Brw = /(B11% B1r)? + (Bpz % Bro)? + (13 % Bra)? + (014 ¥ Bra)? + (Baax Baz)? = 0,108 °C
ERPBIEIE (25O X755)
Stw = 4/(02% S2)% + (831 x S31)? + (032 S32)? + (Ba1xSa1)? = 0.101 °C

HaxtEsE (95 WAFERE) : Unw=4/Br?+(25tw)? = 0.23°C

723, To MRHRBN A SN GAIRIRE F OIS (Sy) 23018725, F72, Ty 2
ZERN ) ST A TR FRIOMIDIEH DX (Sz), <A FOBV T b D2 (S,),
BIOEFBH ORI —0F2 (Sy) N0IZ2D. ZOHA, Sw=0°CL7eb, T, Okt
72 (95 %EHEE) (TUn, =0.11°Cl72 5.

C.3.2 EpEROEE
WIZ, FEALDANNE - 20808 % 1 5 BVEERIEIC BT M7 54F (Rep = 8000, z = 220

mm, BH®) 1BV TR ST 21T 77,

IR DR
?&{ﬁﬁ@%ﬁ% q ﬂj:, qin =1 ZRt /A Z’))E§¥ﬁﬁ bf: 43,% Cc-21 L:, %’ﬂ{}lﬁbﬁﬁ (q = qm _qcvr_qmr )
DEABERNEELDD.
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Table C-21  Uncertainty factor of heat flux.

HH ARZEEIA FAXFIERERE Blg | AHRPREEEE Sig FAXHREZS”

ELFRIR O FRHTR O REEE
(I1=450 A 1T/ LT, #EE+T05% | Bg/g=047% 0'q1 =2

+02A D 1/2 TEH)

FH AEDIE S DOFEE
T By/q=1.23% 0’ =1
(40.6 um *+ 0.5 pum)

T X AR DIED A —
R, Se/q=05% 0p=1
(63.2mm= 0.3mm)

eS|
I/ NE VDT, T TITEE LN

A

ZEY, 2R (4= Gin—Govr—Grar ) OFIFAZEIILL T DO L 9 ITFHITE 2.

FAXFIEREE (D372 L 0 7855) © Be/q=4/(0ux Bqa/ )2+ (042 % Bg2/ 9)? = 1.55 %

PRSI (D0 5) 1 Sq/d = y/(0gax Sqa/ 0) = 0.5 %

FARHRE (95 % 4FERE) « Ug/q=4/(Bq/ )2+ (2xSq/0)% = 1.8 %

VA0 B - B & 1 5 BMATEHIERF (Rep = 8000, =220 mm) [Zg= din = 7700 W/m?

ThHDHOT, iR q OMEXFAZEIZLLTO X 2 ICFHIi T 5.
Mokl (95% MHERE) © Ug = (Uq/ Q) xq = 140 W/M?

BRI ORA S

BULHED = (M + Apdp) (A2Tw ! Az2 + A2Ty ] A(RE)2) [W/M’] DFEZEIL, Di= (Mdi + Apdp)

[WIK]ED,= (A2Tw/ Az2 + A2Ty, l A(RO)?) [KIMT/FTEZD. £, DLDOEEER (if
NOENNE « 2R0EZ L 9 BV&ENE, Rep =8000,z =220 mmDEA) Z#FHC-221CF &8

2.
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Table C-22  Uncertainty factor of D;.
HH =t N M IERERE B MRS E L S et L 6

FH o DBMLEHRDOFEREE Bou = Opu =

M (21.9W/(m: K) = 2W/(m: K)) 2.0 Wi(m- K) 40.6X10° m
5&& V%@Eé @BI%}E BD12 = 9D12 =

& (40.6 um + 0.5pum) 0.5X10°m 21.9 W/(m: K)
~A b @§&4£§$@%&F Bpis = Op1z =

A (021 W/(m K) * 0.02W/(m- K)) | 0.02W/(m- K) 15X10°m
“\0/],:/}\@Eé@ﬂj:rﬁ/)% Spus = Op1s =

3 (15um £ 2um) 2X10°m 0.21 W/(m: K)

INEY, DIOHERREEITILI T O X 9 IZEHM T& 5.

MERTIERERE (D2 KV RAZS) -

Bpi = \/(emlx Bp11)? + (Op12 X Bpiz)? + (Op1s x Bpiz)? = 8.19 % 10° W/K

PR (1X5DZFR22) @ Spi=/(Op1ax Sp1a)? = 4.20X 107 W/K

HaxtiRsE (95 %AFERE) © Upi=4/Boi® +(2xSpr)? = 8.19 X 10° WIK

WIZ, Dy= (A%Twl Az2+A%Tyl A(RO)?) [KIm?] DREZEEN (o2 « 2gsod 2 1 o 24

{EZERIE, Rep=8000,z=220 mmDE5E) 2 RKC-23IZFELH5D.
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Table C-23  Uncertainty factor of D..
HH =t N MEXTIEMERE B | MEXPREHE S et RO
TROMRT A T 12 K BIRSERIEREE (2
FFIRID|AT | O FEEHEIS 0.01 KFREE, Sba1 = Op21 =
At RO S [HD|AT,| D F-HJfEI% 0.06 K 2 0.01 K 45x10" m?™
JEE)
TRANITIA E 7 2 VR R O HE Spz = Op2 =
“ (0.21mm =+ 0.001mm) 1X10°m —2.3X10°K/m*?
JE 51 & 2 2 LT R o Sbzs = Op23 =
4R (021 mm =+ 0.001 mm) 1X10°m ~1.2X10"K/m*™
*1 Opy = (A2 + L{AROY} , *2 Opy = 24T J(42)* , *3 Opy = 24T, /(4RO

&Y, D, DitxRRE (RFTMEDY

MR (X5 OEEAE) -

AN
=

) FUFD X S IFHiT& 5.

Sp2 = \/(9D21>< Sp21)2 + (Op22 x Sp22)? + (Bp23 x Sp2a)? = 4.5 X 10° K/m?

HokT385% (95 % FIFERE) : Upz = 4/(2x Sp2)? =9.1 X 10° K/m?

72¥, Do= (A%Ty/ Az2 + A2Ty/ A(RE)?) [KIM?] DOZERIEHEIXIZEIE 0 THHDT, TD

FET0 LA ED.

%I, D=D;XD,DiRAERZFKC-24 1ZF LD D.

Table C-24  Uncertainty factor of thermal diffusion term.

THH RRFETIIA] MO EREE B | MakPHBE S AR SYRENS)
D, DR Bp1 = Sp1 = O =
D,
(D, DT 8.9 X 104 WIK) 819X 10°W/K | 4.2x107 WIK 1.5% 10% K/m?
D, D7
Spz = Op2 =
D, (AT W2 B R D T=D, D FHfEIL 1.5
4.5%10° K/Im? 8.9 X 10*W/IK

X 108 K/mZFBE)

&Y, DofERfEE (RETEOSE
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HoP IERERE (D= L 0 3855) @ Bp =4/(Op1x Bp)?® = 125 W/m?

HEHEBE (X654 ¢ Sp= \/(9D1>< Sp1)? + (02 x Sp2)? = 405 W/m?
Mkl (95 YalEHEE) Up = 4/Bo®+ (2x Sp)? =819 W/m?
7235, D= (Mt + ApSyp) (A2Ty [ Az2 + A2Ty, ] A(R)2) [WIM?] DZERPEANEIZIFIE 0 THDH D

T, TORET0 &EHRED.

BMEPEHORE

EVEMEIEL = (Copedt + Coppdp) ATw/ At [WIM?] DF&F£1E, 1y = (Cpdi+Cpppdp)  [I(MZK)]
Ely= ATyl At [KIs] W23 TEXD. £, |, OREZETER (Favo@hnsg - 2isud 20k
I BMEEERIE, Rep=8000,z=220mmDiA) 2#KC-2512F LD 5.

Table C-25 Uncertainty factor of |;.

HH ARFEEA] HaRTIERERE B | #asch ks S Hak O

FH DD E B = O =

- (520 Ji(kg- K) +5J/(kg K)) 5 J/(kg: K) 1.83x10™ kg/m?
TH o DEEEDFERE B = 0112 =

8 (4507 kg/m3+ 2kg/m®) 2 kg/m® 2.11x10%J mi(kg: K)
FH DR S DOFEE Bis = Ous =

; (40.6 ym =+ 0.5 pum) 0.5%X10°m 2.34x10°J/(m* K)
A ¥ NOEADKERE Bis = 014 =

K (1400 J/(kg: K) + 50 J/(kg- K)) 50 J/(kg: K) 1.79 X 102 kg/m?
AV N OFEEDREEE Biis = Ous =

P (1190 kg/m*+ 50 kg/m®) 50 kg/m® 2.1x10%J mi(kg K)
AU RDREIDIESE DX Sis = B35 =

% (15pm *+ 2 pum) 2X10°m 1.67 X 10° J(m* K)
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LD, LOMKFEEIILL TO X ) ICFHicE 5.

M IERERE (D32 XD REE) -

Bii= \/(9|11>< Bi11)? + (0112 % Bi12)? + (0113 % Bi13)? + (0114 By14)? + (O115x Bi1s)®> = 2.03
J(m? K)

Y

PSR (IX5DXF855) ¢ Siv=4/(0116 % Si16)? = 3.33 J/(M* K)

=3

HoxhEsE (95 WAFERE) : Ui = 4B +(2x S1)? =6.97 J/(m* K)

I, = ATul At [K/s] OFEZEER (o 2nE - 2Bl 2 1 5 BVs==lE, Rep =
8000, =220 MDY E) ZHKC-26I1ZFELDD.

Table C-26  Uncertainty factor of I,.

THH FRFEHIIA] M TEMERE B | HakRESIE S HEeH RO
TRAMRT A T2 X DIRFERIERE (t
Sz = 0121 =
ATy | FIADIAT,| DO FEEIfEIEL 0027 K 7
0.003 K 170s*

F)

7 L— LRIROREE
At
(1/170s+ 0, REZEIFTEE L2V

ZNLY, LoMxERE BREHEDLE) 1ZLLTO X S IZFHETE 5.
HRTREE (X5 2%iE) @ S, = A (B121% Sy 21 2=05KI/s
HoclREzE (95 %HEE) « Uiz =4/(2xSi2)? = 1.0 K/s

mE, = ATwlAt [K/s] OFREEPEEIL 012725 DT, DS 01272 5.

BT, 1= X L,OREHKZFKC27IZE LD 5.
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Table C-27 Uncertainty factor of thermal inertia term.

HH AR Hisel IERESE B A RS S Hsch O
I, DR Bi= Sip= O =
Iy
(1, FHIEIE 120 J(mP K)) 2.03J/(m* K) 3.33J/(m* K) 45K/s
l,DFEFE
Sp= O =
I, (AT W2 BR O T L, DO FHfEIL 45
0.5KIs 120 J/(m? K)

K/STREE)

ALY, | OffkREE (BHRHED
RS IERERE (D= dY

MR (5o

) IFLTO LS ITEHETE 5.

#155) « By =4/(011x Biy)? = 9 w/m?

) S =\/(9|1>< S12)? + (012 x S12)? = 63 W/m?

HoclRbzE (95 WrFERE) « U =4/Bi2+(2xS1)? = 127 W/m?

B, 1= (Cipde + CpppSp) ATyl At [W/mz] DORFREPEAEIL 012725 DT, ZO#ESH 01T

5.

IRE DR~

IREZEAT = Ty ~TaDREZETER (N O20mE « 20R0EZ 1 ) BVaENE, Rep =8000,z =
220 mMDOGA) #FKC-2812F LD, Ik, BAEVHEEIZIADBRET ZHH LT

DT, TinDiEZRHE L.

Table C-28 Uncertainty factor of temperature difference.

HH AN Mo IEMERE B | HExhREEE S AR LS
TW TW@E,E&;E‘ BATl =0.108 K SATl =010K OATl =1
Tm Tinwgﬁ%:g BATZ =0.01K eATz =1
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INEY, AT OHRREZEILL T O X ) ICFH T 5.
HoXPIERERE (M- X viaE)

Bat = \/(9AT1X BATl)2 + (bar2 % BATZ)Z =0.11 K

X RE (1X6 D& FEES) ¢ Sur = 4/(OumixSar1)? =0.10 K

Wkt (95 % AFERE) « Uur = 4/Bar?+(2xSar)? = 0.229 K

BMREEROE

BN g, BMEHCOE D, BMEMETE |, RERE ATOREC O W TENTIRR LT, &
%I, BMriEER h = (q + D)/ AT OFRZEER (Wi DRinE - S 2 1 5 BvszEilE
Rep = 8000, 2 =220 mmD#FE) #HKC-29 ICE LD 5.

Table C-29  Uncertainty factor of heat transfer coefficient.

HH AR TEIR] Heseh IEHERE B ARG S Haxt RO
DA
q Bn = 120 W/m* | Sy =37 Wim? B =0.25 K™

(QDEMEIE 7700 W/m?)

DO (ID|OFHIfEE 14X 10°
D Br = 125 W/m? | Sy, =405 W/m? B = 0.25 K*
WIMPEREE, DOSEHMEILIEE 0)

DR (N|OFH)fEIE 541 Wm*Fe
I Brs = 9 W/m? S = 63 W/m? Ohs = -0.25 K™
JE, 1OFHfEI 0)

Ops =
AT | AT DFEZE (AT OFEMET 4K) Bn =0.11K Sha =0.101 K

—533 W/(m?* K?) *

* O =—(q+ D-1)/AT?

LY, holrRas (B - JETE) T X ICRHETE 5.
T IERERE (D32 XV REE) -

Bh = 4/(Oh% Bit)? + (B2 X Br2)? + (Bna  Bha)? + (Bha x Bna)? = 72 Wi(m? K)
Mot (1X5HOEE%) -

Sh = 4/ (O Sht)? + (Ona x Shz)2 + (Bn3x Sna)*+ (Ona x Sna)® = 116 W/(m* K)
KRS (95 % AFEEE) 1 Un = Bn?+(2x Sp)? = 243 W/(m? K)
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VAL + SORiE A 1 5 BYREEIE (Rep = 8000, 2 = 220 mm) D¥3Eidh = 1900
WI(m?* K) Toh2 DT, hOFHxRRE W - JIFHE) (3L FO X S ISFHIi T 2.

FHXHERERE (Do KD REE) - Bn/h= 38%
FRXREEE S (1IXH D& FRE) ¢ Sh/h= 6.1%
FXRAZE (95 %eIHRAE) @ Un/h=12.8%
F£72, h BRFZERRNEEHE ST 35E51E, BIRBEE D 3 JOBMEMIE | OfRZEEL 0 &

HILE LD DT, h OMRFETLL T O L9 ICRHlTE 5.

HOETIERREE (72 £ D 7835) ¢ Bi = /(O Bre)? + (Bhax Bra) = 65 W/(m? K)
HoelRizs (95 %EHEE) : U = By = 65 W/(m?-K)

Z O, h OIS (RFZERPAHYE) ZLATO & D ICRHITE 5.

o ERERE (D=2 Dids) - Bi/h= 34%
HaktiasE (95% FEEE) - Un/h=3.4%
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AR EFREL, wXEEEDODITHZY, THICHITL 06T, B, FH, Ik
A Z M3 AR T 887 TS A2 W2 Wi R E#dZ PReeaiciE, Lonb
B U BT E9. SARITIE, BASAR]E 52 BI56 4 PR L = TR W e 2ne
ZEEZYIVIZ, IENR 6 FRICHE VBV THREAZBY £ L. ARRSInNERLE L
DI, OEZIEED IR I1H->THOZ LT, £, AENGTHNWZ ZHREDIBNT T,
WHIEDORE L S EZFSTENTEE L. LD LEGHH L R ET.

BHRTRERGHAT LB E RN E LY, EROMSUEREIC WIS, &
Wil E Lz, BAENOO ZTHEOBNNS T, BGOSR ERBNIHE L, 5%
HIRDDHZENTEE L. LB LET.

PR cde &)ISeA, RZEdR et AhBIERTHR HIIEA
FEAEITIE, ZEICHRIC LD BT, ¥R LR OFE L 5| X 21T QR E,
JESHFLH L BT E T

Fpds LU — HBEHICER Ui, Bhfi R 57 MloodbEsaE, 58 MoK KEE T
259D b~y R2ATEOWH N ESE Lz, 2 Zictkd UtoE s R LET.

F7z, FEREEOREICHI- - T, PR PABGRITE THOERICZ K25 ZX
BrWzmEE L, EEILR L BT ET

IR, BRI PRI, DT OIREDEL 2o T2 VIR O FEZ =T 5 Z
Lol BRI L CEAE L, WIEICFTHIAD DEREE A E> T ZEITH L,
DI DEHOELZRLUET.
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