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Experimental Study on Heat Transfer in the Liquid Metal Two-Phase Flow(1I )

—Sodium Boiling Heat Transfer—

(Document on Collaborative Study)

Takaaki SAKAI', Masahiro SHIOTSU?, Koichi HATAZ,

Yasuyuki SHIRAP, Katsuhiko HAMA3

ABSTRACT

Incipient boiling superheats (IBS) in the sodium coolant have been measured to clarify
oxygen impurity and velocity effect on IBS. The oxygen impurity effect on IBS has been
observed at relatively lower liquid temperatures of 863K and 923K in a pool condition. In
addition, the velocity effect on IBS has been measured in a forced convective condition.
The IBS data shows decreasing tendency with increase of the sodium velocity.

The IBS evaluation model io calculate the velocity effect has been proposed with a
consideration of the boiling initiation from an un-flooded cavity on the heater surface.
Reynolds number for a critical bubble diameter of the un-flooded cavity has been
introduced to the IBS evaluation model to include the velocity effect on a vaporization
process.

It was become clear that the IBS evaluation model shows the velocity effects,
successfully, for not only sodium but also water and R-113.

1) Thermal-Hydraulics Research Group, OEC, Japan Nuclear Cycle Development Institute
2} Graduate School of Energy Science, Kyoto Univ.
3) Institute of Advanced Energy, Kyoto Univ.
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Y B OEFIERAN 50 THE LR U7e ks & CRAKDMINET: 2 2w LT
RAE L EBRICREEZ OS5 Z L RFABFEDOFHEIZITo TV 5, RABRBHEMAE
HREIL, LTICRTE T, ZUr2RER) Ko OEHBRESFOEXEHRL
bR, BEAGTORGEOHENSHEM L, 7. FVINAERYRDER
W r CEHRE T, OBEEZERERUEEERFOFEEOT MY U ARE THIE
L. O 1T HRATEEIL 7,

r (T = ro(1+4.03 X10°T,) | (2.2-1)
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FyENRERY R DFEIRE T, % Z OBIIEAREEN L FHKE L-ERIE
MEBEOER (2.2-1) KEAVWTKRD, RBBEHGEREIAER g W m’) i3,
UV a =V REAR L RRB MBS RE R, bR, BEY R BRI ME
ELTHRD &, BEAEREEBE T, 3. ¥EFMOMREX) LR TRBEh
D

T.=T,-K(A, 0, Ay, dy,d)d,,d.)q (2. 2-2)

ZIZT, KIEBMEBRL , 1, 1y &HEd, ddods DS, 72720, Bniisk) |,
Ao A TN ENREY K| BNIREM, > —AOEMRERE, d,d,d,d; 1TFEY
R & —ADPIMETH D, BN DEREERONITESICTREERBH B 0
T, (2.2-2) R0 o DFEFEKE, (2.2-2) KEFAWTEHLZR@EEIL LS8
AR R RARITT T B A RAEED — BB RROBE LS 5 £ 5
EHT=,

Nu=10 (2.2-3)

M
f1

Z=0.193+0.145logR+0.664 X107 (logR)*~ 0.232 X107 (logRy*-0.239 X10* (logRy’
R=Gr * Pr*/ (4+9Pr"+10Pr)
(2.2-4)

TO—REETRIT, BB R S 22V AT A B AR IVE B0 B Ak

EfEZ kD, B/NERBICLVRDTZSD T, Pr&sd 0.005, 0.7 BN 10 ioxbd
HINDDOEEHEERZ 4% LINOBRETERT A Z EBEIDBR TS,

_2_4._.
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2.3. HBAER

2.3.1. EBREH

%ET Psys % 3 kPa, 7 kPa, 14 kPa, KU 25.9 kPa ¢ BX, THENDOES
DEFHIEWEHCTERET -, 29 LEEETIE, RSN THAENE L
EROMEMNZ & > THREAKPLEMTEBOES PLIXER L, ZRITE bie> THREE
TEORIL PR T 2 8FIRE Tsat (P) X0 HFT7T/—AENRTNS, & Run ©
KBRS (Psys, AL, P, Tsat (P) ) % Table2.2-1{ZR7,

2.3.2. REHMM=ERB

RREMEOMAEREZ P> < VEFMIC LRI T THELN-AROLRIRE
L, K2.2-4 DA~D RN ~D' IZRTLIIEKREL 2o HE S, AB,
A B REICARHBIRTH Y (2.2-3) XOE L B —B LT3, PRSI,
R BRUB ThHd, %8 BD Tid, BEFRARREEREN—BZIEKHR Lox
IRRCETTRLZE, BUiRsEhBmAR LY LR UCRABRKER D ICES
ERERENESBROMESICAIPS>TRALERE LTS, —FH, BANLIIT
UBESPRIERNE DS 70 K RE XV BVEE, BHMGUGRRERES THT LI &
RIEBBA~BITT 5. ZOBEICIE. BEFBARRAFERICERABKR TS
D, PESBRAAIREVED 100K D4, Z OEEEBORRABMFKRIZFR —L 40Ok
BRAZRKLIZERCTH D . 250 K TIIH 2.5 fFicz 3,

2.3.3. BiEHHIMIBEAEE

INEBRED R

BET MY T AL, BA—HR (Ar) OBEMREN, KOBE L ITETBEREN
FEREL, BRAKRBOBEZ L 25X v V7 A RICTRIICHIB I iz 38—
AW, FEREMBERFEORE L DR R T, PIHEBEREZTEETX
PRIPWIB SNBSSy UF o P02 R BERGRBENEL DT
BERHD, 2T, IBBEOREELAH DD, BVELUTEREZTVHER

_2_5_
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IMBRAEAT, RO, TORKE, EREBRVETICHE> TE—RETHLAT, 8
RELRD LWV o MEBROHRERFEIIZAD ST 10 CUEEN D 50 CHEfE
BB 1 EEL 100 CTHH 250 CHEBZFID | BOKELITOOWEHERELN
7=

I—-NVR T TIREDEE

TrIVAPOBRRELZREHF T 52—V 7 v 7 (CT) BEL 378 K 5
434 K EF T ZX THBHEERERELZAE LR, 3=V F 7 v 7OREIX, &%
BHEZA o= FHIEITEZLiICLoC, + 1 CREDEHIEN TEGRTHETH
Do K 2.2-50%, RIEN 3 kPa, »UL7 kiR 863 K OBADOHERIGBEEAT, &
CTIBEDERET T, CTIREN 398 KU LDOBEAT IZ3KMD 40 K D#HETH
DB, CTIREEZS 388 K > 398 K DETid, 10 K 225 250 K F TR E IFH oW
T, CTIEREMESZRDICHVAT, RRE < 2BHEMICH Y. CT IRE 383 K L
FCIFa Y DF— 4 25 100 KBLETHs, K2.2-61%, REHT kPa, A VKR
923 K OGS ORKRBBREAT, & CT BEOBEREFRT, 2084, Eko
RIES 3 kPa DFE L AR, CTIRESEL RBITHVAT, K& < R AEAICH
D, CTIRE 400 K AT TIIFAE DT —F 4 100 KL ETH B, E2.2-7ik. RIE
H14kPa, /37 B 973K @%@@ﬁsﬂ%ﬁﬁtﬁi@%ﬂﬁm? ECTREDEBRZFRT,

DB EINT B DFRIES 3 kPa 1N 7 kPa DBEED X 5 B HRFEMNZ CTBEEOE

BIIRONT, CTIRAE 383 K TIXAT, i3 140 K »3% 240 K %EF. CT HE 393 K
& 403 K TIX 40 K A3% 200 K OFEFET 3 kPa, 14 kPa OHBA L HE VTSR
DB CTRENENELEIZR > THAT X 70 K 225 200 K OFFE T, 40 K L F Ok
RiZ—2bBON TRV, K 2.2-8 1%, ELIZEADBEVWRIESN 25.9 kPa, A
V7 TRIR 1023 K DR-EOWBBERAEAT, & CTREDBGRE T, ZO0OHADL,
14 kPa L Rk, AR CTHREOREIIR LN, CTIRE 392 KiFfEIZ 1 AT,
=35 kDT —FBHDDERIFTITETAT, 2890 K L TSR & LI~
BBELTW3,

DL Ra— RS o FRERFEEREL Y EBERSRANE~OEEA H =X

_.2_6_
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LELT, UTOXIREHRERBS ZLBTED,

BRI ARG . b —FREICHHT DKM Y v A Bkt
LTHE, iz, BB 973K RUV1023K) OFRGETE, b —F2REOELHE R
L, BoRREL LTS, 20X RREIREIX, T M VAT OBERE
IR FEE IR ichTnwd, —F, {KIE (863 K K11 923 K) OfMETIx, F
VU LADERELHIMET L, 20X 3 RBEELEFICBVTX, E—FREICETOE
EHESER SN TE Y | BuEBuT, - h Y U AFOBREIRE & T L Ol
HRE LIRS TNB,

ZDX ) REFRE LTS, BBRSAIEICH T IBMBRREOKTFEII X v
BT A mOEETHHACHTH S, b,

(a) 518 (973 K BT} 1023 K) D&METIL, b—& RERKEHENS < (KEO
EELEBE L TREEIL/DNEIENS V) unflooded % % ¥ 7 4 DFERL S HLEE
T Lhh, CREEBMAEBEVE X, BEREICEKTFET. 2RMNICEVBRELTT,
(b) IR (863 X RUF 923 K) OFGTIE, BRREN &V CTEE EV) HE
X, XVEL OBLEEIFR S, e —FEKmIBNIIL <Y unflooded *
Y ET 4 BEL RSN, BBRAGERENMET T2, —F., BREESE, (CT
BEIMEV) /A b — Y REOBERIIED L, b — 2 BETENS 20,
PhESBRARAE N EFH T3,

el b OFRIT. FHEERZERICB T A ~OEEB L LI5S
LEBROBRNFEETH Y, BEbit, A X=X LEHETE BERTIIRY,

FIEOEE

FYET 4 ETMIUEZE, BEPREEREOREELMIR L XY ET 42
LB LTS OTHNIE, MEVERMAT IR, MEBAERETEL WA R/E
HEVBVEATTFEEZEATRD L, ZOEHATHOHYEVR LN DR
UEDORESOXR Y ET A IZITEPEALTLEI D, LBEAZ T THL
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MBEITS L AT, BERT B LHEREND, BBEELEELEETIED, T0
kﬁEﬁ%&ﬁMEbfsﬁﬁﬁﬁbt%\%n%hsmwkﬁbgwaiﬁﬁE
LTHoMRAZRGE LIEERETok, EBREREPHEO-DFRETNE 2.2-5
RURK2.2-7T LIZATRY, FEOEENEL RONT, /L7 ikE 863K Did
O CTREDORFNRHBLFRTH S, T LI b, BERIEERv
TADPLRBLTHWED T BOBBTERBLTWEZ L bH#RERD, F
MY Y LORERDIL, KR 863 K~973 K DEA ., KKEHRFIREORKERD
M2 0fE, KROK2. 6fFKEW, #oT, fhOBEFICHE L TEAE LOX v &
T AR R LTV, RA— 0B EE2 B omHR Sy EF 4 L O
FEBRMITIZ S NICKE RBBEELETH Z LRSS B, E 2.2-9 X, HaREm
WERAE L ELRK, AP=20/r.0 b E L, KOBEGEEEBLT r IKH L TR
To BRT2E5, KERBEDOAT, L72310i%, AL IZTAMCKE 2ER
XY ET A ZRBELTIILNME, ZOXIRKERBOX ¥ EF ¢ BEAE
CHEELLVAFELTOREZHREERN I ENEZ NS,

212U e — 2 REBILHOFREIZ L - TiX, BN EBICEILE 2< AT 58
ABEZ b, TOBANEOEILICRLSRE SNBSS, B TELZE525
&L oT, TNOERERETERNEDBAETRRL ., FEDHROBERENL D
KT, BIABEEZHET D LixTEin,

2.3.4. VBESBHAAEANIIR & IR EFER

RIE7) 3 kPa, 7 kPa, 14 kPa, K U*25.9 kPa IZ331) B UBBERRIA A OB ¢, % |
BRDY 7 7 —NVENT,, (B) LT, FhENE 2. 2-10~K 2. 2-13 kKO TR
T, BIBHMRAIEAT, B 60 CUTDOHEITIL, BBEEEE. FYEF 4 DFE
L bR TREA—BE TR U TREELZBESER L, ISARHH
BEEREZ RABRR ¢, 2 LR L, BENELE U CHEBBICERTS, BEL
1B ORREATRET ~4 %, HEOL-DO®TRY, 77 —AEDEREHN
B—FEL, 20, BHBRAARKOF —FBELWRESH 3 kPa DELS (K
2.2710) ZRD L. AT, B) BREL2BIFY, ¢, BBRTIEARRLNS,
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HiE LI BB ORABRRIC OV T, HESYBBEICRENREREITV,

FEHADENVBEERTRIESBEOA 20T, KEDOHLRBEEIZHNTH, BEINH
IR EAIIIEROEREL D KEWEEZRL, ZROFEUMTHROFTE
EELIEEERMICHLNI L, LT, BEERELEO _HERENID
D EFBRICHEI BAROBRHIC L 2EBERIC L YV HROFEE2HATLHL
WEBRETAEZREL, RENOGVER LV BEREFRRIZIV - SZO0EMRT
V77— VBBRAARR AR — LR TRTILI DI L EFLEY, Bl
FAGIBEMEEAT, A 60 K BELLEL /25 & B L FRICREREDO THRRE
CRHEEND ZERBARRATHR L TERERE~BBT 5, Z0BAITR,

DREBRIAEARIR R L V L R B S TIRARME TH 5, BEHBEEEBOREOR
REGEH (q,=q) %X 2. 2-10~ 2. 2-13 ICATHRTH, HBERASERI
RV MED D IZ PSR B R D 2 FLl LiZ2E#HEIz A LT d, 295 LcESE
BRI, cRAELICEERXF Y ET 4 PEL R TEWREETEAAL, HTH
TENTF Y ET A P TORYEEREERBREILRET S L. THEBEREAE
RS —FICE Z Y EEEIEF OBRBE) D =R ALY —OiE % 5 1T TRICESR
TERERTHZ EICLDEZE2OND, BESL, BKEER, =X/ —NV BET
FELEKREOHSRBRAETOMABEFE T, EHERFYET 4 BEVGHEOR
HHBREERICEL D LBEZONIERBEEBROWRBRELBRE L TV D55,
FHEBREDFE ST BT RS IEE L KBBRA R RO+ 50—
EELSR>TWND, T M) UV ADBESIIIEARNRBEENRVWOTIOLIIZ
RERMEL 2D,

AIEOERSEAF (973K RTF1023 K) OWMBEBALTIL, 13L& A LB KBEEET
IEBB~EESEELTRY., TR 20T, FHEEREAERO TS L&
WA, CTIREIRAEMAE NS IER (863 K R10023 K) D&MTI, &< 05—
S REHRBERE CTRARRRICE-TEY ., TR6IZ2VWTi, unflooded ¥+ €
TAPLOREREEZOND,

_.2_9_
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2. 4. FLd

1) RABFKRERICEELHRBRBEIMEL LT, BRAV R Lo—R%HzF ¥
vEL, BRYFROBREHRNOROEELEH T2 FXN0ORBRBEE L
ELl, EFMOEVWAERNZEDL IRV —R2HEMEOTNZ 21 L
Ll & T, AEROR LB RFMHTHHIKIE 1023 K, REWEE 230 K,
BB 5. 6x10

-2-10-
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# 2.2-1 7—ARBEKEEFD 1)

Run Psys Liquid P, Taat(P) ATsub(P) Cold Trap
No. (kPa) | Head (mm) (kPa) ® atger (K) | Temp. (K)

1 3.01 118 3.96 885.1 16.9 402

2 3.04 123 4.02 886.2 18.0 398

3 2,98 126 3.98 885.6 18.7 411

4 2.98 137 4.07 887 32.6 410

5 2.99 116 3.91 884.5 20.3 408

6 2.98 115 3.89 884.2 17.3 405

7 2.94 112 3.88 B83.2 20.5 400

8 3.01 200 4.60 894.8 31.2 398

g 2.93 183 4.38 891.8 22,6 393
10 2.96 194 4.50 893.5 a1.7 302
11 2.99 205 4.62 895.1 30.9 378
12 3.00 200 4.59 894.7 316 378
13 . 2.97 197 4.53 894 25.8 378
14 2.95 195 4.50 8934 372 398
15 2.89 117 4.30 890.5 21.8 403
16 2.99 198 4.56 894.4 31.8 400
17 2,98 185 4.563 8983.9 274 405
18 299 a9 3.78 882.3 15.8 4086
19 3.00 202 4.60 894.9 3.7 388
20 3.06 202 4.66 B95.8 38.8 388
21 3.00 204 4.62 885.2 27.0 380
22 2.96 199 4.54 894 278 380
23 2.99 205 4.62 895.1 35.9 381
24 2.87 181 4.49 893.3 25.1 384
25 3.01 103 3.83 883.2 15.0 383
26 3.00 98 3.78 8823 9.1 358
27 3.00 99 3.79 882.6 22.4 413
28 2.96 200 4.55 894.2 29.0 409
29 3.00 198 4.57 894.5 30.3 397
30 297 193 4.50 893.5 26.6 385
3l 3.02 206 4.66 895.7 31.5 403
32 3.01 210 4.68 896 31.8 403
33 3.01 207 4.66 885.7 32.5 403
24 3.00 206 4.64 8954 30.2 403
3b 3.00 205 4.63 895.3 29.]1 403
36 3.00 208 4.66 895.7 1.5 403
37 3.00 213 4,70 B96.3 32.1 403
38 3.00 211 4.68 B96 32.8 413
38 3.02 212 4,71 896.3 32.1 413

-2-11-
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#2.2-1 77— NHEBE&KKEEFD 2)

40 3.01 211 4.69 866.1 32.9 412
41 3.00 212 4.68 896.1 30.9 412
42 3.01 207 4.66 895.7 33.5 413
43 3.02 208 4.68 898 33.8 413
44 3.00 216 4.72 896.5 31.3 393
45 2.99 216 4.71 896.4 35.2 392
45 3.04 217 4.77 897.2 32.0 392
47 3.04 218 4.77 8972.3 33.1 382
48 3.00 212 4.69 896.1 34.9 383
49 3.03 216 4.75 896.9 33.7 392
50 2.99 218 4,72 898.8 35.4 393
51 3.01 212 4.70 886.2 33.0 392
52 3.00 212 4.69 896.1 32.9 392
53 3.00 202 4.60 885 385
54 3.00 201 4.69 894.8 21.6 382
§5 3.00 177 4.40 B92 26.8 ag2
56 2.99 203 4.61 885 33.8 389
87 2.93 202 4.54 B4 30.8 399
58 3.01 205 4.64. 895.4 29.2 397
59 2.99 207 4.64 8954 32.2 397
60 2.88 209 4.65 885.6 32.4 397
61 3.05 214 4.75 897 31.8 423
62 3.05 213 4.74 896.9 32.7 422
63 3.03 213 4.72 886.6 32.4 422
64 2.98 202 4.60 894.8 33.6 423
65 2.00 200 4.59 894.8 30.6 423

-2-12-
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# 221 F—NLRBREHEF D 3)

Run Psya Liquid . Tsat(P,) ATsub(P) Cold Trap
No. (kPga) Head (mnm) (kPa) (139} atger (K) | Temp. )

66 13.94 216 15.60 981.7 12.5 423
67 13.92 215 15.67 9816 8.4 422
é8 13.89 216 15.65 881.5 11,3 422
69 13.87 218 15.63 981.4 122 422
70 13.98 210 15.60 881.7 11.5 423
71 14.01 210 15.63 581.9 15.7 423
72 13.88 219 15.57 981.6 11.4 433
78 13.92 219 15.60 981.8 6.6 433
T4 13.92 219 1661 981.8 12.6 433
15 13.81 216 - 1546 981.1 19.8 413
76 13.98 215 15.63 981.9 8.7 412
7 13.88 215 15.53 981.4 6.2 412
8 14.01 208 15.80 881.7 11.5 413
79 13.83 207 15.52 881.4 10.2 413
80 13.93 218 15.61 981.8 9.6 402
81 13.88 217 15.65 981.5 11.3 402
82 13.95 217 15.62 981.9 8.7 402
83 i3.88 216 15.54 981.5 9.3 402
84 13.98 205 15.56 . 981.5 8.3 403
85 13.97 204 15.54 881.5 9.3 403
86 13.97 211 15.60 981.7 15.6 392
87 13.97 211 15.60 881.7 12.56 392
B8 14.04 2i2 15.67 8821 i2.9 392
89 14.12 212 15.75 982.5

90 13.85 209 156.66 §81.5 9.3 393
91 13.91 210 15.53 8814 12.2 384
92 13.90 211 15.52 85814 10.2 383
93 13.97 211 15.60 881.7 12.6 383
o4 14.00 212 15.63 981.8 19.7 383
95 13.99 212 15.82 981.9 9.7 382
96 13.94 212 15.57 981.6 9.4 383
97 14.02 211 16.84 882, 11.8 381
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#2.2-1 F—NHBEME(FD4)

Run Psys Liquid P Tsat(P,) ATsub{P) Cold Trap
No. (Pa) | Head (mm) (kPa) (K) atger () | Temp.(K)

98 7.04 196 8.57 9371 384

29 7.00 186 8.48 . 938.2 16.0 385
100 7.05 186 8.50 836.5 26.3 385
101 7.03 205 8.63 937.6 16.4 398
102 7.07 204 8.87 937.9 13.7 396
103 6.99 198 8.54 936.8 15.6 407
104 7.03 195 8.56 937 16.8 406
1056 7.02 201 8.59 937.2 15.0 413
110 6.94 108 8.48 936.4 28.2 412
111 6.89 200 8.55 937 17.8 411
112 7.00 197 8.54 $36.8 14.6 424
113 6.98 197 8.62 936.7 14.5 434
114 6.90 196 8.43 938 15.8 422
116 7.00 198 8.64 936.8 431
116 6.92 197 8.46 936.1 12.8 431
117 6.94 197 8.48 §36.3 13.1 432
118 6.93 201 8.51 936.6 18.4 402
119 6.93 200 8.49 936.4 15.2 403
120 7.02 199 8.57 937.1 14.9 402
121 7.05 201 8.62 937.5 15.3 402
122 6.98 200 8.54 8936.8 15.86 354
123 7.00 202 8.58 937.2 20.0 393
124 7.08 201 8.56 837.8 158.6 392
125 7.00 202 8.58 937.2 16.0 384
126 7.00 260 8.56 937 14.8 383
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#2221 7 NARBEME(FDS)

Run Psys Liquid P, Tsat(P} ATsub(P) Cold Trap
No. {kP=) Head (mm) &Pz) ) atger (K | Temp. (K)
127 25.47 201 27.0 1026.6 10.4 430
128 25.91 201 27.4 1028.0 5.8 434
129 25.78 202 27.8 1027.6 5.4 433
130 25.62 200 27.1 1027.1 9.9 423
131 25.98 198 27.6 1028.1 2.9 422
132 25.91 204 274 1028.1 2.9 413
133 25.83 201 27.4 1027.8 8.6 413
134 25.88 201 27.4 1027.9 4.7 412
135 25.90 1989 27.6 1027.9 5.7 412
136 25.93 206 2.5 1028.2 4.0 403
137 25.98 208 21.5 1028.3 5.1 403
138 25.96 206 27.5 1028.3 5.1 403
139 25.75 207 27.3 1027.6 6.4 394
140 25.86 2086 274 1027.9 2.7 392
141 25.97 204 27.5 1028.3 3.1 391
142, 25.76 204 27.3 1027.6 4.4 © 384
143 25.91 204 21.5 1028.1 5.9 384
144 25.93 204 27.5 1028.1 4.9 384
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X 2.2-4 RFRBGERD
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N P,£3.0 kPa
- Ta=863 K
3 Natural Conv.
Curve by Eq.(3)
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3. BHBREIFIZIIT ST F I D AD
DA PRGN

3. 1. LI

PECHR L XS, RESRT N v AOBKRERRET — &13, LA
EROBEHTHEAIESH Y. ERLVEEOHFEBEIC L > TF - OREB/ED L
NTELEM, LALRRs, BEREREE~OREBRFIISE L. T OYWENREIERE
BAIZIZZE - TWHiRuY,

2 ETIE, BBBRBEREIZ SOV T —AFOKEBEEZAVERBRERIZOWTR
LB, ZNOORBRTIIRES (KRE) La—nA Py FRE (BERE) &3
7A—F L LTHBRmERE T -7 2 UG L. BBHABREILRESRFICL - T,
BREREIEEFELEERZTTZLE2HLNILE,

RETIL, BERBEAE~RIETHRIBEREGORBLZOAN=XLER/RD
EEBRE LT, BERIER (NEME) R 2HEERFER LZBRIZSOVWTRT
& EHiT, MEEEETETMZOWTRE LIERERIZOVTHRT,
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3.2. PR BRAE BRI I 2 MR E QR FEE T IOV T

TERE DY R U Bergles 5%, GAEIZH bW BBROEER ¥ ©F 4 BIEET 554,
TR O BT S & BEE M L B ROBRE LTEF ML L, B 1 2-415R/ L=
£ D ITBRAIE RS T, BEEIREE & VRO BRI MAVEER TRANS
EMD., GERMBEE IIBBAAAGR L BAMEAGEERORZE L LTRELS,
Z0O%E. BHEBRMEOEKIZE bRo T, BEHEEAEIIEAT 3,

—2, BT MY U AO BB EEE IR REEEEOBKIZE bR T
&ET9 2, Winterton™i%, £ & 3 RiEELEORBBRE KA ETLE LT,
REET ABREFAVERELTNS, ZOTFMIL, BEEETICEBET 3 RELEY
ARSPERH CHYAKIRERR L. [ERT R MEZBIET 3 EE IR OB Kz
D THRTHI LD, BERBBAERET TS LEEFATHD, T2,
Pezzilli™iE, FiE¥+ E'F 4 OREREIC T, MAOELKT XA ERKIBREDOFET
YUXNIINFIZERERETLEEL, RWOEEBLZZ T 55EEE% Re HOH
BLTBETAVEREL TR, WTFhOEFANTRE TH Z0O0BEITR > T
VY,

FHETIE, REREORRLS 200 —% % A= B R E R E =B 21TV,
INHEDTTFMIDWTHRHIT B & L bz, KEORKLES L REKEEEF L%
RET D,
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3.3. EREBRUERFE

ERIT, T BRERBRLE L. EHREORET N U ABGEEEREBR LBV
TEMLE, BRBRHIEN3-1ICATISCEE 2ENEICLI2RBRRETHY, NG
DAFREe—FIZX o THEAT S, E—FDERRIIE0 mm TH Y., BiHEHD 10 mn &
DA 2 # > OEZE 0.5 mn D KEAER (BT, T/OEZREL TS, H3.3-21TF
T L 9IZ, Heater 1 1%, REBEREHAD T/C 54 L E@TT=DDEN, LD
THOLTWS, —JF, Heater 2% Brazing MITHZ L~ T, LM 2REE LTNA,
X 3.3 3 ILENHLERERUVRARYHETRT, ROREEND Heaterl [X —FRMEITH -
TIESEA L TW3—F, Heater2 iZ Brazing JITIZ L » TEEXN DT A U BHEDIAE
NTRY, BRHTELNITR>TNB I LRSS,

KEBRIGEE, MEEAQBREEZREL, EHOINN—HTRAENEZFETDIILICL-
TRENERET D, T0%, BGiREEZRLIZERESE2N S, CUREIREROVEE
REZFZHAT S, RBRERCL. T LBEE LEREOER Eingdi) 2E=4
L. TNODEBZEHETDH L L biT, MBEEEEFEORENEBOLHE LR
ZHE Lz,

%) Brazing ML : =y F A7 ubhfL LA U EF—5FEITAD, EXFER CEELmE
TARZ L - THEREIETEZEDAREMNT,
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3.4. ERER

Heaterl IZBITDHME 1 m/s & 2 n/s FHETORBRERFAEE 3. 4-1~[ 3.4-2 IR
To B3 4-1ITRT X 91T, BEHROBRIZAEN, BRI RAMEER TR » THX
O, BEFEAGE & HICABICIET L, MBBAEERIGEVBREICES T3,
ZOREN D, BFREBET S 554, BAEIBSBREAEERICH > TETT 5,
WoBEAMEERNT, EEO OBBRESERNL Y bRELBABEGRICBNT,
MREA L EBREGEEROFHER L LTEI LN TWS, FOHyHEHVEER LB
RFEETERETOERT —FZBITE—HL TR Z L BHN35,

XEFLRMREFGED 2 m/s DE 3.4-2 TiX, [ 3.4-1 O X 5 k& R bERAREEEC
RELST. 20 KBEOBIAEICSWTHELBRIET 5,

3. 4-3 [Z Pl BREAIBENE & FTEDBRIZ DU T, Heater 1 & 2 DRI/ —1
EROTOBRMLERELZADETRT, T—NVERT — X IR EREDOF —# (25.9
kPa) TH Y, MEE 2 TOBEETH D, BEBRFEOHEAL L bic, BERABE
BERALMUETT3HAZRLTWS, £/, EBOIREEO L — X ILHEICB
TRROBEFRERAELTL TN —F T, BAREO L —F 37— Z OHEOFHHE
O THEBVEIR A O BBERIABIEREZ B TNA Z L8515,

Winterton ORNEWEN ATRBRETABPXENLHE. BOOREBITHENFOH
ARBTHDH b, E—FRERBIZL ST, REOHBELEREL 2B Z LM
FREhD, ERER T, BAEREOL —FZ 0I5 239 b I ERROEA 25
LTWg, o, FRAREANE—F OMEHE BT D L EZ-EE. MEEHL2RICEK
WTIRIERRICHERBET D L EZ OND S, ERTIZ, 2TTFREO T/ 5 kg
IR DBEZERERL TS, 25 L=Z &5, Winterton OFF AT XERRCILA
WIZLABHREIND, 2. RKEREORRS b —ZITBWTH LM BB
OREEEIZHEENRONZZ b, ZOFEEX Y EF 4 RITERTELI-BESRAE L
TODHEERESE L ZRHIZOWT KEIIKBW T X VSR EEEZIT I L L+ 5,
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3. 5. BEREKFECE T ER
351, BEEMIRRE L FHROFR LU HOWNT

HEEFRBBIE I OV T OMHIDT L, FaL KOV 77 — N3k H B OITREH
BT DB RIEOHIETH 5Y, BREVMEAE EOX ¥ T 4 —»HHET
S55EEEZD L, WEORERAPBEIL/HEWE, MABRELANIERE LD
BIPERF X ET 4 —ERTREZSNTLEY, BEREAIZIIEVBRELVEL
T 5, £, TDOHITRERAPEIRICKE VL F ¥ UF 4 —IZETEEERRVAR,
XY ET A —PoORBRHCIIRPIEIVECERAEZLELTIZ LEBFRAENS,
Kit, BERKE EORERAEFOOT, MABBURNIRELEAEZRRT 5%
DREZGEZREMABIZIEZ OEEX Y T 1 28 L, BERBICLERERS
BB (Tuanr-Ta) T —ARAOIS /N SV, L7285 T, BHIBEAGOS S, MK THRE (8
AT IREE) PEFMBEEICELRVEETHRAPEBISNEZ 0D, TORKII,
FriB. 977 —n @bl & LT AafiiiE & 1I3BI0BBHEL L THEshTna®,

TR U LADHE, —REICHBABEERERRE ., £ I- TR, F—%0
TEBEREVEMIZH D, ZHE T, FOEBRFICET AL OHESITHOR T
O EHBEREEP AR EVEE TR V77— LT A L3 58085 5 (E
3.5-1) @,

T )T LADYT I — AL ERNROBMEEEGELRE LI-Saokeafisk
HTHRA FRRETDHZLEBERLTEBY, HHMORA FRERZ I SAF VT T
DHEAVHHEHBEFORIHIBN T, ZORKOERLBIL, J0BVELELH
FTSBRAPOLEELRFEN—DLEZLNS,

Y77 —LEIL, BESEOBE SR, B 352 0RT LIz, BmE., ke
I L DAFEBGE & +ORE LI ZREODRNET D (S BEER) 2ISE
Y5200, WEEARSR OB & BEF B (Tya-Te) D EMEIL, EH D AB(qre)
RSN DLOITHMEIERET D, £/, BELZEBEERTIE, B CD(qu)icT
EIND &S RIEICEF LRV BRAGESELZTRT, BoREEEL X, chb T
DOERE 17 L MIT-27% iR BC OB E RS,

BENFIZINT, B AB(qro) D BRBIR BV T, A ThhiE, K<abhi
Dittus-Boelter N TR LN TE B, T, T I v ATHII, EFF > MR
B & %8 & L7 Seban-Shimazaki 2 (¥ 5V i3 Subbotin ) TSt EME =S
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RYIERTED, IROIF—RICHEE (L1 VR KEEERTI L0,
1 3.5-2 FITRY & 5 I MBSO L M EMREMR ABC & L FIcBeh & 3,

{7k DFEERRMIREE LSRR R TE O BRI oW T
KOBZE, FIIMBAKREOLEEITLRTIE, B 3.52 I0RT L 50, BEEEE
ERBRIMEER (R CD(qwe)) KEIET 3 &0 bIEWIBEVE B IC TRIENER B
BERLZBRSA T D, T COBEMEHES THEHEAEEE, LEXT S,
Bergles-Rohsenow! Vi, B 3.5-3 10RT & 9 12, HBICRIT KO BEESESED
- TEEERFEE RS, WRBRABEE L AFEROBGRICETARBRREFEEL TS,
K 3.5-3 IT8 T, BT —F i3, BRI, BENESET 2 BN
MR REVR R AR D DR & I, B BRAMEE~BITT 5, MEREEE
AR O BEML 9 5 BB TR LT LT 38, 22 COBRBE L By R oM
i, ERO—SSERICE U T OBBRAUC L o TRENSD & LTS,

g =15.60p ]'ISG(TWHH -1, )z3o/p°~°l"4 (3-1)

ZIT g, BWEE[BTUM %], p: JES[bein’], THRE[F] TH 5,
—7 ., EREOIL, BEREEEDERESH L BREBEIIC L ABEBRHMEFAND
MFTHEPBEER (Fr T 4 KOBER) LAR3BERERD, KATRELTWVS,

A‘Lﬂfg 2
= T . - 3-2
qlB 8 O_T; arvg’ ( wall sar) ( )
ZIT, BREL SI RTHY . g, @ BFRWM?, A, IRAEBEEEIWmMC], H,:

HREEE kg C), 0 :REBHNm], p HEkgm’], TKITHD, (3-1)&G-2)RE.
FERSEOMEET L, BHESHREETOROBREESBEET. K 3.5-3 RSN
LI, HMEBVRZOTMER & G- DR ENIE2DRE DR EL LTET - LR T
Do KOPBWERIMBEE L, BAREIZRATELD LOIROEEX ¥ ©F 4
ETDERELZGDRICE > TRDB - ERHFHETH Y, ZOHEE. FoE N
SEBRE ~RIETRENT, BASESRGEOMBE A TEN TH D L EL 5,
TOMR. B 3.53 2oHLNRE 1, KROBE, PEMSEEE I8 HERTT
36—
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HOEKE & HITHRRT HEME TR,

(iDR113 DOFEERIEEENE & MRITER RO BERIC OV T

A H-HEEADIE R113 2RV EEREOY 7 7 —VBREEEIZ OV TREL TV 3,
X 3.5-4(), ONIHABRMENR R LD EETOHRBHBREZ R LTS, [H3.5-4 ()i
B E R 2 TR SEHEOBR L BRE OBRBOMTRENR TV B, B
ROBARIZHE, BEEIL, BRI EVEE R (o) T E > THR L TN A,
(3.3-)Xiz & B RS R () PBBE B2 THLHBIIFGEE I, EhREVE
R (o)A EOBEEICE L= L 25 THELEG L, BoRBEROBHEE T
ET#%, DBZIIEREAEEZERRIC LB TERBEZER L TWS,

BROBAFEP LBRAWCEARELETERD L, BOOEITREND X ) IR
ERFEFLIIRACERREZIRO T, BAaRBORGEREL T LRPOBBEIIETL,
(QRUT & 2 HEEEEIARE & MM RERR Q)P HBEEIC T, MRPEZHR
I8 D,

FRICAOYT 7 —VEIZBNT, BRBRREZERSELHEREZE 3.54 OICH
T, FOEOEKIC L b ) BREREIRHTEEEOE RIC L - T, #EESLEIOR L
BEBEIC M DG HRIT, K354 @&B&LTHRXLTWS, LarL, BRFESER
DFFE L ERBER T, HROMEICETEE T, B UEBESVEEhRIcETT
BT ERGZND,

Z I TOHRMBRISBEE & 13, BEIHRBVEREEN S, B UEE iR~ B EEE
KREETIIEROFZAROBMEL LTEREEIND, ZOLX5IT, 32 NTHFEIh
SBBEL EOBRBREBRE L TTER L LTI, R113 OBE, RERAH/NIS
SIBIEBRENZ &b, BEF Y ET A ORXEPIRONTNE I EHET LIS,

GOREMARTEICH b5 EOTEES ¥ ©F 4 BEAETS 2 L EAHRE LTV
50, EHEF ¥ ET 4 OBBRON TV BIHE OBFIHR & HHEERLAIEEVE DOBIRITK

XTRERD,
_ /1! 20—3’1 T.lmrvgl
g = a(T wat ~ Toat) — —H‘;;m;g:— (3-3)

X 3.5-5 1212, BBEDICLARALBY T 7 — VL BEHEREES G TOREER
BHELRFIRS T2y PENTVD, HFITRINE e BIL, (3-3)RD 7 T
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HY, EREEF Y ET 4 2 ENThOBRRELEESOEBERERLTWVWS, ¥
oo BIF D Eq2)it, G20 EZRLTED, G-2RUL. G)AD rpe ZHEX IZE
LS EBEORRUBRRICET B,

[ 3.5-5 OHREEMBREIL, MBERVCY T/ —NVEIEEST, IHE—E0HE
PREGEPAEZ TR L TRY ., HREHEARZIEIL, BEXY ET 4 B, 1ma=022~0.34
pm IR T HEEZTRLTNS,

LLED X 51z, R113 OBBEREIT, BIWVEORSIZI - T, BRNERF Y EF 1
PHOOERIZRONTEY, BEHHERIEICH L, BEX Y ET 1 BOXERHRE
BLROTVWBZ BRGNS, BEFY T A EFBLNTVAES. 3-)HRDED
2N KEM L 72 - T, EEREEICIIF L A PEFEETIC. WThoBFERTY,
EE—EOHEFBBRE L 25, ZOGHA. BHERLH CORERTY 77—
EORET, BRERAROEFHRIZS LT, ARAVEERLGHRORZEDOEL L
LTHENDS b DO, HIEFMBEEIZIIHEN/ NIV L3505,

T OFER, R113 OREFEBRAE L, BABRREOEELZIPIC, BIF—EE
27T,

T Y & A RBBABEE & B OBIRIC > T

TV U AOTEEI TSR AR IT OV TIE, 1960 EREB NS 1970 £
T, FERZZL 0BERLZENTWS, Fhbit, BEFORBESEEE
BRRBELTNBZ Lhb, HBHAE VD LDe(MBAE/AMER)DRBRHLL 2oT
W3, MARIZIR>T=BFOY 77 —VERR, HOMBR b & b/hEVnDT, H—
RAOEE, WOMBICTRIENEET S, MEE—EL LB, MAENEVE
B BVARR CLHRAETOY 77— VER/N S R fafiiREE B2 B
b, BAVRARKRTORBRPESHL 25, Lo T, (FREEZMAMICARL
LRWVIRY) BV 77 —NVERZRT 2EARERGOT —F 2852 LR TERYN,

TRV U ADANNVTBBRY T 7 — N LI TOY T 7 —VibEgT — 2 Bk
WO, EREOEBIIHMZLOTH B,

R L7z & 912, @MBEFOFLOABIHIR VTR, A7 RENAMEES B
RIBWI EERHFBO 1 2L LTEXTWD, EBICIE. M85 1R T XS,
NATERBYT 7 — N ENFRETH BT L, A RERETIBABHRE

ENTNWBZEDNL, FRIDADYHT 7 —LBERICHOWT, ZOBRESPMELTE
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KIEREETHD, K31 ICHEHBRAFICST 2 HERAEAEZR V-7
BRIERIZBIT S LD 2757,

31 BEERFEICET 5HEMRBBRERRIHE

Investigators - Fluid | Test L/De |V [m/s] Re [-]

section
Chen, J.C.%" K | Tube 19.29 |0.06 4,800-5,100
Pinchera, G. C."'¥ |Na | Annulus [42.8 [0-2.0 0-35,000
Schleisick, K. [Na | Tube 18.85 [0.55-3.66 |20,000-130,000
Henry,R.E, Singer |Na |Annuluis [257 [0.64-1.34
RM. (19 (wire wrap)
Logan, D, Na |Anmulus |30 0.91-2.71 |27,000-80,000
Kikuchi,Y."” Na |Annulus [243.8 |0.27-2.86 [4,000-42,000
Dwyer, O.E. 1® Na |Annulus [28.03 |0.073-0.43 | 3,900-23,000
Present Authors Na Annulus 7.46 1.0-2.0 30,000-60,000

#3-1 DD 6 DOEROERS E & TR L7 Kikuchi 590 75 7 % H 3.5-6
WRY, REA, HEFE, RARESOFEDKE CTHEBABEE OHBHE,
ERFETELOVTWE L0, FEEFEIIIBL TR Y fEHOER L &bz,
HERMBIEILE T T 2EABTENTHS,

BAE, 7K, R113, 7}V U ARZDSWTORERMEEE L MFEREDOBERIZS
WTLbEa—L7k, ZORBE,

BB BRI OB RIZAE W,

Ko BIEBRAMEEE > X

R-113 : PhIRBASABEEE > Bk L

Na : BEFSAIRE > B
EWI, FhEN, B2 E T3 LBHLNI R, ZO LD REEFEDOHE
CESSHBRBEOERIZOWT, FORAI=ALEHLENITHIER, TR
LOTREHIARIAECRELTAONNITILETEELEZX ODND, FAHAEOFIER L L
Tik, ZhHRHEBRIGEICN T AR T2/ E2H—NICERETZ L ThY, 20
D, BFOETNMCE T, E0BREZEETH L L b2, FRAFROTT T
LB EITD, |
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3.52. BAERFETOBRMABBAEICETIEFOTTN L EARBHEREOLE

() PoZEtElcBE ¥ 2BEFOMBERE ORE

T U AOBBBESBRETL TR, #ERL LTE LRI BEEREEN 100 T
ZBADLIDRERMEERD L, BREOCEIZER LE-EERZ Y, F
VO AZOWTE, EREARERE» SEORBREE T, BELEKBE~E
57Ot AT AAMPRINEHBIERE T LIRIZ LA L TERN,

T I2T, RERLRRERERICOWT, BEROEHIC, BHEE,ORELE
ERE~E D E TCORMREEFEHOTIZT ST, BEFEORBER L OE 2R+ 5,

TRIDAZ BT PAEBRETHZZ 200, BYZHEERITA L TR
Do BHEOBRHEXRHREIC OV TIZ, LAT D Seban-Shimazaki DA L < B b
T3,

Nu=5+0.025[Re- Pr)** ' (3-4)
Eo, BELUZESEERIZOWTIL., #21E, Kovalev!'® =1,
a= O.SPD.ZSqOJ (3-5)

ZIZT, o BMEERE [keal(m’he’C)]. p:RIEH[mmHg), q:4¥ K [keal/(m?hr)]
TrREh D,

SRR TRAMRE & R VST LSRR ERIz >V Tk, RLEE
RFEE LTIE, LTOXRH 51,

s = 9rc + dup (3-6)

ST, gy EOBBIBIMRRIC L D BARIWLL gp : BERHRBEEC &
DERFRIWM], q,, : RBEREEIC X 3T R[Wm'] 2 RY. Bergles,AE. —
Rmmwﬁmﬂmﬁ\Kﬁﬁiéﬁ@%ﬁ%bTW6o

dss = Yarc* + (s —q)*} 3-7)

TIT, gutd. BI3520BT3ER0BRHTEZ OIS,
-3-10-
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AHBEROFTRULER, RRER L SHBEXOEZR 3.5-7 RO 8277,
® 3.5-7 X P 1 m/s 2 TH Y, X 3.5-8 13, FiE 2 m/s FEOHERERLTNW 3,
TR LEEREERX, MEERHICRLEVRENOEER LTS, B
ElZ, RENPOCENELBEERAEZZE L CEELERFEAL VAL 7.
HIRZ. ARBREQORIEMBIL, BEMEE COMBAEIIXNT I IV EREGE
MACEZTOALY BELEH L, BHERUY T 7 —VELTHE LT,

B 3.5-7 {ZhT X5, BREERAICEIETAIC LM ->T, BEER. (3-9)
K TR EN D BHH R REMRICID o THRT 32, HHREGERREELT
HERBET, 7 0K FTHERESEXLTHREBLTWAR L EBSNE, ik,
BRRERL S ECIRROBAELZATT 2y FLTWAMN, BHF LD R-113 |2
THERREFKIC, G-ORICL DM EHBEHBRIC LB o GEREET TS Z
BB

B3.5-8 i12id, WEE 2 m/s & LERBREREZFL TS, MEELERLULREE.
BRI AGRERIIE BRI~ 7 P LT3, £, ZOHATIE, BRAE
30K BETERIFAG L. BERERAREICSWTE, TR U AIZ BLMICH
BEFEEZTLTON S, BBEREIRREBOBRANOHEVHAE EREEETTHAE
WA, TRIEDCHEICRD O, B3.5-7 LR U FHE L oo iRG-5)=UES
T,

Ul DOPMREFSEICE T 2 ERE L BEFEREBEROLEN G, BREICE LTI,
R-113 LD 7ot AR THELLEZBB~EBZ L5281 5, Ll
BBH, TR U AOBBREEREDAPREREEE2E T 2EBRIEATAT
b5, BIREOT oL RTONTIE, R-113 LRAETHD Z 256, MEEIZHES
BRZEOE(KLSMNCERB S D EELZ BN B,

Q) T PV U LOBBEREMHIZIIT 5 BB ESEREICE T RFEOET LIZON
T

Pl BRIAIBEE O FLERIKTEMEIZ W T, RiICdR_ X 9T, KELHIFT2o
DEFUPREENTVSD, —DlL, Winterton, RE.S.O 51z X AREM N RIERE
FATHY, bS5 120, PeziliM. No L AEFGERBEF NV TH D, Winterton

DAEEN ABRET VT, TEOEKIZHS T, V—TRNEBRT D REET A
-3-11~
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