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Development and Verification of Thermal-hydraulic Models of
Fuel-Coolant Interactions in Reactor Severe Accidents
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SUMMARY

l. Title

Development and Verification of Thermal-Hydraulic Models of Fuel-Coolant

Interactions in Reactor Severe Accidents

ll. Research Objectives and Background

In reactor severe accident management and mitilgation strategies, the
contact of molten core and coolant is necessary and unavoidable. For this
reason, an appropriate analytical tool for evaluating the fuel-coolant interactions
IS In need. The objectives of the present research are to develop experimental
methods for multiphase thermal-hydraulics and constitutive relations and to

improve and verity the computer code for fuel-coolant interactions.

lll. Research Scope

Computer codes for fuel-coolant interactions are reviewed and thermal
radiation absorption model in liquid layer and film boiling heat transter
correlations are reviewed. As the major work of the present research, film
boiling heat transfer on a sphere in two-phase flow is experimentally studied
and the technique of particle imaging velocimetry (PIV) is developed for

two-phase flow measurement and flow microstructure observation.
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V. Results

First, computer codes for fuel-coolant interactions are reviewed and thermal
radiation absorption model in liquid layer and film boiling heat transfer
correlations are reviewed. As the major work of the present research, an
experiment of film boiling heat transfer on a sphere in two-phase flow is
performed and particle imaging velocimetry (PIV) is developed for two-phase
flow.

To measure film boiling heat transfer coefficients of a sphere in two-phase
flow, an experimental apparatus is designed and constructed. The present
experiment is unigue in making the heated sphere fall through the water-steam
two-phase pool while the previous experiments were performed with stationary
sphere in flowing fluid. The falling speed of the sphere and the steam
generation rate are controlled. The results show that the forced convection film
boiling heat transfer coefficient decreases as the sphere speed is increased,
which is a contradicting trend to existing data or correlations.

The PIV system developed here successfully measures transient velocity
fields of liquid-gas two-phase flows. This new technique is useful in studying
the structures of transient flow field which was not possible with the
conventional thermal anemometers or laser doppler anemometers. Also the PIV
system employs the AOM(Acousto-Optical Modulator) and this makes it

possible to apply to high-speed flows and three-dimensional flow fields.

V. Proposed Applications of the Results
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The experimental techniques for multiphase flow and the thermal radiation
model will be used as the basis for continuing research in these areas. The
experimental facilty and the data will be used in developing a correlation of
film boiling heat transfer under steam-water two-phase flows. The PIV
technique will be applied to the study of flow field transition mechanisms,
three-dimensional flow field and jet flows. Such experimental techniques and
thermal-hydraulic models will be applied to the improvement of the TRACER-II

FCl code and verification.
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L

gt o] & FHZ Lui-Theofanous

o} &

2 Bi=g
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ATE A AT

s

roll o

o =

Al 5 ] A TH2-19].

% o]

3
o=

AdrEAM 2473

A 2] 319 ©}. Lui-Theofanous

dHdGATE BAISHA 1Y249 2. o)

] 5

g ol AArdE grolt

o
=

superficial velocity2} 7] F &S o| &3l r}

v
l —«

(2.1)

BlwslH A4 £% 0.6 mfs o}t = 24F

AHAGA S A9, olBg F AT A

=
&)

dotste Sw=cl sl A8 BF HH

AT
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HFolm, o W SE4EERE WALEY EAgAYe ZN44Y 2 ¥
w9 el F2 @tk G7IH BAGe 93 ZNMNFL F719 o
dol AAF F5HE BAg] o8 Ausn], Gy BALY A 3
oo FEAEE Z7AABE ZA F9PT. =ALEEY WS

S SHAstE RaolME oo HE AT AR BAdel AR 3

713 gAY ofyH BF A F4H+= bounding o Foly EE
UAHE HBl FET St parametric {38 ©o] Al x3dtod gt}

Huloff 44 B ALA o] E 3B (transmittance), T(d)v= LWrAH o2 t}e3 7o

i A TH[2-25].

2 folﬂl[ fom m'x(O) {1 —P(#l)}f;t(d, #z)d/i]dﬂl

T(d) = =
f{} JTZ.,{(O)d/l
¢ty = €cosl,;
Ho — COS (92
T:(d, 1s) = EXD( 2,4 )
9

P 2C,

A /]5(6 Cz//IT_ 1) (22)
a, = absorption coefficients

d = layer thickness
C, = 0.59544 <10 ~ W~ m*

Cg — 14,388#”’2 - K

__15_



n, . _
Uy = cos.(*—jL sin 1(91) (2.3)

o

[

D
I

incident angle at water surface
6 1 = refracted angle

n;, n2 = refraction index for medium 1 and 2

TS ©. 82 yEAbH](reflectance), R(d), + &3} ).

2 [, s [, i) o)

R(d) = = (2.4)
f{) 71'2',1(0)0.7/1
w2t A §-+Hi(absorptance)x= O3 o] AArE T
A(d) = 1.0 — T(d) — R(d) (2.5)

o|Fe EdE TAE Kim[2-26]2 HAIE ALY X s £ A9z
ojmE FAIE L FHE Ao n, 1 AP 19259 2o o] 19
ol A E < F7 0.1 mmo|A 35-40%, 1 mmo|A 60-70% <] E-Aldo] FT4H=
Ae & T U

Jacobs et al.[2-27] o] 3l BEALE & 49| W3] Fletcherd o84 ANE

AHgE7) Ao B 4oz ted gol BASAL

A(d) = aln(d’+1) (2.6)

o 7} A4 a2} b curve fittingoll A AA FE o g2 BEAIGY &2%9 Fa9]

_16_..



oh. 1982.62 of BAA & EAIE F4HIE EAF3 T He Kimd
Ao} vl [FAS EFFHE UEY. Jacobs 52 AA v &l TF

Az etulsdHY BEo glome Feo Zrge] B3 Alojel ¥ e

7dG-ol A BAlEo] ¥iAL B3 Y F4HE BAS 7|88 H view factorgE 17
A3l I FHeH, o] B¢ £8E0 2300 KY FAF 23% HAxe HALY
o] Z7]-8 ZFAWEAAN FTHE AANIIAY. of F7]-5 FAAHANAN F¥

A gL vz Z71440) Jlddtn 2 5 ok

__1’7__



H 22, 7849 whels GAGAS B A

(bubbly flow)

( U=Vy(l-a) )

Regime Correlation Constant Reference
0.62 _

Saturated a Frederking(1963)

Nu = C,(Ar/Sp) 0.586 |
pool Dhir(1978)

0.8

Subcooled |Nu = C,(Ar/Sp) 'Mc"* 0.696 |Michiyoshi(1988)
pool Nu/(1+2/Nu) = Co(Ar/Sp) " ‘Mc" K(d) |Theofanous(1995)
Saturated 0.393 |Kobayasi(1966)
forced Nu = C.Re;"“( ¢/ £ WEKRYSp)"* 10.553/1.11 |[Epstein(1980)
convection 0.5 Theofanous(1995)

Nu=Nus; + C,Re;"“( ¢/ 1 v)(Sc/Sp) 0.8  |Dhir(1978)
Subcooled 2 112 .
" q Nu = C,Re, "Pri""(uf 12 )(Sc/Sp) | 0.977/2.0 |Epstein(1980)
orce

~ |Nu = Nuy + CoRe7’Pr/'% . 0.072  |Theofanous(1995)
convection
(1e1f ¢ v)(Sc/Sp)

TWO-phaSG U/ 4 14

Nu = Cg,Re VKRS
flow el /SP) 12.5 Theofanous(1995)

Nu=hd/k,, Rei= p1Uidf p£1, Pr= g cp/k, Ar=g(p 0 )d/(0 W), K=p /o
R=[(x o )W/(1 01", Sc=cpid Taun/(he'Pr)), Sp=cpy 4 Tsup/(hte*Pry)
Mc=E’/[1+E/(SpPr)/(RPr,Sp)
E=(A+CB'"%)"? + (A-CB"H"° + (1/3)Sc,
A=(1/27)Sc® + (1/3)R’SpPriSc + (1/4)R’Sp’Pr/’,

B=(-4/27)Sc® + (2/3)SpPrSc - (32/27)SpPrR® + (1/4)Sp’Pr + (2/27)Sc’/R’
C=(1/2)R’SpPr

__18_..




Initial State

© _ @
_@: &

Triggering Propagation Expansion

A N N S e R L R R K I
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iqui

Coolant L

Coolant Vapor

ALPHA Test [2-17]
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Proasure (bhar)

WOen! - D0 1057

Time (s)

- amin v =i SV
_ i-.-‘

EEE
FFF
GGG
1

L148
COMKE1

PT.150 3115
PRESSURE

COMJARC10 POO1
COMJRC20 POO1

IFCENEA1
IFCENEL1
{FCKAERT
IVAFZK
IVAASIES
JASMJAE
MC3DCEA1
TEXJRCH
TEXKEMAT
TEXUWIS1
THIRANL 1
VAPEX1

PRESSURE
PRESSURE
PRESSURE
PRESSURE
PRESSURE
PRESSURE
PRESSURE
PRESSURE
PRESSURE
PRESSURE
PRESSURE
PRESSURE

1% 2.3. FARO L-14 A &9 3 Az =9] s Fd3} vl (ISP-39)
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200

aturated |

180 - 8Single phase, saturated
Two-phase l

160

140 /

e

120 / -
100 /’

80 / T

60

Heat Transfer Coefficient, W/mfK

40

20

0.0 0.2 0.4 0.6 0.8 10
U, m/s

1Y 2.4. Lui-Theofanous®] 245 9Hls EAEA ST A4

—
| =4
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1.0

0.8
2000 K
5 0.6
o
4
o 2300 K
-
0.4
0.2
0.001 0.1 10.0 1000.0
Depth (mm)

18 25 A =M Zojo] ©E BEALY F4-& [2-26)
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fruma absorbed

T=1000 K
0.80
|
T =2500 K
0.80
T =3500 K
0.40
— approximation in VA—KA
0.00 1T 1 | T ]
0 S 10 15 20 25 30

thickness of water loayer (mm)

%Y 26, B4 FoA e ZHold & FBAIE F9& [2-27]
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A 2 A PIV (Particle Imaging Velocimetry)

R e BB, v, w, p, DS FHE AL FIHY BE2 31 Uk o]

28 HFES 7317 YA FXA A &3 2 (CFD: Computational Fluid

o

Dynamics) 2@l 93 WS 5 & Aok

autdoz AYH A¥S I FAY STAZPYORE WD, IMH

2 Al (hot wire), LDV(Laser Doppler Velocimetry)s o], YHASHWHOE= ZLEH

(probe) o], 18]l &S5 AZFHPH o 2= <E A (thermo-couples) g o] AFRE 1 ¢}

oy olg ASFWHEETH dojd AHe AFHol7le AN HAF AF

Aol7l Wi &% Ao A dMdde =< FA £ ¥ ¢ 53
71427878 AFe 7IXE d3ty S HA Sl o dAEolH.

ol Hst7] T A H WHol §&7H N gKflow visualization)®H ot}

EhAsE AEANS A4 BAPOEH FFF AMA AAN PHY 54

sfAsr = U= 7FA 71EZF Q] A 7IHo|t) Dye tracer, hydrogen bubble, smoke

g o]§% wAHH FE/A WwEe AN F5R FAAY YRE AT
Aut, Jeet FEHHC 2T7HE FFHY AAE AL 4 Y BH| Ao
gtk o8 @SS st B A7sh A WYHo] Shvl[2-28,29,30
Hae F& A7 wgel Yol AFANE dPHozW 5 a
AW 71gEo] A& Ael o2tk 53, AFH T AQ s 2 7] & (digital
image processing)®] W& fEF] FYY HAHE FHAYAE) A5L B

3t & 4 A sged olF ooz 3 {EAY HEAEWo] PIV(Particle

_25__



off 43 d&£o0F AZT U} Ao o] GFE-S NS(Navier-Stokes)H} g 2l of] th
st A FulEge I FESE #He A 7AE ERT SA19 dHAE
28 227} ok wak 7H2 o A Q) 2} (thermo-sensitive liquid crystal particle)S 3= 3]
UALE o] B3H FHY EEFETAE FAA A 4 UAT[2-31]. o] 2ol

PIVE Hed 5EF 7I12E2 =W, v, w, p, T)S AW FHAYE 5 U=

N ke Adele dagAdsel de¥ F Ae KU AZPHoE A4
g1 ot

2 f840] del FelA UA @k HI AATAME FFHYE | §F &5
F 2ho A%we 23 A5 STHAES FhAY) 98 A7 sl 2

AAZNME A4 BEs] AT7EQ oo} gL HY AAVHL AR HOE

Aurstozm oeiztA] sfAdo] A9 B bsEAW 34Y 4E5HALL iAol 1}
Ae s Qlow, FAQ AREAY A P S ASH A Holw 7]
A= dalztn ok 28, 2704 PIVE o8& {3 Ao siAuate] o)

5o B A7V HFEIRST(2-32,33,34], T SofM = TIAIwER

)

mul olUel Jld2abs $9 EAFO PIVH PO B A7y HaEm AW

vl st AAoln ofAe AP meH S TS e U= A

ajeb B AT ME olsh e PIV /AN AZ7eL 71923 FA o3
e Jad AZe @& 5 s NS ASNe Agse AL B

o}

= 7

,26_



2. PIV 7|2 g

53 FLEEE o= 3 HE FHAe FAHYAI A A T
olFd WA HAAAR 2 WS 4w A FALh F, FAR FAHX(AL)
T FAHYA 75 A AHparticle) = 2] HY YRS CCD(charge coupled device)7}Hu| 2t
2 Y YPEAAE ol &3t 22t FAFEICIHE AT F UAYE FHHA
43t GAHEAGE AFste Rolth. oo ALgHE FHYAY H]
Z2 fFA vFH FAF® AL AHEEA o gt

AL &/
i

A
ok
tlo

o

it

S5 3 At (flow image)0 Z2RE FAAA £EAS T dos YRS S

E Tt R wEt oy 22 oA JHA W Ee] Y AFHA H=F
249l Z7idA A gE PSV(Particle Streak Velocimetry)[2-28,29]= 7}u] &} <]
2N 2 BozA BHY YAAHG olBs) S5 FohE wPos

e DESAT YRR filmS AEFOZH HAZ Myt BASET YA

w7t ¥2 A A (streak)o] A=

mY,

Ae wAL w229 S 3y

AA ] oj2 o] At} PIV(Particle Imaging Velocimetry)[2-37,38]%F Uz #5344

R\

Z A7 Hinterrogating window)W] AFAYRES} TR X o )3t FouriertH 3} 0]

iv

4G A ABAS AVOZRE 2ATRY BFEEE TEE wolt o

%9 34 (multiple-exposed image frame)L o] 83 AP A=RS E35d

o)

%

&2 o2 FourierrH&A|Zl 5 7ivete] 3o HAE Young’s fringeS 7 3FE]

A BAlsle £ & AAL} Young's fringeE ¥ ] d=2E EFAZOZHN

AT ARSI E e 27138 S (auto-correlation) & B e 02 X 8] 8l

..._27_



PTV(Particle Tracking Velocimetry)[2-39,40)= d&£A o g2 3 5H o3 A9 3

Yoz RE Z YAYANE 22¢ T 2 92 Y s FHFoZH Yxje
NS ASE Pol YA WS WA FHlE BEH oS YA &
o},

PIVe} PTVS F &+ Adrian[2-30]o] &3} UwrA 02 Low particle density

Aol REo|l 2EE ASolE AR Ao B &

2,

PIVE PTVZ H 1 At} £, High density PTVE PIVEZ2 X FHc} PIVE B F3d}

& 712l wet e g FoE & dou AFAAY ATABES Fea)

o EHEY F& 3 Fd IE BFE MNEAE STHE Y FEo o] &FH

I

= particle WA FAL olfaM AYNEEHEES TR wEd Yz

TES X e FBBAZRE $E& Fohe PVE 7EE $ Ao =3

ME PR PIVE 4% PTV(H %3 Particle Tracking Velocimetry)2til & &fs

ol © U3} (single frame)oll ZHE A Q] 2O 8 FEIJIA A2 YAES FF )

N £ES dolule PIVEYE 9% Eo 9Uzun T g oy Hyow

O

B €2 HASES FHAM £28 dojdle PIVEROE s A 5 9
o} $HH JAEEAT PIVE A7]AH PIVSYE A3 A PIVE gidd &£ JAE

B A7)4@ PIVE 0% F& BEEWe FAR dold @Y el AR

3. 29 PIV system

7h A Z RS E T

182,78 A FZAAZABH(Grey level cross-correlation method)e] U2]& A

_28_



Hal7l ¥ Aolth wAAGE} FERY HYY AXANEHS ZA WA

28 AVE e 9349 AxAd st F3dw A @& Ftko vlagt

q 1 F g E R TYYATY S EHANE D5 & AY. AFH FolA

olo} Ze AN WE 2E2 T 4 Yow Mo FA YAT EE(EEY
B9 A" tated o]EuEe) UL BolaA 7€ 4 A Bk A%V F
g Qzre] FASFE Thee) Aoz Far

(2.7)

2

(f T f)2 (gz' o g:’)z

AZIM fi, & = BA8EIINY Z JAY AxANE uFy () o

L}, PIV Hardware 43

19282 B A-7olA JiEE low Reynolds 4 9 high Reynolds f%%
of £ EE 3tz & o ARAFIABHY F=do] FA & JE
dot. PIVE A% #1% 71842 st=dole td33 2ol vUro A $+ ¢l
o}.

- BAEIIA &L old AHdEte B )

B3 Y R ARAA

__.29_



. 3} 2] AFA] (Computer 8- o] X] 3 2 A A))

. 71€} (Z}H| 2k control AFX])

(D 24

2219 9] £E=ASS HiM= 572 1-3mmA 3-2o sheet light7} E 830 3

o ZNE 2299 sheet lightZ A EF3}7) Y& 7hA B o)A (R AFNAE 6

Watt Ar-lon #o|HE AM&)7t AvpAoln. HE&HAA 7532 73-9(1.0m/seco| s},
%4 =7] 150mm x 150mm)dE S500mW AHAF o], nEI|HFFTHY HE
(10-40m/sec, F=2& = 7] 150mm x 150mm)of)= SW HF o] Ho|xHE AL 4
Yot ALAA FHole FUL 2 o ity AAYF LA &
27t JonE {Fodtool sty AEFFTASY Bl vAHES F
317) 98t Zwe) HaA|ojrt HQsly £xWE o 5
A 7F AT

R o Lo A= AOM(Acousto-Optical Modulator)o| 2= 233332 AHA X E AL

e

e,

- 11.2)

ally
RS
>
12
2
s

galo] 2WS B2 AoFoEn F54e) £E7) vad WE §F BT A
Zo] 7b5@ Al2doE FEAAG

0929 Jhvelel EZ2WE HAAoE7] gk AOM  (Acousto-Optical

Modulator) 4l & 2}9] A A BAEZ Yepdch 3 Al frame)e] o|v|xj& F 79 H

E(field)o]m A= Yo A 4 o I P=ojux| of AOMAIZ 9} a3
= A3 o AOMy 2 %

A Elmg 19299 Tiolgle AZMA S vpgdlE2 Z2Ao] 7153A HEE

St2ARZAE AAHE Z2HATe] 2™ 7t

I AZF AL vAAte g EthH 1 A|7HALojolA 9] EEjF W3l A
Aty B 4 Aot A2 7} field imageol| A 3+ BAY Tiojgie AT AHLOE
#A Z29Ho] HAPHA T E field imagee] AT AL T2 B 4 Qow w3 I

field imageSo] 91 Q& sAARE 59 Azt HE AR 2 5 U
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AR = PIVY £EFE7|Hd metd ZAAEY dEHA AFHFA
24 oAYAAAY, CCD7}W g, Hi-8mm cam coder, 114 % H| Y Q71w 2} 5 ©]

oalt}h. AHAIFTO FFE NTSC composite, NTSC component(RGB component),
S-VHS(Y/O)ut4l o] Qid] ¥ Ao Al NTSC composite 2] 0] T}

saeel due f54e) AAT YUE AW UYshe et Aoz

A7 4EFS) ARE 43 T oAUYZ2AAY 5o o8 J”EE e u

% Qi wlgestvehs AU AT et Blste) 28] F& BojH AW 7}
£

= 1/30sec)dl] o Est=d] Htolv n&7MHErt AlsE L lon Eg AEde
2 z}3% HDTV(High Density TV)7}d| 2}, Digital 7id|et= H g 53 o] Al - &3t
o SHEEAE 43 A sa ATk

FAAAAR = dHEARL AT E IdE FA ok 3, VCR(Video
Cassette Recorder), LVR(Laser Videodisk Recorder)5o] o FHId=

DVD(Digital Video Disk)7} A-&3}ctA o] Q) dlol=t)A~=9l 2 AFHAH

ARAAE th&Fe HolgE AASY] At Sb=E7]&(Motion-JPEG,

MPEG1,2)S Atg3te A7t "esht sae &42 msior gt HIde
PCIN4] 0 24 PCe] RAMO) A7 344 g 4 & oluAHO =7 e} g

o & 7oA e 3] ARG A 24 VIR(Sony SLV-RS1)-5- AHE-8A T

3) A A (] H A KL =)
S AR AL olHE P4 maste olmARas W Tz

T

AA 2 AAFUES 230 Aok A8 SAAAFAL B4 ol
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2l o] 2o HHojwrg o]RFE BFEdE omARLE P ATEE 2§
37] g dxe Ay Mg 8%tk o AR EV A FIE 7R
oJE FVZFOE &3 K0T JAAMIYE P AT dH duYES
st Aol f7HY B dAfdie e Yo Had HWHEWRS olf
3t A Sl A NEg AZEEF 23 Utk

PP EIAZ)E AEF FoE HEER gAYt PC/F HEd 5 Je Az
2 o) F31 4k, = dd 2 A REAE gsld e E EAEY) AT
sl=gojol}. olmAHEE 2 (frame grabber)Ztn T dln Zgldx
s i) DA Ed ¥ ZEHde F E=§ X5 YXE3) g I=
(field)12iH = vz dE FAS= F HHRIE F9 3uers YA E3)
3ot

olul AR Q=9 FTAL 91&8 LUT(Look-Up Table)9} A olu|xv] 2z 1
g1 YJE8S 9% A/D 2 D/AZHOH, FEYA R 4F FUANZE AT
FTEZ FAFY Atk E AFdA = o|uA B =2 Corecorl®] ODX(AHA|] v

22 2M)E AR AT

(4) 71Eh
71} PIVE 4~813}7] ¥3ld BV R3F}A =)= video synchronizer(TBC:time base
corrector) =3} o] IAAZIPAM L AH|Eo] HQRFT AF7) AT B AF A

£ EEe Fulg 274 Polx Bk
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Searching Area

1st Image

2nd Image

Correlation Area
of 1st Frame

- L) . , . f(M, 1)

f(1,N) . | . f(M,N})

Correlation Area
of 2nd Frame

- 1(1,1) . , . f(M,1)

N | , RTINS

Principle Design of Correlation Area

71g 2.7. Principle of Grey Level Cross-Correlation
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probe

light coding system

—1 1} 1 t_J

Laser

CCD camera

recording

system: VIR

AOM(Acousto-Optic Modulator)

Image processor inserted

13 2.8. Constructed PIV System



’l T4
>

PUIje_li T2 L —— _.I

1/30 sec

> |
odd field even field 1/60 sec 1/60 sec
]

“ V.D

1 frame

17 29, NTSC (CCD camera signal) Signal and AOM Signal
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M3 & P e Y 2

Al 1 A 2w Ae HHlsEdE

. A&

FHA ] 2485 SolNe LuE AADASFE 2Has] et AP

A2 AFsdn. GoEs 9AGY 4 ArAse 22 FA W

=]
FASE TeEUE HoE FANF 942 AR £ vy, B

T 2= 485 59 Mg g FU1E HRAAA E-F
7] 2 s S UG olBF YHE S xR FHG FFUNE &
dole WREG F719 T &40 7] "dEA F7] F5EFE 3] o
S8 F Ase HAel A E F A ol 24FF A v A

2Tt e FEA APRS GHAIY, 3 £2E FANGS W
NAE oz 2ASAo, 7] AL Y B 2P W
A 7t}

TR FUR AY AW AU FARY LEE A

Z A3t 1Al 93 A 2 Lumped capacitance W @] 71X "Wl & o]
&3t AR 93 A<ty Hd dAGAHFE AEFdo H I AT
2 AgolA Aguase 789 dAEE9 Zr4E0lT
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2. A3 AA
A AA A77HEZE, 538, A8 F % Data acquisition X2

E:
ZAREC. AFARY MEFers 2831 o AVVIEEs 1 kW &% 9
&

A0 BAd B sHE, 9dY 2 LEREY) AHgoz Hd 1,000°C

Y74 83 mm 2P Bog AREFow, 800 mm Zo] F NE FHA

g2 A7Asl AA Zolx 1,600 mmo|tt. FAH E TAAE B Q9 2

gxdgom, 487 248 G7AN0l o 449 coil B 247 T3

g A7 AVIVNEE TF, SAIGLEHN 419 S2F 4EF3 A Coil

o] x| AL 9o A RE 200, 400, 300 mmo|r}.

AT = A7 22 mm SS304 -+ & FTAHA7MRA =EHYHIY 217 3.2 mm, &
=

A28 Ktype AAUNE AYsn 92 g gHoz ARsgon,
o] dANT T FAY L£E st AHYAF NEo ol g3ATh
19328 AYT7Y Aol AU FHY TE 97 80 mm AT

2o Aol Hstal £HB WRAN 57 £oFEES FRO
o, 33& 28 2457 95t ITANL BHEAG. o] AL 53
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Bo] B e soloin 2R

o
.
ar
ol
N,

ooz AP/ Fd HAHE
wire coile g o A7|AUIE DAY, A, AFF AAWN dRAH F
4 12 mm YWALFH S 87) TS0 ol JH HFE Z2ASA HEA FA
Aol Male A3 HIHEE - UYH.

Wire coil®] AH7|4A139 2719 AW A& KeithleyA} System 5003}

PC % LabtechAl2] NOTEBOOK.pro AX E ojE o] 8&3ld FHE, At
71L& SlHe AP EWRAEHE o|&3H xAZsHoH, tdxE A
HAIE ArE3td AEgHs SAHSGATG. BN 28FFY  7]1F &(void

fraction)2 57| A S ZE Q3] FAHAPAAM A= EFS A HA7]

APENE () B7128 4979 271eEe HAgste DFm, £4B

o] M7|SIHE #AFdH =2 =& HITHMA SdH. 2) HA7IEY 47

L2Vt TEEHWA AR o2 JtAE FAS AFFE HVIE HA #
st o s TETT. 3) 7o 227 AR 2V|EE EHE,
e 710 Edte £AB Sy A¥e 2Ydh @) Ar 2o A
AHFE Ao wWE A AR AFE FAH HEAIGH. o W, v
A A ®@ Data acquisition system©] 2}s 38} coil pickup signal 2 AN AT E

A5, 448

3. 23 3 B

S7IEAE 3IEH Y AHQuw wWE AW HA7]FE(e)> overflow
H £ FHVoanow)E FAHSA SR, S7ILAZFm)S T H HAAA
o] dEHQuos)s A SF3te] AYFoM SELS AR EFE =9 SE3<
(hp) 2 Y7o AES3AT-

gl
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@ = Voverflow / Vtube (31)

m, = (Qh =~ Qlﬂss) / hfg (32)

<
H

ms [ o sAc (3.3)

¥
B 7)1 &S 2 Z7)9 superficial velocity(Vy)v= 3313 Lomw, =3 =Z 1

tio
rlo
I
N
h
R
b
£ ¥

33 2 2@340] UERA w2k B AN o /T
steam superficial velocity: 0.233 m/s ©|t}. WA 7| F &2 B o {fF3AS

Bubbly flow g golaln B 4 AG.

FABY AP deiEEE 2He7] 9T pickup coile] BUEE

%3l 40 Hz £ 2 FHS53S diolHe 18 359 2ok FA4 0] coil&
He o vt 2o A 5¥ol FAHEHD, @y o] I F S AT

AHF7F coil YAE FHE= AES 43, - coilte AHAEYE A HARE

s o] U Hi £2E der 19362 Andd BEAIY 7
coile] ¢ o] APT7H Azt AE HAG dolth. ole WHow A
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27)€E 500C2 719 F £A% YolA etk Fohe adolA HA

0.2 FAF T3 841x FAeID, O Fe R AZH o FR[H S

= ZHT AHolt. & AlagdM Hxo] 7] HHlF o E ALHHY H

ojH] T& AAH ¥ 2% 100C7HA YZAEE & & Av. ZAdF HH <
AdATse AdFF7F J3ts e Az dall F3idery, g 4879 4
3t A2+ 0.9 mo|t}.

TEA HAdAM &5 FX= 129 Ho] AxgAAEE 71AE BF ¢

29 Aol os Awpech

0 (72% ) (3.4)

o] Ao ExYdexe v TAY ¥4 Biot 79 Fourier £+ JAH
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n
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p

3
|
3.
X

(3.5)

S
|

)
I
R

238 AFT FALE 2 AR Y &5 0, € Fo £8 A}

= kBi/R (3.6)
olt}. AxwrA A e Mills[3-119] A4 T2 a8 & o] &3 HT.
T3 Bi 7} 1 Bt}h AE A% Lumped capacitance Rd 2 7} A3l &

dgA4E 785 U

mc, 7 =hA(T—T,) (3.7)

_40_



A A B A@AMe Bi 71 01 Bt ol A gHe] sd g
3 7} lumped capacitance W 9] AA7F ALY FAFE E F AU

T57] SAF wE DuFEAGATY HIe 19399 2T A3
79 SEE AZA Ao W d8E s AF L&AEF AEE
FEN G g2 dAGAF WHEe O 9ol HEE 2 £ A 2 ¥Y
3108 H387Y HeExo mE dAGATY Hstoltt. A¥ T S0 F

NS gARAFI 2 gasdE A% 2 5 ded, o

Lui-Theofanous[2-18]2] ZA 2} dit 43S Holxx ot (21¥€24 FF). 5

2o v AY FBAL fA9) £57 FAYFZ GALATI F718)

Edl, 9714 FAG e oS AWo] AU T HAS T =

4§ Aotk 2o 2 AgdME ZAF fA0 72 GHNAY. &%

FUAME F7b SHolG RA AL gL 2ALE B £ YA, &

ATANE $4E-YAS Wee AHHoR RAEE datse TYA A

o DHlsLAY AP FPHAT. 22t EHOZ o] TN AA

AT S0 I BFo] Mz vEd A FEFE 9
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i 3.1 3Y Ao & FHFd HAvless R S
Average void Superficial steam
Power (W) | Overflow (L) _ |
fraction (%) velocity (m/s)
1,869 1.78 24.5 0.233
1,535 1.48 20.4 0.187
1,250 1.27 17.5 0.147
990 1.02 14.0 0.112
768 0.795 10.9 0.081
557 0.545 7.5 0.052
250 0.129 1.8 0.010
178 0.0 0.0 0.0
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Furnace
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Overflow
Drain
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Sphere
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Magnet
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Holdup
Spring

Heater

Y 31, 24FE HulSEAY 4943 Qe
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12 mm Flow
O S Bypass Holes

3.2 mm sheathed
K-type
Thermocouple

22 mm OD
SS Sphere

1Y 3.2. Test Sphere +4 /& x
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Superficial Steam Velocity (m/s)
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1.0

0.5

mean :0.22766

0.0

collpickup

30

31.04 3302
J /
deltat=198s
v=0.4545 m/s
31 32 33
time

18 3.5. Coil Pickup Al-1de] 4
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Height (m)

1.6

1.4
1.2
1.0
0.8
0.6
0.4
v=0.386 m/s time Height
1213 1.4
02 1295 1.1
13.98 0.7
1446 0.5
00 e
12.0 12.5 13.0 13.5 14.0 14.5
time (s)

I%H 3.6. Coil Pickup A& o3 AT I3}
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Velocity (m/s)

0.4

—8—V 23
o v 34
0.3
o
0.2
R Number of
0.1 y boltopen v_23 v_34
' 8 0.3596 0.356
4 0.2324 0.2414
0 0.0943 0.0991
0.0
0 4 8

Number of bolt open
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A 2 A PIVY o3t 7MARF AEAS € A
1. Hardware 74 2 AFHHIH

£ d7dAs & 3 Avhe AN E V|24 FY 7ERAE FAG
He=z AF & F e PIVASAIZHZ /AEsidit. & oA Add il
S AEF J1E e PIVHPH O F 4 AOM(Acousto-Optical Modulator:-3- k338 2 7])
2 Uk CCD Camera A 2%¥)& o83ty 7]A#52 High Reynolds #&71 A%
AT 5 AT WHEA HY HGASER o B AFSALYL: 3 &9
7tAISHE frameYHI L O ZRE] FH 9 fieldsl S /4427 F ol FH9Y 3

Aol st A XX e AT A 4= (grey level cross-correlation coefficient) S Zropy ©

=

9 3112 & d7elA igE ASE A48 €839 329 S yn
o] o] B9 st FAHAFEFRH F7I7F FFHEE Ho A o] #AY 2
d 289 AT dA=HAGT HzstdH Ht

P Ad7e Ao f5HY £ AZEL 37 Yy E e e oA
4dE A

L F5&d fA9 593 dx9 78 e JdAE EQU% & J|¥E 42
SH-2FH TFU. oY 3159 FTFS MAWBE HFYH AojgezH X

dAel A ¢ F A FFHYPAE UJERYAMF 1.02, A 0.5mm)
2. &4 Y 5-F534E @ o)A 3 Y(Spectra Physics, 500mW)o. 2 7}A13F 3
3. CCD TV7I4| 2H(SSC-M37T0)E 7} A13}3E 5 AL 93}
4. ZHH 3-8 VTR(Sony SLV-RS1)d)) 7]23kt}.

5. 7IFH 3E olv| AR 2. =(Coreco, ODX)d] Yt txdslAdL ns

....53_



=N
6. o] 3o W3l HEe AXRANYIFBHS L3 EREXE AF
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AR e Y S AAAY e ST S ¢REE HE3A]T)
T T A E "Itk FFRFY FRE AAFIAYG I FEAZEA FolA
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o] HA T9Y ENHel HGEA Ho FHHANAH olEFHE ZIHOEA
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& Aaste sk e FPATE AARAL dPAY Sl wAsE
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1% 3.12. Frame and field relation.
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1 3.18. Original image at the time of t=0.
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