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Experimental study on the critical heat flux
in a varying acceleration field (Part 1)
(The influence of varying acceleration on the behavior of bubble
in subcool boiling, II
Behavior of bubbles under stationary acceleration field

and varying acceleration field)

%
Tsuyoshi KUSUNOKI, Takeyoshi YOKOMURA, Tomoo OTSUJI
Masahiro TKAWA and Akira KUROSAWA

Office of Nuclear ship Research and Development
Japan Atomic Energy Research Institute

Toranomon, Minato-ku, Tokyo

(Received November 10, 1988)

It is very important for the thermohydraulic design and for the
safety assesement of marine reactors, to understand the effect of
varying acceleration induced by ship motion on critical heat flux.

The purpose of this joint study is to examine quantitatively the
influence of varying acceleration on the behavior of bubbles. In the
experiment, FREON-113 was used as working fluid.

This report describes some experimental results; measurements of
void fraction and bubble velocity near the heat transfer surface,
measurement of bubble size under stationary acceleration field and

observation of bubble behavior under varying acceleration field.

Keywords: Critical Heat Flux, Varying Acceleration, Marine Reactor,

Bubble Size, Bubble Velocity

A joint study between JAERI and Kobe University of Marcantile Marine
% Kobe University of Marcantile Marine



JAERI-M 88-244

H /N
T G 2 ) T 1
I 1 x-- 3 NP 1
3. [HEE — & OBUSIEEIME o rrrrerrr et 4
31 B FIRREEBITELL  covrerreereeereeeen e e et e e r e 4
3.2 m*ﬁ%{i% ............................................................................................. 4
R I - =S O 5
T T S P 5
4, ZEAFFED B A FEESIIIERE oo aa s isinra e 15
A1 YT 5 A AN A FEE et e 15
4.2 %Eﬁ%{ﬁ;&o%%ﬁﬁ& .............................................................................. 16
4.8 FEREEEL LB oot e 16
B. BB IEERMEHASTEE  croreero e e 24
5.1 HBRIETE L EERTTEE  cvereererrorreriene 24
5.2 TEEGEEHL  ceeoeeoreennee e e s 24
6. BHEREROSUAITEE  covvrrerrrrertom it e e 28
B. 1 FER T woovereesormrer st e 28
B2 EFITIEE  eererrreererieeeen e [ 28
6.3 ﬁ/ﬂ@%@ﬂ;ﬁ ............................................................................................. 29
B4 H B eeeeeeeereeeie e 29
7 i & o LR TR R T R R R R R R PP PP 38
BRI TR vereee et e 39



JAERI-M 88244

Contents

1. Tntroduction .useeeeverensonncacannanns fee e chr e 1
2, Experimental apparatus .....s.sed. Ceesaerarenans Ceeenan e r e 1
3. Heat transfer characteristics of the heater .......... v uvvv., 4
3.1 Measurement of the heater temperature ..... heese s ceen 4
3.2 Heat transfer in single phase flow ....c.uiivrirrerininnan .o 4
3.3 Boiling heat transfer rete .....veeveues Vs sesasrrriaannnas 5
3.4 Discussion ......... cea s Ceeasecaaaeey Cearsar e 5

4, Void fraction and bublle velocity near the heat
transfer surface ...... srrer e cerr e Creeearaeene weeses 15
4.1 Optical fiber void fraction meter .........cvciiciiiercannas 15
4,2 Experimental condition and method .......... ... 16
4.3 Results and discussion ........ hrees e et 16

5. Size of bubbles under stationary acceleration field ........... 24

5.1 Experimental method .....cieviiirirrineiinnnens, e ebaaracnas 24
5.2 Experimental results ....iieeeesn craa e chetrtiiraneraren 24
6. Size of bubbles under varying acceleration field .............. 28
6.1 Experimental method ......... .. c0vvhss P eeeas s Chrea e 28
6.2 Size of bubbles ......... Chereas Crrrrare e Crteaean e 28
6.3 Departure of bubbles from heat transfer surface ....... sesve 29
6.4 DiscussSion .veivevesrnreasnens treri it ceaaeen sesereess 29
7. Conclusion ........ Ce st eb sttt et e cererasenn seresee 38
References ....... eeeaen ceesrransenn errrear s ae st v eesaenan 39



JAERT-M 88-244

. & U ® i

FURFE 77 v, 777 2REMEE S SIEHEL T AETELY 7 Y P ERE T
B WYABIHEZIC L DA OEEHIRRRFHICT 2 3 HBA S icd 5 C & BARERLD
HOK HE FHEO R GRS WTH D 7 b EETH Bo

BRI & O RRAFHEAE T 5 &0 5 M- RBE SRiEms Y 5 x
o ETAZ Y BT RS b TR e COBE, By A4 ) T BTRE OB
BRI SN, REREBIC S SEBHIENICRE VI S, LibL, Bod )7 ik
U4 77 —ABIBEIC o0 T, EEEE CERY 5 RaLgsm o 8Ee T L RARGHRSD
BOETTLEBRVIIEIN, S0, BERECIIMTICL Y, BRENMEERKICER
KARTEDT N, ZHHERMARDE F4 b0 T ENERTHSE EEZ LNEICE -
728 BT, MBS A ) F RO T S — R T O R B B 2 R DB A
BINCRIS T E BIEBECEETH S,

ALRTIRE, 77 - vlBiRics 0T, RhyoEnEEo bscinosEic iz 4
BB A SEREICE L, ARAEOE F & A0RONERGORHICET 50 & 4BM &
LTWa, BIMTHE, FHEREEE 2, 3O FHEBRKONVTEHEL #2405, KB CII6IEE
N L B L OB TOF A PRSI, B0 SE T E, BRI SIS
DEBRFERERET 5,

2. £ B X &

B LA EREBIC SN TR 1 T BOEELEOT, CCTREADHAGHIC &
EW 5, BREEBIS, 74113 52FEREE F 288 -7 (Fig. 21) &, Zorv—7%
BELTLTAROE#RELSZ 5700 0HEEE (Fig 2.2) Kd- TSSO TH 5,

o REEE, Fig 231ORTEDE, Ml 16mm X 1 6mmOERFHEETH D, 1 DOREKEE

Hick —#HWOHTSNTV S, £ =4 FEEX120mm, E3mm, EX 0IlmmoSUS304
SIRE -4 THY, BREBRICIOBEERBBMAEITE 5, £ - FEEDP S OBMEEEZ &7
HiT, BHIK X+ YEEAZEAL 7, t— sEERISOmAlRR YT 7 2Bicli-TED
I OWHEMRBLZEIE L, ERBEEETHS T ENTE 2,

KRB OE B ~ VREAERBC LY, 7Lt YHERZEBRRO Lo 5 — © v i
Biticky, 74 VEEREBRFAODS 4 7KOBREIC X ORIE Lz, ZBEHTcoinguc
57V YORELRZ1IKUTREOT, ADBRE.2s-T7 4 vBEERES /L,

FREEDREBE 2 Tm —ETH2H, AlEE0ho@ERHCEL s 3B TEE, IR
BIEESy - vAI#EENT LD HIE L 7o,



JAERI-M 88--244

1. & U ® I

MRS 77 i, 77 7+ 2EPRELESEBFEL TV LIHETELETS v EEE-TH
5o MAEIRICE AMREOCEEPRABFE IS Z 3B onicd 52 L ZMBHAELD
BN FREOB IR EZLEFFO - DITEETH 5,

M%Eﬁmibmﬁ%ﬁ%ﬁﬁTﬁé&wﬁ%%mowfmm%#%%%H%H%%uwﬁ$
vpnks Y RSO T e COBR, B4 ) 7 4 BTIRE DR
BEBHIN, RBESICIAEENERILRKE VT EM -7, LdL, Bri) 7 HEL
U#fﬁ—w%%ﬁmﬁufﬁ,Mﬁﬁﬁﬁmﬁﬁﬁ5ﬁ%£@ﬁﬁw%6?%@ﬁﬁﬁﬁﬁ@
BORTELHCEBRVE SN, Soic, FHBECIIMTICL ), KENDMEEHRCEK
KABTELT LD, TNPEARBAKEDBETA NS TERLRRNTHEEEZ0NBITE -
128 BT, B2 AU F A BRUY T — WRERTO S DR B R IE A DS A
BICHS L& BHERICEETH 5,

AKEHRE, 77 —ablEESich WT, RbdoEInEZEoLE AR oBghic &zt
B EEIICERE L, BRBFROKT LKUEOEHORBMEGOMIBICE T HC - 42HK L
LTW0a, BIHTHE, EHEREES 2, IOFHERIKOVTHRE L4, KB TI6IEE
WL 728 B OEREEF TO R 4 FREGUAHE, #FiEHFoRETHE, RO KEET
DEBERZHE T 5,

2. 0k B K E

ﬁ%tt%ﬁﬁ%mcwf@%IWT)f~ﬁ@ﬁ%bt®?,CC?ME%@%%@&K&
EHhH, EREEE, 7v4 v 113 EFEFEETLRB -7 (Fig. 21) &, Lor-7%
BELTENImMOESE 5L 5 DO8EER (Fig 22) Kd-> THEREN TV,

o ABREIE, Fig 23R d &0, Wilidd 1 6mm X 1 6 mm DAEEFRBTH 0, 1 >0 BEE

BICE —8HBBOMT SNT b, £ —F RS 120mm, 18 3mm, BES 0.1mm @ SUS304
HFRE -4/ THD, EMBRICL DEEBEMALITE ), € -y HEAD L OBIEEER ¢~
WIC, BENIC TR+ VEEHAEML o b — YIEA RS WA E 5 REiciE-Ts0,
WEHORERELBRE L, TERELITH S LN TE 5,

ABRSHOEAEESY - VRAENEREBC LY, 74 Y REREABRT O R0 v - v ik
Bitick 0, 7v4 vEEREBTEAOD S 4 7KORBEic X OME L. KRBT Tomic
L7 AyoEE ERHIIKUTROT, ADBESZ - T7 LA viREEARESEH,

BHEAOIRIEIZ 2Tm—ETH 54, FEKZ 0L OERNICE{LSE 2T LHTES, M
BRES - VHIMEEIC L DREIE L7,



JAERI-M 88-244

CONDENSER

P4 3

PRESSURIZER

VAPOR LIQUID
SEPARATCR

(P)  pressure Gauce
(T mEmocoupLe

i

z[jm[
HEATER

COOLING
WATER
IN —»
QUT «—
s

I

e

COOLING WATER

ouT

P

SUBCOGLER

o IN

Bﬂmss§

[:F—¢<
TURBINE

FLON¥ METER

PUMP

Schematic diagram of test loop

Fig. 2.1

(e

T T e e e e e T e T T T et T

sl e |

Fig. 2.2 Heaving apparatus



JAERI-M 88-244

TEST SECTION BLOCK
FLAT GASKET

..... T

HEATER ELECTRODE

L

VOID ELECTORODE ==

SIGHTGLASS

EEEEEEEY

= k\ 4. _;\\\\\\\

A X
Nob-d . HEATER ELECTRODE
\ \=
N
FREON 113
i f HEATER
RS
P R R 4
TEFLON INSULATOR - 5”?\\ BSAY W ! TEFLON INSULATOR
H ]
SIGHTGLASS

Fig. 2.3 Test section



JAERI—M 88—244

3. EH e — 2 OBURERE

AEBTHOARREIEER LAV SNTY 3RBBICLATH R OHBRIPRZ LT S
Foob, EEOMRENTSAGEEMREENTSE 5 L3R o180, 22T, BHBREs JUHR
BERIC S N TOREKEERATH Y, ChE TRERSN TS ARAIAMN EEKLS

AEERIE 1 HCEE L [ THER - FRMmsE] &6 URRERREMELY TY
okt DTHbB, THFERI OFE % Saha —Zuber &) DR & Levy D pRick BHERRE
Wi L e Sk D —BB NS - fre ERICHOEEY 27 4 3 FMER 1 THO/A VAT
LEFUTH S,

3.1 bE—¥REAEE

E -y AR, by OBSEAOEBKREEEFMLTAELL, —ERE, —ERRRO
LeTT LA VEEATLSY, EHE -5 ORERK e ZREL R, ROBER.

a= (1.124+0.04) x 107K ™!
COEHEBEAEEERHOEOT, YT~ - s BERTXCTRHMNETRETRNC,
E— 4 2RICE->TOFHRETDH 5,

3.2 BRAsiRE

B ERT — & AEET 5 ETHE S5 PEROMMEEREENEL f. KBRS
BIROBOTH S
T 71 ; 0.3MPa
R % o : 500, 1000, 1250, 1500, 1750, 2000, 2250, 2500 kg /'m?*s
A OB E ; 40, 55, 70°C
BRI & A DRE & O&Mab iz 20T, BiREE 5kW /uf JoRHiGE T &L,
b — & B B SEOREM D O BR ERECE KD
>3 v b AR PrOZE{LEF (7.37 ~ 8.40) EHRODT, R v £ PENuDPr A [ AEH
fééﬁ,DmMs—B%hr@ﬁ%ﬂmmofNu/h&‘%v4;wrﬁwﬁtrfmvbLt
s Fig 3.1 T, BONAERERI & ORDIMHEAZROBEITH 5o

Nu ~ Pr®* = 0406Re™% e (3.1)

cw%ﬁﬁm&é%ﬂﬁéﬁg&lmiﬁfﬁbtoUﬁ,v4/wfﬁ$;dxytwbﬁ@ﬁ
HE X BAEBoKITENSEHEREZH N,




JAERI-M 88-244

3.3 HERmnE

BWEIRZIC DD COEBREME Table 3.1 18574, T OEKAFENEHTRARES 4
DL, b~y BAFRETRECEASY, SRFERTE — 4 OBSTIBEHEA S & — 5 EHEE4
AE Lz BHEEHO 0005 250 $7243 300kW ./ m?* $ CLES &, #0EBUBERICED
Tdi,

BonBAiFig 32 (1/4~4/4) iKRd, ZhoolT, BRLEIEAR FEEY, &
FRBMRTRESER T, BREELATTE t — v BE L & SiEBNIC FRT 255, HE
BRAFEPEMCL T Y REEHEVEDSLO, BEEBCBLTLE LT -7 BEF
HAEBICET T 5. £< 058, BHAGED L BBREE~DOBITHE — ¥ 2HE T—BITE
T ofchs, Fig. 32 (1.74) ®P=0.15MPa, G=1500kg “m’s, 4Tsub=30 KOEE
EUFig 3.2 (474) ®P=030MPa, G=1500kg "m’s, 4 Tsub=45KDIE&icl, =—
SHETHBOEC > T REESRRRE & bICBRBEMICEL L, Bkt — yBEHss
BB D O T BV BRI BT L 7

FoE L o AGERE, SAREA R F S LS 1I0R, BGH LS I2IEE %A
EL 0, ERFECAONANERTBEEER LIRS 0T, 209 5 RBEEED S BRI
EICHEITT 5,

BREDET » T BRICTE — 7 RER YRMAIEZE L 06 5 TR S0 A, Fig.
3.2 (4/4) P=030MPa, G=500kg /nm’s, 4T=45KOEESDOLICH T2 —VENS
WeEICE, BopiBREC > T A hhboF e -7 EEMSBEMBEL T T
LT EBH B, TNE, &Y T — URHTIZIESE S I C 0, EEICE R ORI~
AREOOITKHL, FEHEBEAAELTOAZERHARL T A EEL LND,

34 & =

BERARAGEICEA L TE, Ry 2 MILER LA 2 VXD 0.8 1ChFld 5535, AERT
i (3.1) MERLIcES I LA 7 v XED 062 |iCF4 A LW AEBEME LA, COT &
OEME L TR, HHLEBROoRSEME, IS, MAESHEBERO L —TH LT &, &
— S ORIPECEEMEXEFS -4 £RODEOOE N EEDE T EHHT 5N 5,

HIETCIB XTI B & b — 7 BEOBRIE YO TOEREE L, ML BRE I Ts (=Tw —
Tsat) , AHHICARHEE L bW 2BEdiROKT7 o r LEL, Fig 3.3 (172~ 2/
2) KFT. FRICHS NiEIE Clark —Rohserow ) D3t b3 E L AETH By i 5O
AZRICRE T,

Q” zq”conv +q”bci£ ............ (32)

T, qQcon FEEIHAREABRZEDERETHY, qQ voin EREL BB TZEOS
METH D0 Q" conv HEAHLAABSE O TIHESNA (31) R SHEL 9" vz 12X
K%?Rdﬁ%@N@ﬁm)ﬁéi@to



JAERI-M 88-244

Cpy 4Ts q” boit a 0.33
- = Cys Pri7 e (3.3)
hig tehig Jg (oo~ 0g)

CrT, Co. my, 0RZNEAMOLS, MR, REERNE, 00, 0 BENTNEE
PIFESRDEES, hr, RERBHERDT, Co BREEREOMAE TRE ERTRIC
0.003~0.02 DORICHSD & STV LA, AEBOBEATIE0.03 L LK &bLERHE
&?M@ﬁ#ﬁbtaﬁg33(D%~Q/2)KE%ﬂé&ﬁK,ﬁi&—wEﬁﬁiK@ﬁ
I ERIEE FRIEHSED £ BT BH, #77 - VESAKS(EBEODTHED—HE
T D, COA-BOERE L TN bl FETiRE LPGEE EDOHEREL OGN B,

Clark — Rohsenow O EIAC & , Berbles — Rosenow Ry ORB L U Forster — Zuber 12) D
HE KA TE -7, ERERLO-HRERBL B2 70




JAERI—M 88-244

Table 3.1 Experimental conditions on the
heat transfer characteristics
of the heater

Systen Mass Inlet
Pressure Flux Subcooling
P G A Tsub

MPa ke/m?s K
0.1b 500 30
0.15 1000 30
0.15 © 1500 30
0.30 500 15
0.30 1000 15
0.30 1500 i5
0.30 500 30
0.30 1000 30-
0.30 1500 30
0.30 500 45
0.30 1000 45
0.30 1500 45
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Fig. 3.1 Heat transfer characteristics in single
phase flow
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Table 4,1 Test conditions; Void
fraction and bubble wvelocity
System Pressure p =0.3MPa

Mass Inlet Heat
Flux Subcooling . Flux
G A Tsub q”
kg/m?s K kw/m2
500 15 200
500 30 150
500 30 200
500 30 250
1000 15 200
1000 15 250
1000 30 150
1000 30 250
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Fig. 4.1 Principle of optical fiber void fraction meter
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.1l Test conditions;

Size of

bubbles under stationary
accel ration field

Systen Mass Inlet
Pressure Flux Subcooling

P G A Tsub
MPa kg/m2s K
0.30 500 15
0.30 1000 15
0.30 1500 15
0.30 500 30
0.30 1000 30
0.30 1500 30
0.30 500 45
0.30 1000 45
0.30 1500 45

Table 5.2 <Constants in equation (5.1)

£ 7l a b ¢ d
0.15 MPall 7.81 *£0.58 -0.530%0.033 -0.603+0.028 0.729+0.042
0.30 MPa 434.0+ 3.6 -1.180x0.085 -0.806%x0.085 0.865x0.082
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Table 6.1 Test conditions; Size of
bubbles under varving
acceleration field

Mass Inlet Heat
Flux Subcooling Flux
G A Tsub q”
kg/m?s K kw/m®
500 - 30 150
1000 15 150
1060 30 150
1000 30 250
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