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M 1 N C Sコードによる二流体モデノレを用いた逆遼状二相流膜沸騰現象の解析

日本原子力研究所東海研究所原子炉安全工学部

王 Jf明*・渡辺正・平野雅司

(I 988年8月22日受理〕

逆環状二相流膜沸騰領域iζ対する構成式を.フレオンー 11 3を用いた有富の実験1<::基づいて新た

に作成した。二流体モデルの保存方程式が.徒唱された構成式と共1<::数値的に解かれた。解析には，

I1本原一子力研究所lζ於いて開発された過渡二相流解析コードMINCSを使用した。有富の実験l乙対

する百I'Wー結果は.実験結果と良く一致した。さらに，提唱された構成式の適用性を調べる為lζSt e-

W a r tの実験解析をお乙なった。比較的低圧の状態1<::於いて，計算結果と実験結果の良好な一致を

得た。流入する液体のサブクール度.圧力.流量の壁i!ii熱伝達係数に及ぼす影響について考察を行勺

fこ。

東海副F究所: 干3I 9 -1 1 茨城県那珂郡東海村白方字白線2-4 

ヰ 尚南JJj~子炉工学研究設計院.中国
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Nomenclature 

A cross-sectional flow area 
B ratio of temperature difference 
Cp specific heat 
D diameter 
De hydraulic equivalent diameter 
Dh thermodynamic equivalent diameter 
f friction factor 
F wavy interface influence factor 
g gravitational constant 
h enthalpy 
H heat transfer coefficient 
k thermal conductivity 
Nu Kusselt number 
P pressure 
P perimeter 
Pr Prandtl number 
1 heat flux 
r radius 
Re Reynolds number 
t time 
T temperature 
U velocity 
z axial coordinate 

Greek l e t t e r s 
a volume fraction 
S vapour film thickness 
r mass transfer r a t e 
t emisslvity 
8 Influence coefficient 
ti v iscos i ty 
x ra te of circumference 

(4) 
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Nomenclature 

A cross-sec七lonalflow e.rea 

B ra七10of temperature d1fference 

Cp specific hea七

D diameter 

De hydraulic equivalen七diame七er

Dh thermodynam1c equiva1en七 d1ame七er

f fr1ct10n factor 

F wavy 1nterface influence fac七or

g gravl七a七10na1constant. 

h en七ha1py

H heat transfer coeffic1ent 

k thermal conduc七1vi七y

Nu Nusse1七 number

p pressure 

P perlmeter 

Pr Prand七1number 

q heat flux 

r radius 

Re Reynolds number 

七七1me

T temperature 

U veloclty 

z axlal coord1nate 

Greek letters 

σ volume frac七10n

s vapour fl1m th1ckness 
r mass七ransferra七e

E em1ss1vl七y

。 1nf1uence cOeff1c1en七
μ vlscoslty 

7r rate of clrcumference 

(4) 
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P density 

aB Stefan-Boltzman constant 
0 surface tension 
r shear stress 

Subscripts 
1 interface 
1 liquid phase 
rad radiation 
s saturation 
sub subcooled 
v vapour phase 
v vail 

(5) 
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p denslty 

C1n S七efan-Boltzmancons七an七

{/ surface七ension

r shear stress 

Subscr1pts 

1 inte，rface 

l 工iqu1dphase 

rad radia.七10n

s satllra七ion

sub subcooled 

V va:pour phase 

Y "，a11 

(5) 
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1. Introduction 

In recent years, a number of advanced, best-estimate system codes 
such as TRAC C 1- 2 5 and RELAP5 t 3 : i have been developed to predict the 
consequences of various postulated accidents and transients in light 
vater reactors (LWRs). Although these codes have gone through 
assessment to some extent during the developmental stage, It Is 
recognized that the evaluation of constitutive relations using 
experimental data Is still of Importance. From this point of view, 
the transient two-phase flow analyzer: the MINCS code C < , 5 J has been 
developed at Japan Atomic Energy Research Institute (JAERI) as a 
computational tool for the development and assessment of various 
constitutive relations mainly through analysis of separate effect tests. 
The main purpose of this study is to develop the inverted annular film 
boiling (IAFB) model for two-flMd model using MINCS. 

The inverted annular film b;,: -.ng appears when stable vapour film 
covers heated wall and the liquid pJiase is continuous In core as shown 
in Fig. 1.1 Under certain accident conditions in LWRs, for example, 
during the reflooding stage of a large break loss-of-coolant accident 
(LOCA), IAFB may occur in the reactor core where the fuel clad 
temperature exceeds the minimum film boiling temperature and the 
coolant is subcooled. Accurate knowledge of IAFB is required in order 
to predict overall system safety: effectiveness of the emergency core 
cooling system, fuel clad temperature and so on. The IAFB phenomena 
appear not only in the LWRs' accident but In other engineering fields 
such as cryogenics in which low quality boiling occurs. 

In the ideal IAFB regime, flows of liquid and vapour phases are 
separated and the liquid phase can not contact with the heating wall. 
The non-equilibrium thermal-hydraulic phenomena appear In this regime. 
The vapour film is superheated, but the continuous liquid core is 
subcooled. Heat is transferred from the wall to the vapour and from 
the vapour to the liquid. For a subcooled liquid core, a part of heat 
from vapour is used for vaporization and another part for reducing the 
subcooling. Vaporization of liquid occurs at the interface of vapor 
and liquid. The direct vapour-wull contact reduces the heat transfer 
rate and results in high wall temperature. 

-1-
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1. 1ntroduct10n 

1n recent years， a number of advanced， best-est1mate system codes 
such as TRAC 0.2) 且ndRELAP5 (3) have been developed 七o pred1ct 七he

conse吐uences of var10us pos七u1a七ed acc1den七s and 七rans1ents 1n 11gh七

'll'ater reactors (LWRs). A1七hough these codes have gone through 

assessmen七 to some ex七ei:1七 during the deve10pmen七a1 s七age，1t 1s 
recognized tha七 the eva1uation of cons七1七utive re1at1ons us1ng 

exper1men七a1 da七a 1s s七111 of 1mportance. From 七his p01n七 of vie'll' ， 

七he 七rans1entt'll'o-phase f10'll' ana1yzer: 七he MINCS code (4.5) has been 

deve10ped at Japan Atom1c Energy Research Inst1七ute (JAERI) as a 

compu七a七10na1 七001 for the deve10pment and assessmen七 of various 

const1tu七ivere1at10ns main1y七hroughana1ysis of separa七eeffec七七es七s.

The ma1n purpose of七hiss七udyis七odeve10p the 1nver七edannu1ar f11m 

bOiling (IAFB) mode1 for t'll'o-fl';id model us1ng M1NCS. 

Th巴 1n、er七edannular film bぃ ~ng appears 'll'hen s七且b1evapour f11m 

covers heated 'll'a11 and七he11屯u1dpnase 1s con七1nuous1n core as sho'll'n 

in Fig. 1.1 Under cer七aln acc1den七 cond1七10ns 1n LWRs， for examp1e， 

dur1ng the ref100d1ng stage of a 1arge br岳akloss-of-coolant accident 

(LOCA)， 1AFB may occur 1n the reactor co:re 'll'here the fue1 clad 
tempera七ure exceeds 七he m1n1mum fllm bolling 七emperature and the 

coo1an七 1ssubcooled. Accura七eknow1edge of IAFB 1s requ1red 1n order 

七opred1c七 overallsys七emsafe七y: effec七1venessof the emergency core 

coo11ng system， fuel c1ad temperature and so on. The 1AFB phenomena 
appear no七 only1n the LWRs' acc1den七 bu七 1n0七hereng1neer1ne flelds 

such as cryogen1cs 1n 'll'hlch 10'11' qua11七yb0111ng occur5. 

1n七he1dea1 IAFB reg1me， f10'll's of 11qu1d and vapour phases are 
separated and the 11qu1d phase can no七 contact'll'1th七heheat1ng 'll'a.11. 

Th~ non-equ11ibr1um七herma1-hydrau1icphenomena appear in七hisregime. 

The vapour f11m 1s superhea七ed，bu七七he con七lnuous l1quld core 15 
subc;ooled. Hea.七 1s transferred from the 'll'a11 to the vapou:r and from 

the vapour七o七he11qu1d. Fo:r a subcoo1ed 11qu1d core， a par七 ofhea七

from vapour 1s used for vo.por1zatlon o.nd another par七 forreduclng七he

subcoo11ng. Vapor1zat1on of 11qu1d occurs a七七he lnterface of vapor 

and 11quld. The dlrec七 vapour-'II'u11con七actreduces 七heheat七ransfer

rate and resu1ts 1n hlgh '11'0.11 tempera七ure.

ー
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The two-phase flov and heat transfer phenomena in IAFB are very 
complex. The interface of liquid and vapour possibly becomes wavy 
because of vaporization and large velocity difference between liquid 
and vapour. This phenomenon has been observed by Ishil C 6 : i. The random 
disturbance at the liquid-vapour interface In a pool film boiling has 
been studied by Coury et. al. C 7 , ! 5. This disturbance may result in 
intermittent touching of the liquid with the vail t"-103. The subcooled 
liquid core may contain bubbles and vapour film may contain liquid 
droplets tI0:'. Presently, the consideration of such detailed effects in 
an analytical model is very difficult. 

Although the development of research for IAFB is rapid and many 
models based on experiments have been proposed, they have always some 
limits which result in difficulty to extend their applied ranges. The 
early analysis by Dougall and Fohsenow C 1 1 3 has accounted for the 
turbulence in the vapour film, but was applied only to saturated liquid. 
Ellas and Chambre C 1 2 : i have solved the entrance-region problem for the 
vapour film. However, their model was based on a number of rather 
drastic assumptions, for example, the vapour was generated at the quench 
front only, vith the vail and liquid at constant temperatures. Osakabe 
and Sudo C 1 3 : i have proposed a solution accounting for the turbulence In 
the vapour film and correcting the effect of void fraction in the mixture 
core. However, their model considered only saturated flow and ignored 
the velocity of the liquid phase. 

The development of the two-fluid model C H- 1 5 ; i makes detailed 
analysis of IAFB possible. The understanding of interaction between 
two phases becomes indispensable when the two-fluid model is used. Most 
of experimental research was performed to observe heat transfer 
phenomena between the heated wall and the fluid CIS.U.IB.IBD _ Although 
a large number of heat transfer correlations were proposed as reviewed 
by Croeneveld t 2 0' 2 1 3, there is little understanding of the basic 
hydrodynamics. The main reason for the lack of information about the 
flow characteristics is due to experimental difficulties associated vith 
flow measurement. From above view, it is recognized that the 
understanding of mechanisms and the establishment of an analytical 
model for IAFB are necessary. 

The thermal and hydraulic behavior of inverted annular flow have 
been investigated experimentally under various conditions of heat flux, 

-2-
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The two-phase flow and heat transfer phenomena 1n 1AFB are very 

comp1ex. The 1nterface of 11q u1d and vapour poss1 b1y becomes wa vy 

because of vapor1zat1on and 1arge ve10c1七y d1fference be七ween 11qu1d 

and vapour. Th1s phenomenon h且sbeen observed by 1sh11 (6) The random 

d1s七urbanceat the 11qu1d-vapour 1n七erface1n a poo1 f11m bo111ng has 

been s七ud1edby Coury e七 a1. (7.8) Th1s d1s七urbancem且y resu1七 1n

1n七erm1tten七七ouch1ngof七he11qu:!.d w1七h七hewa11 (9.10) The subcoo1ed 

liqu1d core may con七a1n bubbles and vapour f11m may con七a1n l1qu1d 

drop1e七s(10) Presen七1y，七hecons1dera七10nof such de七alledeffec七s1n 

an ana1y七1ca1mode1 1s very d1ff・1cul七.
Although七hedevelopment of research for 1AFB 1s rap1d and illany 

models based on exper1men七shave been proposed，七heyhave a1ways some 

11m1ts wh1c~ resu1t 1n d1ff1cu1ty to extend the1r app11ed ranges. The 

ear1y ana1ys1s by Douga11 and Rohsenow (11) has accounted for t.he 

turbu1ence 1n the vapour f11m， but was appl1ed only to saturated 11qu1d. 
E11as and Chambre (12) have solved七heen七rance-reg10nprob1em for七he

vapour fl1m. Hoヮever，the1r mode1 was based on a number of :rather 
dras七1cassumpt1ons， for examp1e， the vapour was genera七eda七七hequench 

front on1y， w1七hthe wa11 and 11包u1da七 constan七七empera七ures. Osaka be 

and Sudo (13) have proposed a solu七10naccount1ng for the turbulence 1n 

the vapour f11m and correct1ng七heeffec七ofv01d fract10n 1n the m1x七ure

core. However， the1r model cons1dered on1y satura七edflow and 19nored 
the veloc1ty of七he11quld phase. 

The developmen七 of 七he two-f1uld model (14.15) me.kes detalled 

ana1ys1s of 1AFB poss1 ble. The unders七and1ng of 1nterac七10n between 

two phases becomes 1nd1spensab1e when the two-f1u1d mode1 15 used. Mos七

of exper1menta1 research was performed to observe hea七 transfer

phenomena be七weenthe hea七edwa11 and七hef1u1d (16.17，18，19) A1though 

a 1arge number of heat transfer corre1a七10nswere propoRed as rev1ewed 

by Croeneveld (20，21) there 1宍 11tt1e unders七and1ng of the bas1c 

hydrodynam1cs. The ma1n reason for七he1ack of 1nforma七10nabou七 the

f10w character1st1cs 1s due to exper・1mentald1ff1cul七1esassoc1a七edw1七h

flow measurement. From above v1ew， 1七 1s .recogn1zed 七hat the 
unders七and1ng of mechan1sms and 七he establ1shment uf an ana1y七1ca1

model for 1AFB are necessary. 

The thermal and hydraul1c behav10r of 1nver 

一2-
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Inlet velocity, Inlet subcooling and heating length using Freon-113 by 
Aritoml C 2 z : i. it vas shown that the experimental results of vapour film 
thickness and heat transfer coefficient were not In good agreement with 
those by Bromley's C 2 3 : ) or Sudo's c" 3 correlations. The empirical 
correlations were proposed for the net vaporization rate from the 
Interface, interfacial shear stress and heat transfer coefficients from 
wall to vapour and from interface to liquid. 

In this study, the constitutive relations for IAFB In tvo-fluid 
model are proposed based on Aritomi's empirical correlations. 
Conservation equations for tvo phases are solved together vlth the 
proposed constitutive relations by using MIHCS. The comparison of 
calculated results vith experimental data for Aritomi's test is 
performed. Then, the proposed model is applied to the analysis of 
Stevart's experiment for verification. The effects of liquid inlet 
subcooling, pressure and flov rate on vail heat transfer coefficient 
are discussed. 

Vapour film 

Liquid core •tow 

I?? 
"V" t 

H e a t e d wa11 

F i g . 1.1 Sketch of IAFB 
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1n1et ve1oc1ty， 1n1e七 subcoo11ngand hea七1ng1ength uslng Freon-113 by 

Arl tom1 (22) It vas shown七hat七heexper1menta1 results of vapour fl1m 

th1ckness and hea七 transfercoeff1c1ent were not 1n good agreernent with 

七hose by Brornley' s (23) or Sudo' s (3) corre1a t10ns・ The emp1r1cal 

corre1a七10ns were proposed for the net vapor1zat10n rate from the 

1n七erface，1n七erfac1alshear s七res~ and hea七七ransfercoeff1c1ents frorn 

va11 to vapour and frorn 1n七erface七ol1qu1d. 

1n th1s s七udy，七he cons七1tut1ve re1a七10ns for IAFB 1n two-f1u1d 

mod巴1 are proposed based on Arl toml 's ernp1r1ca1 corre1a七10ns.

Conserva t10n eq ua七10ns for two phases are sol ved toge七her v1 th the 

proposed con百七1七ut1ve re1at10ns by us1ng MINCS. The compar1son of 

ca1cu1ated resu1七s v1th exper1mental da七a for Arltoml's test 1s 

performed. Then， the proposed mode1 1s appl1ed to the ana1ys1s of 
Stewart' s experiment for verlflca ~~10n. The effec七s of l1qu1d 1n1et 

subcoollng， pressure and f10w rate on wa11 hea七七ransfer coefflclen七

are dlscussed. 
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2. Two-fluid model 

In this section, the thermo-hydraulic conservation equations for 
two-fluid model are described and constitutive relations for IAFB regime 
are proposed. 

2.1 Two-fluid conservation equations 

The two-fluid formulation uses a separate set of conservation 
equations (mass, momentur and energy) for each phase. The flow regime 
of IAFB is assumed as an ideal regime in which there are not any 
entrainments in both phases and the liquid core is not in touch with 
the wall. 

2.1.1 Mass conservation equations 

AYt + Tz p ' r " ( 1 ) 

,HCPu) d(a„puUuA) 
A g t + 3 z f i l U i (t) 

2,1.2 Momentum conserva t ion equa t ions 

AaiP,^-+AalPlUi^-+Aai^- -Pir,i{Ui-U,) + Ptr ti-PiT ta>+Aa,p,g, (3) 

Aavfi{,^r +Aa„puU.^j- +Aau^- -Flrvi(Ui-U„)+Pir„i-Piruu,+ Aa„p„g, (4) 

2 .1 .3 Energy conserva t ion equa t ions 

B{aiPi(h, + ̂ -)) d{AalPlUi(h, + ̂ -)) d p i 

A _ + _ ff,_ 

Pirli(k\ii + !:Y^) + PiQu + Piwqiw+AatplU,g, (5) 

]AERI-M 88ー174

2. Tvo-fluld mode工

1n thls sec七lon，七he七hermo-hydraullc conservatlon equat10ns for 

七vo-fluldmodel are descr1bed and cons七1七u七1ve rela七10nsfor IAFB reg1me 

are proposed. 

2.1 Tvo-flu1d conservatlon equa七10ns

The 七vo-flu1d formula七10n uses a separate set of conserva七iOll

equat10ns (mass， momentur and energy) for each phase. The flov regime 
of IAFB 1s assumed as an ideal reglme 1n vhich there are not any 

entra1nmen七s1n both phases and七heliquld core 1s no七 intouch vi七h

the vall. 

2.1.1 Mass conserva七10nequat10ns 

a(町内) • a (σzρ，U，A) 
A at +一一一石一一 -Pirli 、/

ー(
 

。(avpv) a(avpvUvA) 
A -'-a'τ一ー + -"'-(l á~-v~.~ -Pi.ruI. (2) 

2，1.2 Momen七umconservation equa七ions

Aa，p，名L叩』んU，芸L叩 t35土田Pi川 U
‘
-U，)+Pil'li-PiTl川 σ，P，gz (3 ) 

局打 完Uv ， . _ a Pv 
Aavpυー五!!..+Aavpv[んす子 +Aav-az" -F，r似 (Ui-Uv)+ P. Tvi -Pi Tvw+ Aavpvg. (4) 

2.1.3 Energy conserva七ionequa七10n5

Aa(a，p，(h，+乎))+8{Aa山 U，附乎) ap，
8z -u，す了

圃 Pirμ(V23L)叩 iqli+ (5) 

-4-
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A at + Tz ' " T T 

u-
- Pirlli(.hui + -^-)-t-Piqvi + Pl,uquw+Aal,l>X'vg, (6) 

In Eqs.(l) to (6), subscripts I, v, i end w denote liquid phase, 
vapour phase, interface of ti-o phases and vail, respectively, and volume 
fractions of liquid and vapour (ffi,<r„) satisfy 

ai + a„ - 1 . (7) 

We, approximately, assume that 

Pi - Pv -P and (8) 
Ut = Tnin(Ui.Uw) • (S) 

Basic state variables ah, p, hk and Uk(k=l,v) can be obtained by 
solving equations (l) to (6), and other variables A, Pi, Pkw, pk, qkj, 
Thj and /V ( j-i ,w and k=l ,v ) are determined by constitutive relations. 

2.2 Constitutive relations 

To close the system, constitutive relations are ij.;eded for Pit Pht„. 
Ph> Ik,, TkJ and Tkj as a function of basic state variables, ah, p, hk and 
Uk. In the following, the constitutive relations are described in 
detail. 

2.2.1 Geometrical conditions 
The cross-sectional area A of a cylindrical test tube of diameter 

D is 

A - \tf. (10) 

For IAFB regime, it is assumed that the vapour flows in a vertical 
annular channel vhich is constructed by the tube vail and the 
liquid-vapour interface, and the liquid phase flovs in a circular tube 

-5-
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rr2 p"r2 

A8(11 uPu (いす))+3(Al1uPuUu(llu+す) dpυ

一 -at dz ~Uat 

，，2 
回 piru，(hυけす土)+P，qu，+Pvωq山 +AI1 uPu"u ug. (6 ) 

1n Eqs.(l) to (6)， subscrip七s 1， u， and ωdenote liquid phBse， 
vapour phase， inter.face of t，.o phases and wall， respec七ively，and volume 
fractions of liquid and vapour (l1l.a.) sa七isfy

σ+  aυ 回 1 ('1) 

We， approxima七ely，assume七hat

Pl 園 PU 圃 P and 

U‘国 min(Ul.Uu)

)

〉

0
0
ρ
ν
 

(

(

 

Basic state variab工es a，，， p， h. and U. (h=l.u) can be obtained by 

solving equations (1) to (6)， and 0七her variables A， p" Phω Pk， Clh)， 
rhj and rhi ( j=i，ωand h=l，u ) are de七erminedby const1七U七1vere工ations.. 

2.2 Cons七i七u七iverela七10ns

To close the system， cons七1tutlverelat10ns are ~.;丘ded for P‘， Phw-

Ph， q'j' r'j and r.. as a function of bas1c state variables，σh， p， hh and 
U h • 1n the follow1ng，七he consti tuti ve relations a!'e descri bed 1 n 

de七a11.

2.2.1 Geome七r1calcond1七10ns

The cross-sectional area A of a cy1indr1cal七es七七ubeof diameter 

D 1s 

A-TD2 ( lO) 

For 1AFB reg1me， 1t 1s assumed tha七 thevapour f10ws 1n a vert1口8.1
annu1ar channel which 1s constructed by 七he tube wa11 and the 

11qu1d-vapour interface， and the 1iquid phase flows in a c1rcular tube 

'
h
u
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vhich is bounded by the interface. The vapour film thickness S and 

in ter fac ia l perimeter P; are related to the vapour fraction a„ by 

* - ^ U - < / T = 0 , (11) 

Pi - it(D-ZS). (12) 

The perimeters of vapour-vall and liq.uid-vall are 

Pvw - zD and Pia - 0. (13) 

2.2.2 The equations of s t a t e 
The thermodynamic equations of state are given by 

Pk - Pk(p.hk) and Tk - Th(p,h„) , (14) 

vhere 7\ is the k-phase temperature. These relat ions are supplied by 

MINCS so long as vater is used . 

2.2.3 Wall shear stresses 

Because the v a i l is covered by vapour film only, the v a i l shear 

stresses are assumed as follovs: 

r l w - 0 and (15) 

r»„ - -£-/„„,/>„ If/„ IU„ , (16) 

vhere /„„ denotes the friction factor of vapour-vall. We use the 
Colebrook's correlation : 2 ° for /„„,. The vail friction /„„, is given by 

(1) Re„ < 1000 

16.0 
Jvw ™" Reu 

(2) Rev > 1)000 

- £ = - 0.86Iog( '•"+"»**%") . (17) 

(3) 1000 < Reu < 1(000 

JAERI-M 88-174 

vh1ch 1s bounded by the 1nterface. The vapour f11m thickness I and 

lnterfacial perimeter F， are rela七ed七othe vapour fraction av by 

)
 
-l
 
(
 

I -子(1-，ff守口

(J 2) P‘-1C(D-21). 

The per1meters of vap旬ur-va11and 11qu1d-va11 are 

(13 ) and Flw - 0目

2.2.2 The equa七10nsof state 

The七hermodynamlcequations of s七ateare given by 

Fvw 圃 1CD

(14 ) 

These re1atlons are supplied by 

and Th 田 Th(P.hh)

vhere Th 1s the k-phase temperature. 

MINCS so 10ng as vater 1s used . 

ρh 圃 Ph(p.hh)

1，1a11 shear s七resses2.2.3 

Because the va11 1s covered by vapour fi1m on1y， the va11 shear 
stresses are assumed as fo110vs: 

(15 ) and 

l"vwーをf叫 ρ川

rlw - 0 

(16 i 

the fac七or of vapour-vall. 1，1e use 

The va工工 friction fuw 1s g1 ven by 

vhere fuωdenotes 七he frlctlon 

Co1ebrook's corre1a七10n (24) for /uw. 

Reυ< 1000 (1) 

f-AA  
I.IW Rev ' 

Reu > 4000 (2) 

(17) 
2.51 ，roughness、

京官圃 0.86log (五;万万+寸.7了)

no 

1000 < Reu < 4000 (3) 



JAERI-M 88-174 

t r nntuw i /•>•»(4000)-/..•»( 1000) . ., l n n n , /«» - / U u;(1000)+ 4000-1000 ( i i e u - 1 0 0 0 ) 

v h e r e 

„ P U U„23 
Re» T„ 

2.2.4 Interfacial shear stresses 
It is assumed that interfacial shear stresses of vapour and liquid 

phases are equal as follows: 

rui - ~TU (18) 

and r„; is defined as 

r„i - \faiP,\U„-Ui\{Uu-Ui) , (19) 

vhere /„; is the interfacial friction factor. It is difficult to 
determine fvi , because it is affected by some factors such as interfacial 
disturbance. Thus, a general correlation of /„< appropriate for IAFB 
is lacking. Ve assume that the vavy interfacial friction factor Is made 
up of the smooth interfacial friction factor and the interfacial 
disturbance factor. In other vords, the Interface is rough due to the 
disturbance. We >e Aritomi's empirical correlation : 2 5 : : 

/»' p 0.25 "^ ( 2 0> 

vhere 

S - 1 + 90.9-— and (21) 

P»{Uu-Ui)Di Rei K . 

-7-
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!vw( 4000 )-!v..( 1000) 
!v山ーんω(1000)+一一-4而百可万oo一一一(Reu-l000)

Re 圃主位笠
J1u 

2.2.札 1n七erfacialshear stresses 

I七 15a5sumed that 1nterfac1al she且rs七resse5of vapour and 11qu1d 

phases are equa1 as f0110V5: 

Tui .... -rli (18) 

and Tu， 1s def1ned as 

ruι-tfuMulUu-Ua|(U「 UJ. (19 ) 

vhere !ui 15 the 1n七erfac1al fr1ct1on fac七or. I七 15 diff1cul七 to 

determ1ne !vi ， because 1 t 1s affec七edby some fac七orssuch as 1n七erfac1al
d1s七urbance. Thus， a general corre1a七10n of !u， appropr1a七e for 1AFB 
1s lack1ng. We assume that七hevavy 1nterfacial fr1ction fac七or1s made 

up of the 5moo七h 1n七erfac1al fr1ctlon fac七or and the 1nterfac1a1 

di5turbance fac七or. 1n 0七hervords， the 1n七erface1s rough due to the 
，e Aritomi's emplrical correlatlon (25) d15turbance. We 

vhere 

!ui - JL..Q叩J-----， Re?，25 

ー 1+90.9~ and 
ll， 

Rei - Pv(U.-UI)Di 
圃

』温砂

(20) 

(21 ) 

-7-
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In abo,-e relation, (0.0791/.Re;'25) is the friction factor of smooth 
interface C1" and F is the wavy interface influence factor 
accounting for the effect of interfaclal disturbance. The interfaclal 
disturbance is enhanced and the interface becomes more non-smooth with 
increase of vapour void fraction c 2 6 3. 

2.2.5 Heat transfers of vapour phase 
The mechanism of heat transfer in IAFB is not well understood at 

present1'2''1. The vapour is, for example, treated as a flow between two 
parallel plates; one is the wall and the other is the interface C M 1 S : I . 
This hypothesis is, however, not correct according to the observation 
by Costigan and Wade C 2 8 : i. in this study, the hypothesis of annular 
vapour film which may be better approach to the real flow has been 
proposed in the Sec. 2.2.1 . 

For fluid flowing in an annular tube, the heat flux of inner and 
outer tube have been derived by M.W.Kays C 2 9 : i and are given by 

<7„„ - H0W{.TW-TV)- jfc. N

g

UJ (Tw-T„) . (22) 

Qui - Hui(T„-Ts)- -jfr. N a l (T„-Te) . (23) 

where Nui is defined as the inner-tube Nusselt number when the inner 
tube alone is heated and Nuw is outer-tube Nusselt number when the outer 
tube alone is heated. The parameters 6W and 0; are influence 
coefficients. We assume that the interface is at the saturation 
temperature, T,, In above equations. 

From Eqs.(22) and (23), we can obtain 

tf.i " 1+Nu'*e'H¥W , (24) 

where 

]AERI-M 88-174 

1n abo:e re1at1on， (O.07911Re~.25) 1s七hefr1c七10nfac七orof smooth 

1nterface (25) and F 1s the vavy 1n七erface 1nfluence factor (22) 

accoun七1ngfor七heeffec七 of1n七erfac1a1d1sturbance. The 1nterfac1al 

d1sturbance 1s enhanced and the 1nterface becomes more non-sm円othv1th 

1ncrease of vapour v01d frac七10n('6) 

2.2.5 Heat transfers of vapour phase 

The mechan1sm of hea七七ransfer1n IAFB 1s no七 wellunderstood 0.七

presenも(") The vapour 1s， foI' examp1e， trea ted as 0. f10w be七ween七wo
parallel pla七es;one 1s七h8va11 and七heother 1s七he1n七erface (14.15) 

Th1s hypo七hes1s1s， however， not correc七 accord1ngto七heobserva七10n

by Cos七19anand Wade (28) 1n 七h1s s七udy，七hehypo七hesis of annular 

vapour fllm vh1ch may be be七七erapproach 七o 七herea1 f10w has been 

proposed 1n七heSec. 2.2.1. 

For fluid flow1ng 1n an ann叫lartube， the heat f1ux of 1nner and 

ou七er七ubehave been der1ved by M.W.Kays (29) and are g1ven by 

h" Nu"， 
q.ω - H川 Tw-T.}園設 τ←(Tw-T.)

よーゥァ':'-8"，
'1.w 

q.， - H.，(T.-T.)ー百た n← (T.-T，)
1-τ一"-8;
‘tu. 

(22) 

(23) 

where Nu， 1s def1ned as 七he 1nner-tube Nusselt nuruber when the 1nner 
tube alone 1s hea ted and Nuω1s ou七er-七ubeNussel七 numberwhen the ou七er

tube alone 1s heated. The parameters 8w and 8. are 1nfluence 

coeff1c1en七s. We assume tha t the 1n七erface 1s at the sa tura t10n 

七emperature，T" 1n above equat1ons. 

From Eqs.(22) and (23)， we can ob七ain

where 

H と位三ι圃-
Nu・+す

Tw-Tu

一
回ーと :.: and Nu.ーιニ旦
T.-'1'， -..-，.- Nu， 

-8-
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For laminar flov, constants in above correlations ( Nuw, Nui, Bw 

and S; ) are given by Kays C Z 9 : | and are listed in Table 2.1. 
Here we use the empirical correlation of vail heat transfer 

coefficient from Aritomi's test C J 2 J and the above relation of heat 
transfer coefficients for H„w and //„;. Arltorai's empirical correlation 
Of Hvvl is 

H„a - -^-(1 + 90.9-^) . (25) 

In Eq.(25), ve can find that the H„w includes the laminar heat 
transfer coefficient, lk„/S, and the vavy interface Influence factor, 
F. This implies that the disturbance of interface enhances the vail 
heat transfer. 

2.2.6 Heat transfers of liquid phase 
If liquid phase is not in touch vith the vail, heat transfer betveen 

liquid and vail is only the radiation heat transfer. The radiation heat 
flux, q'r'ad, is given by 

OB(TW-TS) 
tirad ~ —i 1 (."5 0 ; ——+ — — 1 

vhere aB Is the Stefan-Boltzraann constant and c is the emissivity. 
The heat from the vapour to the interface is assumed to be used 

for vaporization of liquid and increase of subcooled liquid temperature, 
The heat flux from the liquid interface to the bulk of liquid can be 
expressed by 

qn - HtdT.-Ti) 

vhere 

I-Iu - 1287.0X{l+0.SX(,Tt-Ti)U\i-]jY} . (27) 

-9-
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For lam1nar flow， constan七s 1n above correlat1ons ( Nuw， NUi， 8 .. 

and 9i ) are g1ven by Kays (29) and are 11sted 1n Table 2.1. 

Here we use tl1e emp1r1cal correlat1on of wall l1eat transfer 

coeff1c1ent from Ar1 tom1' s test (22) and tl1e above rela t10n of l1ea七

transfer coeff1c1ents for Hvw and II山・ Ar1tomi's empir1cal corre工a七ion

of H附 1s

2k" .. _ _ _ 11 
Hv凶ーす"-(1+90.9古) (25) 

1n Eq. (25)， we can f1nd tl1at tl1e H岬 1ncludes tl1e lam1n且r heat 
七ransfer coeff1ci巴n七， 2ku18， and the wavy 1n七erface 1nfluence factor， 

F. Th1s 1mp工1es七ha七七hed1s七urb且nceof 1n七erfaceenhances 七he wall 

heat transfer. 

2.2.6 Hea七七ransfersof 11qu1d pl1ase 

If l1qu1d phase 1s not 1n toucl1 wi th七11E'wall， hea t transfer be七ween
11qu1d and wall 1s only the rad1a七10nhea七transfer. The rad1at1on he旦t

f工ux，qrad， 1s gl ven by 

。 B(T~-T:)
(jrod 回 一一一一一一一一一1 . 1 一一+一一一lEω&1  

where UB 1s the Stefan-Boltzmann constant and ε1s the &m1ssiv1ty. 

(26) 

The hea七 fromthe vapour七othe 1nterface 1s assumed to be used 

for vapor1zation of liquld and lncrease of subcooled 11quid七empera七ure.

The hea七 fluxfrom the 11quld interface七othe bulk of 11qu1d can be 

expressed by 

q" 圃 H，，{T.-Tt)

where 

11li 圃 1287.0x {1+0. 8x (T，-Tt}Uj'S会) (27 ) 

-9-
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The above relation Is an empirical correlation from Arltomi C 2 2 : i 

vho took Into account the effect of liquid subcoollng, liquid velocity 
and lnterfaclal disturbance on heat transfer. 

2.2.7 Mass transfer rate 
The mass transfer rates at the Interface ,r„; and r u , are obtained 

as follows: 

/•„, - -ru- -^r^r- • < 2 8 ) 

vhere A„s and hu a r e t h e s a t u r a t e d e n t h a l p i e s of vapour and l i q u i d , 
r e s p e c t i v e l y . 

Table 2. 1 The Influence Coefficient12" 

rt'r'J Nui Nuw Oi &w 

0.0 CO 4.364 00 0.0 

0.05 17.81 4.792 2.18 0.0294 
0.10 11.91 11.834 1.383 0.0562 
0.20 8.1(99 4.883 0.905 0.1041 
0.1(0 6.583 4-979 0.603 0.1823 
0.60 5.912 5.099 0.473 0.2455 
0.80 5.580 5.240 0.401 0.2990 
1.00 5-385 5-385 0.346 0.346 

-10-
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The above rela七10n 1s an emp1r1cal correlatlon from Arl七om1 (22 J 

who took lnto accoun七七heeffec七 of11quld subcoollng， 11quld velocl七y

and 1nterfac1al dis七urbanceon heat transfer. 

2.2.7 Mass七ransferra七e

The mass transfer ra七esat七he1n七erface，ru， and r"， are ob七5.1ned
且sfollows: 

r 圃 -1".. ，‘ 
qu，+q/i 
h..-hls 

(28) 

where hus and hls are 七he saturated enthalpies of vapour and 11quld， 
respec七1vely.

Table 2. 1 The lnfluence Cafficient [29] 

-) 

ri *rw Nu， Nu叫 8， e凶

0.0 tc 4.364 ♀.0 

0.05 17.81 4.792 2.18 0.0294 

0.10 11.91 4.834 1.383 0.0562 

0.20 8.499 4.883 0.905 0.1041 

0.40 6.583 4.979 0.603 0.1823 

0.60 5.912 5.099 0.473 0.2455 

0.80 5.580 5.240 0.401 0.2990 

1.00 5.385 5.385 0.346 0.346 

-10-
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3. Calculated results and discussion 

To assess the predictive capabilities and limitations of the present 
model, ve chose a number of cases covering a wide range of different 
parameters from the experimental data by Aritoml l22:> and Stewart c i s ; i. 
The hydrodynamic conservation equations together with the constitutive 
relations are solved by using MINCS from JAERI. 

MINCS is designed to analyse transient two-phase flow In 
one-dimensional ducts. Nine types of two-phase flov model are prepared 
from the two-fluid non-equilibrium (2V2T) model to the homogeneous 
equilibrium (1V1T) model. A fully-Implicit finite difference scheme 
with the staggered mesh in space is used. The Newton method is used 
to solve the discretized equations. In this work, we use 2V2T model. 
The constitutive relations for IAFB are implemented into subroutine 
CORSET. Physical properties of Freon-113 are also implemented Into 
subroutine STEAM2 and are listed In Appendix B. 

3.1 Comparison with Aritomi's experiment 

3.1.1 Description of experiment 
In Aritomi's test, the hot patch C 3 o : > was used to generate the IAFB 

regime in a vertical tube made of stainless steel and Freon-113 was used 
as the test fluid. In the experiment, the wall temperature distribution 
of the test section, fluid temperatures at inlet and outlet, the pressure 
drop and the vapour film thickness were measured. Experimental 
conditions are summarized as follows: 

Test fluid : Freon-113 
System pressure : Atmospheric pressure 
Inlet velocity : 0.5 — 2.0 m/sec 
Heated flux : 20 — 50 kw/m2 

Wall temperature : 150 — 300 'C 
Inlet subcooling 
Heat length 
Test tube - I.D. 
Test tube - O.D. 

10.T, 15-7, 20.7 K 
100, 300, 500 mm 
9.8 mm 
10.0 mm 
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3. Ca1cu1ated resu1七sand discussion 

To assess the predictive capabi11ties and 11mi七at10nsof the present 

mode1， we chose a number of cases cover1ng a w1de range of d1fferen七
parame七ersfrom七heexperimental da七aby Arl七om1 (22) and S七ewart (18l 

The hydrodynam1c conservat10n equa七10ns七oge七herw1七hthe cons七1tut1ve

rela七10nsare solved by uSlng M1NCS from JAERI. 

MINCS 1s deslgned もo ana1yse trans1ent two-phase flow 1n 

one-dimenslona1 ducts. N1ne types of two-phase f10w model are prepared 

from the 七wo-flu.id non-equillbr1um (2V2T) model 七0 七he homOBeneOUS 

equ111br1um (lV1T) model. A fu11y-1mp11cl七 flnl七e dlfference scheme 

w1th the staggered mesh ln space Is used. The Newton me七hod1s used 

to solve七hediscret1zed eQuat10ns， 1n this work， we use 2V2T model. 
The cons七ltutlve relatlons for 1AFB are 1mp1emen七ed 1nto subrou七1ne

CORSET. Physica1 proper七les of Freon-113 are a1so 1mp1emen七ed lnto 

subrout1ne STEAM2 and are 11sted 1n Append1x B. 

3.1 Compar1son wl七hArlもom1's experlmen七

3.1.1 Description of exper1men七

1n Aritomi's tes七，七heho七pa七ch(30l was used to genera七ethe 1AFB 

regime 1n a vert1ca1七ubemade of s七a1n1esss七ee1and Freon-113 was used 

as七hetest f1uid. In七heexperimen七，七hewa11 temperature distrlbutlon 

of the test sect10n， fluld temp巴ra七uresa七lnletand out1e七，七hepressure 

drop and the vapour fl1m th1ckness were measured. Experimental 

condltlons are summarlzed as fo11ows: 

Test fluld Freon-113 

Sys七empressure A七mospherlcpressure 

1n1et ve10cl七y 0.5 --2.0 m/sec 

Heated flux 20 --50 h山 1m2

Wall temperature 150 --300 ・c

1n1et subcool1ng 10.7， 15.7， 20.7 K 
Heat leng七h 100， 300， 500 mm 
Tes七 tube-I.D. 9.8 rnm 

Test tube -O.D. 10.0 mm 

1
 
1
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Hot patch length : 5.0 mm 

3.1.2 Result and discussion 
All steady state results for IAFB are calculated by using a time 

jiarching method in vhich the steady state is obtained by a transient 
solution under constant boundary conditions with time. The input model 
and input data are listed in Appendix A. The hot patch is treated as 
a tube -with constant vail temperature which is higher than the minimum 
stable film boiling temperature. Thus, film boiling occurs at the hot 
patch. 

The typical results vith 1.5 m/s inlet velocity, ilO kw/m2 heat flux 
and 10.7 K subcoollng are shovn in Fig.3.1. The void fraction is shovn 
in Fig.3.1(aj, temperatures of gas, liquid, saturation and vail are in 
Fig.3.1(b), velocities of both phases in Fig. 3.1(c) and heat transfer 
coefficients of vail and interface in Fig. 3.1(d) respectively. Fig. 
3.1(a) shovs that the void fraction increases along the channel, vhich 
agrees well vlth the experimental result. It is shovn in Fig. 3. 1(b) hat 
the vapour phase is superheated and liquid phase is subcooled. The 
velocity of vapour phase increases quickly at upstream and is far larger 
than that of liquid as shovn in Fig.3.1(c). The heat transfer coefficients 
are very large near the inlet vhere the void fraction is small and the 
vapour temperature Is increasing. They are about the constant values 
in the dovnstream as shovn in Fig.3.1(d),vhere the void fraction is large 
and the vapour temperature does not change largely. This tendency is 
resulted from the empirical correlation defined by Eq.(25). 

3.2 Comparison vith Stewart's experiment 

3.2.1 Description of Stewart's experiment 
The experimental data for stable film boiling by Stevart using 

water vere published in 1981 C1":>. These data vere obtained in an 8.9 
mm ID lnconel-600 tube at low-quality and subcooled condition, a mass 
flux range of 110 to 2750 kg/(m'.sec) and pressure from 2 to 9 MPa by 
using the hot patch technique. In this experiment, axial vail 
temperatures, fluid temperatures at inlet and outlet and pressure 
difference betveen inlet and outlet vere measured. The length of 
vertical test section was 1.8 m. Only a part of experimental data listr-d 
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Ho七 patch1eng七h 5.0 mm 

3.1.2 Result and d1scuss10n 

A11 steady state resu1ts tor IAFB are c~lcu1ated by us1ng a 七lme

illarch1ng metbod 1n wh1ch七hesteady state 1s obta1ned by a trans1ent 

solut10n under constant boundary cond1t10ns w1th t1me. The 1nput mode1 

and 1nput data are 11sted 1n Append1x A. The hot p且tch1s七reatedas 

a tube w1七hconstant wa11 tempera七urewh1ch Is hlgher than the mlnlmum 

s七ab1ef11m b0111ng七emperature. Thus， f11m b0111ng occurs a七七hehot 
pa七ch.

The typ1ca1 resu1 ts w1 th 1. 5 ml s 1n1e七 ve10巴1七y，40 hω1m2 heat flux 
and 10.7 K subcoo1ing are shown 1n Fig.3.1. The v01d fraction 1s shovn 

1n Fig・3.1(aJ，もempera七ures of gas， 11quld， satura七10n and wa11 are 1n 

Fig.3.1(b)，ve1oc1t1es of both phases 1n Fig.3.1(c)and hea七 transfer

coeff1c1ents of wa11 and 1n七erface 1n Fig.3.1(d) respective1y. Fig. 

3.1(a) shows tha七七he vold fr且C七10n increases a10ng七hech且nne1，which 

agrees we11 wl七h七heexper1menta1 resu1七 It1s shown 1n Fig. 3. l(b) hat 

七he vapour phase 1s superhea七ed and l1quld phase 1s subcoo1ed. The 

ve10cl七yof vapour phase increases qu1ckly a七ups七reamand 1s far 1且rger

七hantha七ofl1qu1d as shown 1n Fig.3.1(c). The hea七transfercoeff1c1en七s

are very 1arge uear the ln1e七 where七hev01d frac七10n1s sma11 and the 

vapour 七emperature1s 1ncreaslng. They are abou七 the cons七日n七 va1ues 

1n the downstream as shown 1n Fig. 3.1 (d)， where the v01d fract10n 1s large 

and七hevapour temp白raturedoes not change largely. Thls tendency Is 

resu1ted from the emp1r1ca1 corre1a七10ndef1ned by Eq.(25). 

3.2 Compar1son w1七hS七ewar七'sexper1men七

3.2.1 Descrlp七10nof Stewar七'sexper1men七

The exper1men七a1 da七a for stab1e f11m b0111ng by S七ewar七 uslng

vater vere pub11shed 1n 1981 (18) These da七avere obtalned 1n an 8.9 

mm  ID 1ncone1-600 tube a七 low-qua11tyand subcooled condl七lon，a mass 

flux range of 110七02750hgl(m2.sec) and pressure from 2 to 9 MPa by 

us1ng the ho七 patch technlque. In 七hls exper1ment， ax1al wall 
tempera七ures，f1u1d te回peratures at inlet and outlet and pressure 
difference between inlet and ou七1e七 were measured. The 1eng th of 

vert1ca1 test sec七10nwas 1.8 m. Onlya par七ofexper1menta1 da七U 115七"，d

。，u-
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In Table 3.1 is compared with calculated result. 

3-2.2 Result and discussion 
Calculated void fraction and wall temperature are shown in Fig. 3.2. 

The void fraction smoothly increases along the test section from the 
inlet to about 0.3 TO (including hot patch), but it becomes oscillatory 
at the downstream as shown in Fig.3.2(a). Figure 3.2(a)shows the void 
fraction profile at a certain time step. The void fractions near the 
inlet could be at the steady state in all cases, however, stable results 
of void fraction and velocities at the downstream could not be obtained. 
The wall temperature, however, is in the steady state and in reasonable 
agreement with the experimental result even in the downstream as seen 
in Fig.3.2(b). These results may indicate that the present model can 
not be applied to the downstream since the Aritomi's empirical 
correlations are based on the experiment with short-length test section. 
That is, the present model may be appropriate only to the range of low 
void fraction. As for the Stewart's experiment, however, the flow 
regime at the downstream might not be in the steady IAFB condition. 
It is very difficult to Judge whether IAFE occurred or not in the full 
test section in Stewart's experiment since a very long opaque tube of 
Inconel-600 was used as the test section and neither void fraction nor 
velocities was not measured. In this study, as we take interest only 
in IAFB problem, the flow region up to 0.6 m of the test section is 
considered in the following. 

The comparisons of wall temperature between calculated and 
experimental results under different pressures are shown in Fig.3.3(a) to 
Fig.3.3(d). We can find that the difference between calculated result 
and experimental data is small for low pressure condition, but become 
larger with the increase of pressure. The reason for this difference 
is probably related to the fact that the present model are based on some 
empirical correlations at atmospheric pressure, for example, /•/„,„. The 
trend of the calculated results, however, is In reasonable agreement 
with experimental data. At pressure of 2 MPa, the difference between 
the calculated and measured wall temperatures is within the range of 
10? in all run analysed. Thus, we can conclude that the present model 
is appropriate to IAFB In the low pressure range and the pressure 
dependency should be Included In the heat transfer coefficients for the 
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ln Tab1e 3.1 Is compared vl七hca1cu1a七edresu1七.

3.2.2 Resu1七anddlscuss10n 

Ca1cu1ated vold fractlon and va11 tempera七ureare shovn 1n Fig. 3.2. 

The vold frac七lonsmooth1y lncreases a10ng the tes七 sectlon from the 

inle色 toabout 0.8 m (inc1uding bo主 patch)，but 1七becomesoscillatory 
a七七hedovns七ream as shovn 1n Fig・3.2(a). F1gure 3.2(a)shovs 七hev01d 

frac七lonprof11e at a certaln tlme s七ep. The vold fractlons near the 

ln1e七cou1dbe at七hesteady s七a七e1n a11 cases， hovever， s七ab1eresu工七s

of vo1d frac七lonand ve10c1t1es a七七hedovnstream cou1d no七 beobta1ned. 

The va11 tempe1'atu1'e， hoveve1'， 1s 1n七hesteady s七ateand 1n 1'easonab1e 

agreement vl th the experlmenta1 reS1J工teven 1n七hedowns七reamas seen 

1n Fig. 3. 2(b). These resu1七s may lnd1cate tha七 the present mode1 can 

not be app11ed 七o 七he dovns七ream slnce the Ari七omi's empi1'ica1 

co1'1'e1a七lonsa1'e based on the expe1'lmen七vlthshort-1ength七estsectlon. 

Tha七 15，七hepresen七 mode1may be app1'op1'1ate on1y七o七herange of 10v 

vold f1'action. As fo1' the S七eva1'七'5 expe1'lment， however， the f10w 

regln:e a七 thedownstream mlgh七 no七 beln 色hes七eadyIAFB cundltlon・

I七 Isvery dlfflcu1七 toJudge vhethe1' IAFB occu1'1'ed 01' no七 1nthe full 

tes七 sect10n1n Steva1'七'sexpe1'lment s1nce .a ve1'y 10ng opaque tube of 

Incone1-600 vas used as the test sec七10nand nelthe1' v01d frac七10nnor 

ve10cl七1esvas not measu1'ed. In七hlsstudy， as ve t且ke1nterest on1y 
1n IAFB prob1em，七hef10v reglon up to 0.6 m of the 七est sectlon Is 

conside1'ed 1n the f0110ving. 

The compa1'lsons of va11 七empe1'a七u1'e be七ween calcu工a七ed and 

expe1'1men七a1resu工七sunde1' dlfferent p1'essures a1'e shown ln Fig.J.3(a)七O

Fig.3.3(d). We can f1nd 七ha七七hedifference be七veen ca1cula七ed 1'esu1 t 

and experlmenta1 da七aIs sma11 for 10w p1'essure condl七lon，but become 
larger wlth the lncrease of p1'essu1'e. The 1'eason for thls dlfference 

Is probab1y 1'e1ated to the f且ctthat the present model a1'e based on some 

emplrlca1 cor1'e1a七lonsa七 a七mospherlcp1'essure， for examp1e， H.w. The 

t1'end of七heca1cu1ated resu1七s，however， Is ln reasonab1e agreement 
wlth expe1'lmenta1 da七a. At p1'essure of 2 MPa， the dlfference between 

the ca1cu1ated and measured wa11七empera七u1'es Is wlthln七herange of 

10% ln a11 run ana1ysed. Thus， ve can conc1ude tha七 thepresent mode1 
Is approprlate to IAFB ln 七he 10w p1'essure 1'ange and 七he pressure 

dependency shou1d be lnc1uden ln the heat七ransfercoefflclen七5for the 
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vide range of application. 
It is shovn in Fig. 3.4 that the effect of hot patch on IAFT3 is large 

in this experiment, ^he void fraction and vapour velocity at the exit 
of the hot patch become large due to the large heat flux from the hot 
patch to fluid. 

The calculated temperatures of vail, vapour, liquid and saturation 
are shovn in Fig.3.5. It is found that the vapour phase is superheated 
and liquid phase is subcooled. The vapour superheat phenomenon in IAFB 
region has been observed in many experiments, for example, measurements 
of vapour temperature by Nijhavan et al C 3 ° . They shoved that the 
vapour superheat vas a significant fraction of the vail superheat 
(approximately 60$). In our results shovn in Fig. 3.5, the vapour 
superheat is about 65$ of the vail superheat. 

The effects of inlet velocity, subcooling and system pressure on 
the vail heat transfer coefficient are shovn in Figs.3. 6, 3.7 and 3.8, 
respectively. It is found that the vail heat transfer coefficient 
increases as these parameters increase. In Ref. [18], vail heat 
transfer coefficients vere obtained simply based on the vail heat flux, 
the vail temperature and the saturation temperature according to the 
outlet pressure. Thus, the direct comparison is difficult, hovever, 
the same trends of these effects vere also found in experimental results. 
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w1de range of app11ca七10n.

I七1sshown 1n Fig. 3.1f 七ha七theeffec七ofhot pa七chon 1AFB 1s 1arge 

1n七h1sexper1men七 ~he v01d fract10n and vapour ve10c1七yat the ex1t 

of the hot :pat巴hbecome 1arge due to the 1arge heat f1ux from the hot 

patch to f1u1d. 

The ca1cu1ated temperatures of va11， vapour， 11qu1d and satura七10n
are shown 1n Fig.3.5. It 1s found七ha七thevapour phase 1s superheated 

and 11qu1d phA.se 1s subcoo1ed. The vapour superheat phenomenon 1n IAFB 

reg10n has been observed 1n many exper1ments， for example， measuremen七s

of vapour temperature by N1jhawan et a1 (31) They showed 七hat 七he

vapour superhea七 was a s1gn1f1can七 fracも10n of the wa11 superhea七

(approx1ma七e1y 60%). 1n our resu1 ts shown 1n Fig・3.5， the vapour 

superhea七 1sabou七65%of七hewa11 superheat. 

The effects of ln1et ve10c1七y，subcoo11nB and sys七em pressure on 
the wa1工 hea七七ransfercoefflclen七 areshown 1n Figs.3.6， 3.7 and 3.8， 
respect1ve1y. 1七 1s found that the wall hea七七ransfer coeffic1ent 

lncreases as these parame七ers lncrease. 1n Ref. [ 18 )， wa11 hea t 

transfer coeff1c1ents were ob七alnedslmp1y based on the wb11 heat f1ux， 
the wa11 temperature and七hesa七urationtemperature accordlng to thρ 

ou七1et pressure. Thus， the dlrec七 compar1son 1s d1ff・lcul七 however，
七hesa回etrends of七heseeffects were a1so found 1n exper1men七a1resul ts. 
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Table 3. 1 Test Cぉes Chωen frαn Stewart's Test [lBl 

Run number Pressure Ve1oc1七y Subcoo11ng Heat f1ux 

KPa M.Sec -1 K KW.M-2 

2211.02 2032 0.248 16.4 117.7 

2321.06 2025 0.401 27.8 122.1 

2411.02 1982 O.ラ97 15.4 202.3 

2411.04 2040 0.600 14，5 156.4 

2411.06 2003 0.600 14.7 112.4 

2411.09 2036 0.600 14.7 88.11 

2~ .i.1.07 2049 1.051 13.4 117.9 

4311.07 4096 0.631 16.4 124.6 

4411.04 4044 0.632 14.9 191.9 

4411. 06 4076 0.635 14.1 141.3 

4411.09 4072 0.636 14.4 119.9 

4421.05 4123 0.616 25.4 197.6 

6421.04 6006 0.660 24.2 211.4 

6421.05 5998 0.660 23.9 182.0 

6431.04 6003 0.643 39.7 235.5 

8421.04 8008 0.683 22.1 205.3 

8421.07 7986 0.685 22.4 159.6 

F
D
 
l
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k- Summary and conclusion 

The Inverted annular film boiling phenomena have gradually been 
understood, but there are still unknown problems, particularly In the 
hydrodynamic aspect. The development of two-fluid model of IAFB makes 
it possible to analyse IAFB in detail, but the information about 
interactions of two phases are needed. In this work, the tvo-fluid model 
in MIKCS was used for the analysis of IAFB. By analysis of the Aritomi's 
IAFB tests, a set of new constitutive relations appropriate to IAFB were 
proposed. The proposed model were applied to the analysis of Stewart's 
experiment for verification. 

In our model, we assumed the vapour phase as the flow in an annular 
channel where outside was the tube wall and Inside was the interface 
of liquid-vapour. We obtained the heat transfer coefficient of 
wall-vapour, vapour-interface and interface-liquid based on above 
assumption and'Aritomi's empirical correlation of wall heat transfer 
coefficient. The assumption we used is different from the former simple 
one, for example, by M.KawaJl and G.Th.Analytls vho treated the vapour 
as "il.a flow between two parallel flat plates. 

The fact that the Interface of liquid-vapour is non-smooth vas 
considered in this vork. The interfaclal friction and the heat flux from 
the vapour to the liquid would be enhanced due to interfacial 
disturbance. An interfaclal influence factor which was derived from 
Aritomi's experiment was used. 

Vail temperature and void fraction predicted by the present model 
were compared with experimental data from Aritomi's experiment using 
Freon-133 and very good agreement was obtained. Then, the present model 
vas used to analyse Stewart's experiment using vater at a large pressure 
range from 2 MPa to 9 MPa. This result shoved that the right trend 
of effects of subcooling, velocity and pressure on vail heat transfer 
coefficient could be obtained. The calculated liquid temperatures vere 
in good agreement vith the experimental data. By comparing the 
calculated vail temperature vith experimental data, the better 
agreement vas found to be obtained at low pressure, but the agreement 
became poor vith the increase in pressure. 

It is concluded that the present model is appropriate for analysing 
the IAFB phenomena under such low pressure condition as atmospheric 

-25-
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p re s su re . The dependence on t h e p r e s s u r e , hovever , should be included 
for t h e v ide range of i t s a p p l i c a t i o n . Thus, f u r t h e r research on IAFB 
problem i s s t i l l necessa ry , for example, t h e e f f ec t of p ressure on the 
hea t t r a n s f e r c o e f f i c i e n t , t h e e f fec t of i n t e r f a c i a l d i s t u r b a n c e on 
f r i c t i o n and hea t t r a n s f e r , and so on. 
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Appendix A Input model of MINCS for IAFB 

In the calculation of IAFB by )!INCS, the following model shown in 
Fig.A-1 is used to simulate test facilities of M.Aritomi and 
J.C.Stewart. In Fig.A-1, Boundary-L and Boundary-R denote inlet and 
exit of test tube. Pipe-1 and Pipe-2 are the hot patch and the test 
section. Heat slabs of the hot patch are treated as constant 
temperature, because their quantities of heat capacity are very large. 
Input data of MINCS for Aritomi's and Stewart's tests are listed in 
Appendix A. 1 and A. 2 . 

j I Boundary-!! 

1 
H.«l alab SJ Pipa-2 

M i l l i l a b 
(Hoi patch) 1 Pipt-1 

I I Boundftry-L 

I 
Flow dIrae t ion 

Fig . A - 1 Input model for IAFB 
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Append1x A Input model of MINCS for IAFB 

In the calcula七10nof IAFB by J'INCS， the followlng model shown 1n 

F1g.A-l 1s used 七o s1mulate test facilities of M.Arltomi and 

J.C.S七ewar七 InFlg・A-l，Boundary-L and Boundary-R deno七e inlet and 
exit of七es七七ube. Pipe-l and PiPe-2 are the ho七 p且tch and the七es七

sectlon. Hea七 slabs of 七he ho七 patch are trea七ed as constant 

tempera七ure，because thelr quanti七iesof hea七 capacityare very large. 
Inpu七 da七a of MINCS for Ari七oml's and S七ewar七's 七es七s are 11sted in 

Appendix A.l and A.2. 

H・.1・I.b

H.at ・hb 任ジゴ
(Hol p.leh) [0t 

口 …y-R

Pip.-2 

口Pip・同1
口 Boundary田L

Flow dlr・ctlon

F i g. A -1 Input model foc IAFB 
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Appendix A. 1 Inpu t Data For A r l t o m i ' s Exper iment . 

IAFB ANALYSIS FOR FREON-113 
0 0 
0 
0 1 2 
7-3833 6.8839D-5 1510.5 l.OD-10 1.01325D5 6.0819D5 i).6li(3D5 
It ll 0 22 22 0 0 0 12 1 
10 0 0.1 0.1 1.0 
0 
1.0 
0.0 
0.01 0.01 30.0 0 
500 0 200 0 0 0 
lit 
2 
183-15 8-96D3 2356-15 8-35D3 
2 
173-15 3-85D30 2000.0 3-85D30 
5 
200.0 ltl3-0 1)00.0 393-0 500.0 386.0 600.0 379-0 2800.0 366.0 
3 
100.0 0-50 800.0 0.58 2000.0 0.80 

BOUNDARY-L -2 2 2 
2 8*0 
0 0 0 
1 0 1 0 5 
1 0 0 0 0 0 7.5U3D-5 0-10 7-543D-5 0.10 9-8D-3 9-8D-3 0.0 
1 l.OD-it 1.01325D5 6.1819D5 14-514UD5 1-50 1-50 0.0 0.0 

PIPE1 1 2 2 
2 0 0 
0 0 0 
1 0 1 0 5 
1 0 0 0 0 1 7.5U3D-5 2.5D-3 7-543D-5 2-5D-3 9-8D-3 9-8D-3 0.0 
2 0 0 0 0 2 7-5il3D-5 2.5D-3 7- 5U3D-5 2-5D-3 9-8D-3 9-8D-3 0.0 
1 1.0D-2 1.01325D5 6.1819D5 h-SlkhD"? 1-50 1.50 0.0 0.0 
2 1.0D-2 1.01325D5 6.1819D5 1).51^4D5 1-50 1.50 0.0 0.0 

PIPE2 1 2 2 
20 0 0 
0 0 0 
1 0 1 0 5 
1 0 0 0 0 1 7-51J3D-5 2.5D-2 7-5JI3D-5 2-5D-2 9-8D-3 9.8D-3 0.0 
2 0 0 0 0 2 7-5IJ3D-5 2.5D-2 7-543D-5 2-5D-2 9-8D-3 9-8D-3 0.0 
3 0 0 0 0 3 7-51I3D-5 2.5D-2 7-543D-5 2-5D-2 9-8D-3 9-8D-3 0.0 
h 0 0 0 0 1| 7.5il3D-5 2-5D-2 7-5<)3D-5 2-50-2 9-8D-3 9-8D-3 0.0 
5 0 0 0 0 5 7-5U3D-5 2-5D-2 7-5l)3D-5 2.5D-2 9-8D-3 9-8D-3 0.0 
6 0 0 0 0 6 7-5U3D-5 2-5D-2 7-5430-5 2.5D-2 9-8D-3 9-8D-3 0.0 
7 0 0 0 0 7 7-51)3D-5 2-50-2 7-51(3D-5 2.5D-2 9-8D-3 9-8D-3 0.0 
8 0 0 0 0 8 7-5113D-5 2-5D-2 7.5il3D-5 2-5D-2 9-8D-3 9-8D-3 0.0 
9 0 0 0 0 9 7-5WD-5 2-5D-2 7-5i)3D-5 2-5D-2 9-8D-3 9-8D-3 0.0 

10 0 0 0 0 10 7-5I43D-5 2-5D-2 7-543D-5 2-5D-2 9-8D-3 9-8D-3 0.0 
11 0 0 0 0 11 7-51t3D-5 2-5D-2 7-5il3D-5 2-5D-2 9-8D-3 9-8D-3 0.0 

* > 
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Appendix A.l Input Data For Ari七om1's Exper1men七.

IAFB ANALYSIS FOR FREON-113 
o 0 
O 
012  
7.3833 6.BB39D-5 1510.5 1.0D-10 1.01325D5 6.0B19D5 q.6143D5 
4 4 0 22 22 0 0 0 12 1 
10 0 0.1 0.1 1.0 
0 
1.0 
0.0 
0.01 0.01 30.0 0 
500 0 200 0 0 0 
14 
2 

183.15 8.96D3 2356.15 8.35D3 
2 

173.15 3.85D30 2000.0 3.85D30 
5 
200.0 413.0 400.0 393.0 500.0 386.0 600.0 379.0 2800.0 366.0 
3 
100.0 0.50 800.0 0.58 2000.0 0.80 
BOUNDARY-L -2 2 2 
2 8帯。
000  
1 0 1 0 5 
1 0 0 0 0 0 7.543D-ぅ 0.10 7. 543D-5 0.10 9.8D-3 9.8D-3 0.0 
1 1.0D-4 1.01325D5 6.1819D5 4.5144D5 1.50 1.50 O.U 0.0 
PIPE1 1 2 2 
200  
000  
1 0 1 0 5 
1 0 0 0 0 1 7.543D-5 2.5D-3 7.543D-5 2.5D-3 9.8D-3 9.8D-3 0.0 
2 0 0 0 0 2 7.543D-5 2.5D-3 7.543D-5 2.5D-3 9.8D-3 9.8D-3 0.0 
1 1.0D-2 1.D1325D5 6.1819D5 q.5144D5 1.50 1.50 0.0 0.0 
2 1.DD-2 1.D1325D5 6.1819D5 4.5144D5 1.50 1.50 0.0 0.0 
PIPE2 1 2 2 
20 0 0 
000  
1 0 1 0 5 
1 000 0 1 7.543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 
2 0 0 0 0 2 7.543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 
3 0 0 0 0 3 7.543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 
4 0 0 0 0 4 7.543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 
5 0 0 0 0 5 7.543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 
6 0 0 0 0 6 7.543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 
7 0 0 0 0 7 7.543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 
8 0 000 8 7.543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 
9 0 0 0 0 9 7.543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 
10 0 0 0 0 10 7.543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 
11 000 0 11 7.543D田 52.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 

、、
-31-



JAERI-M 88-174 

12 0 0 0 0 12 7-5U3D-5 2 . 5 D - 2 7•5U3D-5 2 . 5D--2 9 .8D--3 9 • 8D-3 0 .0 
13 0 0 0 0 13 7-51(3D-5 2 . 5 0 - 2 7-51(3D-5 2 . 5D--2 9 .8D--3 9 .8D-3 0 .0 
lit 0 0 0 0 11( 7-51(30-5 2 . 5 0 - 2 7-5l(3D-5 2 . 5D--2 9 .80--3 9 .8D-3 0 .0 
15 0 0 0 0 15 7-5it3D-5 2 .5D-2 7-5113D-5 2 . 5D--2 9. ,8D--3 9 . 8D-3 0, .0 
16 0 0 0 0 16 7-5U3D-5 2 . 5 0 - 2 7-5U3D-5 2 . 5D--2 9 .8D--3 9 . 8D-3 0 .0 
17 0 0 0 0 17 7-51(30-5 2 .5D-2 7-5U3D-5 2 . 5D--2 9 ,8D--3 9 • 8D-3 0. .0 
18 0 0 0 0 18 7-5l»3D-5 2 . 5 0 - 2 7-5l(3D-5 2 . 5D--2 9 .8D--3 9 .8D-3 0 .0 
19 0 0 0 0 19 7.5U3D-5 2 .5D-2 7.5U3D-5 2 . 50-•2 9. 8D--3 9 .8D-3 0. .0 
20 0 0 0 0 20 7.51(3D-5 2 .5D-2 7 -5WD-5 2 . 5D-•2 9- 8D--3 9 .8D-3 0. ,0 

1 1.0D-2 1.01325D5 6, •1819D5 1».51MD5 * 1 . .50 1 . 50 0 .0 D.' 0 
20 1.0D-2 1.01325D5 6, 1819D5 1(.51I(1(D5 i 1 . .50 1 . 50 0 .0 i D.i 0 
BOUNDARY-R - 1 2 2 

1 8*0 
0 0 0 
1 0 1 0 5 
1 0 0 0 0 o • J.5h3J>-5 0 .10 7-5U3D-5 0 . 10 9 . 8 D - 3 9- 8D-3 0 .0 
1 1.0D-2 1.0132505 6 . 1819D5 l(.511(l4D5 1 • 50 1 . 50 0 .0 1 3.1 3 

PIPE1 1 2 
FIPE2 2 3 
BOUKDARY-L 1 
BOUNDARY-R 

0 
2 5 0 0 

3 BOUNDARY-R 
0 
2 5 0 0 i 0 0 
k 615-75 
0 .0 0 . 0 
0 . 5 0 . 2 
1.0 1.0 
1000 .0 1 . 0 
5 3 0 . 7 8 8 
0 .0 0 . 0 
0 .5 0 . 2 
1.0 0 .5 
2 . 0 1.0 
1000 .0 1 . 0 

HEAT01 
1 5 
2 .827D-5 
l( .90D-3 1 6 . 0 D - 3 27-00 •-3 3 8 . OD-3 1(9. OD - 3 6 0 . OD-•3 
5*11, 
6*1(23.15 
5*0.2 

HEAT02 
1 5 
2 .827D-5 
l( .90D-3 1 6 . 0 D - 3 27-OD - 3 3 8 . OD-3 1(9-00 - 3 6 0 . OD- 3 
5*11< 
6*1(23.15 
5*0.2 

HEAT03 
1 5 
7-776D-8 
l( .90D-3 k . 92r )-3 k.9kV - 3 l(-96D-3 l( .98D-3 5 .00D- 3 
5*6 
6*373-15 

- 3 2 -
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12 0 0 0 0 12 7.543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 
13 0 0 0 0 13 7.543D-5 2.5D-2 7・543D-52.5D-2 9.8D-3 9.8D-3 0.0 
14 0 0 0 0 14 7.543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 
15 0 0 0 0 15 7・543D-52.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 
16 0 0 0 0 16 7.543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 
17 0 0 0 0 17 7.543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 
18 0 0 0 0 18 7・543D-52.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 
19 0 0 0 0 19 7.543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 
20 0 0 0 0 20 7.543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0 
1 1.0D-2 1.01325D5 6.1819D5 4.5144D5 1.50 1.50 0.0 0.0 
20 1.0D-2 1.01325D5 6.1819D5 4.5144D5 1.50 1.50 0.0 0.0 
BOUNDARY-R -1 2 2 
1 8*0 
000  
1 0 1 0 5 
1 0 0 0 0 0 7.543D-5 0.10 7.543D-5 0.10 9.8D由 3 9.8D-3 0.0 
1 1.0D-2 1.01325D5 6.1819D5 4.5144D5 1.50 1.50 0.0 0.0 
PIPE1 1 2 
FIPE2 2 3 
BOUNDARY-L 1 
BOUNDARY-R 3 
0 
2 5 0 000  
4 615.75 
0.0 0.0 
0.5 0.2 
1.0 1.0 
1000.0 1.0 
5 30.788 
0.0 0.0 
0.5 0.2 
1.0 0.5 
2.0 1.0 
1000.0 1.0 
HEAT01 
1 5 
2.827D-5 
4.90D-3 16.0D-3 27.0D-3 38.0D-3 49.0D-3 60.0D-3 
5後14
6骨423.15
5様0.2
HEAT02 
1 5 
2.827D-5 
4.90D-3 16.0D-3 27.0D-3 38.0D-3 49.0D-3 60.0D-3 
5後14
6僑423.15
5骨0.2
HEAT03 
1 5 
7.776D-8 
4.90D-3 4.92D-3 4.94D-3 4.96D-3 4.98D-3 5白00D-3
5縛6
6後373.15

nJμ 。。
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5*0.2 
HEATOlj 

1 5 
T.7T6D-8 
l(.90D-3 4.92D-3 U-9UD-3 
5*6 
6*373.15 
5*0.2 

HEAT05 
1 5 
7.776D-8 
lt.90D-3 it-92D-3 U-9MD-3 
5*6 
6*373.15 
5*0.2 

HEAT06 
1 5 
7-776D-8 
I1.90D-3 1I.92D-3 it-94D-3 
5*6 
6*373.15 
5*0.2 

HEAT07 
1 5 
7.776D-8 
i|.90D-3 l(.92D-3 1+-9UD-3 
5*6 
6*373.15 
5*0.2 

HEAT08 
1 5 
7.776D-8 
11.90D-3 h-920-3 4.9l)B-3 
5*6 
6*373-15 
5*0.2 

HEAT09 
1 5 
7-776D-8 
/J.90D-3 4.92D-3 ij.9UB-3 
5*6 
6*373.15 
5*0.2 

HEAT10 
1 5 
7.776D-8 
i|.90D-3 U-92V-3 k-9kD-3 
5*6 
6*373.15 
5*0.2 

HEATH 
1 5 
7-776D-8 
I1.9OD-3 l)-92D-3 l;.9liD-3 

1J.96D-3 it.98D-3 5-O0D-3 

l(.96D-3 11-98D-3 5-00D-3 

/J.96D-3 1I-98D-3 5.00D-3 

11-96D-3 ii.98D-3 5-00D-3 

l(.96D-3 ij.98D-3 5.00D-3 

J».96D-3 h.98,D-3 5-00D-3 

lt.96D-3 il.98D-3 5-00D-3 

U.96D-3 JI-98D-3 5-OOD-3 

- 3 3 -
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5者0.2
HEATOIl 
1 5 
7. 776D-8 
4.90D-3 4.92D-3 4.91↓D-3 4.96D-3 4.98D-3 5.00D-3 
5特6
6特373.15
5各0.2
HEAT05 
1 5 
7. 776D-8 
4.90D-3 4.92D-3 1I.94D-3 4.96D-3 4.98D-3 5.00D-3 
5椅6
6特373.15
5鵠0.2
HEAT06 
1 5 
7. 776D-8 
4.90D-3 1I.92D-3 1I.94D-3 4.96D-3 4.98D-3 ラ.00D-3
5梼6
6特373.15
5鵠0.2
HEAT07 
1 5 
7.776D--8 
4.90D-3 4.92D-3 4.94D-3 4.96D-3 4.98D-3 5.00D-3 
5持6
6*373.15 
5特0.2
HEAT08 
1 5 
7.776D-8 
4.90D-3 11 ・92D-3 4.94D-3 1I.96D-3 1I.98D-3 5.00D-3 
5骨6
6*373.15 
5持0.2
HEAT09 
1 5 
"( . 776D-8 
4.90D-3 11 ・92D-3 4 ・94D-3 4.96D-3 4 ・98D-3 5.00V-3 
5骨6
6縛373.15
5骨0.2
HEAT10 
1 5 
7.776D-8 
1I.90D-3 4.92D-3 1I.94D-3 4.96D-3 1I.98D-3 5.00D-3 
5併6
6餐373.15
5偶0.2
HEATll 
1 5 
7.776D-8 
1I.90D-3 11 ・92D-3 11. 911D-3 1I.96D-3 11 ・98D-3 5.00D-3 

q
u
 

n喝
U
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5*6 
6*373-15 
5*0.2 

HEAT12 
1 5 
7-776D-8 
if-90D-3 it-92D-3 lj-9M>-3 
5*6 
6*373-15 
5*0.2 

HEAT13 
1 5 
7-776D-8 
11.90D-3 11-92D-3 1J.9W-3 
5*6 
6*373-15 
5*0.2 

HEATlJj 
1 5 
7-776D-8 
il-90D-3 lj-920-3 l».9l|D-3 
5*6 
6*373-15 
5*0.2 

HEAT15 
1 5 
7-776D-8 
lt-90D-3 h.92D-3 k.9kT>-3 
5*6 
6*373.15 
5*0.2 

HEAT16 
1 5 
7.776D-8 
lt.90D-3 k. 920-3 I1.9I4D-3 
5*6 
6*373-15 
5*0.2 

HEAT17 
1 5 
7-776D-8 
1I.90D-3 11-92D-3 k.9kT)-3 
5*6 
6*373.15 
5*0.2 

HEAT18 
1 5 
7-776D-8 
I1-90D-3 1I-92D-3 l4-9l(D-3 
5*6 
6*373-15 
5*0.2 

HEAT19 
1 5 

88-174 

li-96D-3 1I-98D-3 5-0OD-3 

J»-96D-3 I1.98D-3 5-OOD-3 

lt-96D-3 it-98D-3 5-OOD-3 

U.96D-3 11-98D-3 5-00D-3 

//•96D-3 /1.98D-3 5-00D-3 

l|.96D-3 !(.98D-3 5-O0D-3 

JI-96D-3 i)-98D-3 5-00D-3 

- 3 4 -

5祷6
6梼373.15
5持0.2
HEAT12 
1 5 
7.776D-8 
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4.90D-3 4.92D-3 4.94D-3 4.96D-3 4.98D-3 5.00D-3 
5養6
6縛373.15
5普0.2
HEAT13 
1 5 
7.776D-8 
4.90D-3 4.92D-3 4.94D-3 4.96D-3 4.98D-3 ~.00D-3 
5根6
6普373.15
5特0.2
HEAT14 
1 5 
7.776D-8 
4.90D-3 4.92D-3 4.94D-3 4.96D-3 4.98D-3 5.00D-3 
デ6
6後373.15
5後0.2
HEAT15 
1 5 
7.776D-B 
4.90D-3 4.92D-3 4.94D-3 4.96D-3 4.98D-3 5.00D-3 
5後6
6快3'73.15
5者0.2
HEAT16 
1 5 
7.776D-8 
4.90D-3 4.92D-3 4.94D-3 4.96D-3 4.98D-3 5.QOD-3 
5刊
6骨373.15
5後0.2
HEAT17 
1 5 
7.776D-B 
4.90D-3 4.92D-3 4.94D由 3 4.96D-3 4.98D-3 5.00D-3 
5併6
6様373.15
5縛0.2
HEATIB 
1 5 
7.776D-B 
4.90D-3 4.92D-3 4.94D-3 4.96D-3 4.98D-3 5.00D-3 
5梼6
6者373.15
5各0.2
HEAT19 
1 5 

-34-
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7-776D-8 
^.90D-3 U.92D-3 U.9UD-3 il-96D-3 l».98D-3 5.00D-3 
5*6 
6*373.15 
5*0.2 

HEAT20 
1 5 
7-776D-8 
i|.90D-3 l)-92D-3 li.9UD-3 ij.96D-3 h-98T>-3 5-0OD-3 
5*6 
6*373.15 
5*0.2 

HEAT21 
1 5 
7-776D-8 4.90D 
5*6 
6*373.15 
5*0.2 

HEAT22 
1 5 
7-776D-8 
it.90D-3 
5*6 
6*373-15 
5*0.2 

HEAT01 
HEAT02 
HEAT03 
HEATOl} 
HEAT05 
HEAT06 
HEAT07 
HEAT08 
HEAT09 
HEATIO 
HEATH 
HEAT12 
HEAT13 
HEATlit 
HEAT15 
HEAT16 
HEAT17 
HEAT18 
HEAT19 
HEAT20 
HEAT21 
HEAT22 

3 J/.92D-3 J».9i|D-3 I/.96D-3 4.98D-3 5-00D-3 

JJ.92D-3 Jj.PUD-3 h-96T>-3 i*.98D-3 5-00D-3 

1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

-10 PIPE1 
-10 PIPE1 
-10 PIPE2 
-10 PIPE2 
-10 PIPE2 
-10 PIPE2 
-10 PIPE2 
-10 FIPE2 
-10 PIPE2 
-10 PIPE2 8 
-10 PIPE2 9 
-10 PIPE2 10 
-10 PIPE2 11 
-10 PIPE2 12 
-10 PIPE2 13 
-10 PIPE2 lit 
-10 FIPE2 15 
-10 PIPE2 16 
-10 PIPE2 17 
-10 PIPE2 18 
-10 PIPE2 19 
-10 PIPE2 20 

0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 

0 0 
0 0 
0 0 
0 0 
0 0 
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7.776D-B 
4.90D-3 4.92D-3 
5様6
6持373.15
5骨0.2
HEAT20 
1 5 
7.776D-8 
4.90D-3 4.92D-3 
5併6
6骨373.15
5持0.2
HEAT21 
1 5 
7.776D-B 
4.90D-3 4.92D-3 
5梼6
6後373.15
5特0.2
HEAT22 
1 5 
7.776D-'8 
4.90D-3 4.92D-3 
5根6
6保373.15
5帯0.2
HEAT01 
HEAT02 
HEAT03 
HEAT04 
HEAT05 
HEAT06 
HEAT07 
HEAT08 
HEAT09 
HEAT10 
HEATll 
HEAT12 
HEAT13 
HEAT14 
HEAT15 
HEAT16 
HEAT17 
HEAT18 
HEAT19 
HEAT20 
HEAT21 
HEAT22 

5.00D-3 

5.00D-3 

5.00D-3 

5.00D-3 

4.98D-3 

4.9BD-3 

4.98D-3 

4.98D-3 

4.96D-3 

4.96D-3 

4.96D-3 

4.96D-3 

4.94D-3 

4.94D-3 

4.~4D-3 

4.94D-3 

n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
 

n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
A
u
n
u
n
u
 

n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
U
ハ
U
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u

F
D
 

n
d
 

PIPE1 1 
PIPE1 2 
PIPE2 1 
PIPE2 2 
PIPE2 3 
.PIPE2 4 
PIPE2 5 
FIPE2 6 
PIPE2 7 
PIPE2 B 
PIPE2 9 
PIPE2 10 
PIPE2 11 
PIPE2 12 
PIPE2 13 
PIPE2 14 
PIPE2 15 
PIPE2 16 
PIPE2 17 
PIPE2 18 
PIPE2 19 
PIPE2 20 

-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 

1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
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A p p e n d i x A.2 I n p u t D a t a f o r S t e w a r t ' s E x p e r i m e n t 

IAFB ANALYSIS FOR WATER (RUN.21(11.06) 
0 0 
0 
1 1 0 
4 4 0 30 30 0 0 0 12 1 
io o o.i o.i I.O 
0 
1.0 

io o o.i o.i I.O 
0 
1.0 
0 .0 
0 . 0 1 0 . 0 1 30 .0 0 
500 0 200 0 0 0 
14 
2 
183 .15 8.96D3 2356-15 8-3^ 
2 
173-15 3-85D30 2000 .0 3-E 
5 
200 .0 413 .0 400 .0 393 .0 500 
3 
1 0 0 . 0 0 .50 800 .0 0 . 5 8 20 

TO 183 .15 8.96D3 2356-15 8-3^ 
2 
173-15 3-85D30 2000 .0 3-E 
5 
200 .0 413 .0 400 .0 393 .0 500 
3 
1 0 0 . 0 0 .50 800 .0 0 . 5 8 20 

I5D30 

183 .15 8.96D3 2356-15 8-3^ 
2 
173-15 3-85D30 2000 .0 3-E 
5 
200 .0 413 .0 400 .0 393 .0 500 
3 
1 0 0 . 0 0 .50 800 .0 0 . 5 8 20 

.0 3 8 6 . 0 600 .0 3 7 9 . 0 2 8 0 0 . 0 3 6 6 . 0 

183 .15 8.96D3 2356-15 8-3^ 
2 
173-15 3-85D30 2000 .0 3-E 
5 
200 .0 413 .0 400 .0 393 .0 500 
3 
1 0 0 . 0 0 .50 800 .0 0 . 5 8 20 0 0 . 0 0 .80 

BOUNDARY-L - 2 2 2 
2 8*0 
0 0 0 
1 0 1 0 5 
1 0 0 0 0 0 6 .263D-5 0 .05 6 .263D-5 0 . 0 5 8 . 9 3 D - 3 8 .93D-3 0 . 0 
1 1.0D-4 2.003D6 2.8199D6 8.4212D5 0 .5996 0 .5996 , 0 . 0 0 . 0 

PIPE1 1 2 2 
10 0 0 
0 0 0 
1 0 1 0 5 
1 0 0 0 0 1 6 .263D-5 0 . 0 1 6 .263D-5 0 . 0 1 8 .93D-3 8 .93D-3 0 . 0 
2 0 0 0 0 2 6 .263D-5 0 . 0 1 6 .263D-5 0 . 0 1 8 .93D-3 8 .93D-3 0 . 0 
3 0 0 0 0 3 6 .263D-5 0 . 0 1 6 .263D-5 0 . 0 1 8-93D-3 8 .93D-3 0 . 0 

. 4 0 0 0 0 4 6 .263D-5 0 . 0 1 6 .263D-5 0 . 0 1 8 .93D-3 8 .93D-3 0 . 0 
5 0 0 0 0 5 6 .263D-5 0 . 0 1 6 .263D-5 0 . 0 1 8 .93D-3 8-93D-3 0 . 0 
6 0 0 0 0 6 6 .263D-5 0 . 0 1 6 .263D-5 0 . 0 1 8-93D-3 8 .93D-3 0 .0 
7 0 0 0 0 7 6 .263D-5 0 . 0 1 6 .263D-5 0 . 0 1 8 . 9 3 D - 3 8-93D-3 0 . 0 
8 0 0 0 0 8 6 .263D-5 0 . 0 1 6 .263D-5 0 . 0 1 8 .93D-3 8 .93D-3 0 . 0 
9 0 0 0 0 9 6-263D-5 0 . 0 1 6 .263D-5 0 . 0 1 8 .93D-3 8 .93D-3 0 . 0 
10 0 0 0 0 10 6 .263D-5 0 - 0 1 6 .263D-5 0 . 0 1 8 .93D-3 8 .93D-3 0 . 0 
1 l .OD-2 2.003D6 2.8199D6 8.4232D5 0 .5996 0 .5996 0 .0 0 . 0 
10 l .OD-2 2.003D6 2.8199D6 8.4232D5 0 .5996 0-5996 0 .0 0 . 0 

PIPE2 1 2 2 
20 0 0 
0 0 0 
1 0 1 0 5 
1 0 0 0 0 1 6 .263D-5 0-025 6 .263D-5 0 .025 8 .93D-3 8 .93D-3 0 . 0 
2 0 0 0 0 2 6 .263D-5 0 .025 6 .263D-5 0 .025 8 .93D-3 8 .93D-3 0 .0 
3 0 0 0 0 3 6 .263D-5 0 .025 6 .263D-5 0 .025 8 .93D-3 8 .93D-3 0 .0 
4 0 0 0 0 4 6 .263D-5 0 .025 6 .263D-5 0 .025 8 .93D-3 8 .93D-3 0 . 0 

- 3 6 -
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Appendix A.2 Input Data for Stewar七'5 Experimen七

IAFB ANALYSIS FOR WATER (RUN.2411.06) 
o 0 
0 
110  
4 4 0 30 30 0 0 0 12 1 
10 0 0.1 0.1 1.0 
o 
1.0 
0.0 
0.01 0.01 30.0 0 
500 0 200 0 0 0 
14 
2 
183.15 8.96D3 2356.15 8.35D3 
2 
173.15 3.85D30 2000.0 3.85D30 
5 
200.0 413.0 400.0 393.0 500.0 386.0 600.0 379.0 2800.0 366.0 
3 
100.0 0.50 800.0 0.58 2000.0 0.80 
BOUNDARY-L -2 2 2 
2 8様0
000  
10105  
1 0 0 0 0 0 6.263D-5 0.05 6.263D-5 0.05 8.93D-3 8.93D-3 0.0 
1 1.0D-4 2.003D6 2.8199D6 8.4212D5 0.5996 0.5996 0.0 0.0 
PIPE1 1 2 2 
10 0 0 
000  
1 0 1 0 5 
1 0 0 0 0 1 6.263D-5 0.01 
2 0 0 0 0 2 6.263D-5 0.01 
3 0 0 0 0 3 6.263D-5 0.01 
4 0 0 0 0 4 6.263D-5 0.01 
5 0 0 0 0 5 6.263D-5 0.01 
6 0 0 0 0 6 6.263D-5 0.01 
7 0 0 0 0 7 6.263D-5 0.01 
8 0 0 0 0 8 6.263D-5 0.01 
9 0 0 0 0 9 6.263D-5 0.01 
10 0 0 0 0 10 6.263D-5 0.01 
1 1.0D-2 2.003D6 2.8199D6 
10 1.0D-2 2.003D6 2.8199D6 
PIPE2 1 2 2 
20 0 0 
000  
1 010  5 
1 0 0 0 0 1 
2 000 0 2 
300  003 
4 0 0 0 0 4 

6.263D-5 
6.263D-5 
6.263D-5 
6.263D-5 
6.263D-5 
6.263D-5 
6.263D-5 
6.263D-5 
6.263D-5 
6.263D-5 
8.4232D5 
8. 4232D5 

0.01 8.93D-3 B.93D-3 
0.01 8.93D-3 8.93D-3 
0.01 B.93D-3 B.93D-3 
0.01 B.93D-3 8.93D-3 
0.01 8.93D-3 8.93D-3 
0.01 8.93D-3 8.93D-3 
0.01 B.93D-3 8.93D-3 
0.01 B.93D-3 B.93D-3 
0.01 8.93D-3 B.93D-3 
0.01 B.93D-3 B.93D-3 
0.5996 0.5996 0.0 0.0 
0.5996 0.5996 0.0 0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

n
u
n
u
n
u
n
u
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-

-
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u
n
u
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3
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5 0 0 0 0 5 6 .263D-5 0 .025 6 .263D-5 0 .025 8 .93D-3 8-93D-3 0 .0 
6 0 0 0 0 6 6 .263D-5 0 .025 6 .263D-5 0 .025 8 . 9 3 D - 3 8 .93D-3 0 . 0 
7 0 0 0 0 7 6 .263D-5 0 .025 6 .263D-5 0 .025 8-93D-3 8-93D-3 0 . 0 
8 0 0 0 0 8 6-263D-5 0 .025 6 .263D-5 0 .025 8-93D-3 8-93D-3 0 . 0 
9 0 0 0 0 9 6 .263D-5 0 .025 6 .263D-5 0 .025 8-93D-3 8 .93 IH3 0 . 0 
10 0 0 0 0 10 6 .263D-5 0 .025 6 .263D-5 0 .025 8-93D-3 8-93D-3 0 . 0 
11 0 0 0 0 11 6 .263D-5 0 .025 6 .263D-5 0 .025 8-93D-3 8-93D-3 0 . 0 
12 0 0 0 0 12 6 .263D-5 0 .025 6 .263D-5 0 .025 8-93D-3 8-93D-3 0 .0 
13 0 0 0 0 13 6 .263D-5 0 .025 6 .263D-5 0 .025 8 .93D-3 8 .93D-3 0 .0 
111 0 0 0 0 ill 6 .263D-5 0 .025 6 .263D-5 0 .025 8 .93D-3 8 .93D-3 0 .0 
15 0 0 0 0 15 6 .263D-5 0 .025 6 .263D-5 0 .025 8 .93D-3 8-93D-3 0 .0 
16 0 0 0 0 16 6 .263D-5 0 .025 6 .263D-5 0 .025 8 .93D-3 8-93D-3 0 . 0 
17 0 0 0 0 17 6 .263D-5 0 .025 6 .263D-5 0 .025 8 .93D-3 8 .93D-3 0 . 0 
18 0 0 0 0 18 6 .263D-5 0 .025 6 .263D-5 0 .025 8 .93D-3 8 .93D-3 0 . 0 
19 0 0 0 0 19 6 .263D-5 0 .025 6 .263D-5 0 .025 8-93D-3 8-93D-3 0 . 0 
20 0 0 0 0 20 6 .263D-5 0 .025 6 .263D-5 0 .025 8 .93D-3 8-93D-3 0 . 0 
1 1.0D-2 2.003D6 2.8199D6 8.1i232D5 0.5996 0 .5996 0 .0 0 . 0 
20 1.0D-2 2.003D6 2.8199D6 8.1(232D5 0 .5996 0 .5996 0 .0 0 .0 

BOUNDARY-R - 1 2 2 
1 8*0 
0 0 0 
1 0 1 0 5 
1 0 0 0 0 0 6 .263D-5 0 .05 6 .263D-5 0 .05 8-93D-3 8 .93D-3 0 . 0 
1 1.0D-2 1.990D6 2.8199D6 8.2153D5 0 .5996 0 .5996 0 .0 0 . 0 

PIPE1 1 2 
PIPE2 2 3 
BOUNDARY-L 1 
BOUNDARY-R 3 

0 
2 5 0 0 0 0 
li 136 .50 
0 . 0 0 .0 
0 .5 0 . 2 
1.0 1.0 
1000.0 1.0 
5 7 8 . 8 1 9 
0 .0 0 .0 
0 .5 0 . 2 
1.0 0 .5 
2 .0 1.0 
1000 .0 1.0 

HEAT01 
1 5 
7 .791D-5 
ll.l»65D-3 5-01D-3 5-555D-3 2 0 . 0 D - 3 li5-OD-3 50 .0D-3 
2*12 3 x l l l 
6*1011.15 
0 .0 0 .0 0 .3333 0 .3333 0 .3333 

HEAT02 
1 5 
7 .791D-5 
li . l i65D-3 5 .01D-3 5 .555D-3 20 .0D-3 l)5-0D-3 5 0 . 0 D - 3 
2*12 3*lli 
6*1011.15 

- 3 7 -
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5 0 0 0 0 5 6.263D-5 0.025 6.263D-5 0.025 8.93D-3 8.93D-3 0.0 
6 0 0 0 0 6 6.263D-5 0.025 6.263D-5 0.025 8.93D-3 8.93D-3 0.0 
7 0 0 0 0 7 6.263D-5 0.025 6.263D-5 0.025 8.93D-3 8.93D-3 0.0 
8 0 0 0 0 8 6.263D-5 0.025 6.263D-5 0.025 8.93D-3 8.93D-3 0.0 
9 0 0 0 0 9 6.263D-5 0.025 6.263D-5 0.025 8.93D-3 8.93D-3 0.0 
10 0 0 0 0 10 6.263D-5 0.025 6.263D-5 0.025 8.93D同 3 8.93D-3 0.0 
11 0 0 0 0 11 6.263D-5 0.025 6.263D-5 0.025 8.93D-3 8.93D-3 0.0 
12 0 0 0 0 12 6.263D-5 0.025 6.263D-5 0.025 8.93D-3 8.93D-3 0.0 
13 0 0 0 0 13 6.263D-5 0.025 6.263D-5 0.025 8.930"-3 8.93D-3 0.0 
14 0 0 0 0 14 6.263D-5 0.025 6.263D-5 0.025 8.93D-3 8.93D-3 0.0 
15 0 0 0 0 15 6.263D-5 0.025 6.263D-5 0.025 8.93D-3 8.93D-3 0.0 
16 0 0 0 0 16 6.263D-5 0.025 6.263D-5 0.025 8.93D-3 8.93D-3 0.0 
17 0 0 0 0 17 6.263D-5 0.025 6.263D-5 0.025 8.93D-3 8.93D-3 0.0 
18 0 0 0 0 18 6.263D-5 0.025 6.263D-5 0.02ラ8.93D-3 8.93D-3 0.0 
19 0 0 0 0 19 6.263D-5 0.025 6.263D-5 0.025 8.93D-3 8.93D-3 0.0 
20 0 0 0 0 20 6.263D-5 0.025 6.263D-5 0.025 8.93D-3 8.93D-3 0.0 
1 1.0D-2 2.003D6 2.8199D6 8.4232D5 0.5996 0.5996 0.0 0.0 
20 1.0D-2 2.003D6 2.8199D6 8.4232D5 0.5996 0.5996 0.0 0.0 
BOUNDARY-R -1 2 2 
1 8帯。
000  
1 0 1 0 5 
1 0 0 0 0 0 6.263D-5 0.05 6.263D-5 0.05 8.93D-3 8.93D-3 0.0 
1 1.0D-2 1.990D6 2.8199D6 8.2153D5 0.5996 0.5996 0.0 0.0 
PIPEl 1 2 
PIPE2 2 3 
BOUNDARY-L 1 
BOUNDARY-R 3 
O 
2 5 0 0 0 0 
4 136.うO
0.0 0.0 
0.5 0.2 
1.0 1.0 
1000.0 1.0 
5 78.819 
0.0 0.0 
O.う 0.2
1.0 0.5 
2.0 1.0 
1000.0 1.0 
HEAT01 
1 5 
7.791D-5 
4.465D-3 5.01D-3 5.555D-3 20.0D-3 45.0D-3 50.0D-3 
2脅12 3誕14
6*1011.15 
0.0 0.0 0.3333 0.3333 0.3333 
HEAT02 
1 5 
7.791D-5 
4.46うD-3 5.01D-3 5.555D-3 20.0D-3 45.0D-3 50.0D-3 
2骨12 3後14
6特1011.15

-37-
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0.0 0.0 0.3333 0.3333 0.3333 
HEAT03 

1 5 
7-791D-5 
ij. U65D-3 5-01D-3 5-555D-3 20.0D-3 45-OD-3 50.0D-3 
2*12 3*14 
6*1011.15 
0.0 0.0 0.3333 0.3333 0.3333 

HEAT01) 
1 5 
7-791D-5 
lt.it65.D-3 5-01D-3 5-555D-3 20.0D-3 45-0^-3 50.0D-3 
2*12 3*14 
6*1011.15 
0.0 0.0 0.3333 0.3333 0.3333 

HEAT05 
1 5 
7.791D-5 
4-465D-3 5.01D-3 5-555D-3 20.0D-3 45-0D-3 50-OD-3 
2*12 3*14 
6*1011.15 
0.0 0.0 0.3333 0.3333 0.3333 

HEAT06 
1 5 
7.791D-5 
4-465D-3 5-01D-3 5-555D-3 20.0D-3 45-OD-3 50.0D-3 
2*12 3*14 
6*1011.15 
0.0 0.0 0.3333 0.3333 0.3333 

HEAT07 
1 5 
7.791D-5 
4-465D-3 5-01D-3 5.555D-3 20.0D-3 lt5-0D-3 50.0D-3 
2*12 3*14 
6*1011.15 
0.0 0.0 0.3333 0.3333 0.3333 

HEAT08 
1 5 
7-791D-5 
4.465D-3 5.01D-3 5-555D-3 20.0D-3 45-OD-3 50.0D-3 
2*12 3*14 
6*1011.15 
0.0 0.0 0.3333 0.3333 0.3333 

HEAT09 
1 5 
7.791D-5 
4.465D-? 5.01D-3 5-555D-3 20.0D-3 45-OD-3 50.0D-3 
2*12 3*14 
6*1011.15 
0.0 0.0 0.3333 0.3333 0.3333 

HEAT10 
1 5 
7.791D-5 
4-465D-3 5-01D-3 5-555D-3 20.0D-3 45-OD-3 50.0D-3 

- 3 8 -
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0.0 0.0 0.3333 0.3333 0.3333 
HEAT03 
1 5 
7.791D-5 
4.465D-3 5.01D-3 5.555D-3 20.0D-3 45.0D-3 50.0D-3 
2‘12 3椅14
6縛1011.15
0.0 0.0 0.3333 0.3333 0.3333 
HEAT04 
1 5 
7.791D-5 
4.465D-3 5.01D-3 5.555D-3 20.0D-3 45.0~-3 50.0D-3 
2替12 3持14
6縛1011.15
0.0 0.0 0.3333 0.3333 0.3333 
HEAT05 
1 5 
7.791D-5 
4.465D-3 5.01D-3 5.555D-3 20.0D-3 45.0D-3 50.0D-3 
2義12 3特14
6器1011.15
0.0 0.0 0.3333 0.3333 0.3333 
HEAT06 
1 5 
7.791D-5 
4.465D-3 5.01D-3 5.555D-3 20.0D-3 45.0D-3 50.0D-3 
2祷12 3鋳14
6骨1011.15
0.0 0.0 0.3333 0.3333 0.3333 
HEAT07 
1 5 
7.791D-5 
4.465D-3 5.01D-3 5.555D-3 20.0D-3 45.0D-3 50.0D-3 
2鋳12 3後14
6梧1011.15
0.0 0.0 0.3333 0.3333 0.3333 
HEAT08 
1 5 
7.791D-5 
4.465D-3 5.01D-3 5.555D-3 20.0D-3 45.0D-3 50.0D-3 
2梼12 3骨14
6様1011.15
0.0 0.0 0.3333 0.3333 0.3333 
HEAT09 
1 5 
7.791D-5 
4.465D-: 号.01D-3 5.555D-3 20.0D-3 45.0D-3 50.0D-3 
2輯12 3暢14
6‘1011.15 
0.0 0.0 0.3333 0.3333 0.3333 
HEAT10 
1 5 
7.791D-5 
4.465D-3 5.01D-3 5.555D-3 20.0D-3 45.0D-3 50.0D-3 

-38 
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2*12 3*?'J 
6*1011.15 
0.0 0.0 0.3333 0. 

HEATH 
1 5 
0.8678D-6 
l|.li65D-3 U.683D-3 
5*12 
6*900.15 
5*0.2 

HEAT12 
1 5 
0.8678D-6 
l).l465D-3 l).683D-3 
5*12 
6*900.15 
5*0.2 

HEAT13 
1 5 
0.8678D-6 
lj.l)65D-3 14.683D-3 
5*12 
6*900.15 
5*0.2 

HEATU 
1 5 
0.8678D-6 
lj.li65D-3 1J.683D-3 
5*12 
6*900.15 
5*0.2 

HEAT15 
1 5 
0.8678D-6 
Jj.ii65»-3 1J.683D-3 
5*12 
6*900.15 
5*0.2 

HEAT16 
1 5 
0.8678D-6 
if.J(65D-3 l|.683D-3 
5*12 
6*900.15 
5*0.2 

11EAT17 
1 5 
0.8678D-6 
i4.ii65D-3 l).683D-3 
5*12 
6*900.15 
5*0.2 

HEAT18 
1 5 

3333 0.3333 

1I.901D-3 5-H7D-3 

fl.901D-3 5-117D-3 

l(.901D-3 5.117D-3 

lj.901D-3 5-H7D-3 

l|.901D-3 5-H7D-3 

I4.901D-3 5-H7D-3 

4.901D-3 5-H7D-3 

- 3 9 -

5-337D-3 5.555»-3 

5-337D-3 5-555D-3 

5.337D-3 5.555D-3 

5-33711-3 5-555D-3 

5-337D-3 5-555D-3 

5-337D-3 5-555P-3 

5-337D-3 5-555D-3 

2梶12 3 i'~ Ij 
6骨1011.15

jAERI-M 88-174 

0.0 0.0 0.3333 0.3333 0.3333 
IIEAT11 
1 5 
0.867BD-6 
Q.Q65D-3 Q.683D-3 Q.901D-3 5.117D-3 5.337D-3 5.555D-3 
5誕12
6梶900.15
5骨0.2
HEAT12 
1 5 
0.8678D-6 
4.Q65D-3 4.683D-3 4.901D-3 5.117D-3 5.337D-3 5.555D-3 
5持12
6特900.15
5様0.2
IIEAT13 
1 5 
0.8678D-6 
Q.46うD-3 4.6B3D-3 4.901D-3 5.117D-3 5.337D-3 5.555D-3 
5持12
6持900.15
5鵠0.2
HEAT14 
1 5 
0.8678D-6 
Q.465D-3 4.6B3D-3 4.901D-3 5.117D-3 5.337D-3 5.555D-3 
5輔12
6骨900.15
5傍0.2
HEATlう
1 5 
0.8678D-6 
4.465D-3 4.683D-3 4.901D-3 5.1J7D-3 5.337D-3 5.555D-3 
5梼12
6鴨900.15
5梼0.2
IIEAT16 
1 5 
0.8678D-6 
4.465D-3 4.683D-3 4.901D-3 5.117D-3 5.337D-3 5.555D-3 
う輪12
6骨900.15
う様0.2
IIEAT17 
1 5 
0.B678D-6 
Q.Q65D-3 4.683D-3 4.901D-3 5.117D-3 5.337D-3 5.555D-3 
5骨12
6毎900.15
5特0.2
HEA'l'18 
1 5 
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0.8678D-6 
ll.l»65D-3 l(.683D-3 l».901D-3 
5*12 
6*900.15 
5*0.2 

HEAT19 
1 5 
0.8678D-6 
it.l(65D-3 4-683D-3 l».90lD-3 
5*12 
6*900.15 
5*0.2 

HEAT20 
1 5 
0.8678D-6 
it.Jt65D-3 K683D-3 lt-901D-3 
5*12 
6*900.15 
5*0.2 

HEAT21 
1 5 
0.8678D-6 
l).J)65D-3 1J.683D-3 ii.901D-3 
5*12 
6*900.15 
5*0.2 

HEAT22 
1 5 
0.8678D-6 
l).l465D-3 *t.683D-3 J|.901D-3 
5*12 
6*900.15 
5*0.2 

HEAT?3 
1 5 
0.8678D-6 
Jt.lt65D-3 ii.683D-3 li.901D-3 
5*12 
6*900.15 
5*0.2 

HEAT2ii 
1 5 
0.8678D-6 
lt.it65D-3 it.683D-3 I1.9OID-3 
5*12 
6*900.15 
5*0.2 

HEAT25 
1 5 
0.8678D-6 
l|.li65D-3 U.683D-3 i|.901D-3 
5*12 
6*900.15 
5*0.2 

5.117D-3 5.337D-3 5-555D-3 

5.117D-3 5.337D-3 5-555D-3 

5.117D-3 5-337D-3 5-555D-3 

5-117D-3 5.337D-3 5055D-3 

5.117D-3 5-337D-3 5-555D-3 

5.117D-3 5.337D-3 5-555D-3 

5.117C-3 5-337D-3 5-555D-3 

5.117D-3 5-337D-3 5-555D-3 

- 4 0 -
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0.8678D-6 
4.465D-3 4.683D-3 4.901D-3 5・117D-3 5.337D-3 5.555D-3 
う輔12
6帯900.15
5椅0.2
HEAT19 
1 5 
0.8678D-6 
4.465D-3 4.683D-3 4.901D-3 5.117D-3 5.337D-3 5・555D-3

5‘12 
6*900.1ラ
5様0.2
HEAT20 
1 5 
0.8678D-6 
4.465D-3 T.683D-3 4 ・901D-3 5.117D-3 5・337D-3 ラ.ラ55D-3
5僑12
6秘900.15
5様0.2
HEAT21 
1 5 
0.8678D-6 
4.465D-3 4.683D-3 4.901D-3 5.117D-3 5・337D-3 5・)55D-3

5‘12 
6暢900.15
5様0.2
HEAT22 
1 5 
0.8678D-6 
4.465D-3 4.683D-3 4.901D-3 5.117D-3 5・337D-3 5・555D-3
5骨12
6“900.15 
5梼0.2
HEAT!J3 
1 5 
0.8678D-6 
4.465D-3 4.683D-3 4.901D-3 5.117D-3 5.337D四 3 5.555D-3 
5様12
6骨900.15
5根0.2
HEAT24 
1 5 
0.8678D-6 
4.465D-3 4.683D-3 4.901D-3 5.117D-3 5.337D-3 5・555D-3
5錫12
6僑900.15
5*0.2 
HEAT25 
1 5 
O.8678D-6 
4.465D-3 4.683D-3 4 ・901D-3 5.117D-3 5・337D-3 5・555D-3
5輔12
6梼900.15
5“0.2 
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HEAT26 
1 5 
0.8678D-6 
l».it65D-3 J4-683D-3 I1.9OID-3 5.117D-3 5.337D-3 5-555D-3 
5*12 
6*900.15 
5*0.2 

HEAT27 
1 5 
0.8678D-6 
lt.l465D-3 l».683D-3 lt.901D-3 5-117D-3 5-337D-3 5-555D-3 
5*12 
6*900.15 
5*0.2 

HEAT28 
1 5 
0.8673D-6 
Ji.i*65D-3 k.683D-3 h.901D-3 5.H7D-3 5-337D-3 5-555D-3 
5*12 
6*900.15 
5*0.2 

HEAT29 
1 5 
0.8678D-6 
<l.*l65D-3 l(.683D-3 JJ.901B-3 5.117D-3 5.337D-3 5-555D-3 
5*12 
6*900.15 
5*0.2 

HEAT30 
1 5 
0.8678D-6 
ll.l)65D-3 14.683D-3 U. 901D-3 5-117D-3 5.337D-3 5.555D-3 5*12 
6*900.15 
5*0.2 

HEAT01 1 -10 PIPE1 1 0 0 0 
HEAT02 1 -10 PIPE1 2 0 0 0 
HEAT03 1 -10 PIPE1 3 0 0 0 
HEAT01) 1 -10 PIPE1 J» 0 0 0 
HEAT05 1 -10 PIPE1 5 0 0 0 
HEAT06 1 -10 PIPE1 6 0 0 0 
HEAT07 1 -10 PIPE1 7 0 0 0 
HEAT08 1 -10 PIPE1 8 0 0 0 
HEAT09 1 -10 PIPE1 9 0 0 0 
HEAT10 1 -10 PIPE1 10 0 0 0 
HEATH 2 -10 PIPE2 1 0 0 0 
HEAT12 2 -10 PIPE2 2 0 0 0 
HEAT13 2 -10 PIPE2 3 0 0 0 
HEATlll 2 -10 PIPE2 h 0 0 0 
HEAT15 2 -10 PIPE2 5 0 0 0 
HEAT16 2 -10 PIPE2 6 0 0 0 
HEAT17 2 -10 PIPE2 7 0 0 0 
HEAT18 2 -10 PIPE2 8 0 0 0 
HEA'i'19 2 -10 PIPE2 9 0 0 0 

- 4 1 -

HEAT26 
1 5 
0.8678D-6 
4.465D-3 4.683D-3 
5骨12
6帯900.15
5鴨0.2
HEAT27 
1 5 
O.B67BD-6 
4.465D-3 4.683D-3 
5‘12 
6鑓900.15
5暢0.2
HEAT28 
1 5 
0.8678D-6 
4.465D-3 4.6B3D-3 
5‘12 
6骨900.15
5後0.2
HEAT29 
1 5 
0.8678D-6 
4.465D-3 4.683D-3 
5梼12
6鋳900.15
5恭0.2
HEAT30 
1 5 
0.8678D-6 
4.465D-3 4.683D-3 
5骨12
6様900.15
5特0.2
HEAT01 
HEAT02 
HEAT03 
HEAT04 
HEATD5 
HEAT06 
HEAT07 
HEATD8 
HEATD9 
HEAT10 
HEATll 
HEAT12 
HEATl3 
HEAT14 
HEATユ5
HEAT16 
HEAT17 
HEAT18 
HEA'l'19 

5.555D-3 

5.555D-3 

5.555D-3 

5.555D-3 

5.555D-3 

5.337D-3 

5.337D-3 

5.337D-3 

5.337D-3 

5.337D-3 
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5.1l7D-3 

5.1l7D-3 

5.1l7D-3 

5.1l7D-3 

5.1l7D-3 

4.9D1D-3 

4.901D-3 

4.901D-3 

4.901D-3 

4.901D-3 

n
U
A
U
n
u
n
u
n
u
n
U
内

U
n
u
n
u
n
u
n
u
n
u
h
u
n
u
n
u
n
u
h
u
n
u
n
u

nu
内

U
n
u
n
u
n
u
n
U
《

U
n
u
n
u
n
u
n
u
n
u
n
U
内

u
n
u
n
u
n
u
n
u
n
u
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n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
 

PIPE1 1 
PIPE1 2 
PIPE1 3 
PIPEl 4 
PIPE1 5 
PIPE1 6 
PIPE1 7 
PIPE1 8 
PIPE1 9 
PIPE1 10 
PIPE2 1 
PIPE2 2 
PIPE2 3 
PIPE2 4 
PIPE2 5 
PIPE2 6 
PIPE2 7 
PIPE2 8 
PIPE2 9 

-10 
-10 
-10 
-10 
-10 
-10 
ーユo
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 

1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
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HEAT20 2 -10 PIPE2 10 0 0 0 
HEAT21 2 -10 PIPE2 11 0 0 0 
HEAT22 2 -10 PIPE2 12 0 0 0 
HEAT23 2 -10 PIPE2 13 0 0 0 
HEAT21; 2 -10 PIPE2 lit 0 0 0 
HEAT25 2 -10 PIPE2 15 0 0 0 
HEAT26 2 -10 PIPE2 16 0 0 0 
HEAT2T 2 -10 PIPE2 17 0 0 0 
HEAT28 2 -10 PIPE2 18 0 0 0 
HEAT29 2 -10 PIPE2 19 0 0 0 
HEAT30 2 -10 PIPE2 20 0 0 0 

- 4 2 -
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n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
U
 

n
u
n
u
n
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《

U
n
u
n
u
n
u
n
u
n
u
n
u
n
u

n
u
内

U
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u
n
u

PIPE2 10 
PIPE2 11 
PIPE2 12 
PIPE2 13 
PIPE2 14 
PIPE2 15 
PIPE2 16 
PIPE2 17 
PIPE2 18 
PIPE2 19 
PIPE2 20 
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-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 
-10 

円
ζ

円
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Appendix B P h y s i c a l P r o p e r t i e s of Freon-113 

In order t o ana ly se A r l t o m l ' s t e s t of IAFB using Freon-113, p h y s i c a l 
p r o p e r t i e s of Freon-113 must be implemented i n t o MINCS because t hey were 
not prepared In MINCS. The fo l lowing p h y s i c a l p r o p e r t i e s of Freon-113 
were used. They were from Prof. M.Arltomi of Tokyo I n s t i t u t e of 
Technology. 

1. Uni t of parameters 
Pressure (p) : kg/cm s 

Temperature (T) : "C 
Entha lpy (h) : kca l /kg 
Densi ty (p) : kg/m 3 

Thermal c o n d u c t l v l t y ( k ) : kca l / (m.h . 'C) 
Viscos i ty (/;) : kg .sec /m 2 

Specif ic hea t (Cp) : kcal/(kg.*C) 
Surface t ens ion {a) : kg/ra 

2 . S a t u r a t i o n t e m p e r a t u r e 7 7 ,=F(p) 

Ts - - 4 . 3 1 2 3 p J + 35.207/>+15.774 (B-\) 

3- D e n s i t y of s a t u r a t e d v a p o u r p u , = F ( T , ) 

P"' " o . 4491 VxiQ-'Tl-0.82123X l O ^ F . + O. 42434 

Z|. D e n s i t y of l i q u i d Pi=T(T,) 

P I 5—3 - = =• (5-3) 
0.35809X10 r i+O.74652X10 T i + O.61844X10 3 

5 . E n t h a l p y of s a t u r a t e d v a p o u r /i„,=F(7',) 

h„, - - 0 .35672X10" ' r J + 0 . 1 5 1 2 6 r , + 0 .13819XlO 3 </i-4) 

6 . E n t h a l p y o f l i q u i d hi=T{Ti) 

h, - 0.<i3987xlO" : ! r i + 0.20296J' i + 0 . 1 0 0 0 4 x l 0 3 ( 5 - 5 ) 

7 . S u r f a c e t e n s i o n a = F ( 7 ' J 

a - - 0 . 10708X10" 47', + 0 .20395X10" ' (B G) 

- 4 3 -
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Appendlx B Physlcal Propertles of Freon-113 

In order七oanalyse Arl toml 's tes七ofIAFB uslng Freon-113， physlcal 
propert1es of Freon-113 must be 1mplemented 1nto MINCS because they were 

not prepared 1n MINCS. The followlng physlcal propertles of Freon-113 

were used. They were from Prof. M. Arl -Goml of Tokyo Instl tu七eof 

Technology. 

1. Unlt of parameters 

Pressure (p) 

Temperature (T) 

En七halpy(h) g
D
 

2
 m

A

 

l

e

-
ム

J

a

 

E

2

 

k

℃

如

Denslty (p) kg/m3 

Thermal conduc七lvl七y(k) kcal/(m.h. 'C) 

Vlscosity (，，) kg.sec/m2 

Speciflc heat (Cp) kcal/(kg. 'C) 

Surface tenslon (d) kg/m 

2. Saturatlon tempera七ure T.=F(p) 

T， --4.3123p2+35.207p+15.774 (s-] ) 

3. Denslty of satura七edvapour Pu，=F(九)

l 
Pu!t-
u' 0.44919X]0-4T~-0.82123X10-2T.+0.42434 

(IJ'-2 ) 

4. Dens1ty of l1quid ρ，=f(T，) 

ρ1・o.35809x 10吋・1+0.74652X 10-6T，+0. 61844X 10-3 (s-3 ) 

う. En七halpyof sa七ura七edvapour h.，=F(T，) 

h.，ー-0.35672x 10-4T! +0 .15126Tけo.13819X 103 (134) 

6. Enthalpy of l1quld h/=F(T，) 

h，圃 0.23987x 1 0-3Tl+ O. 20296T， +0.10004 x 103 (s-5) 

7. Surface tenslon d =F(T.) 

。圃ー0.10708x10・41・，+0.20395x 10-1 (B 6) 
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8 . V i s c o s i t y of v a p o u r ^„=F(7'„) 

/i„ - - 0 . 1 8 3 3 0 X 1 0 " " r ; + 0 .25884X10" 8 r„ + 0.98374X10" 6 ( 5 - 7 ) 

9 . V l s c o c l t y of l i q u i d Mi=F{T,) 

IH - 0 .68142X10~ 8 7 , ?-0.12355X10~ ! T,+-0.94316X10~ 4 (B-8) 

1 0 . S p e c i f i c h e a t o f v a p o u r Cpu=F{Tu) 

Cpu - 2.0X0.34639X10~ 4 7'„ + 0.15846 ( S - 9 ) 

1 1 . S p e c i f i c h e a t of l i q u i d Cpt=F(Ti) 

Cpi - 2 .0X0.23987X10" 3 T„ + 0.20296 (.0-10) 

12 . T h e r m a l c o n d u c t i v i t y of v a p o u r ku=F(T„) 

kv - 0.32607X10" 77 ,2 + 0.35418X10" 47'„ + 0.65874X10' ' 2 (B-l\) 

1 3 . T h e r m a l c o n d u c t i v i t y of l i q u i d fc,=F(7',) 

ki - - 0 . 2 0 5 2 8 X 1 0 ~ 7 7 ' ' - 0 . 1 9100X 10~37', + 0 . 70589x10" ' (B 12) 

11). To o b t a i n s u p e r h e a t e d v a p o u r t e m p e r a t u r e from Ts,hv and / i u s , 

7\,=F (T,, A„, ft„,) 

r _ -B+^B2-4xAXC , „ ,.,> 
' " 2XA ( I i [-' 

A - 0 .34639X10" 4 

B - 0 .15843 

C - hv,-hu-BxT,-A><.T\ 

15 . To o b t a i n l i q u i d t e m p e r a t u r e from hi Tt=F(hi) 

T, - -BWf^yAXC ( 5 - H ) 

A - 0 .23987X10" 3 

B - 0 .20296 

C - 0.10004X103 - A, 

Comparing them vlth experimental data from the Freon Company, it 
Is found that their agreement Is good In the pressure range of 0.5 to 
3.0 kg/cm1 as shown In Flg.B-1. 
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B. Vlscoslty of vapourμ戸F(1'.)

P. 圃ー0.18330XI0・"T~+O.25884xI0-eT.+0.98374XIO-6 (B-7) 

9. Vlscoclty of 11quldμ/=F(1'/ ) 

P/ - 0.68142 X 10-eT~-0. 12355x 10-5T/ +0.94316 X 10-4 (B-8) 

10. Speclflc hea七ofvapour Cp.=F(T.) 

CP. - 2.0XO.34639xI0-41'.+0.15846 (B-9) 

11， Spec1flc hea七 of11quld Cp/=F(1'/) 

Cp/ -2.0XO. 23987X 10-31'.+0.20296 (B-l0) 

12. Therma1 conduc七lvltyof vapour kυ=F(T.) 

k. - O. 32607 X 1 0 -11'~ + 0 . 354 18 x 1 0寸Tυ+0.65874XI0-2 (B 11 ) 

13. Therma1 conduc七lvltyof l1quld h/=F(1'd 

k/ 圃ー0.20528Xl0-11・1-0.19100X 10-37'/+0. 70589x 10-1 β 12) 

14. To ob七alnsuperhe且tedvapour temperature from 1'， .h. and h叫・

1'.=F(T.，h.，h..) 

T‘，ー
-B+..fB2コ百五五万
2XA 

A - 0.34639xI0-4 

B ・ 0.15843

C -h.，-h.--BX1'.-AX1'! 

15. To obta1n 11quld七empera七urefrom hl 1'1=F(九1) 

T，圃ーB+，，(sて4XAXC
2xA 

A 圃 0.23987XI0・s

B ・ 0.20296

C ・0.10004XI03 - h/ 

(β1 :l) 

(β11) 

Compar1ng them w1七hexperlmenta1 da七afrom the Freon Company， it 

Is found七hatthelr agreement Is good ln七hepressure range of 0.5 to 

3.0 hc/cm~ as shown 1n Flg.B-1. 
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