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A set of new constitutive relations appropriate to Inverted Annular
Film Boiling regime has been developed based on Aritomi's experiment using
Freon—113. Conservation equations for two-fluid model together with
proposed constitutive relations were solved numerically by the two-phacc
flow analyzer MINCS which had been developed at Japan Atomic Energy Research
Institute. Calculated results for the Aritomi's test were in good agree-
ment with the experimental results. The proposed model were applied to the
analysis of Stewart's experiment using water for verification. A better
agreement between calculated and experimental results was also obtained at
relatively low pressure condition. The effects of liquid inlet subcoolin-,

pressure and flow rate on wall heat transfer coefficient were discussed.
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Nomenclature

cross—sectional flow area

ratio of temperature difference
specific heat

dlameter

hydraulic equivalent diameter
thermodynamic equivalent diameter
friction factor

wavy Interface influence factor
gravitational constant
enthalpy

heat transfer coefficient
thermal conductivity

Nusselt number

pressure

perimeter

Prandtl number

heat flux

radius

Reynolds number

time

temperature

veloclty

axial coordinate

Greek letters

™ Ny o o

A--]

N 0w

volume fraction
vepour film thickness
mass transfer rate
emissivity

influence coefficient
viscosity

rate of circumference
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e density
dp Stefan-Boltzman constant
o surface tension
T shear stress
Subscripts
i interface
1 liquid phase

rad radistion
5 saturation
sub subcooled
v vapour phase

) wall

{5)
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1. Introduction

In recent years, a number of advanced, best-estimate system codes
such as TRAC ¢''* and RELAP5 ®*? have been developed to predict the
consequences of various postulated accidents and transients in light
water reactors (LWRs). Although +these codes have gone +1hrough
assessment to some extent during the developmental stage, 1t 1s
recognized +that +the evaluation of constitutive relaticns using

experimental data is still of importance. From this point of view,

€453 mas been

the transient two-phase flow analyzer: the MINCS code
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 thils study is to develop the inverted annular film
boiling (IAFB) model for two-fl:td model using MINCS.

The inverted annular film b:.' -ng appears when stable vapour film
covers heated wall and the liquid phase is continuous Iin 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 1in the reactor core where the fuel clad
temperature exceeds the minimum film boillng temperature and the
coolant 1Is subcooled. Accurate knowledge of IAFB 1is 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 flelds
such as cryogenics in which low quality bolling occurs.

In the ldeal IAFB regime, flows of liguid and vapour phases ere
sepdrated and the liquid phase can not contact with the heating wall.
The non~-equllibrium thermal-hydraulic phenomena appear in this regime.
The vapour film 1is 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-wall contact reduces the heat transfer

rate and results in high wall temperature.
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The two-phase flow and heat transfer phenomena in IAFB are very
complex. The interface of liguid and vapour possibly becomes wavy
because of vaporizatlion and large veloclty difference between liquid
and vapour. This phenomenon has been observed by Ishii ‘®?. The random
disturbance at the liquid-vaepour interface in a pool film boiling has
been studied by Coury et. al. ¢"%), This disturbance may result 1in
intermittent touching of the liguid with the wall ‘®!%?, The subcooled
ligquid core may contain bubbles and vapour film may contaln liguid
droplets ®'®?, Presently, the consideration of such detalled effects in
an analytical model is very difficult.

Although the development of research for IAFB is rapid and inany
models based on experiments have been proposed, they have always some
limits whicn result in difficulty to extend their applied ranges. The
early analysls by Dougall and Rohsenovw (1) 1as accounted for the
turbulence in the vapour film, but weas applied only to saturated liquid.
Elias and Chambre ‘'*’ have solved the entrance-region problem for the
vapour film. However, thelr model was based on a number of rather
drastic assumptions, for exemple, the vapour was generated at the quench
front only, with the wall and liquid at constant temperatures. Osakabe
and Sudo ¢**? have proposed a solution accounting for the turbulence in
the vapour film and correcting the effect of vold 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 ') makes detalled
analysis of IAFB possible. The understanding of interaction between
twvo 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 ¢'5-!"'%'®3_  Although
a large number of heat transfer correlations were proposed as reviewed
by Croeneveld 2%%'7  there 1s 1little understanding of +the basic
hydrodynamics. The main reason for the lack of information about the
flow characteristics 1s due to experimental difficulties associated with
flowv measurement. From above view, 1t 1s recognized that the
understanding of mechanisms and the establishment of an analyticel
model for IAFB are necessary.

The thermal and hydraulic behavior of inverted annular flow have

been investigated experimentally under various conditions of heat flux,
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inlet velocity, inlet subcooling and heating length using Freon-113 by
Aritomi ©*®?. It was shown that the experimental results of vapour film
thickness and heat transfer coefficient were not in good agreement with
those by Bromley's (**7 or Sudo's ¢!*? correlations. The empirical
correlations were proposed for the net wvaporization rate from +the
interface, interfacial shear stress and heat transfer coefficients from
wall to vapour and from interface to ligquid.

In this study, the constitutive relations for IAFB in two-fluid
model are proposed based on Aritoml's empirical correlations.
Conservation equations for two phases are solved together with the
proposed constitutive relations by using MINCS. The comparison of
calculated results with experimental date for Aritomi's test is
performed. Then, the proposed model is applied to the analysis of
Stewart's experiment for verification. The effects of liguid inlet

subcooling, pressure and flow rate on wall heat transfer coefficient

are discussed.

|— Heated wall

Vapour film -

Ligquid core -

Fig 1.1 Sketch of IAFB
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2. Two-fluld model

In this section, the thermo-hydraulic conservetion equations for
two~fluid model are described and constitutive reletions for IAFB regime

are proposed.
2.1 Two-fluid conservation equations

The two-fluid formulation uses & separate set of conservation
equations (mass, momentur and energy) for each phase. The flow regime
of JAFB 1s assumed as an 1deal regime in which there are not any

entrainments in both phases and the liquid core 1s not in touch with
the wall.

2.1.1 Mass conservation equations

2 a UA
A (?LPI) + (01‘;;1 ) Pl (1)
Aa(a;.,tpu) + 6(aur;.;U.,A) - Pl (2)

2.1.2 Momentum conservation equations

au 18} a
Aazpr‘;,t—[ +Aa‘p1U;-§7' +Aa,; a’;’ =Pli(Ui-U)+Piri—~Pittwut Aaip18: (3)

a
/‘!a.,pl,—%(—JtL +Aa,e0,U, aali" +Aa.,7‘?‘ =Ery(Ui-Uy)+Pityi—Pityut Aa,0.8. 1)

2.1.3 Energy conservation equations

2 Uz
a{aes(mi+ Ly} a(Aae Ui+l
2 + 2 b

at 6z By
Ui
- Pil"tt('tti+"2—l)+P1qu+thmw+Aam:U1ga (5)



JAERI-M 88-174

2 2
dlann(ht ) a(Analu(hr D))
3t + 3z BT
Ui
2

= Pilyi(hyit )+PiQui+PuwQuw+Aaupungz (6)

In Egs.{1) to (6), subseripts !, v, { end w denote liguld phase,
vapour phase, interface of tvo phases and wall, respectively, and volume

fractions of liquid and vapour (a;,q,) satisfy
a + a, = 1 . N
We, approximately, assume that

pt = p, =p and (8)
Ui = min(U,,U,) . (8}

Basic state variables a,, p, hy and U, (k=l,v) can be obtained by
solving equations (1) to (6), and other variables A, Pi, Piws 2k, Gr»

ty; and I'p; { j=i,w and k=l,v ) are determined by constitutive relations.
2.2 Constitutive relations

To close the system, constitutive relations are u.eded for P;, P..
Prs Qrj, Txj B8Nd i as a function of basic state variables, an, p, hx &and
Uy. In the following, the constitutive relations are described in
detail.

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

D is
A= 2D (10)

For IAFB regime, 1t is assumed that the vapour flows in a verticsal
annular chennel which 1s constructed by the tube wall and the

liquid-vapour interface, and the liquid phase flows in a circular tube
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which is bounded by the interface. The vapour film thickress & and

interfaclial perimeter P; are related to the vapour fraction e, by

s = 2a-ya. (11)

P; = n{D-28). (12)
The perimeters of vapvur-wall and liquid-wall are
P,, = 2D and P, = 0. (13)

2.2.2 The equetions of state
The thermodynamic eguations of state are given by

en = ox(p,he) and Tp = Tw{p,hy) . (14)

vhere 7, is the k-phase temperature. These relations are supplied by

MINCS so long as water is used .

2.2.3 Weall shear stresses
Because the wall is covered by vapour film only, the wall sheer

stresses are assumed as follows:

riw = 0 and (15)

Two = Floup | UIUL (16)

wvhere f,, denotes +the friction fector of vapour-wall. We use the

Colebrook's correlation ¢**? for f,,. The wall friction f.,. is given by

{1) Re, < 1000

- 16.0
fuw Rev ’

(2) Re, > 4000

2.51 + roughness) . an

U S
Tare ~ 086 lee (T 3.7D
{(3) 1000 < Re, < 4000
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4000)- 1000
Sow = f.,w(1000)+f"'”( 4003_{‘(’,‘6(0 )(Re.,—IOOO)

where

0, U,28
Re, = ~—7%——.

2.2.4 Interfacial shear stresses
It 1s assumed that interfaclal shear stresses of vapour and liquid

phases are equel as follows:

Tye = —Ty (18)

end r,; 1s defined as
Toi = 5 fui0o|U=Uil(U,=U2) (19)

where f,; 1s +the 1interfacial friction factor. It 1s difficult to
determine f,; , because 1t is affected by some factors such as interfacial
disturbance. Thus, & general correlation of f,; appropriate for IAFB
is lacking. We assume that the wavy lnterfacial friction factor 1s made
up of +the smooth Interfaclal friction factor and the interfacial
disturbance factor. 1In other words, the interface is rough due to the

disturbance. We e Aritomi's empirical correlation 57 :

0.0791
. fui - Re?’zﬁ_F (20)
where
" = 1490.9-2- and (21)
R -9p;

Re;, = pu(Uu;le)Di‘
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In abose relation, (0.0791/Re??%) 1s the friction factor of smooth
interface ¢**? and F 1s the wavy interface 1influence factor ¢**’
accounting for the effect of interfacial disturbance. The 1nterfacial
disturbance 1s enhanced and the interface becomes more non-smooth with

increase of vapour void fraction ¢287.

2.2.5 Heat transfers of vapour phase

The mechanism of heat transfer in IAFB 1s not well understood sat
present®®’?. The vapour is, for example, treated as o flow between tvo
parallel plates; one i1s the wall and the other is the interface ('''57,
This hypothesis 1s, however, not correct according to the observation
by Costigan and Wade ¢?®?, 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 fluld flowing in an annuler tube, the heat flux of inner and
outer tube have been derived by M.W.Kays *®? and are given by

1] kll N U 3
Quw = Huw(Ty=T,)= Dh'_q—:-,l: (Tw=Ty) (22)
“Gow v
k Nu;
quc = Hy(T,=To)= D,”,l.l—;j‘w—e(Tu—Ts) : (29)
—q'u' ¢

where Nu; 1s defined as the inner—-tube Nusselt number when the inner
tube alone 1s heated and Nu, 1s outer-tube Nusselt number when the outer
tube &alone 1s heated. The parameters 6, eand §6; are influence
coefficients. We assume that the interface 1s at the saturation
temperature, 7,, in above equations.

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

1+Nu" B8

Hy = — 5 Hu . (24)
. w
Nu +5
wvhere
T Ty «_Nuy
B T, and Nu Na,
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For laminar flow, constants in above correlations ( Nu,, Nu;, 8,
and #; ) are given by Kays ‘*®? and are listed in Table 2.1.
Here we use the empirical correlation of wall heat transfer

coefficient from Aritomi's test ©?*7 and the above relation of heat

transfer coefficients for H,, and I/,;. Aritomi's empirical correlation
of H,, is
2k 8
Hy,p = 8"(1+90.973) . (25)

In Eq.(25), we can find that the H,. includes the laminar heat
transfer coefficlent, 2k&,/8, and the wavy interface influence factor,
F. This implies that the disturbance of interface enhances the wall

heat transfer.

2.2.6 Heat transfers of liquid phase

If liquid phase is not in touch with the wall, heat transfer between
liquid and wall is only the radiation heat transfer. The radlation heat
flux, greq, 15 glven by

4 _md
"B(Tw Ts) (26)

where o5 1s the Stefan-Boltzmann constant and ¢ is the emissivity.

The heat from the vapour to the interface is assumed to be used
for vaporization of liquid and increase of subcooled ligquid tempereature.
The heat flux from the liquid interface to the bulk of liquld can be

expressed by
qui = Hi(T:-T))

where

Hy - 1237.ox(1+o.ax(T,~T,)U}-5—1§T} ) (27)
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The above relation 1s an empirical correlation from Aritomi ¢2%)

vho took 1nto account the effect of liguid subcooling, liguid velocity
and interfacial disturbance on heat transfer.

2.2.7 Mass transfer rate
The mass transfer retes at the interface ,r,; and I';;, are obtsained

as follows:

N RS-
Pyi = ~Pp;= ~FeiTqli ) (28)

where h,, and h;; are the saturated enthalpies of vapour and 1liquid,

respectively.

Table 2.1 The Influence Coefficient!®

risre! Nu; Nu, : N [:
0.0 w L.364 ® 3.0
0.05 17.81 4.792 2.18 0.029)4
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, we chose & number of cases covering a wide range of different
parameters from the experimental data by Aritomi °**’ and Stewart ¢'%7.
The hydrodynamic conservation equations together with the constitutive
relations are solved by using MINCS from JAERI.

MINCS 1s <designed +to analyse +transient +two-phase flow 1In
one—-dimensional ducts. Nine types of two-phase flow model are prepared
from the two-fluid non-equilibrium (2V2T) model to the homogeneous
equilibrium (1V1T) model. A fully-impliecit finite difference scheme
wvith the staggered mesh in space 1s used. The Newton method 1s used
to solve the discretized eguations. In this work, we use 2V2T model.
The constitutive relations for IAFB are implemented Iinto 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 “*°? was used to generate the IAFB
regime 1in 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, fluild 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 veloclity : 0.5 -~ 2.0 m/sec
Heated flux t 20 — 50 Rrw/mt
Wall temperature : 150 —— 300 <

Inlet subcooling : 10.7, 15.7, 20.7 K
Heat length ¢ 100, 300, 500 mm

Test tube - I.D. : 9.8 mm

Test tube - 0.D. ¢ 10.0 mm
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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
asmarching method in which the steady state 1s obtained by a transient
solution under constent boundary conditions with time. The input model
and input datae are listed iIn Aprpendix A. The hot patch 1s treated as
a tube with constant wall temperature which 1s higher than the minimum
stable film boilling temperature. Thus, film boilling occurs at the hot
patch.

The typical results with 1.5 m/s inlet velocity, U0 kw/m® heat flux
and 10.7 K subcooling are shown in Fig.3.1. The vold fraction 1s shown
in Fig.3.1(a), temperatures of gas, liquid, saturation and wall are in
Fig.3.1(b), velocities of both phases in Fig.3.1(c)and heat +transfer
coefficlents of wall and Iinterface In Fig. 3.1(d) respectively. Fig.
3.1(a) shows that the void fraction increases along the channel, which
agrees well with the experimental result, It is shown in Fig.3.1(b) hat
the vapour phase 1s superheated and liquid phase 1s subcooled. The
veloclty of vapour phase increases quickly at upstream and is far larger
than that of liquid as shown in Fig.3.1(c), The heat transfer coefficients
are very large near the inlet where the void fraction is small and the
vapour temperature is increasing. They are about the constant vealues
in the dovnstream as shown 1in Fig.3.1(d),where the vold fraction 1s large
and the vapour temperature does not change largely. This tendency 1s

resulted from the empirical correlation defined by Eq.(25).
3.2 Comparison with Stewart's experiment

3.2.1 Description of Stewart's experiment

The experimental date for stable film boilling by Stewart using
water were published in 1981 ¢'®?, These data were obtained in an 8.9
mm ID Inconel-600 tube at lov—-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 wall
temperatures, fluid temperatures at inlet and outlet and pressure
difference between 1inlet and outlet were measured. The length of

vertical test section was 1.8 m. Only a part of experimental data listed

-12-
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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 0.8 m (including hot patech), but 1t becomes oscillatory
at the downstream as shown in Fig.3.2(a). Figure 3.2(a)shovs the voild
fraction profile at a certain time step. The vold 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 1n 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 sectlon.
That 1s, the present model may be appropriate only to the range of low
vold fraction. As for the Stewart's experiment, however, the flow
regime at the downstream might not be in the steady IAFB condition.
It 1s very difficult to Judge whether IAFB 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 smeall for low pressure condition, but become
larger with the increase of pressure. The reason for this difference
1s probably related to the fact that the present model are based on some
empirical correlations at atmospheric pressure, for example, H,,.- The
trend of the calculated results, however, 1s in reasonable agreement
with experimental data. At pressure of 2 MPa, the difference between
the calculated and measured well temperatures is within the range of
10% in &1l run analysed. Thus, we can conclude that the present model
is appropriate to IAFB 1n the low pressure range and the pressure
dependency should be included in the heat transfer coefficients for the

-13_
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wide range of application.

It 1s shown in Fig. 3.4 that the effect of hot patch on IAFB is large
in this experiment. ™he void fraction and vepour velocity at the exit
of the hot patch become large due to the large heat flux from the hot
patch to fluid.

The calculeted temperatures of wall, vepour, liquid end saturation
are shown in Fig.3.5. It 1s found that the vapour phase 1s superheated
and liquid phase 1s subcooled. The vapour superheat phenomenon in IAFB
region has been observed in many experiments, for example, measurements
of vapour temperature by Nijhawan et al *!?, They showed that the
vapour superheat was a significant fraction of the wall superheat
(approximetely 60%). In our results shown 1in Fig.3.5, the vapour
superheat 1s about 65% of the wall superheat.

The effects of inlet velocity, subcooling and system pressure on
the wall heat transfer coefficient are shown in Figs.3.6, 3.7 and 3.8,
respectively. It 1s found that the wall heat transfer coefficilent
increases as these parameters increase. In Ref. (18), wall heat
transfer coefficlents were obtalned simply based on the wull heat flux,
the wall temperature and the saturation temperature according to the
outlet pressure. Thus, the direct comperison 1s difficult, however,

the same trends of these effects were also found in experimental results.

-14-
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Cases Chosen from Stewart’s Test!®

Run number Pressure Veloclity Subcooling Heat flux

KPa M.Sec ! X KWw. M2
2211.02 2032 0.248 16.4 117.7
2321.06 2025 0.401 27.8 122.1
2411.02 1982 0.597 15.4 202.3
2411.04 2040 0.600 14,5 156.4
2411.06 2003 Q.600 4.7 112.4
2411.09 2036 0.600 147 88.11
2911.07 2049 1.051 13.h 117.9
4311.07 4096 0.631 16.4 124.6
4411.04 40uY 0.632 14.9 191.9
4h11.06 4076 0.635 1.1 1.3
4411.09 4072 0.636 1.4 119.9
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
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0.0
0.0 0.1 0.2 0.3 0.4 0.5
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Fig 3.1{c) (Typica Run.) Liquid and Gas Velocities
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Fig 3.1td) (Typical Run.) HTC. of wall and interface
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Fig 3.2{(a) (Run. 2411, 06.) Void Fraction
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Fig 3.2(b) (Run. 2411. 06.) Wal Temperature (K)
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Distance x ( m )

Fig 3.4tal Void Fraction
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Fig 3.4(b) Vapour Velocity
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~—o— Uv=0,60 M/S (Run.2411.006) !

—+—  Uv=1.05 M/S (Run,2511.07)
1550.0
1500.0
1450.0
1400.0
1350.0
1300.0
1250.0

—0
1200.0
0.1 0.2 0.3 0.4 0.5 0.

Distance x ( m )

Fig 3.6 The Effect of Velocity on Heat Transfer Coefficient.

—o— Sub,= 23 K (Run.4421.05)
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1600.0
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0.1 0.2 0.3 0.4 0.5 0.
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Fig 3.7 The Effect of Subcooling on Heat Transfer Coefficient
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4. Summary and conclusion

The inverted ennular film boiling phenomena have gradually been
understood, but there ere still unknown problems, particularly in the
hydrodynamic aspect., The development of two-fluid model of IAFB makes
1t possible to analyse IAFB in detaill, but the information about
interactions of two phases are needed. In this work, the two-fluid model
in MINCS was used for the analysis of IAFB. By analysis of the Aritomi's
IAFB tests, a set of new corstitutive 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 wes the interface
of liquid-vapour. We obtained the heat +transfer coefflicient of
vall-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.Kawaji and G.Th.Analytis wvho treated the vapour
as cl2 flow between two parallel flat plates.

The fact that the interface of liguid-vapour 1s non-smooth was
considered in this work. The interfacial friction and the heat flux from
the vapour to the liguid would be enhanced due to interfaciael
disturbance. An interfacial influence factor which was derived from
Aritomi's experiment was used.

Wall temperature and void fraction predicted by the present model
were compared with experimental data from Aritomi's experiment using
Freon-113 and very good agreement was obtained. Then, the present model
was used to analyse Stevart's experiment using weter at a large pressure
range from 2 MPa to 9 MPa. This result showed that the right trend
of effects of subcooling, veloclity and pressure on wall heat transfer
coefficient could be obtained. The calculated liguid tesperatures were
in good agreement with the experimental data. By comparing the
calculated wall +temperature with experimental data, the Dbetter
agreement was found to be obtained at low pressure, but the agreement
became poor wi*h the increase in pressure.

It is concluded that the present model i1s appropriate for analysing
the IAFB phenomena under such low pressure condition as atmospherie
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pressure. The dependence on the pressure, however, should be included
for the wilde range of its application. Thus, further research on IAFB
problem is still necessary, for example, the effect of pressure on the
heat transfer coefficlent, the effect of interfaclal disturbance on

friction and heat transfer, and so on.
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Appendix A Input model of MINCS for IAFB

In the calculation of IAFB by IINCS, the following model shown 1in
Fig.A-1 1s wused to simulate test facilities of M.Aritoml and
J.C.Stewart. In Fig.A-1l, Boundary-L and Boundary-R denote inlet and
exit of test tube. Plpe-1 and Pipe-2 are the hot patch and the test
section. Heat slabs of +the hot patch are treated &s constent
temperature, because thelr guantities of heat capacity are very large.
Input data of MINCS for Aritomi's and Stewart's tests are listed in
Appendix A.l and A.2.

D Boundary-R

N
Heat slab

Pipe-2

N

\ —

Heat slad ?
(Hot patch) % Pipe-1

Z

D Boundary-L

Flow dlirection

Fig A—1 Input model for IAFB
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TAFB ANALYSIS FOR FREON-113

Appendix A.1 Input Data
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12 000012 7.543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0
13 000 0 13 7.543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0
14y 0000 1k 7.543D-5 2.5D~2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0
15 000015 T.543D-5 2.5D-2 T7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0
16 0000 16 T-543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0
17T 0000 17 7-543D-5 2.5D-2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0
18 000018 7.543D-5 2.5D-2 T7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0
19 0000 19 7.543D-5 2.5D-2 7.543D-5 2,5D-2 9.8D-3 9.8D-3 0.0
20 000020 T.543D-5 2.5D~2 7.543D-5 2.5D-2 9.8D-3 9.8D-3 0.0
1 1.0D-2 1.01325D% 6.1819D5 L4.5144D5 1.50 1.50 0.0 0.0
20 1.0D-2 1.01325D5 6.1819D5 I.5144D5 1.50 1.50 0.0 0.0

BOUNDARY-R -1 2 2

1 8%0

0 00

1 0 1 0 5

1 00000 T.543D-5 0.10 T.543D-5 0.10 9.8D-3 9.8D-3 0.0
1 1.0D-2 1.01325D5 6.1819D5 h.5144D5 1.50 1.50 0.0 0.0
PIPE1 1 2

FIPE2 2 3

BOUNDARY-L 1
BOUNDARY-R 3

0
250000
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
HEATO1
15
2.827D-5
4.90D~3 16.0D-3 27.0D-3 38.0D-3 49.0D-3 60.0D-3
5%1h
6*423.15
5%0.2
HEATO2
15
2.827D-5
4.90D~3 16.0D-3 27.0D-3 38.0D-3 U49.0D-3 60.0D-3
5%1y
6*423.15
5%0.2
HEATO3
15
7.776D-8
4.90D-3 4.92D-3 4.94D-3 4.96D-3 4.98D-3 5.00D-3
5%6
6*373.15



5%0.2

HEATOL

15

T.776D-8
4.90D-3 4.92D-3
5%6

6%373.15

5%0.2

HEATO0S

15

T.776D-8
L.90D-3 14.92D-3
5%6

6#373.15

5%0.2

HEATO6

15
T.776D-8
ly.90D-3
5*6
6%373.15
5%0.2

4.92D~-3

HEATOT

1 5

T.776D--8
j.90D-3 14.92D-3
5%6

6%*373.15

5%0.2

HEATO8

15

7.776D-8
4.90D-3 4.92D-3
5*6

6%373.15

5%0.2

HEATQ9

15

7.776D-8
4.,90D-3 4.92D-3
5%6

6%373.15

5%0.2

HEAT10

15

T.776D-8
l.90D-3 4.92D-3
5%6

6*373.15

5%0.2

HEATI11

15
T7.776D-8
4.90D-3 4.92D-3
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-94D-3  4.96D-3

.94D-3  L4.96D-3

.94D-3  4.96D-3

.94D-3 4.96D-3

.94D-3  4.96D-3

§.94D-3 L.96D-3

.94D-3  4.96D-3

.94D-3 L4.96D-3

I

.98D-3

.98D-3

.98D-3

.98D-3

.98D-3

.98D-3

98D-3

.00D-3

.00D-3

.00D-3

.00D-3

.00D-3

.00D-3

.00D-3

.00D-3



5%6

6%373.15

5%0,2
HEAT12

1 5

T.776D-8

1.90D-3 4.92D-3

5%*6

6%373.15

5%0.2
HEAT1

15

T7.7T76D-8

4.90D~-3 4.92D-3

5%6
6%373.15
5%0.2
HEATL1L
15
7.776D-8

4,90D-3 4.92D-3

5*6
6*373.15
5%0.2
HEAT15
15
T.776D-8

4.90D-3 4.92D-3

5%6

6%373.15

5%0,2
HEAT16

1 5

T7.776D-8

4.90D-3 4.92D-3

5%6
6¥373.15
5%0.2
HEAT1T
15
7.7760-8

4.90D-3 4.92D-3

5%6

6*373.15

5%0.2
HEAT18

1 5

7.776D-8

4.90D-3 4.92D-3

5%6
6%*373.15
5%0.2
HEAT19
15
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k.96D-3

4.94D~3

4.94D-3 4.96D-3

4.94D-3  4.96D~3

L.94D-3 4.96D~3

4.96D-3

L.94D-3

b.94D-3 4.96D-3

4.94D-3 L4.96D-3
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7.776D-8
u;gon—3 4.92D-3 4.94D-3 L4.96D-3 4.98D-3 5.00D-3
5
6%373.15
5%0,2
HEAT20
15
T.776D-8
u.gOD-3 4.92D-3 4.94D-3 L4.96D-3 4.98D-3 5.00D-3
5*
6%373.15
5%0,2
HEAT21
15
T.776D-8
h;ZOD—3 4.92D-3 4.94D-3 4.96D-3 4.98D-3 5.00D-3
5
6%373.15
5%0,2
HEAT22
15
T-776D-8
M;EOD—3 4.92D-3 L4.o4D-3 4.96D-3 4.98D-3 5.00D-3
5

6%373.15
5%0.2
HEATO1 1 -10 PIPE1 1 0 0 O
HEATO2 1 -10 PIPEl 2 0 0 O
HEATO3 2 -10 PIPE2 1 0 O O
HEATO4 2 -10 PIPE2 2 0 0 O
HEAT05 2 -10 PIPE2 3 0 0 O
HEAT06 2 -10 PIPE2 4 0 0 O
HEATOT 2 -10 PIPE2Z 5 0 0 O
HEATO8 2 -10 FIPE2 6 0 O O
HEAT09 2 -10 PIPE2 T O 0 O
HEAT10 2 -10 PIPE2 8 0 0 O
HEAT11 2 -10 PIPE2 9 0 O O
HEAT12 2 -10 PIPE210 0 O O
HEAT13 2 -10 PIPE211 0 O O
HEAT14 2 -10 PIPE212 0 0 O
HEAT15 2 -10 PIPE2 13 0 0 O
HEAT16 2 ~10 PIPE2 14 0 O O
HEAT1T 2 -10 FIPE2 15 0 O ©
HEAT18 2 -10 PIPE216 O 0 O
HEAT19 2 -10 PIPE217T 0 O O
HEAT20 2 -10 PIPE2 18 0 O O
HEAT21 2 -10 PIPE219 0 O O
HEAT22 2 -10 PIPE2 20 0 G O
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Appendix A.2 Input Data for Stewart's Experiment

IAFB ANALYSIS FOR WATER (RUN.2411.06)

00
0

110

Yy 4 0 30 30 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 O

14

2

183.15 8.96D3 2356.15 8.35D3

2

173.15 3.85D30 2000.0 3.85D30

5

206.0 413.0 1400.0 393.0 500.0 386.0 600.0 379.0 2800.0 366.0
3

100.0 0.50 800.0 0.58 2000.0 0.80

BOUNDARY-L -2 2 2

ocococooocooo

2 8*0

0 0O

1 01 0 5

1 00000 6.263D-5 0.05 6.263D-5 0.05 8.93D-3 8.93D-3 0.

1 1.0D-4 2.003D6 2.8199D6 8.4212D5 0.5996 0.5996 0.0 0.0
PIPE1 1 2 2

100 O

0 0 0O

101 0 5

1 00001 6.263D-5 0.01 6.263D-5 0.01 8.93D-3 8.93D-3 0

2 00002 6.263D-5 0.01 6.263D-5 0.01 8.93D-3 8.93D-3 O.

3 00003 6.263D-5 0.01 6.263D-5 0.01 8.93D-3 8.93D-3 O.
4 00004 6.263D-5 0.01 6.263D-5 0.01 8.93D-3 8.93D-3 O.

5 00005 6.263D-5 0.01 6.263D-5 0.01 8.93D-3 8.93D-3 O.

6 00006 6.263D-5 0.01 6.263D-5 0.01 8.93D-3 8.93D-3 0O

7 00007 6.263D-5 0.01 6.263D-5 0.01 8.93D-3 8.93D-3 O

8 00008 6.263D-5 0.01 6.263D-5 0.01 8.93D-3 8.93D-3 ©

9 00009 6.263p-5 0.01 6.263D-5 0.01 8.93D-3 8.93D-3 O.

100000 10 6.263D-5 0.01 6.263D-5 0.01 8.93D-3 8.93D-3 0.

1 1.0D-2 2.003D6 2.8199D6 8.4232D5 0.5996 0.5996 0.0 0.0

10 1.0D-2 2.003D6 2.8199D6 8.4232D5 0.5996 0.5996 0.0 0.0
PIPE2 1 2 2

20 0 O

0 0O

1 01 0 5

1 00001 6.263D-5 0.025 6.263D-5 0.025 8.93D-3 8.93D-3 O.

2 00002 6.263D-5 0.025 6.263D-5 0.025 8.93D-3 8.93D-3 O.

3 00003 6.263D-5 0.025 6.263D-5 0.025 8.93D-3 8.93D-3 0.

Ly 00004 6.263D-5 0.025 6.263D-5 0.025 8.93D-3 8.93D-3 O.

ool



.263D-5
.263D-5
.263D~5
.263D-5
.263D-5
.263D-5
.263D-5
.263D-5
.263D-5
.263D-5
.263D-5
.263D-5
.263D~5
.263D-5
263D-5
.263D-5

2 2

[=l=Jelefololololo oNoNoN oo e Ro)
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.025
.025
.025
.025
.025
.025
.025
.025
.025
.025
025
.025
. 025
.025
.02%
. 025
.0D-2 2.003D6 2.8199D6
.0D-2 2.003D6 2.8199D6

.263p-5 0.05
0D6 2.8199D6

6.263D-5
6.263D-5
.263D-5
.263D-5
.263D-5
.263D-5
.263D-5
.263D-5
.263D-5
.263D-5
.263D-5
-263D-5
.263D-5
.263D-5
.263D-5
.263D-5
8.4232D5
8.4232D5

[eaN =N Yo Vo NorNepNe We Neo\We \We We Wo Y

6.263D-5
8.2153D5

.025 8.

CO00OCOO000OcOB D
N0 0000000000066

WMRORRRRRRB0 NN

LRSI R, RC, R, RV, RS, AR RV, ROV  T¢, RV

0 0O o 00 0O P OO OO OO Mo O

o
\n
0
0
o

0.5996

0.05 8.
0.5996

93p-3 8.93D-3 O.
.93p-3 8.93D-3 0
.93D-3 8.93D-3 O.
.93D-3 8.93p-3 0
.93D-3 8.93D-3 0.
.93D-3 8.93Dp-3 0.
.93p-3 8.93p-3 O.
.93p-3 8.93p-3 0.
.93D-3 8.93D-3 0.
.93D-3 8.93D-3 0.
.93D-3 8.93D-3 O.
.93D-3 8.93p-3 0.
.93D-3 8.93D-3 0
.93p-3 8.93p-3 0.
.93b-3 8.93b-3 0.
.93D-3 8.93D-3 O.

0.5996 0.0 0.0
0.5996 0.0 0.0

93D-3 8.93p-3 0.
0.5996 0.0 0.0

Jy.465D-3 5.01D-3 5.555D-3 20.0D-3 L45.0D-3 50.0D-3

0.0 0.0 0.3333 0.3333 0.3333

5.01D-3 5.555D-3 20.0D-3 45.0D-3 50.0D-3

5 00005 6
6 00006 6
T 00007 6
8 00008 6
9 00009 6
100000106
110000116
12000012 6
130000136
14000014 6
150000156
16 0000 16 6
17000017 6
18000018 6
190000 19 6.
200000206
11
20 1
BOUNDARY-R -1
1 8%0
0 0 0
1 01 0 5
1 00000 6
1 1.0D-2 1.99
PIPEL 1 2
PIPE2 2 3
BOUNDARY-L 1
BOUNDARY-R 3
0
2 5 0 0 0 O
I 136.50
0.0 0.0
0.5 0.2
1.0 1.0
1000.0 1.0
5 T78.819
0.0 0.0
0.5 0.2
1.0 0.5
2.0 1.0
1000.0 1.0
HEATO1
15
7.791D-5
2%12 3%1y
6%¥1011.15
HEATO2
15
7.791D-5
4. 465D-3
2%12  3%1)
6%*1011.15
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0.0 0.0 0.3333 0.3333 0.3333
HEATO3
15
T.791D-5
k.465D-3 5.01D-3 5.555D~3 20.0D-3 U45.0D-3 50.0D-3
2%12 31}
6%*1011.15
0.0 0.0 0.3333 0.3333 0.3333
HEATOL
15
7.791D-5
4.465D-3 5.01D-3 5.555D-3 20.0D-3 45.0™-3 50.0D-3
2%12 3¥1)
6%1011.15
0.0 0.0 0.3333 0.3333 0.3333
HEATOS
15
T.791D-5
L4.h65D-3 5.01D-3 5.555D-3 20.0D-3 45.0D-3 50.0D-3
2%12  3¥1Y
6%1011.15
0.0 0.0 0.3333 0.3333 0.3333
HEATO06
1 5
T.791D-5
I.465D-3 5.01D-3 5.555D-3 20.0D-3 45.0D-3 50.0D-3
2¥12  3*1)
6%1011.15
0.0 0.0 0.3333 0.3333 0.3333
HEATOT
15
7.791D-5
l.465D-3 5.01D-3 5.555D-3 20.0D-3 45.0D-3 50.0D-3
2#]12 3%1)
6%*1011.15
0.0 0.0 0.3333 0.3333 0.3333
HEATO8
15
7.791D-5
L.465D-3 5.01D-3 5.555D-3 20.0D-3 45.0D-3 50.0D-3
o%12 3*1)
6%*1011.15
0.0 0.0 0.3333 0.3333 0.3333
HEATO09
15
7.791D-5
L.465D-2 5.01D-3 5.555D-3 20.0D-3 45.0D-3 50.0D-3
2%12 3¥1)
6%1011.15
0.0 0.0 0.3333 0.3333 0.3333
HEAT10
15
7.791D-5
L.465D-3 5.01D-3 5.555D-3 20.0D-3 45.0D-3 50.0D-3


http://lt.it65.D-3

2%12 3%y
6%1011.15
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0.0 0.0 0.3333 0.3333 0.3333

HEAT11
1 5
0.8678D-6
4.465D-3 U4.683D-3
5%12
6%900.15
5%0.2
HEAT12
1 5
0.8678D-6
4.u65D-3 4.683D-3
5%12
6%900.15
5%0.2
HEAT13
15
0.8678D-6
4.465D-3 4.683D-3
5%12
6%900.15
5%0.2
HEAT14
15
0.8678D-6
4.465D-3 4.683D-3
5%12
6%900.15
5%0.2
HEAT15
1 5
0.8678D-6
L4.465D-3 4.683D-3
5%12
6%900.15
5%0.2
HEAT16
1 5
0.8678D-6
L. 465D-3 1.683D-3
%12
6%900.15
5%0,2
HEAT1T
1 5
0.8678D-6
L.465D-3 4.683D-3
5%12
6%900.15
5%0.2
HEAT18
1 5

4.901D-3 5.

4.901D-3 5.

4.901p-3 5

4.901D-3 5.

4.901D-3 5

4.901D-3 5

4.901D-3 5.
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117D-3

117D-3

.117D-3

117D-3

.117D-3

.117D-3

117D-3

5.337D-3

5.337D-3

5.337D-3

5.337D-3

5.337D-3

5.337D-3

5.337D-3

.555D-3

.555D-3

.555D-3

.555D-3

+555D-3

-555D-3

.555D-3



0.8678D-6
L.465D-3 14.683D-3
5%12

6%900.15

5%0.2

HEAT19

15

0.8678D-6
L.465D-3 14.683D-3
5%12

6*900.15

5%0.2

HEAT20

15

0.8678D-6
b.465D-3 P.683D-3
5%12

6*900.15

5%0.2

HEAT21

15

0.8678D-6
L.465D-3 4.683D-3
5%12

6*900.15

5%0.2

HEAT?22

15

0.8678D-6
4.465D-3 4.683D-3
5%12

6%900.15

5%0.2

HEAT?3

15

0.8678D-6
b.465D-3 4.683D-3
5%12

6%900.15

5%0.2

HEAT2)4

15

0.8678D-6
L.465D-3 4.683D-3
5%12

6%900.15

5%0.2

HEAT25

15

0.8678D-6
L.465D-3 4.683D-3
5%12

6%900.15

5%0.2
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4.901D-3

4.901D-3

4.901D-3

4.901D-3

4.901D-3

4.901D-3

4.901D-3

4.901D-3
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5.117D-3

5.117D-3

5.117D-3

5.117D-3

5.117D-3

5.117D-3

5.117D-3

5.117D-3

.337D-3

»337D-3

+337D-3

.337D-3

.337D-3

+337D-3

<3370-3

.337D-3

-555D-3

.555D-3

.555D-3

-255D-3

-555D-3

-555D-3

.555D-3

-555D-3



HEAT26
15

0.8678D-6
.465D-3 4.683D-3

5%12

6%900.15

5%0.2
HEAT2T
15

0.8678D-6

L.465D-3 4.683D-3

5%12

6%900.15

5#0.2
HEAT28
15

0.8673D-6

4.465D-3 4.683D-3

5%12

6%*900.15

5%0.2
HEAT29
1 5

0.8678D-6

b.465D-3 4.683D-3

5%12

6%900.15

5%0.2
HEAT30
15

0.8678D-6

h.465D-3 4.683D-3

5%12

6*900.,15

5%0,2
HEATO1
HEATO2
HEATO3
HEATOL
HEATOS
HEATO0A
HEATO7
HEATO8
HEATO9
HEATI10
HEAT11
HEAT12
HEAT13
HEAT1h
HEAT1S
HEAT16
HEAT17
HEAT18
HEAT19

LSRGV U S U Ul U S W T PR

-10
-10
-10
-10
-10
-10
~10
~10
=10
-10
-10
~10
=10
~-10
-10
-10
~10
~-10
-10

PIPEl
PIPE1
PIPEl
PIPEl
PIPE1
PIPEl
PIPEl
PIPE1l
PIPE1l
PIPE1l
PIPE2
PIPEZ2
PIPE2
PIPE2
PIPE2
PIPE2
PIPE2
PIPE2
PIPE2
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Appendix B Physical Properties of Freon-113

In order to analyse Aritomi's test of IAFB using Freon-113, physical
properties of Freon-113 must be implemented into MINCS because they were
not prepared in MINCS., The following physical properties of Freon-113
were used. They were from Prof. M.Aritomi of Tokyo Institute of

Technology.
1. Unit of parameters
Pressure (p) : kg/cm?
Temperature (T) L o]
Enthalpy (h) t kecal/kg
Density (») : kg/m?®
Thermal conductivity(k) : kecal/(m.h.<C)
Viscosity («) : kg.sec/m?
Speciric heat (Cp) t kecal/(kg.*C)
Surface tension (o) ! kg/m
2. Saturation temperature 7,=F(p)
Ty = '—4.3123p’+35.207p+15.774 (B-1)
3. Density of saturated vapour p,,=F(7,)
Pus ! (B-2)

" 0.44919%10°T2—0.82123x 107 °T,+0.42434

u. Density of liquid p,=f(7))

1 -
= 8 B B (B-3)
0.35809%x107°7'1+0.74652%x107°T,+0.61844%10

L]

5. Enthalpy of saturated vapour A,,=F(7,)

hye = -0.35672x107*7340,151267,+0,13819x10° (8- 4)
6. Enthalpy of liquid A&,=F(7:)

he = 0.23987x10737}+0.202967,+0.10004%10° (B-5)
7. Surface tension ¢ =F(7,)

¢ = -0.10708%107*7",+0.20395%10° (B 6)
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8. Viscosity of vapour u,=F(7,)

4, = -0.18330X10°"'73+0.25884%107%7,+0.98374%10°°

9. Viscocity of liquid u#;=F(T,)

Ay = 0.68142%107%T3-0.12355%10757,+0.94316x10™*

10. Specific heat of vapour Cp,=F(T,)

Cp, = 2.0X0.34639X107*T,+0.15846

11. Specific heat of liquid Cp,=F(T,)

Cp; = 2.0%X0.23987X107°T,+0.20296

12. Thermal conductivity of vapour k,=F(7%,)

k, = 0.32607X107T3+0.35418%x107'7,+0.65874x1072

13. Thermal conductivity of liquid k,=F(7T,)
ki = —0.20528x107777-0.19100%107*7"+0.70589%10"}
14. To obtein superheated vapour temperature from T,,h,
T,=F(T¢,hy . hyy)
T, - B+ B*~4xAXC
2XA
A = 0.34639%107¢
B = 0.15843
C = hy—h,~BXT,—AXT}
15.

To obtain liguid temperature from A,

T, = =Bt/ B-4xAXC
! 2XA

Ti=F(h;)}

A = 0.23987x107%
B - 0.20296
C = 0.10004%10% - A,

(B-7)

(B-8)

(B-9)

(B-10)

(B 11)

(B12)

and Ay,

(B 13)

(B-14)

Comparing them with experimental date from the Freon Company, 1t

is found that their agreement is good Iin the pressure range of 0.5 to

3.0 kg/cem® as shown in Fig.B-1.
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——  AR[TCHL (FR:
-+ CATALOG (FR:

2.19 YT Y YTy — T

Viscosity of Liqutd ( kgws/m2 )

0.30 s - aaeac i be .
~59.0 -20.0 20.0 €0.0

Tenpereture of Liquid ( deg C )

Fig B~ 1a Comparison of viscosily of liquid.

—s— JAITCHI CFRECNIIY)
=w-- CATALOG CFREONLIJ)

o

o
o

°
-

Specifie Velume of Saturated Vapor
° °
» o

0.0 Casaras et oot .‘U...b‘.\.’h-a.,

'~80.0 -20.0 20,0 60.0 100.0

Saturoation Temperature ( deg C )

Fig. B—1b Comparison of specific volume.



