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TWO-DIMENSIONAL ANALYTICAL MODEL
OF INVERTED-ANNULAR FILM BOILING

Hsu Chichun Yang Yanhua Cheng Feng

(Shanghai Jiao Tong University)

ABSTRACT

A two-dimensional two-fluid model is developed to predict the lignid and
vopour parameters as well as the surface temperature of 2 heated tube. A two
regions of physical modeling represents inverted~annular film boiling(IAFB)based
on author’s visual observations, The analytical model is consisted of a set of
differential conservation equations together with appropriate closure correlations
and solved numerically Successful comparisons are made between model predic-
tions and Stewart’s experimental data. Generally, the model predicts corre-
ctly the dependence of wall temperature on liquid subcooling, mass flow rate,
pressure and heat flux input. The two dimensional °ffectness isn’t very sig-
nificant, The initial vapour film thickness doesn’t influence the wall tempera-

ture predictions very much,



1. Introduction

Inverted-annular film boiling is usually encountered in accident analysis
of nuclear reactors during the reflooding phase following a postulated loss—of
—coolant accideat(LOCA) A good understanding of the heat transfer processes
occuring is of paramount importance for the determination of the peak clad-
ding temperature, It is also important for many other areas of engineering
technology and geophysics such as the cooling of rocket engines, quenching of
metals and flow of cryogenic liquids in beated pipes.

The two—phase flow and heat transfer phenomena in IAFB are rather com-
plex. The heat is transferred from the hot wall to the vapour blanket and
subsequently from the vapour to the liquid core.Some heat will also be trans-
ferred directly from wall to the liquid core by radiation_ For a initial subeool-
ed liquid core, part of this heat will be used for raising the vapour temper
ature and part for reducing the subcooling. For a saturated liguid core,the heat
will be mainly for vaporization, hence repidly increasing the vapour film
thickness, All these hcat transfer mechanisms are not well understood, The
presence of waves on the liquid—vapour interface causes themechanisms more
complication. A breif review of film boiling correlations and analytical models
available has been made by Analytis and Yadigarogiu'!), The conclusion is
that almost all the models cannot predict the experimental findings of strong
dependence of the heat transfer coefficient on reflooding velocity, subcooling
and pressure observed and an appropriate two-fluid model of the JAFB seems
to be the only way of properly approaching this problem,

In recent years, several two-fluid models simulated to the IAFB have
been postulated, The theoretical model by Elias and Chambre'?! only solved
the entrance-region prceblem for the vapour film based on the energy conser—
vation equation, The thikness of the vapour film, which is important for
IAFB heat transfer, left as adjustable parameter. In the annular vapour space
8 uniform(constants) velocity profile is assumed. An empirical correlation for
the film thickness is extracted from experimental data, Fung and Gioene-
veld!”) used an one~dimensional integral technique by considering a develop-
ment of the thermal boundary layers both in the liquid core and in the vapour
film., The liquid core is assumed to be in turbulent flow and the velocity
profile of the core is assumed uniform, The model predicts correctly the
effects of flow, inlet subcooling and axial localion on wall temperatures,

The supject is sponsored by National Education Committee.

- 2.



Analytis and Yadigaroglu!!! also developed a two-fluid model which is an
improved version of the earlier two~fluid model of Chan and Yadigaroglu. A
frame of reference moving with the quenching front is used. A set of six
differential conservation equations solved numerically. The model predicts
correctly the dependence of the heat transfer coefficient on liquid subcooling
and flow rate. For some cases, heat transfer is still under—predicted. All the
aforementioned models are essentially one diminsional. In practice, it seems to
be a thermal entrance region problem in the downstream from the quenching
front, i.e. in post—-CHF region. The two dimensional effects may be impor-
tant in some cases. The present paper is dealing with a two-dimensional, two

-region, two-fluid analytical model of 1AFB.

2. Physical Model

2.1 Visual Experiments

Systematic visual observations of IAFB carried out at author’s usiversity
have indicated the effects of subcooling, heat flux and mass flow rate on the
vapour {ilm behavior!*), Three typical photographs of IAFB shown in Fig,1
were taken at the inlet subcoolings 6°C, 14°C and 31°C, respectively, A con-
stant thickness film is occurred starting from the DNB point following by a
wavy developing and film thickening vapour blanket taking place at some
downstream section shown in Fig,1,C. In Fig,l,b the constant thickness range
:s much shorter and in Fig.1.a there is on obvious constant thickness range.
Two distinct regions of JAFB existed also have been indicated by Elias and
Chamber!?!, The first region occurs immediately above the quenching front and
is characterized by a smooth vapour film of constant thickness separating the
bulk liquid phase from the hot wall, In the second region taking place further
downstream, a wavy and unstable vapour-liquid interface is observed, The cons—
tant film thickness means the vapour is entirely generated in the entrance section
or DNB section and the corresponding interface temperature is slightly subcooled
locally, The unstable vapour liquid interfacc and thickening blanket imply that
the evaporation is generated up beyond some transition section which can be
regarded as the saturation temperature of the liquid has been reached, Whether
the first region occurs is dependent on the intet subcooling, heat flux input
and {low rate, Generally, for low subcooling and near saturated conditions
only second region is developed,

2.2 Schematic Model

A schematic representation of two-regions mod:l of the IAFB is formu-—

lated in Fig,2,
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Actually, the film thickness is slightly increased with vapour heated up.
The thickness variation, however, is minor, But for the second region beyond
the interfacial saturation section the thickness is rapidly increased with vaou-—
rization from liquid-vapour interface. A part of the heat input will be used
to heat up vapour and part for reducing subcooling if the first region cceurs.
Part of the heat will be used for heating the vapour and part for vaporiza—
tion of liquid core. So the present two-regions model is rather emphasized on
thermohydrodynamics unlike a pure geometrical representation. But the inter-
face of liquid—vapour is assumed smooth and the film width is variable. The
following assumptions are made in order to obtain simplified form of the
conservation equations.

(1) For the vapour-liquid interface, evaporation only occurs in second
region and the phase change is negligible in first region,

(2) A vapour film is completely separated from the liquid core amd no
entrainment in each other is considered.

(3) The annular film and the liquid column are both considered axial
symmetry,

(4) Neglect of precsure difierence at the two sides of the interface due
to the presence of a vapour thrust force. The pressures applied on both
phases are equal,

(5) The vapour film and the liquid column are both in turbulent.

(6) No radiation heating for the vapour film,

(7) The flow is steady,

3. Analytical Model

As mentioned above, the vapour blanket is expanding as the flow advan-
ces and heat input whatever in first or second region, A reducing liquid
column togather with a expanding vapour blanket which causes the velocity
profile changeable both in vapour filia and in liquid core, hence, which will
affect temperature profile. It seems to be a therma! entrance region problem.
A two dimensional effect may be significant, A two-dimensional, two~region
and two-fluid analytical model have to be studied.

3.1. Conservation Equations

Ia a frame of two~dimeasion, two-region, two—fluid model, the mass,
momentum and egergy conservation equations for the liquid column and vapour
blanket will be

"a'a—z(le) +"]'_ %(p7V')-o (1)
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In the derivation of these equations the viscous dissipation and several
comparative smaller terms are neglected. A. phase change equation is

d R
—d;-j o amrdr=—T, )
d R
le_ R P'V,287d1’=r‘ (5)
1

Where subscripts v for vapour, 1 for liquid. Integrating of equation (4)
and (5) then added

Ry R
I p.V.Zurdr-i-]R vPV 2xrdy=W =total mass flow rate
Y B

3.2 Boundary Conditions
The boundary conditions in wall surface wiil be
V=0
Vier=0 (6)

aT
(K 5=) ren=aw—an
Here ga for radiation heat flux component, g,, for total heat flux.

In the interface

V:vlr-.' =Vxl]r-p,

Ly e, =0 o, ™
T"'"l =T|

ZnR ;

= [(K& Wr-n, (Ka ),],,,,-{-Qr—%]

In the {aterface of liquid side, the heat transferred into liquid is used
exclusively to reduce the subcooling in the first region

R
(K sl xg (K 37 55 ddlr- n'+an (8)
For second region by the assumption the interface is in saturation
T.l,,,‘=T, (8a)
In the centre of liquid column, (r=0)
Vv[r..-o
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3.3 Initial Conditions
Provided the initial values of the variables are known at DNB section and
some relationships are specified, the conservation equations can be solved by
finite differential method,
3.3.1. temperature and mass flow rate
Following Elias the initial temperature profile will be
T,(r,0)=T, (10)

The initial flow rates of vepour film and liquid column, respectively

___ Qu,
WV.——I:IT:H._— (“)
W|.=W_Wv.

where Qy, is part of heat for generating saturated steam at hot patch, If
Q. is the total heat input to hot patch, then

HimH 42700 (12)

T(r,0)=Ty=f(H\)
3.3.2. Velocity profile
Usually, the flow is fully~developed before the DNB section, The initial
velocity profile of liquid column is assumed uniform (constant)

Wi,

Va(r,0) =V .= PRl

(13)

Ry nltial radius of liquid column. Io geseral, imitial vapour film is in laminar.
Assumption of parabolic profile will be adopted
Vielr,0)=A;(R—~1)*+A4,(R—71) (14)

ZVIIpra.(sR— 26.)— BW' ’
0. 83(2R—8,)

A= (Via,—A,83)/8,
Initial film thickness 8, is R—R,, which is calculated by phase change equa-
tion, The dependence of wall temperature on 8, isn’t significant. This will
be showon in the following section,
3.3.3 indtia] mass fraction of vapour
The equilibrium steam quality X,, and actusl quality X,, will be

X.om(H, 4S5~ Ho)/Hy, (15)

Wherse A=




Xaa=W .o /W
And the quality variables will be

X2)=X.0 +gf (16)
x.(z)=x..+T‘,~;:r,(z)dz (17)

for upiform heating. Actual void fraction a(z)
a(z)=1- 5 (18)
3.4 Constitutive Equations
In order to obtain a complete set of equations,the constitutive equations
for viscosity and conductivity have to be specified,
p=prtem p
k=ki+er-pC,
Where g and ki for laminar viscosity and laminar conductivity e, and e, for
momentum eddy diffusivity and energy eddy diffusivity, respectively. The
former two are dependent on local temperature and pressure conditions. The
latter two depend on local hydrodynamics and locations. Using Prandt] mixing
length hypothesis, the eddy diffusivity for momentum transfer is given by
¢m=Cl(]7:mu‘-Vlm|n)
here ! is mixing zone width and c is a proportionality constant, Following Fung's
assumption'’!, the mixing zone width is defined to be half of the turbulent

vapour film thickness 3%l In addition, the velocity difference is assumed

to be proportional to the average liquid velocity ¥,i.. Hence

em=ci(48)Vn (19)
For vapour film, the mixing length is assumed to be proporiional to a dis~
tance between location and wall surface,

en,=c,(R=1)V,, (20)
For the eddy diffusivity of heat,the turdulent Prandt]l number Pr, is suggested by
Pr=en/e,

By assuming that Reynolds’ analogy is valid, Pry=1, For vapour film a Webb's
modified correlation!®! is used

R~r\}{
l+5’IR¢,"°'“-P","°""exp[—(hR_') ]

1+135R¢."°'“-exp[—(R;’ ) i]

(21)

Tyw=

For simplicity, ¢ is 0,08 taken from Fung analysis, Based on Stcwart's
data!*} Pr,, will be located between 0,55~0,65, hence 0.6 is used for analysis,
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The adjusting factor ¢, is approximate to 0.17. Hence the constitutive corre—
lations will be
m=py,+0.048 -Vap
ki=kp1+0.043 - 7upCyp
#,=pr,+0.017(R—r)P..-p, (22)
k,=ky.+0.0283(R—r)¥..-p,-C,,
3.5. Heat flux correlations
A realistic modeling of the different heat transfer mechanisms is of para—
mount importance for the development of a mechanistic model of IAFB, In
state of the art, these mechanisms are not well-understood. This is an open
research area, Following previous analysis and by assumption of 8, the wall
radiation heat flux is evaluated by assuming radiation exchange between the

tube wall and the liquid core, with an absorbing medium in between.

= Tes [(Tw+273.15)*—(T}.,, +273.15)"]
1 1
———— (1)
Cle-a ( &
Where o,,: Stefan-Boltzman Constant, ¢ emissivity.

(23)

The existence of random disturbances os the liquid-vapour interface may
result in intermittent toaching of the liquid with the wall surface, In Edelman
observations!’!, the wall of entrance region rewetted is significant, The rewet
probability may be high to 8096 following an exponential decay downstream
of the DNB, which may depend on subcooling,

Hence a modified term considering rewet is added to correlation (22),

k=ki,+p,Co.tcilexplc, (Te—=Til.y)—1] ks,
With Stewart data ¢,=c,=0.,05 will be used,

For subcooled liquid, the IAFB regime will terminate at a certain distance,
The breakdown mechanism is still not available. There are several option
presented in papers. Groeneveld took void fraction of 30% as breakdown
criterion. Analytis and Yadigaroglu assume the breakdown due to the develop-
ment of large—amplitude interfacial waves and based on a critical Weber
number, The critical Weber number is also unknown exactly now, An assum-
ption of the centre of liquid core reaching at saturation temperature is adop-
ted, at which bulk boiling of liquid column will be taken place and will
break up it, We stipulate that all vapour properties are to be evaluated at the
focal film temperature T.(z)

4, Wall Temperature Predictions and Comparison.

To assess the predictive capabilities and limitatinn of the model, we



choose a number of cases from Stewart data'®!, which cover a range of pressu—
re (2,3,4 MPa), mass velocity [210~295kg/(m?-s)] heat flux input (120~
250kW/m?) and inlet subcooling (12~46°C). The wall temperature predictions
are well agreed with data in most cases, Detailed comparisons can be found in
Chen’s thesis. For 168 data, the average absolute deviation is about 13°C,
the relative one about 2.27%. In Fig 3 some typical results are shown, The
solid curves are for wall temperature predictions, the discreted points for
Stewart's data. Fig.4 is for radial velocity profile and temperature profile at
0.4 m section from DNB point. Both profiles in vapour blanket vary drastical-
ly due to less viscosity and less conductivity, respectively,

A dependence of heat flux and subcooling on vapour film thickness is
shown in Fig.5. In first region the thickness is nearly constant or increased
graduately, For second region the thickness increases rapidly due to evapora—
tion which agrees with visual observations,

The theoretical model does not take into consideration the inception of
DNB. It is not certain how this would affect the radial temperature profile
of the liquid core. The effects of various initial film thickness assumed are
shown in Fig,6, only an initial disturbance exist and decays rapidly. Beyond
3ecm axial distance no obvious difference is observed for thickness, the same
results for wall temperature. Hence the effect of initial condition on wall
temperature may be a local phenomenon and appear within a rather short
range downstream from DNB point,

The authors also evaluate the two dimension effect for an arbitrary case.
The comparison tells us less effect for first region (absolute deviation less
about 1,5°C, relative one 0.25%), and that the effect in second region is a
bit larger (absolute deviation, 6°C,relative, 0.8%). The wall temperature is
a bit higher if the radial velocity component is omitted. As regarding the
several adjusting factors, the authors believe no serious error will be induced
if the radial velocity component is negligible. Thus an advantage of reducing

computation expenses will be achieved,

5. Conclusion

I. A two-dimensional, two-regions and two-fluid model was developed
to predict the surface temperature of a tube during IAFB, The dependences
of wall temperature on various parameters are evaluated, The predictions
compared well with Steward’s data,

2, To account for the effect of two~dimension an evaluation of one-dimen-

sion was peformed. The less effect for first region, and a bit higher for
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sccond region were shown. Neglecting the two-dimensional effect tends to

conservztion for wall temperature predictions,
3. The initial condition may influence the wall temperature within a

short range downstream from DNB point., No influence was shown for film

thickness predictions hbeyond this short range,

a b c
Figure 1. Typical film patterns as inlet subcoolings
a, 8°C b, 14°C c, 31°C
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