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Abstract-There are many industrial machines that fimction b 5, operation of  multi-pha~ fluids. Some of  them take 
advantage of the charaeteristics of counter-currant two-phase flow. The maximum flow rates of gas and liquid phases 
which flow in opposite-directions t counter-current flow) are limited by a phenomenon known as a Counter-Current 
Flow Limitation (CCFL or floodingI. The mass and momentum con~rvation equations for two phases were established 
to build a system of first-order partial derivative equations (PDE), A new CCFL modeI was developed based on the 
characteristic equation of the first-order PDE system. The present model applies m the case in which a non-unitbnn 
flow is deveIoped around a square or sharp-edged entrance of  liquid phase, The model can be used u) predict the op- 
erating-limit of  components in which mass and heat transfer are taking place between liquid and gas phases. 
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INTRODUCTION 

A laJge number of  industrial systems adopt a countel:curreat two- 
phase flow configuralion in which the gas phase flows upwards and 
the liquid phase downwards. In order to achieve maximum flow 
rates of counter-current two-phase flow with a fixed pumping power, 
each phase should flow separately, if a circular flow path is verti- 
cally installed, the dominant flow patlern would be an mnular flow 
regime. Let us assume an annular flow regime in which a water film 
flows dovmwards along the inside of a circular pipe and a gas slream 
flows upwards along the central region surrounded by the liquid 
film, With low gas and liquid flow rates, two separate fluids flow 
preserving annular flow regime. When gas flow rate increases, the 
interracial friction between two phases increases and waves are de- 
veloped on the interface. Sine waves with small amplitude and var- 
ious wavelengths are initially generated in the upper part of  the test 
section. As they move downwards, the waves glow, competing with 
each other in absorbing the kinetic enengy of  gas flow, it is specu- 
lated that waves with the most dangerous wavelength (with which 
waves grow fastest) grow dominantly and are converted into large 
roll waves [Peng, 19911. When the gas flow rate reaches a critical 
value, roll waves g o w  instantaneously, and in turn, a smooth annu- 
lar flow regime can persist no longer The flow ccnfiguration tltms 
into a chaotic flow pattern and the penetration flow rate of the liquid 
phase decreases significantly. Under this situation, the liquid pene- 
tration rate does not increase even if more liquid is supplied. This 
transition phenomenon is called a Counter-Cttrrent Flow Limita- 
tion (CCFL) or flooding. 3he gas phase velocity that makes CCFL 
occur is called CCFL gas velocity or flooding gas velocity. With 
less flow rate than CCFL liquid velocity, all the water supplied to a 
liquid entrance penetrates the flow path, However, most of  sup- 
plied liquid accumulates above the liquid entrance if flooding occurs. 
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Since this characteristic of  the CCFL phenomenon sets an opera- 
tion limit of  chemical process plants in which heat and mass trans- 
fer occur between gas and liquid phases, chemical engineers began 
investigating this phenomenon around five decades ago. Nowadays, 
chemical engineers are interested in flooding since packed columns 
[Hart and Hong, 19981 and structured packings [Cho et al, 1995] 
have beeu widely adopted by the chemical and allied industries. 
Also, the CCFL phenomenon is of  importance in the field of  safety 
analysis of  nuclear power plants (NPPs) as it prevents the emer- 
gency core cooling system (ECCS) of  NPPs from performing its 
function successfully. 

CCFL phenomena have been investigated in analytical as well 
as experimental ways so that many models have been developed, 
The analytical models can be categorized in three groups as fol- 
lows: 

(1) Wave dynamics model: based on the idea that waves are devel- 
oped on a liquid film and the waves become unstable to induce CCFL 
phenon~ena, Cetinbudaklar and Jameson [ f969], Richter [198 t ], 
Shearer and Davidson [19651, Wallis and Kuo [1976] models are 
in this group. 

(2) Drop dynamics model: based on the idea that CCFL occurs 
when the gl'avity force exerted on a liquid drop is in a balance with 
the drag force by gas flow. Lee et al, [1982], McCarthy and Lee 
[1979] model are in this group. 

(3) Liquid film dynamics model: The velocity distribution of  a 
liquid film is calculated, Several models were developed at the con- 
dition that net liquid flow rate becomes zero and some models are 
at an instability condition of  liquid film. Maron and Dukler [ f984], 
Taitd et aL [1982], Wallis [1969], Bhamthan et al, [f979] models 
are in this gl'oup, 

Most of  the CCFL models, including empirical correlations, ate 
expressed in terms of non-dimensional parameters such as Wallis 
parameter and Kutateladze number: 
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js D{~g P* (1) 
P~ PO" 

J o ( ~  )- K~=b,,~g P~ P~. 
{2) 

where, g. D, cL p, andj denote gravitational acceleration, character- 
istie length, surface tension, density, and superficial velocity, respcc- 
tively. The subscripts g, fi and k repres~mt gas phase, Iiquid phasc 
and aaoitrary phase, it is well known that CCFL velocity is signifi- 
cantly influenced by geometric conditions, especially, liquid entrance 
and exit geometries [Jeong and No, 1994]. As it is hard totake these 
geometries" inlbrmation into analytical models, most oFthe models 
in the literature were developed with the assumption that the flow 
path is circular and infinitely long. Or, in some literature, it is as- 
sumed that the smooth liquid supply and ex~action to and from cir- 
cular flow path acts as if the liquid phase is supplied and extracted 
through a porous medium [Lacy and Dukler, 1994], In reality, how- 
ever, the non-smooth geometry of a liquid entrance and exit have 
more wider application than a smooth one. In consequence, many 
empirical correlations have been developed to consider the geome- 
try effects on CCFL and most of them are in the form of simple linear 
equations as follows: 

j ; ~ + m f  .... C ~ {3) 

K:~V: +inK; :''- C: {4) 

There are two tuning parameters in Eqs, (3) and (4), which are 
known to be functions of geometric conditions of flow path. These 
parameters are usually tuned to fit experimental measurements, 

Wallis and Kuo [19761 derived a mathelnatical expression that 
shows the interface shape of hanging film on the square edge, The 
results of their work give some insights into liquid behavior on a 
square edge. However, their foErnula does not seem to be appropri- 
ate for predicting CCFL occurring at a sharp-edged liquid entrance. 
It is because the formula is derived with an assumption that liquid 
film is stationary, hanging by the momentum of upward flowing 
gas phase. The objective of the present work is to develop an analyti- 
cal CCFL model that is applicable to the geometry of sharp-edged 
liquid entrance around which a non-uniform flow of liquid phase 
develops. A model based on the concept of wave instability is de- 
veloped and compared with experimental measurements, 

v [  = i u l 

Vo= og 

( + )  

f gig 

r"Tl~' 
Fig. 1. Schematic of a vertical annular flow system. 

A N N U L A R  TWO-PHASE FLOW SYSTEM 

In order to develop a CCFL model, a vertical annular flow regime 
is assumed as schematically shown in Fig, 1. A gas phase flows 
upwards and liquid phase downwards. The opposite direction to 
gravity is set to be positive. The mass conservation equation for 
each phase is as Follows: 

Vapour mass 

O +O ~(cgp.), ~(ct.p,V..)=O.j,, (5) 

Liquid mass 

O O ~(c~9,) +~(ct~pjV3 =0 (6) 

where, V~, V~ represents u> -u~ in Fig. 1, respectively and the %, 
cq represents void fraction, and liquid fraction, respectively. 

The momentum equations of t-wo phases are derived on the as- 
sumptions that the vapour pressure is equal to the inteffacia] pres- 
sure of a phase, and the spatial derivative of the pressure difference 
between two phases, AP:-g-R,, is a Function of the void fraction 
only. ]hereFore, its spatial derivative can be expressed as OAP/Oz = 
(aAP/a003%/az. with these assumptions, the momentum conser- 
vation equation for each phase is as follows: 

Vapour momentmn 

o:.:pf-~+os~p~V~--~z +cx~-~z = 4 D % o:,p~ (7) 

Liquid momentum 

OV I 3V/ OP/ ~ .  4 

where, 

P -p  +up a p - p  -P  ~ up,. +aapar,~ 
' . . . . . .  az  : a-7  

z, =_~p ;I V~.l v ,  z = } ml v, IV,. 

The above equations are rearranged to build a system of first-order 
partial differential equations (PDE) as follows: 

OX OX 

The matrixes and vectors, X, A, 13, C ate as foIlows: 

x =(P,:, ct~,v~,v/ 

f ct;C~ ~ 0 0 p~, 

A = /  cxs -P, 0 0 
= / 0 0 cs 0 

1 
I, 0 0 0 c,~p~ 

ct;V/('[ 2 p~V~. 0 ct;p; 
B= r&. 0 cq,p,.V; 0 

OAI' Ct/ 0:.- -'=--" 0 Cgp/V / 
"0Cs 

(10) 

{Ill 

(12) 
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0 
o 

(7 = C('t"-" 
- - 4 ~ c ,  -c% p<.g 

4 " "c, - ~'~,, -o:,p,.~ 

(13) 

where, Q :  = O-p-z -' ~ 0~  sonic velocity terms. 0 P / L ,  =OP, are 

The propagation of the wave front can be sxpressed as a wave co+ 
ordinate, {, defined by 

~::: z-+-JLt (14) 

In gq, (14), X means the velocity of information propagation from 
upstream to downstream. By transforming the coordinate It, z) into 
{, Eq. (9) is transformed into the form of 

aX 
( A L + B ) - ~  =C  t15) 

Aacr neglecting the elements wi th  sonic velocity Q2 and Cr 2 which 
are much smaller compared with the orther terms, one can obtain 
the gradient of  the void fraction among the gradient o fX .  

a t  A 

where, 

, + 0AP 

+ 

the neutral stability condition. 
"lhe solution of  the characteristic equation A(s 0 is 

,~ _p+~/( p2 q) (19) 

where, 

p - (20) 
c~sp~ +c~ps 

�9 : + . _, + OAI' 

c~,p,, labor 

The neutral stability confition is obtained by setting the square root 
part ofEq.  (19) to zero. 

(V,.-V,) ~= _ oApc~tp ~ +~d~/ (22) 
oc~ P,,Pr 

Introducing superficial velocities and Wallis parameter into Eq. (22) 
gives 

s 
+ F  ~j~ =N,r,,]C~. +C~A p,,/p,) (23) 

0:.,, N P/Cr ~ ' 

where, 

"i, 1."2 

' '~  t. gDAp  ) (24) 

Several investigators have used this kind of approach in other 
areas of two-phase flow problems. Turner [1979] applied this at> 
proach to the instability of density cun,ents and lyer and Theofanous 
[ 1991 ] applied it to the thermal mixing in nuclear power plants under 
high pressure iniection. 

If A,0, the points in the phase space are regular points, but irA:-0, 
they become singular points. The propagation velocity of informa- 
tion, 7,, obtained from the characteristic equation, A0~Y-0+ is all dis- 
tinct and real for a hyperbolic system [Ames, 1977]. Lax [1958] 
proved that the requirements of well-posedness of linear PDE like 
Eq. (9) are the same as those ofhyperbolicity. The well-posed prob- 
lem guarantees the stability of its solutions. When X b~xzomes im- 
aginary, the hyperbolicity breaks down~ that is+ the system is not hy- 
perbolic any more. As X means the propagation velocity of infor- 
mation, the imaginary part of X means that the information ofup- 
strean~ cannot transfer to the downstremn. In consequence, the sys- 
tem will move to another stable condition. Therefore, the condition 
of hyperbilicity breaking for a tim-order PDE system represents 
the neutral stability condition. The CCFL pi~enomenon is believed 
to be under the same situation. When the liquid flow rate is low, 
the whole supplied liquid penetrates the flow path. If the liquid flow 
rate is below a certain critical value, the increase in the liquid sup- 
ply results in the increase in the penetration flow rate. When the 
liquid supply reaches or exceeds the CCFL condition, most of the 
liquid cannot penetrate the flow path but accumulates above the 
liquid entrance. At the same time, annular flow regime changes into 
a chaotic flow paUem, This means that the information of liquid 
supply increase does not transfer to the downstream and the annu- 
lar flow regime changes into a new stable condition of chaotic flow 
pattern, in this regard, the present CCFL model will be derived from 

C C F L  M O D E L  

In order to evaluate Eq. (24), information on the pressure differ- 
ence between liquid film and gas phase is nccessary. For this pur- 
pose, an ideal ring-like solitary wave as shown in Fig. 2 is consid- 
cred. The wave profile is assumed to be the same as the Kortcweg+ 
de Vries's solitary wave [Drazin, 19831, 

6(~1 -h sec h~(K~l +6, (251 

liquid fihn 

f 

solitary / 

wa~c f + 
h,j y - �9 

\ 
\ 

v 61 ~ 

(0,0) 

h0-h4 6rj 

Fig .  2 .  S i m p l i f i e d  so l i tary  w a v e  to  o b t a i n  its r a d i u s  o f  c u r v a t u r e .  
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where, & 8., h... ~r repre_~nt film thickness, thickness of substrate, 
fihn height at the center of  the ~)litary wave (h+&,), and wave num- 
ber (2rt")k. t, rest*-~clively. The gas velocity reaches the maximum at 
the peak of  a solitary wave: in consequence, gas phase pv~ure re- 
aches the minimum b3' Bemoultrs equation. ]~erelbre, it can I~e 
~tv,;um~,d that a solilary wave ~'c(m~es unstable from the peak. "t%e 
pressure difference I~,~vecn two phases reaches the maxhnum at 
the peak of  the wave and is described as Iblbws: 

1 [ 
AP =o(1-~, + ~ - _ ) a t e - 0  

W]I  err2, 

R_=R-I|i .I- 8..1 

-a: ,ag ---C ag-I  / - k[ ~ +(aa,,agv] .- =. =.. 

In the ",~we ~Vluations. R represents the radius oftlow path and 1/ 
R L, I/R, ~'nole k,}'le Kldius of  Ct2/INr'd~.I.II~S Of [-1 mIitary wave ill azi- 
muthal and ]engqh d ~ i u n s ,  ~p~vtively. In mosl cases. I,'P> is much 
smaller than I/R_., so that I/R, caa~ be neglecled safely-. Then. Eq. 
(26) becomes 

AP=2r -&.) 

The relation between w,id ~tc-lion at the p e ~  and wave height is 
%=1 l-2h,/D)~. Suslituting this pclation into Eq. (29) and different{- 
ating AP with n,~p~'ct m %., we can get an expression rot 
Substituting this expression and K='2rr into Eq. 12d) gives 

i~ /"'~'2rg _..q 
N c = -  - - - - ~  

It is assumed that the wavelength of the ~flirar2r. ' wave is the ~me 
as that of  the faster ,~owint~ wave 'at marginal Helmholtz inslabil- 
ib'. ]'hat is. )~.. = 2 r ~ .  "INs as.sumption means flare a soli- 
la~- wave will k~e its s "labilib' by l-[elmholtz instaNlity. Substituting 
this wavelength ft~'mula and ~?k t. 1.30) into Eq. 123) and neglecting 
the secured term in the ~uave r ~ ,  the followi~N simplifi~ form is 
oNained. 

CT 

' '%",' 1," 
h, 

h 74"f",' 6,, ..." ,. a'"' 

b c 

[.| 

Fig, 3 . .~chemalie  of a non-uniform flow around ~ rectangular liq,- 
uld entrance .  
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i,,: •  '' P/D i:- t311 
' , 1 5 - "  

wh~.~. % denotes the w~id fraction at tl~ wak office wave. In order 
to use Eq. (311 to predk.'t CC[% ~cunwnce. infi)mmlion of void 
fraction or liquid fraction is required. 

In this ~x~rk. a square liquid entrance is selectt.d as shown in Fig. 
3. which shows the left half of the cros.s sectional view of  a cir- 
c'~lar flow path. ' ~ e  liquid plx~se flows horiz~ntally and later verti- 
c~flly domm~,~xts. A non-unEom~ flow d~wdops around the entrance 
to make a ftx'ce balance bet'w~.~,n horiz~mtal momentum of liquid 
flow ~md surface tcnsbn fo~vc. This hoteia)nD.1 for(~ balance can 
be expressed as follows: 

~27~ 
I : 1 

~28~ 
This tbrc~' Ixltance equati~m is established a) calculate the liquid 
fracdon ai the peak oflhe non-unifimn flow. ]he  I/R:. I/R. denea~: 
the radius of  curvature of  azimuthal and vertical dir~x.'titms of the 
non-unifoml flow. Since 1 .'R e is much larger than 1..R,. I..'R~ can be 
negk, ded in Eq. (32). As there is not a funtion that de,xdbes the 
surface shape of the non-uniform tlow availabe, an assumptk3n m 
calculate liR, is neces-sm.. It is assumed lhat I/R. is pmD~rtional 
1o the heighL h. ]'hen, 

129~ 
1 . | 
5p.v-~ ~I'~_. =~("h (33) 

In the horizontal flow region, liquid phase velucirv- (v) and depth 
{d) are in rdafion o f v  =,~gd. and liquid volume flow role p~v unit 
length of  pedphe W i.~ q,=v'd. Combining these relatk)ns, we gel a 
rdalion between liquid velocity and volume flow rote. (30) 

v={gq,) -' (341 

Combining gqs. (33), (3,4), and Q,-rcDq., we get 

1 L . . . . . . .  

.HI!IlaII HI 

2 

Fig. 4. S;chematic d iagram o f  exper imenta l  apparatus .  
1. Water reservoir B. Air blmver 
2. Test section P. Pump 
3, I.. pper plenum R. Flow meter 
4. Lower plenum 
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h= p' (gD "]z ~(gDA9 "]~ ~i *:''~ 
2oC~\ 4 ) \ p/ ) ; 

(35) 

Since the liquid fraction of  symmetrical annula" flow can be ap- 
proximated as 09~4h/D, Eq. (36) is rearranged to give liquid frac- 
tion as follows: 

s (1 ~' (A0 5~ ~.i;:~ (36t 
' oCck.4) ! 9, ) 

E X P E R I M E N T A L  A P P A R A T U S  

The experimental measurements were made in order to prove 
the applicability of  the present CCFL model, A schematic diagram 
of the experimental loop is shown in Fig. 4, Air and de-mineral- 
ized water are used as working fluids, The apparalus curtsies of  an 
upper plentn-a, a lower plenum and a lest section connecting both 
of  them; all of  them are made of  acrylic resin to allow visual ob- 
servations, The test section is a circular pipe of  which len~h and 
inner diameter are 100 cm and 3 cm, respectively, A horkontal cir- 
cular plate of  430 mm in diameter is installed at the upper end of  
the test section to simulate a square liquid entrance. ~ lower end 
is machined to be round in order to minimize the interaction be- 
tween air flowing into and water coming out of  test section. A 7 hp 
blower supplies air. The supplied air to the lower plenum goes to 
the test section via a honeycomb type flow distributor in order to 
make the air flm~ even, ]"he lower plenum and the distributor also 
play the role of  damper to an air pressure fluctuation. The water is 
pumped to the bottom of the upper plenum from a reservoir, and 
flows upward via a honeycomb type flow distributor to make the 
water flow uniform. The water penetrating the test section is ac- 
cumulated in the lower plenum, and the water level in the lower 
plenum is kept constant by controlling the returning flow rate to 
the reservoir. As the loop is closed, the thermal enetgy by pumping 
work is continuously added to the water during runs. In ord~ to 
get rid of  the energy and keep the water temperature at a constant 
level, a heat exchanger made of  a helical copper tube is installed in 
the reservoir. "[he occurrence of  CCFL is noticed by visual obser- 
vations and the flow rates of  two phases are measured by rotame- 
ters. 

R E S U L T S  A N D  D I S C U S S I O N  

In this experiment, the CCFL point [s reached by setting the water 
flow rate at a constant level and step-wisely increasing the air flow 
rate. In the range o f h i ~  water flow rate, a non-uni|brm flow de- 
velops around a shaq>edged liquid entrance. When the air flow rate 
reaches a certain level, the smooth non-uniform flow bursts into a 
chaotic flow patlem and the water penetration reduces significantly. 
This change of  tlow regime happens instantaneously so that the oc- 
cun'ence of  CCFL is noticed easily by visual observation. Jeong and 
No [1996] referred to this kind of  CCFL as entrance flooding since 
the flooding is initiated near the liquid phase entrance, in the range 
of low water flow rate, CCFL is initiated around the liquid exit even 
though a non-uniform flow develops around the liquid entrance. It 
is because the peak of  the non-unifbrm flow is lower than that of  
solitary wave developed on the liquid film around the liquid exit. 
That is, the solitary waves developed on the liquid film around the 

liquid exit Ix-come unstable earlier than the non-unifoml f low does. 
This kind of  CCFL was refen'ed to as exit flooding since the flood- 
ing is initiated near the liquid phase exit. The present model is only 
applicable to prediction of  the entrance flooding since the present 
flooding model, Eq. O 1), was derived based on the characteristics of  
non-uniform flow developing around a sharp-edged liquid entrance. 

The liquid fraction at the peak of  a non-uniform flow, Eq, (36X 
needs to be identified in order to use Eq. (31 ) in predicting CCFL 
occurrence. The liquid fraction measurements made by Jeong and 
No [19961 were used in developing a semi-empirical conelation, 
They measured liquid fraction in test sections of  which i,d, are 2, 
3, 4, and 5 cm. In their experiments, a CCD camera is vertically 
installed above the upper plenum in alignment with the test section 

1.0 -.. 
/ 

1 )i ameter ~ "", 
0.S L ?- 2 ./~" 

i , ) 3 2:,, ~ 

i r 3 ' ; Z  "v' 4 ~) '4','/5 
(].6 - [2 5 "-' - .:3~/~>, 

k O ,"fr 

0.4 ,~'~ 

0 . 2  el: m" I .  ] 6 5  ( ' ~ f ) / D f )  1'3 J f 
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Fig. 5. Liquid fraction at tile peak of  nomunilbrm flow. 
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Open symbofs: exit flooding 
�9 Solid symbols : etltrance flooding 

O. 8 
- ~  Geometry of flow pmh ends 
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�9 % o sha rp  smooth 

0.6 - �9 - ."x, A sharp  smooth 
V vV-. - e_ % ' ~  V sharp sharp 

{-4' 

Z%- 
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0.0 0.2 0.4 0.6 0.8 1.0 
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Fig. 6. Comparisons among present model and experimental meas- 
urements. 
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to capture the images of non-uniform flow. "Ilae images were pro- 
cessed on a personal computer with ~ p h i c  software to calculate 
the liquid fraction at the peak of non-uniform flow. Fig. 5 shows 
the measurements and a line made by regression analysis. A semi- 
empirical liquid fraction model that follows Eq. (36) was found to 
be as follows: 

~,:Lu,5(~) i?'. li?'<0.8) 
\ P e /  " 

(37) 

Eq, (37) is the same form as Kamina~ et al.'s [1991] empirical cor- 
relation of which the proportional coefficient is 1,143. ~ meas- 
ured the liquid fraction of non-uniform flow by visual observation 
and fit the measurements without physical rationale. 

The prediction by the present model and measurements are com- 
pared in Fig. 6. Kamina~ et al.'s [1991] measurements are also com- 
pared in this plot, The solid line in Fig. 6 represents the prediction 
by Eq, (31) and (37) for 3 cm i.d. circular pipe. "['here are solid sym- 
Ix)Is (O ,  A and V )  as well as open symbols (4-) ....... , and ' , /)  for 
the same shapes in Fig, 6, The solid symbols represent the occur- 
rence of entrance flooding occurring at the non-uniform flow de- 
veloped around the shar~edgcd liquid entrance. The prediction by 
the present model and experimental measurements made by Kam- 
inaga et al. [1991 ] as well as those by the present work are in good 
agreement in the range of high water flow rate, The open symbols 
represent the occurrence of exit flooding occurring around the liquid 
exit. These data poims are out of  the scope of the present model 
since the present model has its application to the entrance flooding 
occurring at the sharp-edged liquid phase entrance. 

The circular symbols (O,  O )  denote the present measurements 
in a 3 cm i,d. test section. The regular and inverted triangles (I",, A,  
'v' and V ) denote Kaminaga et al,s measurements made in 2.6 cln 
i.d. circular pipe. The geometry of the test section for regular triangle 
points (/",, A ) is the same as the present experiments. ?'he liquid 
phase entrance and exit of  them are sharp-edged and smoothly 
curved, respectively. However, the geometry of the both ends lbr 
the inverted triangle points ( 'v', V ) is sharp-edged, in this case, 
the interaction between water coming out of  and air coming into 
the test section becomes very energetic near the liquid exit. in other 
words, much perturbation is introduced into the liquid film at around 
liquid exit. Therefore, CCFL phenomena may start to happen at 
the liquid exit before the non-uniform flow at the entrance loses its 
stability. Whether entrance flooding occurs or exit flooding occurs 
depends on tile liquid flow rate. The entrance flooding and the exit 
flooding compete with each other to take place according to the liq- 
uid and gas flow rates. Flooding will occur at the place where liq- 
uid phase loses its stability first, if liquid flow rate is large, the peak 
height of  the non-uniform flow developed near liquid entrance is 
larger than tile wave heights of  solitary waves developed on the fall- 
ing liquid film so that the non-uniform flow loses its stability ear- 
lier, If liquid flow rate is small, the peak height o f  the non-miform 
flow is smaller than the wave height of  the solitary wave fully de- 
veloped near the liquid exit so that falling liquid film near the exit 
loses its stability earlier, in this regard, it can be stated that entrance 
flooding ( ' r  occurs when the liquid phase flow rate is large, while 
exit flooding (",:') occurs when the liquid flow rate is small. The 
same situation happens in the cases where the geometry of the liq- 

F-, and �9 ), When liquid flow uid exit is smoothly curved ( .... 0 ,  ,< 

rate is small, CCFL initiates at the liquid exit even if the liquid en- 
trance is square. It is because the peak of a solitary wave fully de- 
vdoped on the falling liquid film can be higher than that of  the non- 
uniform flow developed at the entrance. In these cases, however, a 
possible perturbation introduced into the liquid filra is relatively 
small because the liquid exit is smoothly curved. It means that en- 
trance flooding prevailing region is wider than the previous case. 
More detailed phenomenological observation is described in Jeong 
and No [f996]. "['his physical fact is considered to cause the di- 
screpancy between the exit flooding data and the present model in 
Fig, 6. 

C O N C L U D I N G  R E M A R K S  

An analytical model for CCFL prediction is developed from the 
characteristic equation of a two-fluid equation system, The basic 
idea is that a solution to the characteristic equation represents the 
velocity of  information transport. If the solution has an imaginary 
park the infommlion of the upslrearn does not propagate to the down- 
stream. The CCFL occurs under this situation. That is, the increase 
in liquid supply to the upstream does not result in tile increase in 
liquid pene~ation flow rate but accumulates in the upper plenum 
when CCFL occurs. 

This model is applicable to prediction of CCFL occurring where 
the liquid entrance is sharp so that rim-uniform flow develops around 
it. In order to use this model to predict the CCFL occurrence by 
non-uniform flow instability, the liquid liaction model for the peak 
of the non-uniform flow is developed. "ll~e parametric ~mcture was 
derived by an analytical method and a proporlional coefficient was 
determined by experimental measurements. Analytical CCFL mod- 
els applicable to the geometry of sharp-edged liquid entrance were 
rare in the literature. Due to this circumstance, tile comparison of 
adequacy between the present model and other models was not made. 
Only the comparisons among the present model, the present meas- 
urements, and other investigator's measurements show that the pres- 
ent model is in good agreement with experimental data. 

N O M  E N C L A T U R E  

C : constant 
D : diameter 
f : fi'iction coefficient 
g : gravitational acceleration 
j~ : non-dimensional superficial velocity of  k-phase 

j; : WalIis' parameter [ j~ /p /gD(p~-p , . )  ] 

K~ : Kutatdadze number [J~ffP~/g~(G-P~) ] 
m : constant 
P : pressure 
t : time 
V, u : velocity 

Greek Letters 
c~ : average volume fraction 

: film thickness 
1,: : wave number 
)v : information propagation velocity 
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s : wave length by Helmholtz instability 
p :density 

: surface tension 
t, : interracial friction 

: wave coordinate (~ :::z + Xt) 

Subscripts 
g : gas phase 
f ; liquid phase 
i :interface 
w : wall 
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