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Abstract

Assuming the rate of droplet entrainment is characterized by the ratio of the interfacial shear force to the surface
tension force acting on the phase interface, new correlation representing the rate of droplet entrainment in annular-
dispersed two-phase flow was developed. Although the correlation is based on the simple assumption, the quasi-
equilibrium droplet flow rates measured in many experiments were predicted reasonably well (root mean square error of
entrainment fraction was roughly halved comparing with several existing correlations). Its applicability to the non-
equilibrium situation was also demonstrated by the numerical calculations using a one-dimensional three-fluid

model. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Annular-dispersed two-phase flow is one of the most
common flow patterns encountered in nuclear power
plants. In this flow regime, the liquid phase flows partly
in a liquid film adjacent to the wall surface and partly as
droplets in the gas core. In the case of boiling two-phase
flows, accurate prediction of liquid phase flow rate in the
film is of particular importance since disappearance of
the liquid film results in a sudden deterioration of heat
transfer from the heating surface, i.e. in the onset of
critical heat flux due to dryout; many correlations have
been proposed for predicting the flow rate of liquid film
or entrained droplets in annular-dispersed two-phase
flows. Wicks and Dukler correlated the mass flow rate of
droplets in terms of the Martinelli parameter [1]. Using
different dimensionless numbers, Paleev and Filippovich
[2], Wallis [3] and Ishii and Mishima [4] correlated the
entrainment fraction, that is defined by the droplet mass
flow rate divided by the total liquid mass flow rate. In
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these correlations, the flow rate of liquid film or droplets
are directly calculated from the flow conditions such as
flow rates and thermal properties of the phases and
channel geometry. Also, there exists more detailed ap-
proach for the same purpose; Govan et al. [5], Sugawara
[6,7] and Kataoka and Ishii [8] correlated the rates of
deposition and entrainment of droplets per unit time
and interfacial area. If these two quantities are known in
addition to the droplet flow rate at the inlet, the droplet
flow rate at any distance from the inlet can be derived
through the integration of balance equation. However,
validity of most of the existing correlations has not been
tested against the experimental data obtained in wide
range of flow condition. Although the correlations de-
veloped by Govan et al. are based on a number of data,
their entrainment correlation shows considerable scat-
ter. Hence, it can be said that the prediction method of
the film flow rate in annular two-phase flow applicable
to wide range of flow condition has not been developed
in spite of its importance.

In view of these, in the present study, we try to de-
velop a new entrainment rate correlation for accurately
predicting the flow rates of liquid film and droplets in
annular-dispersed two-phase flow in wide range of flow
condition. In the development, assuming the dominant
mechanism of droplet entrainment from liquid film into
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Nomenclature

C droplet concentration in gas core (kg/m?)
D tube diameter (m)

E entrainment fraction

E, entrainment fraction calculated by Eq. (14)
E, equilibrium entrainment fraction

f friction factor

f(Es) function of E,, defined in Eq. (14)

J volumetric flux (m/s)

Iy dimensionless gas flux

I dimensionless gas flux at transition to annular
flow

k mass transfer coefficient (m/s)

ks hydrodynamic equivalent wave roughness (m)

kro tentative value of entrainment mass transfer
coefficient used in Eq. (14) (m/s)

mp  deposition rate (kg/m? s)

mg  entrainment rate (kg/m? s)

n some power of density ratio

P pressure (Pa)

R dimensionless number defined by Eq. (14)

Re Reynolds number
Sc Schmidt number
u cross-sectional area-averaged velocity (m/s)

We  Weber number
w mass flux (kg/m? s)
Xg quality

Greek symbols
Aheq  hydrodynamic equivalent wave height (m)
film thickness (m)
B coeflicient defined in Eq. (14)
I viscosity (Pa s)
g dimensionless number defined by Eq. (2)
0 density (kg/m?)
surface tension (N/m)
shear force (N/m)

W parameter of linear interpolation
Subscripts

cal calculated value
D deposition

E entrainment

e entrained droplet
f liquid film

g gas phase

i interface

1 liquid phase

max maximum

w wall

gas core flow is the shearing-off of roll wave crests, the
entrainment rate is correlated in terms of the dimen-
sionless number given as the ratio of interfacial shear
force to the retaining force of surface tension acting on
the phase interface. In evaluating the surface tension
force, the radius of curvature of the phase interface is
supposed to be proportional to the thickness of the
liquid film, that is estimated from the force balance be-
tween the interfacial shear force and wall friction force
acting on the liquid film. Since several assumptions are
needed in developing the correlation, its validity is tested
against the available experimental data.

2. Correlation of droplet entrainment
2.1. Basis of the model

The interfacial structure between gas core and liquid
film in annular two-phase flow is extremely complex; a
variety of mechanisms of droplet entrainment is de-
scribed in the literature [9,10]. However, in most flow
conditions of interest, the phenomenon dominating the
droplet formation process at the phase interface is con-
sidered to be the shearing-off of roll wave crests by the
turbulent gas flow: the tips of roll waves are drawn out
by the interfacial shear force against the retaining force

of surface tension, then, the portions of waves are
broken up into a number of small atomized droplets.
This idea could be supported by the fact that the crite-
rion for the droplet entrainment measured in many ex-
periments are reasonably correlated based on this
concept [10]. In addition, it has been pointed out by
several researchers that the amount of droplets in equi-
librium situation increases with the increase of the in-
terfacial shear force and it decreases with the increase of
liquid surface tension [4,11]. From these results, we are
led to suppose that the deformation of the phase inter-
face and the rate of droplet entrainment are controlled
by the two competing forces, namely, the interfacial
shear force exerted by the streaming gas flow promotes
the droplet entrainment, while the surface tension force
restrains it. Thus, it is assumed in our model that the
rate of droplet entrainment is characterized by the fol-
lowing dimensionless number ng, that is obtained by
dividing the interfacial shear force by the retaining force
of surface tension
fipgl3d

g = s ) (1)
where f; is the interfacial friction factor, p the density, J
the volumetric flux, § the average film thickness, o the
surface tension and the subscript g denotes the gas
phase; in evaluating the interfacial shear force and the
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surface tension force in the above equation, it is assumed
that the gas velocity is sufficiently larger than the film
velocity and the radius of curvature of roll wave is
proportional to the average film thickness J. Next, since
the deformation of the phase interface is supposed to be
governed by the interfacial shear force and the surface
tension force, we adopt the simple assumption that the
volume of the entrained droplets is approximately pro-
portional to the dimensionless number 7g:

mg

o X Tg, (2)
where p,; is the liquid density and mg the mass of the
entrained droplets per unit time and per unit interfacial
area. It is however considered that the existence of many
droplets in gas core also affects the entrainment rate
since it modifies the flow structure of gas phase. It is
hence expected that the better correlation is to be de-
rived if the effect of droplets is appropriately included.
Although the effect of droplets would depend on several
parameters such as droplet concentration and droplet
size, only the effect of increased inertia of gas core flow
due to entrained droplets is simply taken into account by
using the density ratio of gas and liquid phases, referring
the successful work done by Ishii and Mishima [4].
Using these assumptions, we define the mass transfer
coefficient relevant to the droplet entrainment kg by

Pe

Since the above expression for mg is derived from the
assumed hypotheses, its validity is tested against the
available experimental data of equilibrium entrainment
fraction after several constitutive equations are prepared.

2.2. Constitutive equations

For calculating mg from Egs. (1) and (3), constitutive
equations of f;,d,n and kg are needed. First, the corre-
lation proposed by Wallis [12] is adopted for estimating
fi:

fi= 0.005(1 + 300%)., )

where D is the tube diameter. Next, ¢ is calculated from
the force balance between the interfacial shear force and
the wall friction force acting on liquid film:

fipgu; :prlugv (5)

where u is the cross-sectional area-averaged velocity, fy
the wall friction factor and the subscript f the liquid film;
the effect of gravity is neglected assuming sufficiently
thin liquid film. Since the liquid film is thin, u, and u; are
approximated by

Uy = Jg, (6)
D
Uur ~ %Jf (7)

Substituting the above equations into Eq. (5), 0 is esti-
mated by

1 [fup, (1 —E)
o~ - ——D 8
4 ﬁpg Jg ' ( )

where E is the entrainment fraction defined by E = J./J;
(the subscript e denotes the entrained droplets). The
following expression based on Wallis [12] is used for
evaluating fy:

16
v = —,0.005 |, 9
i = max (2 .0.005) ©
where Rer is the film Reynolds number defined by
D
Rey = PP (10)

H

where u the viscosity. Finally, the correlations for kg and
n are derived from the experimental data of E measured
in quasi-equilibrium region of annular two-phase flow.
It is known that the droplet flow rate does not vary so
much at sufficiently downstream from the inlet if there is
no phase change [9], which implies that mg is almost
comparable with the deposition rate of droplet mp in
this region:

Mg =~ mp. (11)

Usually, mp is assumed to be proportional to the droplet
concentration in gas core C:

mp = kDC, (12)

where kp is the mass transfer coefficient of droplet de-
position. Assuming the relative velocity between gas
phase and droplets is negligible comparing with the gas
phase velocity, C is approximated by

Ji
C~Ep—. 13
leg (13)

Substitution of Egs. (1), (3), (8), (12) and (13) into Eq.
(11) yields

flEay = Ex Lk VILRAD (Y’
> T1-E. 4k o Pe

= JgR (kg = Jgkeo), (14)

where E is the entrainment fraction in equilibrium
situation. Since the value of kg is unknown, the tentative
value is used for calculating the dimensionless number
R. In the above equation, this value is denoted by kg
and it is set at 1 m/s. Consequently, if the correlation of
kp is given, the values of f(E,) and R in each
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experiment can be calculated from the measured value of
E.,. Furthermore, if the coefficient Ag is reasonably
correlated from the relation between R and f(E), one
can finally obtain the correlation for kg.

For calculating kp, we try to use the correlation that
is applicable to wide range of flow condition. Govan et
al. plotted the relationship between the dimensionless

deposition mass transfer coefficient kp4/p,D/0 and the

dimensionless droplet concentration C/p, for a large
number of experimental data. Using this result, it has
been pointed out that the mass transfer coefficient of
droplet deposition decreases with the increase of droplet
concentration and the correlation shown in Eq. (A.4)
has been proposed [5]. Although their original corre-
lating line is discontinuous as shown in the equation,
considerable scattering still exists in their result and the
indicated discontinuity seems obscure. For this reason,
giving priority to capturing the overall trend in the
present study, the following single correlating line is
adopted for calculating kp:

—0.5
D
km/pg_:0.0632<£> . (15)
o p

g

Since the data have shown considerable scattering, it is
clear that further improvement of the correlation for kp
is still required. However, the above correlation is as
accurate as the original one and it can predict approxi-
mately two-thirds of the large and varied experimental
data within the error of £30%.

Now, the relation between the dimensionless number
R and the function f(E,,) is investigated for the 17 ex-
perimental data sets of equilibrium entrainment fraction
to derive the correlation for kg. The range of main flow

parameters used in each data set are summarized in
Table 1 [13-24]. It is however noted that the accuracy of
the entrainment rate correlation would be deteriorated if
the data obtained in the flow pattern other than annular
flow are included in the data sets. For this reason, only
the data that are surely obtained in annular flow con-
dition are used. There are several methods to determine
the transition to annular flow, and one of the simplest
methods is shown below:

Pe S

J= gy — e ,
\/gD(p,—p,) ~ 7

e (16)
where Jg is the dimensionless gas flux at the transition
and several values around unity are recommended in the
literature [9,12]. However, since there exists transition
regime between slug or churn flow and annular flow, the
value of 2 is used for J to surely exclude the undesirable
data. As a result, 1032 data are selected from the 1083
data in total. At the present time, the effect of droplets
on entrainment rate has not been well understood, but
these data are satisfactorily correlated if the value of 0.2
is used for n. For this reason, this value is used for
calculating R. The relation between R and the function
f(E) are plotted in Fig. 1. As shown in the figure, the
values of f(E,) measured in most experimental con-
ditions are reasonably correlated by

f(Ey) = JgR = 1.85 x 107*R", (17)

However, if the results are carefully investigated, it is
found that large discrepancies are seen in the results for
the low-pressure steam-water data of high quality. One
of the main reasons of the discrepancy is thought to be
the correlation used for kp, since the experimental datum
of kp obtained in low-pressure steam—water flow is scarce

Table 1
Sources of entrainment fraction data

Ref. Fluids D (mm) P (MPa) w (kg/m? s) xg (%) No. of data
1. Cousins et al. [13] Air-water 9.5 0.12-0.27 80-530 15-93 52
2. Cousins and Hewitt [14] Air-water 9.5 0.14-0.25 159-877 8-69 434
3. Cousins and Hewitt [14] Air-water 31.8 0.20-0.21 107-199 46-81 24
4. Hewitt and Pulling [15] Steam-water 9.30 0.24-0.45 297 14-76 66
5. Yanai [16] Steam-water 12.0 0.34 139-278 11-80 20
6. Wurtz [17] Steam-water 10.0 3.0-9.1 500-3000 8-60 71
7. Wurtz [17] Steam-water 20.0 7.1 500-2000 20-70 20
8. Keeys et al. [18] Steam-water 12.7 3.5-6.9 1300-2740 15-69 21
9. Nigmatulin et al. [19] Steam-water 133 0.91-10.0 500-4000 10-75 46
10. Whalley et al. [20] Air-water 31.8 0.12-0.35 79-792 10-91 117
11. Whalley et al. [20] Air-trichlorethane 31.8 0.27-0.28 158-319 35-90 16
12. Singh et al. [21] Steam-water 12.5 6.9 271-963 28-93 28
13. Bennet et al. [22] Steam-water 9.3 0.38 297 20-80 12
14. Owen et al. [23] Air-water 31.8 0.24 120-550 17-82 47
15. Asali [24] Air-water 229 0.10 53-257 25-92 25
16. Asali [24] Air-water 42.0 0.10 54-188 30-93 25
17. Asali [24] Air-glycerin 42.0 0.10 73-182 36-85 8
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10° : .
Symbols & Refs. > /*"
01 v7 x13 L
+2 48 +14 e b
il x3 >p9 ~15 LS 5
10 04 x < 16 AT
o5 % “x
A6 X .

‘a. Solid line: 1.85x107* R"®
BT e
10° 10° 10* 10°

R

Fig. 1. Relation between the dimensionless number R and the
function f(E) (deposition mass transfer coefficient is calculated
from Eq. (15)). For reference numbers 1-17 see Table 1.

[16]. For this reason, it is tested if better result can be
obtained by using another correlation for kp in this
condition. There exist a number of correlations for ip,
but the following correlation proposed by Sugawara [6,7]
is selected since his correlation has been mainly applied
to the prediction of steam—water two-phase flow.

-0.5
@-oow<£) Re,"?Sc™, (18)

where Re, and Sc are the gas phase Reynolds number
and the Schmidt number, respectively. Note that the
above correlation is used only for the low-pressure
steam-water data of high quality. If the deposition mass
transfer coefficients calculated by Eqs. (15) and (18) are
denoted by kp;s and kpg, respectively, the method for
calculating kp adopted here is summarized as follows:

kp = wkpis + (1 — w)kpis (19)

e fluids are not steam-water: v = 1
e steam-water flow
10°°P>1orx, <02 =1,
107°P < 0.5 and x, > 0.25: @ =0,
0.2 <x, <0.25and 10°°P < —10x, + 3:
® =5 — 20x, (linear interpolation),
10.5 < 107°P < 1 and 107%P > —10x, + 3:
@ =2 x 107°P — 1 (linear interpolation).
where x, is the quality andw denotes the parameter to
linearly interpolate the two correlations. Adopting this
treatment, the measured f(E,) is reasonably correlated
by Eq. (17) as demonstrated in Fig. 2.

f(E)=E/(1-E)
102 ; .

Symbols & Refs. >
o1 v7 x13

1.06

F—v a. Solid line: 1.85x107 R
)

4

10 10°

R

Fig. 2. Relation between the dimensionless number R and the
function f(E) (deposition mass transfer coefficient is calculated
from Eqgs. (15) and (18)). For reference numbers 1-17 see
Table 1.

Finally, comparison of Egs. (14) and (17) reveals that
the correlation of kg is given by

kg = 1.85 x 107*R0%, (20)

As shown in the above correlation, the value of kg de-
fined by Eq. (3) is not affected by the flow condition so
much, although there is slight dependence on the di-
mensionless number R. This result suggests that the rate
of droplet entrainment mg, is adequately described by the
simple expression of Eq. (3) in wide range of flow con-
dition shown in Table 1.

3. Comparison with data

3.1. Entrainment fraction in quasi-equilibrium region

Since f(E) is reasonably correlated as the function
of R as shown in Fig. 2, one can expect that not only

f(Ey) but E, itself is also reasonably predicted by the

same manner. It is however noted that the dimensionless
number R is the function of £, and the measured value
of E, is used for calculating R in Fig. 2. Hence, accuracy
of Eq. (14) is not readily understood from the figure. For
this reason, the value of E,, calculated from Eq. (14) is
directly compared with the measured entrainment frac-
tion.

If the constitutive equations of f;, f, kp and kg given
in the previous chapter are substituted into Eq. (14), the
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entrainment fraction in quasi-equilibrium region E, is
estimated. Since f; and f,, are the functions of E, an it-
erative calculation is needed in estimating E.. It is
experimentally observed by several researchers that no
more entrainment occurs if Rep is smaller than the crit-
ical film Reynolds number Rey. [5,23,24]. The maximum
possible entrainment fraction E,,, is therefore given by:

Jl'c _ /'LlRefc (2 1 )

Ema =1 J ! piD’
This fact is interpreted that the roll wave is not formed if
Rer < Reg.. However, in the model presented in the
previous chapter, the existence of roll wave whose radius
of curvature is proportional to J is assumed on the phase
interface. It is hence expected that the present model
overestimates the droplet flow rate when the liquid
phase volumetric flux is very small. For simply taking
into account the above experimental observation, the
predicted entrainment fraction E., is set at En,, if the
calculated result from Eq. (14) E; is greater than Ey:

Ecal = min(El 5 Emzlx)- (22)

Referring to the existing correlations [5,24], the value of
Reg. is assumed to be 320.

Comparative representations of measured and pre-
dicted entrainment fractions in quasi-equilibrium region
are shown in Fig. 3(a). As indicated in the figure, the
present method predicts the measured entrainment
fractions within the error of +0.15 with small number of
exceptions. To elucidate the performance of the present
method, the predicted results with the three widely used
correlations [4-7] are shown in Figs. 3(b)-(d), re-
spectively, and the mean error and the root mean square
error of E., in each correlation are summarized in Table
2. The details of the existing three correlations are de-
scribed in Appendix A. From Fig. 3, several features of
the correlations are recognized. Ishii’s correlation pre-
dicts the entrainment fraction of air—water annular flow
in small diameter tube quite well, but the accuracy for
the air-water annular flow in larger diameter tube is
worse to some extent. If it is applied to the steam-water
flow, it underestimates the small entrainment fraction
and overestimates the large entrainment fraction. Since
it underestimates the film flow rate when the entrain-
ment fraction is large, it would be one of the choices in
order to safely avoid the occurrence of dryout in en-
gineering plants. Govan’s correlation shows reasonably
good agreement with large portion of the data, but it
overestimates the entrainment fraction of air-water flow
in small diameter tube and underestimates that of
steam-water flow when the gas flow rate is small. Su-
gawara’s correlation is quite good for the steam-water
data except those given by Singh et al., but it would not
be applicable to the air-water flow. Comparing with
these existing correlations, the present correlation gives
generally better results for all the data tested. As shown

in Table 2, the root mean square error of the predicted
entrainment fraction of the present correlation is
roughly half of those of the other three correlations.
Furthermore, it was separately confirmed that these
existing correlations give better predictions than several
older correlations [2,3,25], and Govan et al. [5] demon-
strated that their correlation predicts the droplet con-
centration with higher accuracy than some other
correlations. It is hence expected from the above analysis
that the present correlation can contribute to the im-
provement of prediction method of liquid film or
droplets flow rate in annular-dispersed two-phase flow.

3.2. Droplet flow rate in non-equilibrium region

Since it was demonstrated in the previous section that
the present correlation predicts the equilibrium en-
trainment fraction with higher accuracy than the exist-
ing ones, its applicability to the non-equilibrium or
developing flows is tested. For this purpose, the present
correlation was incorporated into the computer pro-
gram, ANDRE, which is based on a one-dimensional
multi-fluid model [26]. Its details are described in Ap-
pendix B. It is noted that i is basically calculated by Eq.
(20), but it is set at zero when Re; < Rey..

The computer program is applied to the experiments
of annular two-phase flow in a vertical round tube
conducted by Cousins et al. [13]. They introduced water
into air flow through a porous sinter injector whose in-
ner diameter equaled to the tube diameter, and
measured the film flow rate at 10 elevations from the
injector by blowing off the film. All the liquid flows as a
liquid film adjacent to the wall surface just above the
injector (z=0), and droplet flow rate gradually in-
creases with elevation due to the droplet entrainment.
The comparisons of the predicted droplet flow rates with
all the experimental data given in their paper are shown
in Figs. 4(a)—(d), and the comparative representations of
predictions and measured data are given in Fig. 5. As
shown in these figures, the present model gives generally
good agreement with the data, which would demon-
strates that the present correlation is applicable not only
to quasi-equilibrium but also to non-equilibrium situa-
tions. However, Fig. 5 indicates that the present model
considerably overestimates the droplet flow rate when its
value is very small; the reason of the error is investi-
gated. Hewitt and Hall-Taylor have pointed out that roll
wave may take a finite distance along the channel to
grow and longer distance is required particularly at low
film flow rate [9]. It is hence probable that roll wave is
not created and no droplet is entrained within a finite
distance from the injector. This phenomenon is clearly
seen in Fig. 6: nonzero droplet flow rates are measured
at the most upstream measuring point at higher liquid
flow rates, while no droplets are measured within a finite
distance at lower liquid flow rates. On the other hand,
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Fig. 3. Comparative representations of measured and predicted entrainment fraction in quasi-equilibrium region. (a) Present corre-
lation. (b) Ishii and Mishima [4]. (c) Govan et al [5]. (d) Sugawara [6,7]. For reference numbers 1-17 see Table 1.

since this length effect is not taken into account in the
present model (it assumes the existence of roll wave
whose radius of curvature is proportional to the film
thickness), the increase of droplet flow rate is seen just
above the injector as indicated with solid lines in the
figure. This is the primary reason of the discrepancy seen

in Fig. 5. However, since experimental information on
the length effect is scarce and it would depend on the
injection method, reliable correlation for this effect has
not been developed. Thus, the error of the predicted

droplet flow rate could be greater when the flow rate of

liquid phase is very small. However, since the liquid flow
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Table 2

Performance of several correlations in predicting entrainment fraction (mean error and root mean square error)
Correlation Air-water data Steam-water data All data
Present correlation 0.016/0.066 —0.046/0.108 —0.003/0.081
Ishii and Mishima [4] 0.031/0.121 0.064/0.223 0.041/0.156
Govan et al. [5] 0.081/0.136 —0.003/0.152 0.051/0.142
Sugawara [6,7] 0.276/0.318 -0.037/0.127 0.142/0.278
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Fig. 4. Comparisons of predicted and measured droplet flow rates in air-water annular two-phase flow in non-equilibrium conditions.
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rate gradually decreases along the flow channel in the
case of boiling two-phase flow, the length effect would
not be a significant problem in the prediction of dryout.

For this reason, to test the performance of the present
model to predict the rate of droplet entrainment itself,
the nonzero droplet flow rate obtained at the most
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Fig. 5. Comparative representations of predicted and measured
droplet flow rates in non-equilibrium situation (droplet flow
rate is set at 0 kg/s as the inlet boundary condition).
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Fig. 7. Comparative representations of predicted and measured
droplet flow rates in non-equilibrium situation (nonzero droplet
flow rate obtained at the most upstream measuring point is used
as the inlet boundary condition).

upstream measuring point in each experimental condi-
tion is used as the inlet condition of the analysis. Typical
examples of the calculated droplet flow rate in this case
are shown with broken lines in Fig. 6 and the compar-
ative representations are given in Fig. 7. As demon-
strated in these figures, the predicted results in
non-equilibrium situation reasonably agree with the
measured data in this analytical condition. This results
would confirm that the rate of droplet entrainment is
satisfactorily predicted by the present model even in the
non-equilibrium situations.

4. Summary and conclusions

New entrainment rate correlation was proposed for
accurately predicting the flow rates of liquid film and
droplets in annular-dispersed two-phase flow. The cor-
relation is based on the simple assumption that the rate
of droplet entrainment is approximately proportional to
the ratio of the interfacial shear force to the retaining
force of surface tension acting on the phase interface.
For evaluating the two forces and the proportionality
factor, the additional correlations of the interfacial and
wall friction factors and the mass transfer coefficients of
droplet deposition and entrainment were required. In
the present study, reliable correlations were adopted for
the friction factors and the deposition mass transfer
coefficient and new correlation was developed for the
entrainment mass transfer coefficient using available
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experimental data of quasi-equilibrium entrainment
fraction measured in vertical round tube.

Validity of the present correlation was tested against
17 experimental data sets of annular two-phase flow in
which the data of air—water, low-pressure steam—water,
high-pressure stem-water, air-trichlorethan and air—
glycerin two-phase flows were included. The predicted
results of quasi-equilibrium entrainment fraction were
agreed with the most data tested within the error of
+0.15; the root mean square error was roughly half of
those of the several widely used correlations. Further-
more, incorporating the new correlation into the com-
puter program based on a one-dimensional three-fluid
model, its applicability to non-equilibrium situation was
confirmed. It is hence expected that the present corre-
lation enables more accurate prediction of the liquid film
or droplets flow rates in annular-dispersed two-phase
flow. It is however noted that the agreement with the
data was not satisfactory in some experiments. Clearly,
further improvements of the correlations representing
the interfacial and wall friction forces and the deposition
and entrainment rates of droplets are required for more
accurate prediction.

Appendix A. Summaries of the existing correlations

The outlines of the methods for calculating E., from
the three correlations [4-7] are described. First, Ishii and
Mishima directly correlated E,, as follows:

E,, = tanh(7.25 x 1077 We' #Re)>), (A.1)

where the liquid phase Reynolds number Re; and the
effective Weber number We are defined by:

_ phD

Re, , A2
1 H (A2
1/3
J2D —
Rl W S (A.3)
c Pe

Next, in the method of Govan et al. [5], the deposition
mass transfer coefficient and the rate of droplet en-
trainment are correlated:

—0.65
D
km/pgT:min 0.18,0083(5) : (A4)

g

D 0.316
TE 575 % 1075 | (wp — wie) =10
Wy ap, (A.S)
for wy > Wre,
D
YT _ exp [5.8504 + 0.4249 1% [PLl (A.6)
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where w is the mass flux and p is the viscosity. If Egs.
(12), (13) and (A.4) are used, mp is expressed in terms
of E. Since wy is the function of w; and E, mg is also
expressed in terms of E. Substitution of these expres-
sions of mp and mg into Eq. (11) yields the equation
about E., which is iteratively solved for estimating
E..
Finally, in the method of Sugawara [6,7], the depo-
sition mass transfer coefficient and the rate of droplet
entrainment are correlated by

—0.5
o _ 000 € Re,"?Sc™, (A7)
Uy o
Ah 0.4
— TgQfteq ) (Ugfh [ 1
mE—1.07( ~ )( . )(pg) , (A.8)
where
Trg = épg(ug uf)2> (A 9)
fi = 0.079Re, "> <1 + 300%), (A.10)
D
Re, = P27 (A.11)
Hg

Ahey = minfk,, k{2.136 log,o(Re,) — 9.68}], (A.12)
ks = 0.576 +21.73 x 10°6” — 38.8 x 10°5°

4 55.68 x 10°6%, (A.13)

It is assumed in calculating 7z, that u, is much larger
than u;. Also, assuming the liquid film is sufficiently thin
and gravitational force acting on the film is negligible, ¢
is calculated by Eq. (8). The wall friction factor is given
by

S =0.079Re; "%, (A.14)

where the film Reynolds number is defined by

Rep = P12 (A.15)
H

If the tentative value of E, is used, J can be iteratively
solved from Egs. (8), (A.11) and (A.14). Using the cal-
culated 6, the amount of mp and mg are estimated from
the above equations. Next, using Eq. (11), the value of
E. is updated. This procedure is repeated until con-
vergence to obtain final value of E..

Appendix B. Outline of the computer program, ANDRE
The computer program, ANDRE, uses the following

conservation equations of mass and momentum based
on a one-dimensional multi-fluid model [26]:
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where ¢ is the time, z the axial position, o the volume
fraction, p the density, u the velocity, P the pressure,
M,, the wall friction force, M; the interfacial drag force
and g the gravitational acceleration; the subscript & is
the phase index and I', represents the phase change
rate from the phase 1 to the phase 2. The constitutive
equations used for mathematically closing the basic
Egs. (B.1) and (B.2) are expressed in the following
forms:

> o =1, (B.3)
_Cw,kuz+l’ (B4)

Myt =St == G (-} B3)

pk ptk

n+1
M

where m denotes the number of phases.

The governing equations of the multi-fluid model
(B.1)—(B.5) are discretized with the semi-implicit scheme
on the staggered mesh. The term with the superscript
n + 1 in the equations are evaluated at the new time level
(n+ 1)At, where At denotes the time step. Full donor
cell differencing is used for the convection terms in Egs.
(B.1) and (B.2). In the solution scheme, the discretized
form of momentum conservation equation (B.2) is ar-
ranged into

m oP n+1
" = ¢, — o (—) . (B.6)
p; P7p 0z

Since the number of momentum equations is
m (k = 1-m), the velocity of phase k at new time level is
expressed as

oP n+l1
utt =by + C"(@) ) (B.7)

Substituting this equation into the mass conservation
Egs. (B.1) and (B.3), the following nonlinear algebraic
equations about P"*!' and «"*! are obtained:

SuP gty =0, (B.8)
Sor =Y o =1 (B.9)
p=1

Applying the Newton—Raphson method to these equa-
tions, the Jacobi equation in the following form is ob-
tained:

oP 1" )
~ (SOC| -, 5&*1 Ny
A{’\IR . + B;IR 5Pj = Fg> (B.IO)
. 5P/+l
00, ’

J
where n’ is the number of iteration in the Newton—
Raphson method and j denotes the discrete position:

z = jAz (Az is the mesh size). This equation is further
transformed to

gP n 5[)/71 "

23] ~n ] S 6P ~I\—1 2

. +(47) B} / =(47) F'. B.11
: ( J ) J 5F)j+1 ( J ) J ( )
O,y
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Extraction of the first line from this equation yields the
tri-diagonal matrix about 6P;, which is solved with the
tri-diagonal matrix algorithm. If 6P is known, da is
calculated from Eq. (B.11). After the convergence of the
Newton-Raphson method, pressure and volume frac-
tions at the new time level are calculated by

Pl =P 4 5P, (B.12)
gt = o 4 u (B.13)

From these results, the new densities and velocities of all
the phases are readily calculated with the equations of
state and Eq. (B.7), respectively. This is the final step to
obtain the solution at (n + 1)A¢; the same procedure is
repeated till nAt reaches prescribed time.
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