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Abstract

Accurate prediction of the interfacial area concentration is essential to successful development of the interfacial transfer terms in the
two-fluid model. The interfacial area concentration in annular flow and annular-mist flow is especially relevant to the transition process
to the liquid film dryout, which might lead to fatal problem in the safety and efficient operation of boiling heat transfer system. However,
very few experimental and theoretical studies focusing on the interfacial area concentration in annular flow region have been conducted.
From this point of view, measurements of annular flow parameters such as one-dimensional interfacial area concentration of liquid film
and local interfacial area concentration profile of liquid film were performed by a laser focus displacement meter at 21 axial locations in
vertical upward annular two-phase flow using a 3-m-long and 11-mm-diameter pipe. The axial distances from the inlet (z) normalized by
the pipe diameter (D) varied over z/D = 50–250. Data were collected for preset gas and liquid flow conditions and for Reynolds numbers
ranging from 31,800 to 98,300 for the gas phase and 1050 to 9430 for the liquid phase. Axial development of the one-dimensional inter-
facial area concentration and the non-dimensional local interfacial area concentration profile of liquid film were examined with the data
obtained in the experiment. Total interfacial area concentration including liquid film and droplets was also discussed with help of the
existing drift-flux model, entrainment correlation, and droplet size correlation.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

For many energy plants, annular-mist two-phase flow is
the most common flow pattern in boiling heat transfer sys-
tems, such as boiler and heat exchanger. The flow charac-
teristics of liquid film and entrained droplets in the
annular-mist flow, especially the wave phenomena on a
liquid film, play important roles in heat and mass transfer.
The phenomena are closely related to the transition process
to liquid film dryout, which might lead to fatal problems in
plant safety and efficient operation. Accurate knowledge of
the interfacial structure of liquid film in annular-mist flow
is thus essential for proper thermal–hydraulics design and
safety analysis of the plants.
0017-9310/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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The interfacial structure of liquid film and fraction of
entrained droplet in annular-mist flow change continuously
with flow development in the axial direction, because the
axial changes of the pressure or the interfacial shear stress
are very large compared with those of other flow patterns.
Two-fluid model, which is applied to thermal–hydraulic
analysis code for nuclear reactor, is considered as the most
useful and practical model to predict such flow develop-
ment in two-phase systems. However, in order to close
the two-fluid model, the interfacial transfer terms should
be modeled accurately. In the present thermal–hydraulic
analysis codes, the effects of interfacial structure on the sys-
tem behavior have been analyzed by using flow regimes and
transition criteria. In this approach, no time or length scale
is incorporated in calculating a developing flow. To solve
such a problem, the introduction of interfacial area trans-
port equation has been recommended [1]. The interfacial
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Nomenclature

A total cross-sectional area
Ad cross-sectional area of droplets
Af liquid-film cross-sectional area
ai interfacial area concentrationeai non-dimensional interfacial area concentration

(�aiDx)
ai,drop interfacial area concentration of liquid droplets
ai,film interfacial area concentration of liquid film
Can roughness parameter of liquid film interface
D pipe diameter
E fraction of liquid flux flowing as droplet (�jfe/jf)
Ed fraction of liquid entrained in the gas core from

total liquid area
E1 equilibrium value of fraction entrained, E

g gravitational acceleration
j mixture volumetric flux
jc total volumetric flux based on the gas-core area
jf superficial liquid velocity
jfe volumetric flux of liquid droplets
jg superficial gas velocity
Nlf viscous number ½� lf=ðqfr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r=gDq

p
Þ1=2�

R pipe radius
Ref Reynolds number of liquid phase (�hjfiD/mf)
Reg Reynolds number of gas phase (�hjgiD/mg)
r radial coordinate
rd droplet radius
rvm volume median radius
rSm Sauter mean radius
t time
vfc liquid–droplet velocity
vff liquid-film velocity

vgc gas-core velocity
Vgj drift velocity
We entrainment Weber number ½� qghjgi

2D
ðDq=qgÞ1=3=r�

z axial coordinate

Greek symbols

a void fraction
ac fraction of gas core
ad droplet fraction in the gas core
d liquid-film thickness
d time-averaged liquid film thickness
C volumetric flow rate per unit wetted perimeter
g interfacial area concentration of liquid film nor-

malized by total interfacial area concentration
ð� hai;filmi=hai;totaliÞ

lf viscosity of liquid phase
lg viscosity of gas phase
mf kinematic viscosity of liquid phase
mg kinematic viscosity of gas phase
qf liquid density
qg gas density
Dq density difference between liquid and gas
r interfacial tension
f dimensionless distance

Mathematical symbols

h i area-averaged quantity
hh ii void fraction weighted cross-sectional area-aver-

aged quantity
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area transport equation can replace the traditional flow
regime maps and regime transition criteria. The changes
in the two-phase flow structure are predicted mechanisti-
cally by introducing the interfacial area transport equation.
A successful development of the interfacial area transport
equation thus can make a quantum improvement in the
two-fluid model formulation.

Recently, continuous efforts have been made to develop
the interfacial area transport equation particularly in dis-
persed two-phase flows [2–6]. However, very few experi-
mental and theoretical studies focusing on the interfacial
area transport in annular-mist flow have been conducted.
In order to develop the accurate model on interfacial area
transport equation in annular-mist flow, reliable experi-
mental data on local flow characteristics such as liquid film
and entrained droplet are required. As the first step in this
direction, this study aims at measuring the detailed axial
development of flow parameters such as one-dimensional
interfacial area concentration of liquid film, and local inter-
facial area concentration profile of liquid film. The
obtained one-dimensional interfacial area concentration
of the liquid film is compared with the existing drift-flux
model [7], and the contribution of the interfacial area con-
centration in the liquid film to total interfacial area concen-
tration is estimated with help of existing drift-flux model
[7], entrainment correlation [8], and droplet size correlation
[9].

2. Preliminary modeling of interfacial area transport of

annular two-phase flow

2.1. Drift-flux model in annular-mist flow

2.1.1. Gas-drift velocity of annular flow without droplet

entrainment

In annular two-phase flows, the relative motions
between phases are governed by the interfacial geometry,
the body-force field, and the interfacial momentum trans-
fer. The constitutive equation for the gas-drift velocity in
annular two-phase flows can be derived by taking into
account those macroscopic effects of the structured two-
phase flow. Assuming steady-state adiabatic two-phase
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annular flow without droplet entrainment, Ishii derived the
constitutive equation for the gas-drift velocity, V gj, from
the momentum equations for gas and liquid phases as [7]

V gj � hvgi � hji

’ 1� hai

hai þ 1þ75ð1�haiÞffiffiffiffi
hai
p qg

qf

� �1=2
hji þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DqgDð1� haiÞ

0:015qf

s" #
;

ð1Þ

where vg, j, a, qg, qf, Dq, g and D are the gas velocity, the
mixture volumetric flux, the void fraction, the gas density,
the liquid density, the density difference, the gravitational
acceleration and the channel diameter, respectively. h i
means the area-averaged quantity.
2.1.2. Inception criteria for droplet entrainment
As the gas velocity increases in the annular flow, the

liquid entrainment from the film to the gas-core flow takes
place. Ishii and Grolmes [10] carefully examined the exist-
ing experimental data for the inception of entrainment in
co-current two-phase flow systems, by plotting them on
the liquid film Reynolds number, Ref, versus the critical
gas velocity plane, which indicates that there exist at least
three different regimes for each fluid as shown in Fig. 1.
Here, the liquid film Reynolds number is defined by

Ref �
4qfhhvfiid

lf

¼ 4C
mf

¼ hjfiD
mf

; ð2Þ

where vf, d, lf, C, mf and jf are the liquid velocity, the liquid
film thickness, the liquid viscosity, the volumetric flow rate
per unit wetted perimeter, the kinematic viscosity and the
superficial liquid velocity, respectively. hh ii means the
void-fraction weighted mean quantity. The Reynolds num-
ber at the point A is roughly found to be 1635 [10].

Ishii and Grolmes derived the criteria for an onset of
entrainment based on the balance of the forces acting on
the wave as [10]
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Fig. 1. Schematic inception boundary for a particular combination of
liquid and gas [10].
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where jg and r are the superficial gas velocity and the sur-
face tension, respectively. The liquid viscous number, Nlf,

is defined by lf=½qfr
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r=gDq

p
�1=2. The inception criterion

for the rough turbulent regime (Ref > 1635) becomes

jjgj >
r
lf

ffiffiffiffiffi
qf

qg

r
�

N 0:8
lf for Nlf 6

1
15
; Ref > 1635;

0:1146 for Nlf >
1

15
; Ref > 1635:

(
ð4Þ

However, in general, the gas flux is much larger than the
liquid flux in the annular-mist flow regime; then, for a
weakly viscous fluid such as water or sodium, Eq. (4) can
be replaced by

jjgj ’ jjj >
rDqg

q2
g

 !1=4

N�0:2
lf : ð5Þ

If inequality (5) is satisfied, then the droplet entrainment
into the gas-core flow should be considered; otherwise the
correlation for annular flow, Eq. (1) can be applied [7].

2.1.3. Gas-drift velocity of annular-mist flow
The correlation for V gj in annular-mist flows (annular

flows without droplet entrainment) can be readily formu-
lated by combining the drift-velocity constitutive equations
for a dispersed flow and pure annular flow [7]. The area
fraction of liquid entrained in the gas core from total liquid
area at any cross section, Ed, is given by

Ed �
Ad

Af þ Ad

: ð6Þ

Here, Ad and Af are the cross-sectional area of droplets and
the liquid-film cross-sectional area, respectively, see Fig. 2.
The mean liquid–droplet fraction in the gas core alone, ad,
is given by

ad �
cross-sectional area of drops

cross-sectional area of core
¼ Ad

A� Af

¼ ð1� haiÞEd

hai þ ð1� haiÞEd

; ð7Þ

where A is the total cross-sectional area. The core-area
fraction, ac, is given by

ac �
cross-sectional area of core

total cross-sectional area
¼ A� Af

A
¼ hai þ ð1� haiÞEd; ð8Þ

and the film-area fraction is given by 1 � ac. By introduc-
ing the droplet area fraction in the gas core alone, ad, the
core-area fraction, ac, is represented by

ac ¼
hai

1� ad

: ð9Þ



Af: Film Area

Ad: Droplet Area

Ag: Gas Area

A: Total Cross  
Sectional Area

A= Ag + Ad + Af
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Fig. 2. Schematic cross-sectional diagram of annular-mist two-phase flow.
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Consequently, ac should be used in the annular flow corre-
lation, Eq. (1), to obtain the relative motion between the
core and the film, whereas ad should be used in the dis-
persed-flow correlation to obtain a slip between droplets
and gas-core flow.

By denoting the gas-core velocity, liquid–droplet veloc-
ity, and film velocity by vgc, vfc and vff, respectively, the
total volumetric flux is given by

hji ¼ ½vgcð1� adÞ þ advfc�ac þ vffð1� acÞ: ð10Þ

Furthermore, by denoting the total volumetric flux in the
core, jc, based on the core area by

jc ¼ vgcð1� adÞ þ advfc; ð11Þ

we have Eq. (12) from the annular correlation, Eq. (1),

jc � hji ’
1� ac

ac þ 1þ75ð1�acÞffiffiffi
ac
p

qg

qf

n o1=2
hji þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DqgDð1� acÞ

0:015qf

s" #
:

ð12Þ

It can be shown from the dispersed-flow correlation [7] and
Eq. (11) that for a distorted-droplet or churn-droplet flow
regime, the drift velocity can be given approximately by

hhvgii � jc ¼
ffiffiffi
2
p rgDq

q2
g

 !1=4

ad: ð13Þ

Here we have used an approximation as (1 � hai)� 1.
However, depending on the core-gas velocity, the dis-
persed-flow drift-velocity correlation for a much smaller
particle should be used. When the droplets are generated
by the entrainment of liquid film, the following approxi-
mate form is suggested for an undistorted-particle regime
outside the Stokes regime [11] as

hhvgii � jc ¼ 0:5rd

ðgDqÞ2

lgqg

" #1=3

ad; ð14Þ

where lg is the gas viscosity. Eq. (14) should be used when
[7]
jhjij > 1:456
rDqg

q2
g

 !�1=4
l2

g

qgr
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r=gDq

p" #�1=12

: ð15Þ

From Eqs. (12)–(14), we obtain

V gj ¼
1� ac

ac þ 1þ75ð1�acÞffiffiffi
ac
p

qg

qf

n o1=2
hji þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DqgDð1� acÞ

0:015qf

s" #

þ

ffiffiffi
2
p

rgDq
q2

g

� �1=4

ad

or

rd

2
ðgDqÞ2
lgqg

h i1=3

ad:

8>>><>>>: ð16Þ

If the radius of the particle is very small, then the essential
contribution to the relative motion between phases comes
from the first term of Eq. (16), and the core flow may be
considered as a homogeneous dispersed flow. In such a
case, Eq. (16) reduces to

V gj ’
1� ac

ac þ 1þ75ð1�acÞffiffiffi
ac
p

qg

qf

n o1=2
hji þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DqgDð1� acÞ

0:015qf

s" #
: ð17Þ

This expression shows a linear decrease of drift velocity in
terms of entrained liquid fraction, which can be observed in
various experimental data [12,13].

2.1.4. Droplet size

The droplet size and size distribution in annular-dis-
persed flow have been studied in detail by Kataoka et al.
[9]. The radius in Eq. (16) is closely approximated by the
volume median radius, rvm, thus

rd ’ rvm ¼ 0:005
r

qgj2
g

Re2=3
g

qg

qf

� ��1=3 lg

lf

� �2=3

; ð18Þ

where Reg is the gas Reynolds number defined by
qghjgiD/lg.

2.2. Interfacial area concentration in annular-mist flow

The interfacial area in annular-mist flow is expressed as
[14]

haii ¼ hai;filmi þ hai;dropi

¼ 4Can

D

ffiffiffiffiffiffiffiffiffiffiffiffiffi
hai

1� ad

s
þ hai

1� ad

3ad

rSm

� �
; ð19Þ

where Can and rSm are the roughness parameter of liquid
film and Sauter mean radius of droplets, respectively. The
roughness parameter is the measure of the interfacial area
increase due to waves on film, thus Can P 1. In the follow-
ing analysis, we assume axisymmetric liquid film thickness
and axially smooth liquid film, namely Can = 1. For hai � 1
and ad� 1, Eq. (19) is further simplified to [14]

haii ’
4

D
þ hai

1� ad

3ad

rSm

� �
: ð20Þ
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Sauter mean radius of droplets in annular-mist flow is
related to the volume median radius by

rSm ¼ 0:796rvm; ð21Þ

where the proportionality constant has been calculated
from the droplet size distribution [9].

2.3. Fraction of liquid flux flowing as droplet in

annular-mist flow

Assuming Can = 1, the interfacial area concentration in
annular-mist flow is calculated by Eq. (19) with a, ad,
and rSm. Sauter mean radius can be calculated by Eqs.
(18) and (21), whereas void fraction is obtained by Eq.
(16) with Eq. (18) and ad. Thus, the key to estimate the
interfacial area concentration in annular-mist flow is to
obtain ad.

In annular-mist flow, the droplet size is quite small and
the gas flux is high, therefore the slip between droplets and
gas is relatively small. Then, ad may be approximated by
[14]

ad ’ E
jf

jg

; ð22Þ

where E is the fraction of liquid flux flowing as droplet de-
fined as

E � jfe

jf

: ð23Þ

Here, jfe is the volumetric flux of droplets. The fraction of
liquid flux flowing as droplet can be calculated by Ishii and
Mishima [8]

E ¼ 1� expð�1:87� 10�5f2Þ
	 


E1; ð24Þ

where

f ¼ ðz=DÞRe0:5
f

We0:25
; ð25Þ

E1 ¼ tanhð7:25� 10�7We1:25Re0:25
f Þ: ð26Þ

Here, Weber number is defined by

We �
qghjgi

2D

r
Dq
qg

 !1=3

: ð27Þ

The averaged liquid film thickness is estimated from Eq. (9)
as

hdi ¼ D
2

1�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
hai

1� ad

s !
: ð28Þ
3. Experiment

Fig. 3 shows a two-phase flow loop used in the present
experiments. The working fluids were air and water, which
was obtained by purifying tap water to an electrical con-
ductivity lower than 1 lS/cm. Air was fed into the channel
from a compressor. The water was pumped from a water
tank into a test pipe made of acrylic, passed through a flow
meter, and flowed back to the water tank. A uniform liquid
film was achieved by the use of a sintered metal pipe as a
film generator. The inside diameter and length of the test
pipe were 11 mm and 3 m, respectively. Water temperature
was maintained at 25 ± 0.5 �C by a cooler submerged in
the water tank. Thermocouples in the water tank and sep-
aration tank monitored the water temperature.

In this study, we performed the measurement of the
microscopic interfacial wave structure of vertical annular
two-phase flow using a laser focus displacement meter
(LFD, Keyence Co. Japan, Model LT 8100). In the previ-
ous experiments conducted by Takamasa and his col-
leagues [15,16], interfacial waves on a film flowing down
a vertical plate wall and down the inner wall of a pipe were
measured using the LFD. The effectiveness of the LFD for
obtaining detailed liquid film information was clarified
through these studies. The LFD has a measurement range
of 28 ± 1 mm from the laser head. The diameter of the
beam spot is 2 lm, and the spatial resolution is 0.2 lm.
The temporal resolution is approximately 1 kHz. Measure-
ments of film thickness with the LFD were conducted at 21
axial locations, equally spaced 110 mm apart along the
pipe axial length. The axial distance from the inlet (z)
normalized by the pipe diameter (D) was z/D = 50–250.
Data were collected for predetermined gas and liquid flow
conditions and for Reynolds numbers ranging from
Reg = 31,800–98,300 for the gas phase and Ref = 1050–
9430 for the liquid phase.
4. Results and discussion

4.1. One-dimensional interfacial area concentration

Axial development of one-dimensional interfacial area
concentration is examined in this section. In order to
deduce the one-dimensional interfacial area concentration
from measured local liquid film thickness, we assume axi-
symmetric interfacial wave. Then, one-dimensional interfa-
cial area concentration of liquid film, hai,filmi, is estimated
by taking the time-averaged liquid film thickness, d, as
follows:

hai;filmi ¼
P

ai;filmP
t
¼ 4ðD� 2dÞ

D2
; ð29Þ

where d �
P

diDti=
P

Dti. The axial development of the
one-dimensional interfacial area concentration of liquid
film is obtained by substituting the value of d, measured at
each axial location with the LFD, into Eq. (29). Compari-
son of the present experimental data with the data
predicted by the interfacial area concentration model
for annular-mist flow, which is taking into account the
one-dimensional drift-flux model and the liquid
entrainment model (refer to Eqs. (19) and (22)), is also
examined.
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Fig. 4 shows a typical result of the axial development of
the one-dimensional interfacial area concentration of the
liquid film. Symbols and lines in the figure indicate the
measured and predicted values, respectively. In order to
highlight the effect of the entry length, the interfacial area
concentration normalized by that at z/D = 50,
nð� hai;filmi=hai;film;z=D¼50iÞ is also plotted against the axial
position as shown in Fig. 5.
As can be seen from Figs. 4 and 5, as the flow develops,
the interfacial area concentration of the liquid film gradu-
ally increases up to 3% at maximum in the present experi-
mental flow range. The axial increase of the interfacial area
concentration of the liquid film is more pronounced at
higher liquid Reynolds number, whereas it is insignificant
at lower liquid Reynolds number. According to the crite-
rion on the onset of the liquid entrainment, the liquid
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droplet entrainment occurs in all the conditions except for
Ref = 1050. The liquid droplet entrainment may act as the
source for the interfacial area concentration of the liquid
film. This can be seen from Eqs. (7) and (19). Eq. (7) indi-
cates ad increased by increasing Ed, and the first term on
the right-hand side of Eq. (19) indicates that the increased
ad increases hai,filmi. The increased void fraction due to the
pressure reduction along the axial direction also tends to
increase hai,filmi. Thus, the axial increase in the interfacial
area concentration of the liquid film is mainly due to
increase in the liquid droplet entrainment and the void
fraction along the flow direction.

In addition, the pressure difference between the inlet and
the outlet at high liquid Reynolds number is higher than
that at low liquid Reynolds number due to increase in
the interfacial shear stress. This causes the increase in the
void fraction and the liquid entrainment in axial direction,
and results in the pronounced axial increase of interfacial
area concentration at higher liquid Reynolds number.
The changes of axial interfacial area concentration
obtained from measured local liquid film thickness with
axisymmetric liquid film thickness assumption are well-
reproduced by the existing drift-flux model together with
the entrainment rate correlation within an averaged predic-
tion error of ±2.5%.

As shown in Eq. (20), the interfacial area concentration
of the liquid film in annular-mist flow is often assumed to
be 4/D. The interfacial area concentration of the liquid film
under this assumption is calculated to be 364 m�1 in the
present test section, see the thick solid line in Fig. 4. The
maximum difference between the measured interfacial area
concentration of the liquid film and 4/D is 7.7% in the pres-
ent experimental conditions. Thus, as the first assumption,
Eq. (20) may be acceptable, but more sophisticated method
such as the drift-flux model and the interfacial area trans-
port equation to be developed should be preferable partic-
ularly in the critical heat flux prediction.

Figs. 6 and 7 show the dependence of the interfacial area
concentration of the liquid film on the gas Reynolds num-
ber and the liquid Reynolds number, respectively, at a fixed
axial location of z/D = 250. As can be seen from Fig. 6, the
effect of the gas Reynolds number on the interfacial area
concentration of the liquid film at a fixed liquid Reynolds
number is more pronounced at higher liquid Reynolds
number. The interfacial area concentration of the liquid
film at a fixed liquid Reynolds number gradually increases
with the gas Reynolds number, see Fig. 6, whereas the
interfacial area concentration of the liquid film at a fixed
gas Reynolds number decreases with increase of the liquid
Reynolds number, see Fig. 7. As the gas Reynolds number
increases, the interfacial shear force between the gas core
and the liquid film tends to reduce the thickness of the
liquid film. The dependences of the interfacial area concen-
tration of the liquid film on the gas and liquid Reynolds
numbers are well-reproduced by the existing drift-flux
model together with the entrainment rate correlation
within an averaged prediction error of ±2.5%.
Fig. 8 shows a typical result of the axial development of
the one-dimensional interfacial area concentration. Sym-
bols, thick lines and thin lines in the figure indicate the
measured interfacial area concentration of the liquid film,
the predicted interfacial area concentration of the liquid
film and the predicted total interfacial area concentration
of the liquid film and the liquid droplets, respectively.
The total interfacial area concentration is estimated by
the existing correlations on the liquid droplet size and
entrainment ratio (refer to Eqs. (18) and (19) with assum-
ing Can = 1, Eqs. (21), (22) and (24)). In order to high-
light the interfacial area concentration of the liquid film
normalized by the total interfacial area concentration
g ð� hai;filmi=hai;totaliÞ is also plotted in Figs. 9 and 10. As
can be seen from Fig. 8, no liquid droplet entrainment at
the test section inlet occurs at Ref = 1050. However, the
acceleration of the liquid film velocity due to the gas expan-
sion initiates the liquid droplet entrainment at a certain
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axial location from the inlet. As the liquid Reynolds num-
ber increases, the significant liquid droplet entrainment
occurs near the test section inlet resulting in the remarkable
increase of the total interfacial area concentration. Such an
intensive liquid droplet entrainment appears to be termi-
nated near the test section inlet, and the gradual liquid
entrainment occurs at the downstream.

Figs. 9 and 10 show the contribution of the interfacial
area concentration of the liquid film to the total interfacial
area concentration, g, on the gas and liquid Reynolds num-
bers. As the gas and liquid Reynolds numbers increase, the
contribution of the interfacial area concentration of the
liquid film decreases. The contribution, g, is about unity
at relatively low gas and liquid Reynolds numbers such
as Reg = 31,800 and Ref = 1050 due to insignificant liquid
droplet entrainment. The contribution, g, is higher than
0.4 even at Reg = 98,300 and Ref = 9430. This suggests that
the liquid film plays an important role in the interfacial
transfer term even at high gas and liquid Reynolds
numbers.

4.2. Local interfacial area concentration in liquid film

In this section, local interfacial area concentration of
liquid film is examined based on the results of the interfa-
cial waves on a liquid film measured by the LFD. By con-
sidering a simple system shown in Fig. 11, where there is
only one gas–liquid interface, the position of the interface
is represented by

x ¼ x0: ð30Þ

Now a control volume, Dx, near the point, c, is defined by

c� Dx
2
6 x 6 cþ Dx

2
: ð31Þ

Then, the instantaneous spatial averaged interfacial con-
centration, ai, in the control volume, is given by [17]

ai;film ¼
1
Dx ; for jc� x0j < Dx

2
;

0; for jc� x0j > Dx
2
:

(
ð32Þ

Here, the instantaneous non-dimensional interfacial area
concentration, eai;film, is defined by
o

y

xx0

2
xΔ

2

xΔ

0xγ =

Interface

Fig. 11. Definition of local interfacial area concentration in pipe cross
section.
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eai;film � ai;filmDx ¼
1; for jc� x0j < Dx

2
;

0; for jc� x0j > Dx
2
:

(
ð33Þ

Then, the non-dimensional time-averaged interfacial area
concentration, eai;film, is expressed by

eai;film ¼
1

Dt

Z eai;film dt: ð34Þ

Thus, the physical meaning of eai;film obtained by this simple
model is identical with the fraction of the time period when
the interfaces exist within the measuring region of Dx over
the total sampling time. The non-dimensional time-aver-
aged interfacial area concentration, �~ai;film, is determined
experimentally from the fraction of the time period when
the interfaces exist within the measuring region of Dx over
the total sampling time. Here, Dx is set at 40 lm.

Fig. 12 shows a typical result of the non-dimensional
interfacial area concentration distribution of the liquid film
obtained at z/D = 250 at a fixed gas Reynolds number of
Reg = 73,700. Here, r/R = 1.0 corresponds to the pipe wall.
As shown in the figure, the distribution of the non-dimen-
sional interfacial area concentration of the liquid film is
dependent on the flow condition. The distribution has a
sharp peak close to the pipe wall at low liquid Reynolds
number such as Ref = 1050. As the liquid Reynolds num-
ber increases, the peak location tends to shift toward the
pipe center, and its amplitude is reduced. This is due to
wavy interfacial geometry pronounced by the increased
liquid Reynolds number.

Fig. 13 shows a typical result of the axial change of the
non-dimensional interfacial area concentration distribution
of the liquid film obtained at fixed gas and liquid Reynolds
number of Reg = 98,300 and Ref = 9430. Comparing the
data at z/D = 50 with the data at z/D = 150 and 250, the
interface at z/D = 50 appears to be more wavy than that
at z/D = 150 and 250. However, as the flow develops or
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Fig. 12. Effect of liquid Reynolds number on non-dimensional local IAC
distribution (Reg = 73,700).
the gas velocity increases along the flow direction, the inter-
facial shear force accelerates the liquid film and increases
the liquid droplet entrainment resulting in the thinner
liquid film.

As the first step to develop the interfacial area transport
equation in annular and annular-mist flows, the local and
one-dimensional interfacial area concentrations of the
liquid film are measured. In order to provide the extensive
database enough to evaluate the interfacial area transport
equation, the interfacial area concentration of the liquid
film together with that of the entrained liquid droplets
are necessary. Extensive researches in this direction are
encouraged in a future study.
5. Conclusions

As the first step to develop the interfacial area transport
equation in annular and annular-mist flows, this study per-
formed the detailed measurement of the axial development
of flow parameters such as one-dimensional interfacial
area concentration of liquid film and non-dimensional
local interfacial area concentration profile of liquid film
in vertical air–water flow in 11 mm-diameter pipe in the
flow conditions of 31,800 6 Reg 6 98,300 and 1050 6
Ref 6 9430. The one-dimensional interfacial area concen-
tration was obtained from the measured local liquid film
thickness with the assumption of axisymmetric liquid film,
and the non-dimensional time-averaged interfacial area
concentration, eai;film, was determined experimentally from
the fraction of the time period when the interfaces existed
within the measuring region of Dx over the total sampling
time.

The obtained one-dimensional interfacial area concen-
tration of the liquid film was compared with the drift-flux
model by Ishii, and the contribution of the interfacial area
concentration in the liquid film to total interfacial area con-
centration was estimated with help of the drift-flux model
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by Ishii, the entrainment correlation by Ishii and Mishima,
and the droplet size correlation by Kataoka et al. The
obtained results are summarized as follows.

(1) As the flow developed, the pressure reduction
along the flow direction gradually reduced the inter-
facial area concentration of the liquid film up to
3% at maximum in the present experimental flow
range.

(2) The axial interfacial area concentration changes were
well-reproduced by the existing drift-flux model
together with the entrainment rate correlation within
an averaged prediction error of ±2.5%.

(3) The simulated calculation showed that the contribu-
tion of the interfacial area concentration of the liquid
film to the total interfacial area concentration of the
liquid film and the entrained liquid droplets was
decreased by increasing the gas and liquid Reynolds
numbers. The contribution was about unity at rela-
tively low gas and liquid Reynolds numbers of
Reg = 31,800 and Ref = 1050 due to insignificant
liquid droplet entrainment. The contribution was
higher than 0.4 even at Reg = 98,300 and Ref =
9430. This suggested that the liquid film would play
an important role in the interfacial transfer term even
at high gas and liquid Reynolds numbers.

(4) The distribution of the interfacial area concentration
of the liquid film had a sharp peak close to the pipe
wall at low liquid Reynolds number such as Ref =
1050. As the liquid Reynolds number increased, the
peak location tended to shift toward the pipe center,
and its amplitude was reduced. This was due to wavy
interfacial geometry pronounced by the increased
liquid Reynolds number.
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