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h i g h l i g h t s
 A mechanical model for droplet entrainment in annular flow is established.
 The mechanism of wave processes on the interface is considered.
 Interfacial disturbance wave effects on droplet entrainment rate is studied.
 Generalization of droplet entrainment rate correlation for annular flow is proposed.
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a b s t r a c t
A full knowledge of the interfacial disturbance wave effects on droplet entrainment is crucial for accurately predicting entrainment rate in annular flow. However, most entrainment models in literatures
do not account for interfacial properties but only consider global flow parameters than precise wave
characteristics. In view of this, based on the shearing-off mechanism of disturbance wave crest, a comprehensive model of droplet entrainment rate for annular flow has been established considering the characteristics of disturbance wave. Effects of hydraulic parameters on the instability of disturbance wave and
their relationship with the droplet entrainment rate are presented. Results reveal that the gas and liquid
flow rate, hydraulic diameter, surface tension and pressure have a great influence on the wave properties,
i.e., critical wavelength, wave amplitude and wave velocity, and hence the droplet entrainment rate.
Taking these influencing factors into account, a more accurate and reasonable formula for entrainment
rate in annular flow is proposed. Comparison of the present correlation with the existing empirical correlations reveals that the new developed correlation can be correlated reasonably well with the experimental data within ±25% deviation for both air-water and steam-water annular flow.
Ó 2017 Elsevier Ltd. All rights reserved.

1. Introduction
Annular gas-liquid flow is of considerable physical interest and
great practical significance. This flow is characterized by a thin liquid film adjacent to the wall and a high-speed gas core in the center of the flow. The gas-liquid interface separating the two
continuous phases, through which liquid is interchanged with droplet entrainment and re-deposition. As a crucial parameter, the
entrainment of the droplets significantly alters the mechanisms
of mass, momentum and heat transfer between liquid film and
gas core as well as the transfer between two-phase mixture and
wall. In order to accurately predict a number of important physical
phenomena in annular two-phase flow systems, for example, the
critical heat flux and post-critical heat flux in light-water cooled
⇑ Corresponding author.
E-mail address: bfbai@mail.xjtu.edu.cn (B. Bai).
http://dx.doi.org/10.1016/j.ces.2017.02.023
0009-2509/Ó 2017 Elsevier Ltd. All rights reserved.

nuclear reactors, the effectiveness of the emergency core cooling
systems in water reactors, the droplet carryover in steam boilers
and the performance of the film cooling of jets and rocket engines
(Ishii and Grolmes, 1975; Holowach et al., 2002), an understanding
of entrainment mechanism and an accurate model for entrainment
prediction is essential.
With regarding to the literatures available, a large amount of
experimental data (Singh et al., 1969; Würtz, 1978; Asali, 1983;
Schadel, 1988; Jepson et al., 1989; Okawa and Kataoka, 2005)
and models for the prediction of droplet entrainment fraction
(Oliemans et al., 1986; Ishii and Mishima, 1989; Sawant et al.,
2009; Cioncolini and Thome, 2010, 2012; Al-Sarkhi et al., 2012)
and the mass flux of entrained droplets (Ueda, 1979; Hewitt and
Govan, 1990; Nigmatulin et al., 1996; Lopez De Bertodano et al.,
1997, 2001; Kataoka et al., 2000; Okawa et al., 2002; Okawa and
Kataoka, 2005; Baniamerian and Aghanajafi, 2010) in gas-liquid
annular flow have been reported. The droplet entrainment data
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Nomenclature
A
Ac
Aentr
Aw
Ar
c
CD
Cw
Dh
E
fi
Fd
Fg
Fr
g
Gl
Gf
Ge
Gg
I
j
J
kE
K
l
Mg
Me
Ncv
Nig
Nil
Nl
p
Pwetted
s
SE
Re
t
uf

cross section area of the pipe, m2
interfacial area in the control volume, m2
effective drag area, m2
wave amplitude, m
effective area that surface tension force acts on, m2
wave velocity, m s1
drag coefficient
coefficient for internal flow
hydraulic diameter, m
entrainment fraction
interfacial fraction factor
drag force, N
gravity force, N
surface tension force, N
gravitational acceleration, m s2
liquid mass flux, kg m2 s1
liquid film mass flux, kg m2 s1
entrained droplet mass flux, kg m2 s1
gas mass flux, kg m2 s1
intermittency
superficial velocity, m s1
non-uniformity factor
mass transfer coefficient, m s1
wave number, m1
length occupied by wave per wavelength, m
mass flow rate of gas phase, kg s1
mass flow rate of entrained droplets, kg s1
number of waves
normal stress of gas phase, Pa
normal stress of liquid phase, Pa
viscous number
pressure, Pa
wetted perimeter, m
axial position that entrainment occurs, m
entrainment rate, kg m2 s1
Reynolds number, Reg ¼ jg Dh =mg
entrainment period, s
average velocity of film, m s1

were measured mainly from air-water and adiabatic steam-water
flows, which provide a foundation for model development and validation. As for entrainment models, however, due to the complex
nature of entrainment phenomenon in annular flow, most of them
are empirical in nature and were developed in terms of dimensionless groups considering the equilibrium condition in the fully
developed region.
On the other hand, many researchers have demonstrated that
there is a clear presence of interfacial wave stability phenomena
affecting droplet entrainment in annular flow. Generally, there
exist two typical types of waves on the film surface, small-scaled
ripple waves and long-length disturbance waves (Hewitt and
Hall-Taylor, 1970; Azzopardi, 1997; Alekseenko et al., 2015). At
low liquid flow rate, ripple waves dominate the two-phase interface. These ripple waves are short lived and move at low velocities.
They usually do not occupy the whole pipe circumference and
appear to not carry mass (Schubring and Shedd, 2008;
Alekseenko et al., 2009; Belt et al., 2010). When liquid flow rate
is large enough, disturbance waves (also called roll waves) with
amplitude several times higher than the average liquid film thickness appear in the flow (Andreussi et al., 1985; Azzopardi, 1986). In
contrast to small ripple waves, disturbance waves have longer
lifespan and carry large mass along the pipe (Hanratty and
Hershman, 1961; Asali and Hanratty, 1993; Schubring and Shedd,

 gc
u
ul
Ventr
We
y
^
y
z

average velocity of gas core, m s1
average velocity of total liquid, m s1
entrained volume, m3
Weber number
distance from the wall, m
amplitude of interfacial disturbance, m
axial distance, m

Greek symbols
a
void fraction
d
film thickness, m
db
base film thickness, m
f
correct coefficient
h
contact angle, °
k
wavelength, m
l
dynamic viscosity, kg m1 s1
m
kinematic viscosity, m2 s1
p
dimensionless parameter
q
density, kg m3
r
surface tension, N m1
s
shear stress, Pa
v
curvature, m1
Subscripts
avg
average
b
base
c
critical
co
gas core mixture
crest
wave crest
entr
entrainment
E
entrained droplet
f
liquid film
g
gas phase
I
imaginary part
l
liquid phase
R
real part
w
wave

2008; Alekseenko et al., 2009; Belt et al., 2010). For annular flow
in small diameter pipes Dh < 60 mm (Pols et al., 1998), the liquid
film is uniformly distributed around the pipe circumference
(Asali et al., 1985; Hall-Taylor et al., 2014) and the disturbance
waves appear circumferentially coherent (Hewitt and Hall-Taylor,
1970; Asali and Hanratty, 1993; Zhao et al., 2013). Considerable
works have been carried out to study the onset of droplet entrainment and the onset of disturbance waves (Hanratty and Hershman,
1961; Zhivaikin, 1962; Ishii and Grolmes, 1975; Azzopardi, 1997;
Berna et al., 2014). Relevant results pointed out that droplet
entrainment occurs in the region of the main disturbance waves
but only a small amount of entrainment occurs in the intervals
between the disturbance waves (Hewitt and Hall-Taylor, 1970)
(p. 136). This implies that the disturbance waves are a necessary
condition for the entrainment of droplets from film surface into
the core of gas stream (Cousins and Hewitt, 1968; Azzopardi,
1986, 1997; Han et al., 2006). Ishii and Grolmes (1975) summarized four different mechanisms for droplet entrainment in concurrent gas-liquid flow: roll wave, wave undercutting, bubble burst
and liquid impingement. In the case that film Reynolds number
is greater than a critical value, i.e., Refc = 160, they suggested that
the mechanism of entrainment is basically due to the shearingoff of disturbance wave crests by streaming gas flow. In this mechanism, the drag force acting on the wave tops deforms the interface
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against the retaining forces of the liquid surface tension and gravity force. As a result, liquid ligaments torn from the crest of the disturbance waves and their breakup produce clouds of liquid
droplets into the gas core (Gill and Hewitt, 1964; Ishii and
Grolmes, 1975; Holowach et al., 2002; Ryu and Park, 2011). Based
on this mechanism, Holowach et al. (2002), Lane et al. (2010) and
Ryu and Park (2011) developed theoretical models for droplet
entrainment rate in annular flow taking the interfacial disturbance
waves into account. However, their models have to been implemented into COBRA-TF thermal hydraulic code and an iterative calculation for the entrained liquid volume detached from wave crest
make it inconvenience to predict the entrainment rate in practice.
More importantly, the knowledge of the disturbance wave effects
on droplet entrainment is not available in their models, which
however is crucial for making an accurate prediction of entrainment rate in annular flow.
Since interfacial disturbance wave is directly related to the droplet entrainment, and most entrainment models in literatures do
not account for interfacial instabilities but only consider global
flow parameters. In this paper, we establish a mechanical model
to characterize the process of the droplet entrainment in annular
flow based on the theory of Kelvin-Helmholtz instability and a fundamental force balance on the crest of the disturbance wave.
Effects of main hydraulic parameters such as gas and liquid flow
rate, hydraulic diameter, surface tension and pressure on the wave
properties (including critical wavelength, wave amplitude and
wave velocity) and their relationship with the droplet entrainment
rate are detailed investigated, which enable us to physically
explain the role of disturbance wave in affecting the droplet
entrainment. On this basis, a more accurate and reasonable formula for the entrainment rate in annular flow is proposed and
compared with existing empirical correlations.
2. The mathematic model
2.1. Wave distribution and entrainment model
The droplet entrainment in annular flow is initiated by a KelvinHelmholtz instability (Woodmansee and Hanratty, 1969). The
interfacial disturbance waves are generally three dimensional
(Zhao et al., 2013; Berna et al., 2014). Due to a complex distribution
and shape of the disturbance wave, in this work, for theoretical
modeling consideration, the waves distributed in axial and circumferential directions are assumed to be uniform and the control volume for the present analysis is shown in Fig. 1.
Experimental observations of the annular flow show that large
amplitude disturbance waves traversing the film surface are the
main source of the droplet entrainment (Ishii and Grolmes, 1975)
and entrainment occurs almost entirely from the crest of the disturbance waves (Gill and Hewitt, 1964; Ishii and Grolmes, 1975;
Holowach et al., 2002). In this regard, entrainment is presumed
to be the result of sheared a fraction of the disturbance wave crest
off into the gas core. Based on the modelling of this mechanism, as
Holowach et al. (2002) suggested, the droplet entrainment rate SE
which is the total mass flow rate of the entrained liquid per unit
of interfacial area in the gas core, can be defined as a function of
liquid volume that entrained from each wave crest Ventr, wavelength k, number of waves in the control volume Nw and wave
velocity c:

SE ¼

V entr ql Nw
Ac t

ð1Þ

The interfacial area of the control volume Ac is approximated in
terms of the wetted perimeter of the pipe Pwetted, wavelength k and
void fraction a as:

pﬃﬃﬃ
Ac ¼ Pwetted k a
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ð2Þ

The entrainment period in the control volume t is estimated
from the time scale that the gas core passes over the liquid film:

t¼

k
l
 gc  u
u

ð3Þ

 gc and u
 l are the average velocities of gas core (consider the
where u
effect of the entrained droplets) and liquid flow, respectively.
In the interfacial area of the control volume, the number of
waves Nw occupied by the circumference of the pipe is:

Nw ¼

Pwetted
k

ð4Þ

Substituting Eqs. (2)(4) to Eq. (1), the expression for the entrainment rate SE is rearranged to:

SE ¼

 gc  u
l Þ
V entr ql ðu
3 pﬃﬃﬃ
k a

ð5Þ

The deformation mechanism in gas-liquid interface is caused by
a force balance. In order to determine the volume of the entrained
liquid Ventr departed from each wave in Eq. (5), the wave geometry
is needed to be characterized. The sinusoidal wave shape, as suggested by Hewitt and Hall-Taylor (1970) (p. 136) and Holowach
et al. (2002) in gas-liquid annular flow, is employed in this study
and the shape is assumed to be retained as the wave grows. Note
that, the wave geometry in reality usually differs from that of the
sine wave by having a more truncated geometry on the leeward
face (Wang et al., 2004; Zhao et al., 2013; Hall-Taylor et al.,
2014), but sine wave is a reasonable assumption. This wave shape
is also consistent with the interfacial instability analysis in the following Section 2.2. For waves on the annular flow, observations
indicated that the liquid film can be divided into a continuous layer
and a disturbed wavy layer (Levy, 1999; Mantilla, 2008; Schubring,
2009) as shown in Fig. 2, then the corresponding equation for the
wave can be described as:

dðzÞ ¼ ðAw  db Þ sin



2p
z þ db
k

ð6Þ

where the variables Aw, db and z are wave amplitude, base liquid
film thickness and axial direction, respectively.
For the base liquid film flow, many investigators have found
that the gas flow rate has the dominant influence on the base film
thickness db (Chien and Ibele, 1964; Moeck and Stachiewicz, 1972;
Ueda and Tanaka, 1974; Ueda and Nose, 1974; Dobran, 1983; Han
et al., 2006). In this study, a simple correlation proposed by
Schubring (2009) is adopted for the calculation of the base film
thickness db:

db ¼ 4:8Dh Re0:6
g

ð7Þ

The wave amplitude Aw in Eq. (6) is determined using the model
developed by Ishii and Grolmes (1975):

pﬃﬃﬃ
2C w l
Aw ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃlﬃ
si f il ql

ð8Þ

where Cw, si and fil are the dimensionless factor accounting for the
effects of viscous force and surface tension force, interfacial shear
stress and liquid interfacial friction factor, respectively (see Appendix A for details).
The mean liquid film thickness 
d that merges the wave and the
base film behavior can be calculated using the equation reported
by Omebere-Iyari and Azzopardi (2007).

d ¼ Aw JI þ db ð1  IÞ

ð9Þ
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Fig. 1. Wave distribution in axial and circumferential directions and the control volume.

1

cR ¼ 2

 l þ qgc u
 gc
kdql u
1 
kdq þ q
2

h

l

ð10Þ

gc



ql qgc kdðu gc  u l Þ2  kr 12 ql kd þ qgc
cI ¼ 
1
q kd þ qgc
2 l

Fig. 2. Geometry distribution of disturbance waves in annular flow.

Here, J accounts for the non-uniformity of the wave distribution
(J = 1 for uniform distribution) and I the disturbance wave intermittency, i.e., the length occupied by wave per wavelength (I ¼ l=k).
According to Schadel and Hanratty (1989) and Paras et al. (1994),
the wave intermittency in fully developed annular flow, regardless
of the flow geometry, i.e., vertical or horizontal, was found to be
independent of the gas and liquid flow rate and pipe diameter,
and converge to a constant value of approximately 0.5. The waves
distributed in axial and circumferential directions are assumed to
be uniform to simplify the modeling, and J = 1 and I = 0.5 are therefore adopted in this study.

1
2

i12
ð11Þ

where subscripts R and I represent the real and imaginary part,
respectively. qgc is the density of the gas core.
The real part of the wave velocity cR is the propagation velocity
of the wave and the imaginary part cI is the wave growth rate. If
there exists a mode where cI > 0, the wave amplitude increases
exponentially with time and the wave becomes unstable. But when
cI < 0 for all modes, the wave amplitude decreases exponentially
with time and wave is stable. The special case cI = 0 is defined as
the critical stability condition where the wave amplitude remains
constant and the wave is in unstable equilibrium. Hence, for a
given gas-liquid flow, the critical wavelength kc to initiate instability can be obtained by setting cI = 0:

kc ¼

2p
q

 gc  u
 l Þ2 rgc 
ðu

2qgc
dq
l

ð12Þ

Based on this critical wavelength kc, the corresponding wave
number k can be calculated to determine the real wave velocity
cR from Eq. (10). Then the interfacial stability condition which is
associated to the droplet entrainment for a given flow is arrived.

2.2. Onset of entrainment

2.3. Entrained liquid volume

In gas-liquid annular flow, the surface of the liquid film is not
smooth but covered with complex patterns of waves. It is the
Kelvin-Helmholtz instability causes the breakup of the unstable
waves to produce droplets. To predict the critical wavelength at
which the interface becomes unstable for a given flow, the interfacial stability analysis discussed by Hewitt and Hall-Taylor
(1970) (p. 111–117) is adopted as an underlying basis in this
work. The real and imaginary part of the wave velocity can be
expressed as:

With the critical wavelength obtained in Section 2.2, the wave
geometry can be characterized as shown in Fig. 3. A detailed force
balance on the wave crest is applied to determine the possible
maximum volume of the liquid Ventr that can be entrained form
each wave. As illustrated in Fig. 3, the drag force Fd, gravity force
Fg and surface tension force Fr,axis are exerting on the wave crest,
entrainment becomes possible if the drag force exceeds the retaining forces of the surface tension and gravity force (Holowach et al.,
2002). The wave shadow in the figure is assumed to be the
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angle that the surface tension force acting tangential to the
interface.
Generally, an integrated disturbance wave can be divided into
two parts, i.e., the front and rear of the disturbance wave. The surface tension force is assumed to exert only on the front of the wave
and the average curvature of the wave crest can be estimated by
the curvature at the wave peak (Holowach et al., 2002), then we
obtain:

vcrest;av g ¼
Ar ¼

4p 2
k2

entrained part and the point s demonstrates the axial position of
the wave that entrainment occurs.
(1) Drag force Fd

ð20Þ




2pðAw  db Þ
2ps
cos
k
k

ð21Þ

The location of axial position s can be determined by balancing
the above three forces. The value of s is then substituted into Eq.
(17) to calculate the maximum entrained liquid volume Ventr from
each wave crest.
3. Results and discussion

1
q C D Aentr ðugc  cR Þ2
2 gc
 1=3  2=3
lg
qg
1=6
C D ¼ 285:7Rel Reg2=3

Fd ¼

ql

Aentr ¼

ð19Þ


2
1
k
p s
4
4

h ¼ arctan
Fig. 3. Forces acting on the wave crest (Holowach et al., 2002).

ðAw  db Þ

ll





k
2ps
2pðk=2  sÞ
 cos
ðAw  db Þ cos
2p
k
k







k
k
2ps
þ
 2s db 
 2s ðAw  db Þ sin
þ db
2
2
k

ð13Þ

3.1. Model verification and modification

ð14Þ

The proposed model is written into Matlab program and its calculation results are compared with the experimental data for both

10

-1

Air-water data

ð15Þ

(SE)Exp / (SE)Pre

where CD and Aentr are the drag coefficient and effective drag area
normal to the flow, respectively (Kataoka et al., 1983).
(2) Gravity force Fg

F g ¼ ðql  qg ÞV entr g
ð16Þ
(






2
k2 ðAw  db Þ
2ps
2ps
V entr ¼
 arccos sin
2 þ 2 sin
4p
k
k




2p s
2p s
2ps
þ 2 arccos sin
cos
ð17Þ
sin
k
k
k

10

-2

10

-3

10

-4

10

-5

10

-6

Steam-water data

Singh et al. (1969)
Wurtz (1978)
Asali (1983)
Schadel (1988)
Jepson et al. (1989)
Okawa et al. (2005)
Sawant et al. (2008)

0.0

4

5

1.0x10

5.0x10

5

1.5x10

Rel

(3) Surface tension force Fr,axis

F r;axis ¼ rvcrest;av g Ar cos h

ð18Þ

where vcrest,avg, Ar and h are the average curvature of the wave crest,
the effective area that the surface tension acts on and the contact

Fig. 4. Experimental to predicted entrainment rate ratio (SE)Exp/(SE)Pre with liquid
film Reynolds number Rel for air-water date of Asali (1983), Schadel (1988), Jepson
et al. (1989), Okawa and Kataoka (2005) and Sawant et al. (2008) and steam-water
data of Singh et al. (1969) and Würtz (1978).

Table 1
The experiments used in the model verification and modification.
Reference

Fluids

P (MPa)

Dh (mm)

L/Dh (mm)

No

Asali (1983)
Asali (1983)
Schadel (1988)
Schadel (1988)
Jepson et al. (1989)
Okawa and Kataoka (2005)
Sawant et al. (2008)
Singh et al. (1969)
Würtz (1978)
Würtz (1978)

Air-water
Air-water
Air-water
Air-water
Air-water
Air-water
Air-water
Steam-water
Steam-water
Steam-water

0.1–0.2
0.1–0.2
0.1
0.1
0.15
0.14–0.76
0.12–0.4
6.9
3.0–9.0
7.1

22.9
42.0
25.4
42.0
10.26
5.0
9.4
12.5
10.0
20.0

393
214
150
150
292
320
210
200
900
450

23
22
39
17
25
169
77
19
59
20
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0.6

Singh et al. (1969)
Wurtz (1978)
Okawa et al. (2005)
Sawant et al. (2008)

+25%

0.4

-25%

0.2

0.0
0.0

0.2

0.4

0.6

Fig. 5. Comparison of the revised prediction with air-water data of Okawa and
Kataoka (2005) and Sawant et al. (2008) and steam-water data of Singh et al. (1969)
and Würtz (1978).

air-water flow and steam-water flow to demonstrate the validity of
this model. Table 1 summarizes the available experiments that are
analyzed.
In Fig. 4, the results are plotted as a ratio of the experimental
entrainment rate (SE)Exp divided by the predicted result (SE)Pre
against the liquid Reynolds number Rel. It is shown that the
entrainment rate ratio (SE)Exp/(SE)Pre increases significantly with
the liquid Reynolds number Rel increasing and for both air-water

and steam-water flow, the predicted result (SE)Pre is far greater
than that of the experimental one (SE)Exp. This indicates that the
droplet entrainment rates calculated by the present model overestimate their real magnitudes.
The main reason for this discrepancy is that the calculated
result from Eq. (5) is the maximum possible value for entrainment
rate in annular flow, and it is not equal to the real experimental
one which is usually measured in the form of average value. In
reality, a portion of the entrained droplets detached from the wave
crest will return into the liquid film again under the action of the
turbulent gas flow. This amount of droplet deposition reduces
the net entrainment fraction of the liquid and thereby makes the
calculated value overestimate its real magnitude. Also, in both
interfacial stability analysis (see Section 2.2) and force balance
analysis (see Section 2.3), the gas and liquid phases are assumed
inviscid, which makes the calculated results over predict the
experimental data since the viscous force generally acts as a retaining force to prevent interface deform and breakup (Lane et al.,
2010). Meanwhile, for theoretical modelling consideration, based
on Hewitt and Hall-Taylor (1970) (p. 111–117), the critical stability
disturbance wave (i.e., the wave is onset of unstable) is adopted in
this work to determine the wavelength and wave velocity when
entrainment occurs. In reality, however, the continuing generation
of droplets by the disturbance waves is dependent on the fact that
they are basically unstable and tends to grow (Hewitt and HallTaylor, 1970) (p. 137). When disturbance wave becomes unstable,
it grows in both wavelength and amplitude. Under the most unstable condition, the wave breakups and produces entrained droplets.
On the other hand, it should be noted that the empirical correlations adopted in the model development were established under
various flow conditions including low-pressure air-water flow.
However, some experiments in literatures were conducted under
rather high pressure condition for steam-water flow. For example,

Fig. 6. Effect of gas and liquid flow rate on the (a) critical wavelength kc, (b) wave amplitude Aw, (c) wave velocity cR, (d) average entrainment rate SE.
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Fig. 7. Effect of hydraulic diameter Dh on the (a) critical wavelength kc, (b) wave amplitude Aw, (c) wave velocity cR, (d) average entrainment rate SE.

the drag coefficient in Eq. (14) was developed based on the airwater experiments of Wicks and Dukler (1966), Wicks (1967),
Cousins and Hewitt (1968) and Lindsted et al. (1978) under conditions ranged in pressure between 0.1 and 0.2 MPa, gas Reynolds
number between 2.5  104 and 1.7  105 and film Reynolds number between 100 and 9700. This drag coefficient correlated the
above low-pressure air-water data within about ±40% error except
for the high pressure ranges. However, the pressure related phenomena generally have a significant impact on the interfacial drag
between the two phases (Holowach et al., 2002). In addition, the
sinusoidal wave shape is adopted in this work. In reality, however,
it has been demonstrated that wave geometry usually differs from
that of the sine wave by having a more truncated geometry on the
leeward face (Wang et al., 2004; Zhao et al., 2013; Hall-Taylor et al.,
2014). Then under the influencing of these factors, the inherent
discrepancies within the various empirical models could become
lumped into the results of the present analyses. As a result, the calculated results from Eq. (5) over predict the droplet entrainment
rate when compared with the experimental data.
For these reasons, to improve the prosed model, Eq. (5) should
be modified to arrive at an expression for the average droplet
entrainment rate over a wide range of working conditions.
Taking the effects of flow condition and working pressure into
account, we attempt to modify Eq. (5) with the experimental data
of Singh et al. (1969), Würtz (1978), Okawa and Kataoka (2005)
and Sawant et al. (2008) by introducing a correction factor f which
is a function of gas Reynolds number Reg, liquid Reynolds number
Rel and liquid-to-gas density ratio ql/qg.

ql
f ¼ aðReg Þ ðRel Þ
qg
b

!d

c

ð22Þ

Here, the density ratio ql/qg accounts for pressure-related phenomena which has an important impact on the interfacial drag, while
the Reynolds number Reg and Rel corrections account for the viscosity effects as well as other empirical model deficiencies related to
the flow conditions.
By using regression analysis, the empirical constants a, b, c, and
d can be determined and for air-water flow (0:12 MPa 6 p 6
0:76 MPa), the final form of the average entrainment rate correlation is:
8

SE ¼ 1:10386  10


Re0:06548
Re1:87756
g
l

ql
qg

!0:57566

 gc  u
l Þ
V entr ql ðu
pﬃﬃﬃ
k3 a

ð23Þ

and for steam-water flow (3 MPa 6 p 6 9 MPa), it is:
10

SE ¼ 8:582  10

Re0:284
Re1:614
g
l

ql
qg

!0:0206

 gc  u
l Þ
V entr ql ðu
3 pﬃﬃﬃ
k a

ð24Þ

Fig. 5 shows a comparison of the revised prediction from Eqs.
(23) and (24) with the experimental data of Singh et al. (1969),
Würtz (1978), Okawa and Kataoka (2005) and Sawant et al.
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(2008). According to the results, the revised correlations present a
satisfactory prediction of more than 90% experimental data within
±25% deviation in varied working conditions.
3.2. Effect of hydraulic parameters on wave properties and
entrainment rate
Since the interfacial disturbance wave is directly related to the
droplet entrainment in annular flow, based on the air-water flow
model (Eq. (23)), we investigate in detail the effects of the hydraulic parameters including gas and liquid flow rate, hydraulic diameter, surface tension and pressure on the wave properties, i.e.,
critical wavelength kc, wave amplitude Aw and wave velocity cR,
and their relationship with the average entrainment rate SE.
3.2.1. Effect of gas and liquid flow rate
The effect of gas and liquid flow rate on the disturbance wave
properties and entrainment rate are shown in Fig. 6(a)(d). The
results indicate that an increase in gas Reynolds number Reg
enhances the interfacial instability by decreasing critical wavelength kc and wave amplitude Aw but increasing wave velocity cR
while higher liquid mass flux Gl always causes smaller critical
wavelength kc but larger wave amplitude Aw and wave velocity
cR (see Fig. 6(a)(c)). According to Eq. (23), the decreased critical
wavelength kc increases the entrainment rate SE contribution
through increasing total number of disturbance waves whereas
for disturbance wave with large amplitude Aw, the wave crest is
more easily to be sheared-off by high-speed gas flow and hence
leads to an increase in volume of the entrained liquid from each
wave. On the other hand, Eq. (13) shows that the increased wave

velocity cR decreases the drag force between gas flow and wave
crest, making the interface hard to break up to produce droplets.
The trend in Fig. 5(d) demonstrates that at high liquid mass flux
Gl, the simultaneous increase in disturbance wave number (i.e.,
the decrease in critical wavelength) and wave amplitude is more
dominating compared with the increase in wave velocity and
hence promotes the droplet entrainment. However, for gas Reynolds number Reg, it is found that the increase in the number of
disturbance waves can prevail over the decrease in wave amplitude and the increase in wave velocity and at last increases the
entrainment rate.
3.2.2. Effect of hydraulic diameter
Fig. 7(a)(d) shows the effect of hydraulic diameter Dh on
the disturbance wave properties and entrainment rate. Fig. 7(d)
illustrates that in pipes of larger diameter, entrainment rate SE is
higher than those of smaller diameters. As discussed above, this
is because even though larger hydraulic diameter will lead to
higher critical wavelength kc and hence smaller wave number
(see Fig. 7(a)), the increase in wave amplitude Aw and the decrease
in wave velocity cR (see Fig. 7(b)(c)) are more effective than the
decrease in wave number in determining the droplet entrainment
rate.
3.2.3. Effect of surface tension
Fig. 8(ad) shows the effect of the surface tension r on the disturbance wave properties and entrainment rate. Generally, increment in the surface tension shows increase in critical wavelength
kc, wave amplitude Aw whilst the effect on wave velocity cR is small
(see Fig. 8(a)(c)). Among the first two influencing factors, it is

Fig. 8. Effect of surface tension r on the (a) critical wavelength kc, (b) wave amplitude Aw, (c) wave velocity cR, (d) average entrainment rate SE.
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found that the decrease in number of disturbance waves prevails
the increase in wave amplitude and causes the entrainment rate
decreases with increasing surface tension (see Fig. 8(d)).
3.2.4. Effect of pressure
As shown in Fig. 9(a)(d), the last parameter considered is the
effect of pressure p. It can be seen that the pressure has a great
influence on the disturbance wave properties and generally an
increase in pressure p increases both critical wavelength kc and
wave amplitude Aw but decreases the wave velocity cR (see Fig. 9
(a)(c)). Similar to the above analysis, we found that the effect of
the increased critical wavelength, i.e., the decreased wave number,
is more dominant in determining the droplet entrainment rate
than that of the increased wave amplitude and the decreased wave
velocity. As a result, higher pressure always results in lower
droplet entrainment rate (see Fig. 9(d)).
3.3. Generalized correlation for entrainment rate
Although Eqs. (23) and (24) show a good prediction on the
entrainment rate in the annular flow, owing to the iterative calculation of the maximum possible entrained liquid volume Ventr from
each wave in advance, these formulas are not conveniently applied
to the entrainment rate prediction. On the other hand, the discussions in Section 3.2 have demonstrated that the entrainment rate is
directly related to the disturbance wave properties. According to
Eqs. (5), (13), (17), (23) and (24) and the analyzed results from Section 3.2, it can be seen that for disturbance wave with larger amplitude, smaller critical wavelength and wave velocity, the wave crest
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is always more easily to be sheared-off by high-speed gas flow and
hence increases the entrained droplets.
Since the disturbance wave properties are dependent on fluid
properties and interfacial shear (Ishii and Grolmes, 1975), Okawa
et al. (2002) assumed that the rate of droplet entrainment is
approximately proportional to the Weber number pE, which
denotes the ratio of the interfacial shear force to the surface tension force acting on the film surface (i.e., pE ¼ si 
d=r) and proposed
the following correlation for the entrainment rate in annular flow:

SE ¼ k E q l

!n
 
si d ql

r

qg

ð25Þ

where kE is the entrainment mass transfer coefficient. The recommended values for kE and the exponent n are 4:79  104 m/s and
0.111, respectively. In this model, for calculating SE from above
equation, constitutive equations of interfacial shear stress si and
mean film thickness 
d are described in Appendix B. Note that
although the effect of entrained droplets on the entrainment rate
would depend on several parameters, in Okawa et al. (2002)’s
model, only the effect of increased inertia of gas core flow due to
entrained droplets was simply considered by using the liquid-togas density ratio ql/qg.
Eq. (25) was developed on the concept that the interfacial shear
force is balanced by the surface tension force. Only the effects of
gas flow rate and surface tension were considered. In Section 3.2,
we have demonstrated that liquid flow rate, pressure and hydraulic
diameter also have a great influence on the disturbance wave properties and hence the droplet entrainment rate, which however
were missing in Eq. (25). In view of this, based on Okawa et al.

Fig. 9. Effect of pressure p on the (a) critical wavelength kc, (b) wave amplitude Aw, (c) wave velocity cR, (d) average entrainment rate SE.
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(2002)’s model, a more accurate and reasonable formula for the
droplet entrainment rate in annular flow can be extended to:

ql
SE ¼ kE ql Real
qg

!b 



0

1d

si d c B
Dh
ﬃC
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r @ r=ðgðq  q ÞÞA
l
g

ð26Þ

Similarly, by using regression analysis, the empirical constants
a, b, c and d can be determined based on the air-water and
steam-water experimental data listed in Table 1. A generalized
entrainment rate correlation for air-water flow (0:12 MPa 6 p
6 0:76 MPa) can be expressed as:

SE ¼ 4:347  106 ql Re0:584
l

ql
qg

!0:0561 

1:045

si d
r

0

10:291

Dh
B
C
@qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃA
r=ðgðql  qg ÞÞ
ð27Þ

and for steam-water flow (3 MPa 6 p 6 9 MPa), it is:

SE ¼ 1:357
 108 ql Re0:646
l

ql
qg

0
10:157
0:391
si d
Dh
B
C
@qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃA
r
r=ðgðql  qg ÞÞ

!0:487 

ð28Þ
3.4. Comparison with the existing correlations
Fig. 10 shows the performance of the newly developed correlations (Eqs. (27) and (28)) and the available empirical correlations

(see details in Appendix C) against the experimental data reported
by Singh et al. (1969), Würtz (1978), Asali (1983), Schadel (1988),
Jepson et al. (1989), Okawa and Kataoka (2005) and Sawant et al.
(2008). The results in Fig. 10(a) indicate that the new correlations
are correlated reasonably well with the most of entrainment rate
data within ±25% deviation in varied flow conditions. In Fig. 10
(b), however, it is clearly seen that there exists a large discrepancy
between Okawa et al. (2002)’s correlation and experimental data.
Although Okawa et al. (2002)’s correlation collapses some of airwater data measured by Okawa and Kataoka (2005), on the whole,
this model is found to consistently over-predicts the measurements, which is enlarged particular for high pressure steamwater flow. Kataoka et al. (2000) proposed a model for entrainment
rate originally based on the previously empirical correlations for
the equilibrium entrainment fraction and deposition rate.
Although the correlation well reproduced the experimental trends
of Gill et al. (1963) and Cousins et al. (1965) and predicted the
entrainment rate to an accuracy of 40% (see reference Kataoka
et al. (2000)), due to the limited low pressure range air-water data
for model validation, it seems that this correlation may not apply
directly to other flows and hence as shown in Fig. 10(c), the prediction accuracy deteriorates seriously especially for high pressure
steam-water flow. Based on Kataoka et al. (2000)’s model and
taken the effects of density ratio and surface tension into account,
Lopez de Bertodano et al. (2001) proposed a entrainment rate correlation valid for low-viscosity fluids in small pipes. Fig. 10(d) illustrates that this correlation over-predicts most of the air-water data
and shows considerable scatting in comparison with the high pressure steam-water data. Similar to Kataoka et al. (2000)’s correlation, Hewitt and Govan (1990)’s correlation has a poor prediction

Fig. 10. Comparison of the prediction with air-water data of Asali (1983), Schadel (1988), Jepson et al. (1989) and Okawa and Kataoka (2005) and steam-water data of Singh
et al. (1969) and Würtz (1978) (a) newly developed correlations (Eqs. (27) and (28)), (b) Okawa et al. (2002)’s correlation, (c) Kataoka et al. (2000)’s correlation, (d) Lopez de
Bertodano et al. (2001)’s correlation, (e) Hewitt and Govan (1990)’s correlation (f) Ueda (1979)’s correlation.
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of both air-water and steam-water data as shown in Fig. 10(e). This
is attributed to the fact that in Hewitt and Govan (1990)’s model,
there is some dependence of the critical film Reynolds number Refc,
i.e., the film Reynolds number for the onset of entrainment, on the
gas flow rate and hydraulic diameter were not taken into account.
However, Schadel and Hanratty (1989) have demonstrated in their
experiments that Refc varies greatly with the gas flow rate and
hydraulic diameter. Ueda (1979) proposed a simple model for the
entrainment rate based on his low pressure air-water experiment.
Although Ueda’s correlation collapsed his experimental data very
well (see reference Ueda (1979)), it is dimensional and not based
on the physical mechanism of entrainment. In addition, only the
effect of the liquid properties on droplet entrainment rate was
examined in his experiment where the properties of the gas flow
were not changed. Therefore, it is expected that this correlation
gives a poor prediction in other flow conditions (Fig. 10(f)).
From these results, it can be seen that existing correlations for
entrainment rate are not satisfactory since they lack a fully consideration of the disturbance wave effects on droplet entrainment.
Taking the main factors that affect the disturbance wave properties
into account, the new developed correlations in this study show a
significant improvement in the predictive capability of the droplet
entrainment rate in both air-water and steam-water flow as compared to the original prediction by Okawa et al. (2002) and some
other empirical correlations.

Table 2
The physical models used in the model development.
References

Empirical correlations

Dimensionless factor (Ishii
and Grolmes, 1975)

1
C w ¼ 0:028N 0:8
for N l 6 15
l
1
C w ¼ 0:247 for N l > 15
where Nl is the viscosity number defined as:
ll
ﬃ
N l ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃ
r

ql r

Interfacial liquid friction
factor (Hughmark,
1973)

where K and m are given by:
K ¼ 3:730; m ¼ 0:37 for 2 < Ref < 100
K ¼ 1:962; m ¼ 1=3 for 100 < Ref < 1000
K ¼ 0:735; m ¼ 0:19 for 1000 < Ref
and Ref, the liquid film Reynolds number:
4j 
d

Ref ¼ mfl
where 
d is the mean liquid film thickness
Interfacial shear stress
(Whalley and Hewitt,
1978)

2

si ¼ f gi qgc2jgc
where fig, Regc and jgc are gas interfacial friction
factor, gas core Reynolds number and gas core
superficial velocity:

 13 

q
0:25
f ig ¼ 0:079Regc
1 þ 24 q l Ddh
gc

Regc ¼

ðGg þGe ÞDh

lg

G

jgc ¼ qg þ Gqe
g

l

where Gg and Ge are gas and entrained droplets
mass fluxes and:
Ge ¼ EGl
E ¼ tanhð7:25  107 We1:25
Rel0:25 Þ
g


2
1=3
q j D q q
Weg ¼ g rg h lq g

4. Conclusions
In this paper, based on the mechanism of shearing-off of disturbance wave crest, we established a mechanical model to characterize the process of the droplet entrainment in annular flow taking
the disturbance wave properties into account. The model was verified with a wide range of experimental data and based on this
model, the effects of main hydraulic parameters including gas
and liquid flow rate, hydraulic diameter, surface tension and pressure on the critical wavelength, wave amplitude and wave velocity
of the disturbance wave, and their relationship with the droplet
entrainment rate were detailed investigated. Taking these influencing factors into account, a generalized entrainment rate correlation was then proposed. This new correlation provided
satisfactory agreements with the experimental data for both airwater and steam-water flow and showed a significant improvement in the predictive capability of the entrainment rate compared
with empirical correlations available in literatures.

g Dq

pﬃﬃﬃﬃﬃ
f il ¼ KRem
f

g

Rel ¼ jlmDl h
where E is the droplet entrainment fraction

The correlations proposed by Wallis (1969) are adopted for estimating the interfacial friction factor fi and wall friction factor fw:


d 
f i ¼ 0:005 1 þ 300
Dh

f w ¼ max


16
; 0:005
Ref

ðB3Þ

ðB4Þ

where Ref is the film Reynolds number defined as:

Ref ¼

jf Dh

ml

ðB5Þ
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 2g ¼ f w ql u
 2f
f i qg u

ðB6Þ

 g and u
 f are the average velocities of gas and film flow, fw
where u
the wall friction factor and the subscript f the liquid film. In their
model, the gravity effect is neglected by assuming subsequently
 g and u
 f are approximately by:
thin liquid film. u

Appendix A
See Table 2.
Appendix B

 g ¼ jg
u

ðB7Þ

Okawa et al. (2002) proposed the following correlation for the
entrainment rate in annular flow:

D
 f ¼ h jf
u
4d

ðB8Þ

SE ¼ kE ql

!n
 
si d ql

r

qg

ðB1Þ

The constitutive equations to calculate interfacial shear stress si
and mean film thickness 
d are described as follows:

si ¼ f i qg j2g

ðB2Þ

Based on above equations, the mean film thickness 
d can be
estimated by:

d ¼ 1
4

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
f w ql ð1  EÞjl
Dh
f i qg
jg

ðB9Þ

where jg and jl are the superficial velocities of gas and liquid flow
and E is the entrainment fraction.
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Appendix C
See Table 3.

Table 3
The empirical correlations of entrainment rate used in the model comparison.
References
Ueda (1979)

Hewitt and
Govan
(1990)

Empirical correlations
8
>
>
< 0;
   0:57
SE ¼
0:6
>
3 si jl
>
: 3:54  10
r r
SE ¼

 0:6
< 120
if sri rjl
 
si jl 0:6
if r r
P 120

8
< 0;


0:316
l2 q
: 5:75  105 Gg ðRef  Refc Þ2 l l2
D rq
h

g

if Ref 6 Refc
if Ref > Refc

where Ref is the liquid film Reynolds number:
Ref ¼ Rel ð1  EÞ
and Refc the critical film Reynolds number for the onset of
entrainment:


l qﬃﬃﬃﬃ
Refc ¼ exp 5:8504 þ 0:429 lg qql
g

l

Kataoka et al.
(2000)

7

SE ¼ 6:6  10

ll p
Dh

p ¼ ðRel Weg Þ0:925 ð1  EÞ0:185

l 0:26
g

ll

where Rel and Weg are the liquid Reynolds number and
modified gas Weber number, respectively:
Rel ¼ ql ljl Dh
l

Weg ¼
Lopez de
Bertodano
et al.
(2001)

qg j2g Dh
r




ql qg 1=3
qg

SE ¼ 0:5  107

ll p
Dh

p ¼ ðRef  Refc ÞWeg

 1=2
ql
qg

where Ref and Refc are the liquid film Reynolds number and
the critical film Reynolds number for the onset of
entrainment:
Ref ¼ Rel ð1 EÞ

l qﬃﬃﬃﬃ
Refc ¼ exp 5:8504 þ 0:429 lg qql
l

g

and We the gas Weber number:
Weg ¼
Okawa et al.
(2002)

qg j2g Dh
r

 0:111
SE ¼ 4:79  104 ql pE qql
g

2

pE ¼ f i qrg jg d
where fi is the friction factor:



f i ¼ 0:005 1 þ 300 Ddh
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