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a b s t r a c t

The mechanism for breakup of a thin film on a vertical curved wall under the effect of airflow shear is
studied as the main reason for re-entrainment in a vane mist eliminator. A force-balance model in bound-
ary layer flow is established to illustrate the thin-film breakup mechanism. A theoretical formula is
deduced for the critical airflow speed that results in film breakup in a corrugated-plate (CP) channel.
This formula is related to the fluid properties of the film and the airflow, the wall-film thickness, and
the structure of the CP channel. An experimental study is undertaken to establish the critical airflow
speed for wall-film breakup in different CP channel structures. Planar laser-induced fluorescence (PLIF)
is used to measure the film thickness on the CP. The relationship between wall-film thickness and
Reynolds number is studied first. On that basis, the relationship between wall-film thickness and critical
airflow speed is studied in different CP channel structures. The experimental data are consistent with the
theoretical predictions and show that a thicker liquid film requires a lower critical airflow speed, at the
same time, film surface fluctuations accelerate the film breakup. Combining theoretical and experimental
data, it is proposed that the structural factor k1 and the gas–liquid property factor k2 determine the cri-
teria for the breakup of the liquid film, and obtain an optimal angle based on k1.The optimum bending
angle of the CP is 26.6�, this giving the highest critical airflow speed.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Vane mist eliminators are used widely in fields involving two-
phase separation, especially for steam–water separation in nuclear
power (Nakao et al., 1998), thermal power (Narimani and
Shahhoseini, 2011; Rafee et al., 2010), solar energy (Eck et al.,
2008), geothermal energy (Zarrouk and Purnanto, 2015), and
desalination (Venkatesan et al., 2013). There are several ways to
improve the separation efficiency of vane mist eliminators, such
as to increase the moisture flow speed, increase the bending angle,
reduce the corrugated plate (CP) spacing, and increase the channel
twist number. However, because of the re-entrainment phe-
nomenon that captured water was carried by shear airflow, these
approaches do not always improve the separation efficiency. The
current view is that breakup of the liquid film on the curved wall
of the vane mist eliminator plays an important role in inducing
re-entrainment.

The breakup of the wall liquid film is closely related to the
shape of the wall and the fluid properties. Most early studies were
based on three theoretical models used commonly to analyze

liquid-film breakup, namely the force-balance model, the
minimum-energy model, and the surface-wave disturbance model.

In 1964, Hartley et al. (Hartley and Murgatroyd, 1964) first pro-
posed a force-balance model when studying stable dry spots
formed by breakup of isothermal films. Subsequently, the effects
of gas–liquid interface shear force, gravity, wall viscous force, iner-
tial force, heat capillary force, and other force factors were added
into the force-balance model. For example, Zuber et al. (Zuber
and Staub, 1966) took thermal effects into account, such as thermal
capillary force and vapor pressure on the liquid film, and studied
the thermal cracking of the liquid film using the force-balance
model. Murgatroyd and others (Murgatroyd, 1965; Penn et al.,
2001) took into account the imbalance between the gas–liquid
two-phase interface shear force and the viscous force of the liq-
uid–solid interface and proposed a force-balance model driven by
shear stress. Joo et al. (Joo et al., 1991) analyzed the small distur-
bances of the liquid film and developed a surface wave perturba-
tion model based on the long wave theory of the free liquid film.

In recent years, ever more researchers have focused on the
breakup of isothermal films under the action of gas flow on a
curved wall. Studies into the mechanism of liquid-film breakup
on a profiled plate began in 1985 when Owen and Ryley (Owen
and Ryley, 1985) studied liquid-film breakup at a wall corner
theoretically using the force-balance model. The effect of the
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radius R of a curved wall was introduced into the radial stress
model. The view is that the liquid film is equilibrated under the
action of the inertial centrifugal force and surface tension. Wege-
ner et al. (Wegener et al., 2008) studied the breakup of a liquid film
at the corner of a horizontal wall under the action of air shear,
measuring the liquid film under different working conditions.
The results showed that if the bending angle of the wall is greater
than 60�, the effect of high-speed airflow on the breakup of the liq-
uid film is minimal and can be neglected altogether if the bending
angle is increased further. Maroteaux et al. (Maroteaux et al., 2002)
established a critical condition for liquid film rupture at the corner
position based on the surface wave perturbation model. Azzopardi
(Azzopardi et al., 2002) considered the influence of the parameters
of gas–liquid two-phase motion when studying the breakup of liq-
uid film at a wall corner in a wave channel. From their experimen-
tal results, they drew the dimensionless critical curve for liquid-
film breakup.

There are generally three relationships between the gas and liq-
uid in flow direction: the same, opposite, and vertical. The biggest
difference of them is that the breakup mechanism is different since
the driving forces on liquid film by gas are different. Despite the
various aforementioned studies, most are concentrate on the first
two situation, and there is little research (Azzopardi et al., 2002)
on the third kind of situation which is exact conducted in vane mist
eliminators.

In the present study, we develop a theoretical model based on
the force-balance model in boundary layer flow to predict the cri-
teria for the onset of film breakup at a corner point of a CP wall. We
then measure the thickness of the liquid film on the wall using pla-
nar laser-induced fluorescence (PLIF). Based on this, we study the
relationship between wall film thickness and critical airflow veloc-
ity in a channel formed from differently structured CPs, and we
propose criteria determined by structural factor k1 and gas-fluid
property factor k2 for the breakup of the liquid film at the corner
point. After analyzing the experimental results, we consider a
structure that would increase the critical airflow velocity.

2. Theory

In a vane mist eliminator, a liquid film forms on a vertical CP
wall by capturing liquid particles from a horizontal shear flow of
moisture. When the flow speed of the moisture reaches a critical
value, the liquid film breaks up at the wall corner of CP wall. In
the present study, we use the force-balance method to analyze this

breakup of the liquid film on the CP. Since the thickness of liquid
film on the CP wall is much less than characteristic length of CP
channel (d/L<less than1), we can use boundary layer theory to
describe how it flows.

Before deducing the force-balance model of liquid-film breakup,
we must obtain the velocity distribution in the film. To analyze the
velocity distribution in a boundary layer on a curved surface, we
introduce an orthogonal curved coordinate system for the horizon-
tal cross section of the CP channel, as shown in Fig. 1. Point O is the
origin of the coordinate system, the x direction is along the curved
wall, the y direction is perpendicular to the wall, P0 is the projec-
tive point of point P(x, y) on the x axis, and the radius of curvature
of arc near P0 is R(x), which is a variable of x.

The following are the two-dimensional Navier–Stokes (NS)
equations in this coordinate system (Schlichting et al., 1988):
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Fig. 1. Boundary layer on a curved surface.

Nomenclature

U velocity of film surface (m/s)
u velocity of film (m/s)
f external force on fluid element (N/m2)
h average film thickness (mm)
h bending angle (�)
d corrugated-plate spacing
R、r radius (mm)
H distance from channel top to measurement point (m)
cf dimensionless resistance coefficient
g gravitational acceleration (m/s2)
Rel Reynolds number of liquid
Reg Reynolds number of gas
L corrugated-plate fold length (mm)
He corrugated-plate height (mm)
n corrugated-plate twist number

Greek symbols
r liquid-film surface tension (N/m)
sw shear stress on liquid film at solid–liquid interface (N/

m2)
sg shear stress on liquid film at gas–liquid interface (N/m2)
ll kinematic viscosity of liquid (m2/s)
b angle (�)
lg kinematic viscosity of gas (m2/s)
qg gas density (kg/m3)
d film thickness (mm)
m dynamic viscosity of film (N�s/m)
ql liquid density (kg/m3)
si shear stress on plate by shear airflow (N/m2)
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