
Optik 126 (2015) 2674–2678

Contents lists available at ScienceDirect

Optik

jo ur nal homepage: www.elsev ier .de / i j leo

Error  analysis  and  liquid  film  thickness  measurement  in  gas–liquid
annular  flow

Ting  Xuea,b,∗,  Liuxiangzi  Yanga,b, Penghui  Gea,b, Liqun  Qua,b

a School of Electrical Engineering and Automation, Tianjin University, China
b Tianjin Key Laboratory of Process Measurement and Control, Tianjin 300072, China

a  r  t  i  c  l e  i  n  f  o

Article history:
Received 10 May  2014
Accepted 26 June 2015

Keywords:
Two-phase annular flow
Film thickness
Laser-induced fluorescence
High-speed photography
Error analysis

a  b  s  t  r  a  c  t

The  parameters  measurement  of  liquid  film  in  gas–liquid  two-phase  annular  flow  is  of  great  significance
for  the study  of heat  and  mass  transfer  and  flow  characteristics.  The  paper  focuses  on  the  thickness
measurement  and flow  evolution  analysis  of  the  liquid  film  in  downward  gas–liquid  two-phase  annular
flow.  Compared  with the  traditional  measurement  methods,  the  method  combined  the  laser-induced
fluorescence  (LIF)  technique  with  the  high-speed  photography  is  developed  to measure  the  liquid  film
thickness  and  analyze  the flow distribution.  Firstly,  the  geometric  optical  path  model  of  the organic  glass
pipeline  was  established  based  on the Gauss  optics  to recognize  the  real  and  virtual  film  images  and
quantitatively  estimate  the  measurement  linearity.  And  then  the  digital  image  processing  technology
was  developed  to achieve  non-intrusive  measurement  of  liquid  film  thickness.  Finally,  the  film  thickness
distribution  in  downward  gas–liquid  two-phase  annular  flow  was  further  analyzed.  The  method  can  avoid
the  interference  with  the  flow  field.  Meanwhile,  the measurement  results  by experiment  show  that  the
film thickness  manifests  stochastic  distribution,  which  corresponds  to the features  of  randomness  and
small  flow  in  the process  of  liquid  film  flow.

© 2015  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

With the development of science technology, gas–liquid two-
phase flow has been widely applied in many fields such as
aerospace, petroleum, chemical, metallurgy, pharmacy and nuclear
energy engineering [1]. Various flow patterns are generated with
the combination of different gas and liquid velocity. The mixed flow
of liquid and a high-velocity gas stream is usually termed gas–liquid
annular flow. Under this circumstance, the thin liquid film flows
along the inner pipeline wall and the core of the gas stream passes
through the pipeline center. Also sometimes entrainment of liquid
drops from the film surface into the gas stream core occurs. The
study of liquid film characteristics has been an area of intense sci-
entific interest, and is of great importance and benefit to guide the
engineering practice due to the huge heat flux and the coefficients
of heat and mass transfer of liquid film [2], which requires less
energy consumption.

A lot of scholars have begun to study annular gas–liquid flow in
the early 1970s. The techniques such as acoustic methods based on
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ultrasonic waves [3], electrical methods based on conductance or
capacitance [4], optical methods based on light attenuation or light
reflection [5], and nucleonic methods based on X-ray attenuation
[6] are used in the liquid film thickness and velocity measurement
and analysis of two-phase annular flow mechanism. Pederen et al.
[7] developed an ultrasonic technique and measured liquid film
thickness during condensation on a downward facing surface. They
used frequencies up to 10 MHz  and measured liquid film thickness
from 50 to 500 �m.  But the applications of ultrasonic technique
are limited because high-frequency ultrasonic waves are preferred
as they need provide better signal-to-noise ratio and increasing
resolution. The curved film interfaces might change the reflection
and refraction direction of ultrasonic waves and the method is
restricted to near planar film interfaces. The electrical methods
based on conductance or capacitance have brought some advan-
tages that ultrasonic method does not have, which is much easier
and more reliable to implement. Most of film thickness measure-
ments have used conductance probes. Zhao et al. [8] developed
a group of multiple conductance probes positioned circumferen-
tially and axially along a vertical pipe with inner diameter 34.5 mm
to study the existence, development and translation of liquid film
in upwards gas–liquid annular flows. Two  identical sections that
each contains four orthogonally embedded concentric conductance
probes were used to measure film thickness. In parallel work, Hou
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et al. [9] used a conductance probe to understand the flow behavior
of liquid film by studying the film thickness distributions along the
circumferential direction of a horizontal pipe with outside diam-
eter of 20–30 mm.  Also the effects on heat and mass transfer of
falling film thickness distributions were examined and analyzed.
Conductance probes directly measure the conductivity of two-
phase flow, and the film thickness measurement is based on the
calibration of the probe. The electrical method is relatively reli-
able and with low cost. But the probes bring a great disturbance
to the flow fields. Simultaneously, the data obtained is the aver-
age film thickness in the flow spatial region. The much thicker
the film becomes, the much lower the measurement sensitivity is.
With the rapid development of optoelectronics and digital image
processing techniques in recent years, more and more scholars are
trying to apply optoelectronics measurement techniques into the
fields of gas–liquid two-phase flow [10,11]. Yan et al. [12] devel-
oped an optoelectronics method using CCD high-speed camera to
capture the freely falling film images at various Reynolds numbers
and extract the film thickness by image processing algorithm. Ong
et al. [13] investigated the macro-to-micro scale transition during
flow boiling in small scale channels of three different sizes through
high-speed flow visualization and image processing algorithm. The
film thickness at the top and bottom of a horizontal pipe was com-
pared qualitatively. As the laser has the unique advantages of good
monochromaticity and directionality, high power and high mea-
surement accuracy, some scholars apply it into the measurement of
film thickness. Okawa et al. [14] developed a laser detection method
to investigate the effects of sinusoidal forced oscillation of the inlet
flow rate on the time variations of local liquid film thickness in
steam-water annular two-phase flow. The local film thickness was
measured with a laser focus displacement meter, which focus on a
target adopted in an automatically focusing camera to measure the
displacement. The displacement difference generated during the
process of automatically focusing was the film thickness. The laser
focus displacement technique can accurately measure dynamic
film thickness and improve the spatial resolution up to 0.2 �m and
time resolution up to 1 kHz, but it only can achieve single-point
measurement. Schubring et al. [15] used planar laser-induced flo-
rescence (LIF) to provide direct visualization of the liquid film in
upward vertical air–water annular flow. The technique involves
the excitation of laser with a certain wavelength, absorption of
particular photons by fluorescent particles resulting in energy
level transition and fluorescence generation with a certain wave-
length. The fluorescence with a certain wavelength excited by
the laser is captured by high-speed camera in real time, and the
film thickness can be interpreted by the images. The method can
figure out the distribution of film thickness and achieve the real-
time visualization of liquid film flow, and has good application
prospects.

The optical measurement methods of film thickness have unpar-
alleled advantages that other traditional methods do not have, and
can achieve non-intrusive, wide range measurement. The paper
focuses on the film thickness measurement and analysis of film
flow evolution based on LIF and high-speed photography tech-
nology. Firstly, the geometric optical path model of organic glass
pipeline was established based on the Gauss optics to recognize the
real and virtual film images and quantitatively estimate the mea-
surement linearity. Then the high-speed photography techniques
were used to capture fluorescence images of vertical, downward
film stream flow, and non-intrusive measurement of film thick-
ness was complemented through digital image processing. Finally,
the film thickness distribution in downward gas–liquid two-phase
annular flow was further analyzed. The method, combined the
laser-induced fluorescence with high-speed photography technol-
ogy, avoids the interference with the flow fields and has high
precision. The measurement results show that the film thickness

Fig. 1. Optical imaging model on the inner and outer surface of pipeline.

manifests stochastic distribution, which corresponds to the fea-
tures of randomness and low flow in the process of liquid film flow.

The paper is organized as follows, Section 2 establishes the geo-
metric optical path model and analyses the optical error which may
affect liquid film thickness measurement. Section 3 describes the
measurement principle of liquid film thickness and experimental
setup. Section 4 develops complete image processing method for
liquid film in downward two-phase annular flow. Section 5 pro-
vides the experimental results. Real measurement data are used to
validate the method and analyze the flow characteristics. Last, we
give concluding remarks in Section 6.

2. Error analysis of optical imaging

According to the principles of geometrical optics, multiple
reflection and refraction occur on the outer surface of the organic
transparent glass pipeline, the solid–liquid interface and the
gas–liquid interface, which would bring interference with virtual
images of the liquid film. In order to accurately measure the liq-
uid film thickness flowing along the pipe wall, the error analysis of
optical imaging is necessary.

Optical imaging model on the inner and outer surface of pipeline
was established based on pinhole imaging principle, which is
shown in Fig. 1. The inner diameter of pipeline is 50 mm and the
outer diameter is 70 mm.  As shown in Fig. 1, the reflection light from
the object A, which attached on the inner pipeline wall, transmits
into the camera through two  refraction processes. The reflection
light from the object B, which attached on the outer pipeline wall,
transmits into the camera through reflection of the inner wall and
refraction of the outer wall. Based on the principle of pinhole imag-
ing and principle of reversible optical path, the objects A′ and B′s
shown in Fig. 1 are also imaged on the CCD image plane. It is obvious
that virtual and distorted images A′ and B′ will be emerged on the
transparent organic glass pipeline, which must be discriminated
and eliminated in the image processing of the liquid film.

In order to further analyze the measurement linearity of the
liquid film thickness, the study on quantitatively measurement of
the film thickness based on the liquid film imaging mechanism
was developed. According to Gaussian optics, the geometric-optics
model of liquid film thickness measurement was established, as
shown in Fig. 2. The angle i1, i1 ′ represent the incident angle and
emergence angle on the surface of inner wall respectively. The angle
i2, i2 ′ represent the incident angle and emergence angle on the sur-
face of outer wall respectively. n1, n2 and n3 are the refractive index
of air, glass and liquid film respectively, generally with n1 = 1.0,
n2 = 1.5 and n3 = 4/3. The angle � is angle between the incident light
to the camera and the horizontal line, the point A is the incident
point to the camera, and  ̨ is the angle between the vertical line
and the line which connects the point of incident light at the first
refraction surface and the center O of the pipeline.
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