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Abstract 

Study on Liquid Film Thickness 

Measurement of Annular Flow with 

Image Processing 

 

Min Ki Cho 

Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

For the last decades, a lot of researches have been conducted on the study 

on gas-liquid two phase flow. The importance of the related researches stands 

on the basis of the widespread its industrial applications. An appreciable 

percentage of the researches are devoted to research on annular flow. Annular 

flow is a flow pattern of gas-liquid two phase flow. The presence of a liquid 

film flowing on the wall of tube and the gas flowing in the core of tube 

characterize it. Liquid film thickness is major variable to characterize the 

annular flow with mass flow rates of gas and liquid, densities of gas and 

liquid, viscosity of gas and liquid, pressure, temperature, tube diameter, tube 

material, etc.  

This paper presents the new measurement method for liquid film thickness 

of annular flow, which uses visualized result of the flow and image processing 

procedure. First of all, the optical path in the tube of gas-liquid two phase 

flow flowing is interpreted by analytical method. The variation of optical path 
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in annular flow with varying liquid film thickness is the main objective of 

analysis. The result shows the five types of optical path exist in each case of 

liquid film thickness. Based on the result, the new thickness measurement 

method is suggested. For the new method, the image of annular flow with 

transparent tube and light blocking cover and the image processing procedure 

are required. As a configuration of the light blocking cover affects the image 

of annular flow, the effect of a configuration of the cover is investigated by 

analytical method. Additionally the effect of a refractive index of the materials 

is investigated by analytical method with same reason. The method using 

image processing was verified by experiment. For comparison, the sampling 

method is selected, which can measure spatial-temporal averaged liquid film 

thickness. Film thickness data are measured by two methods and those are 

compared to verify image processing method. The results of each method 

matched well with ±20% error. 

 

Keywords: Two phase flow, Annular flow, Liquid film thickness, Image 

processing 

Student Identification Number: 2011-22896 
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Chapter 1. Introduction 

 

1.1 Background of the study 

 

  For the last decades, many researches have been conducted on the study on 

gas-liquid two phase flow. The importance of the researches stands on the 

basis of the widespread its industrial applications. There are the examples 

such as heat transfer applications of steam generator, evaporator, condenser, 

boiling water reactor, and mass transfer applications of chemical reactors, and 

simultaneous transportation of the oil and natural gas in the petroleum 

industry. 

Annular flow is a flow pattern of gas-liquid two phase flow. Fig. 1.1 shows 

the diagram of the flow. It is characterized by the presence of a liquid film 

flowing on the wall of tube and with the gas flowing in the core of tube. The 

gas core can contain entrained liquid droplets. In this case, the region is often 

referred to as annular-dispersed flow. Both types of flow are generally known 

under the term of annular flow. Though liquid flow is expressed as ‘liquid 

film’, the feature of surface between liquid flow and gas flow is wave. From 

the results of former researches, waves are classified in two types, which are, 

ripple wave for small scale wave and disturbance wave for large scale wave. 

Liquid film thickness (wave height) is major variable to characterize the 

annular flow. Liquid film thickness can be determined by several variables, 

such as mass flow rates of gas and liquid, densities of gas and liquid, viscosity 

of gas and liquid, pressure, temperature, tube diameter, tube material, etc. 
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1.2 Literature review 

 

There are many researches which are conducted on gas-liquid two phase 

annular flow. In this section, some of those are introduced. The articles about 

the two phase annular flow can be divided into four categories which are 

accounting for the modeling work on annular flow, the liquid film 

characteristics, the film thickness measurement method and the flow 

visualization work. 

 

1.2.1 Modeling works on annular flow 

 

A lot of modeling works for annular flow are conducted constantly. Hewitt 

et al. (1970) use the triangular relationship for expressing the annular flow. 

The triangular relationship explains the sheer stress distribution in the film 

using three key parameters; averaged film thickness, pressure gradient and the 

flow rate. However, the explanation had a limitation for the fairly thin film 

assumption. Wallis et al. (1969) started to use film surface roughness model 

which applied offset linear function of average film thickness. Asali et al. 

(1985) and Owen and Hewitt (1987) and Kishore and Jayanti (2004) also 

contributed to improving the modeling work on the roughness of interface 

between liquid phase and gas phase as a function of average film thickness. 

As liquid film thickness measurement method has been advanced, not average 

film thickness but other film thickness is used for the models. Hazuka et al. 

(2008) proposed a correlation is proposed between the minimum film 

thickness obtained in relation to the interfacial shear stress and the Reynolds 

number of the liquid based on the experimental results. 
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1.2.2 Liquid film characteristics 

 

 Some researches focused on liquid film characteristics. The liquid film 

thickness of annular flow is important parameter for understanding two phase 

flow characteristics. The waves appear on the surface of the liquid film on gas 

flow side all the time. Fig. 1.2 shows the morphology of the waves. The 

waves are differentiated into two types which are the ripple wave for small 

scale wave and the disturbance wave for large scale wave. 

Hazuka et al. (2008) estimated the height of disturbance wave and 

mentioned based on the result that the two phase annular flow might never 

reach a fully developed state. Also, He suggested correlation about base film 

thickness in terms of interfacial friction factor and Reynolds number. 

Schubring et al. (2009) also suggested the model on base film thickness with 

critical friction factor. Schubring et al. (2010) investigated film thickness 

distribution. 

  

1.2.3 Film thickness measurement 

 

 Figures from Fig. 1.3 to Fig. 1.6 show many methods for film thickness 

measurement of liquid/gas annular flow. The measurement methods for the 

film thickness have a long history. The shadow graph of the flow or the laser 

induced fluorescence, etc. were suggested initially. But the early measurement 

methods had demerits such as inadequate spatial measurement accuracy at 

small scale. For the necessity of the better performance, measurement 
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methods have been developed constantly. 

The electrical probes are used for the measurement such as conductance 

probe and capacitance probe. It can measure the average film thickness 

conveniently and invasively. Various forms of the measurement methods have 

been utilized steadily. Taylor et al. (1963) used conductance probe to 

investigate a characteristics of disturbance wave of downward annular flow. 

Jayanti et al (1990) used conductance probe to investigate time-dependent 

behavior of liquid film in horizontal annular flow. Al-Sarkhi et al. (2012) used 

conductance probe to investigate inclination effect on liquid film 

characteristics in annular flow. 

Serizawa et al. (1994) developed the supersonic echo method utilizing the 

signal delay. As echo can penetrate optically opaque material, the method can 

be applied in wide situation. Besides, it can measure liquid film thickness 

dynamically by 10 MHz frequency with micro-scale high spatial resolution. 

However, it has a defective sensibility for large inclination angle of the 

interfaces and shows unsatisfactory spatial resolution sometimes. 

Hurlburt and Newell (1996) and Shedd and Newell (1998) researched on 

the method using laser displacement gauge. It uses semi-conductor laser and 

position-sensitive detector, so measures the distance between the position of 

laser emitted and the position of the laser detected. The distance changed as 

the vertical position of liquid/gas interface on which the laser beam reflects. 

The method can measure with high spatial resolution but it is quite insensible 

for large wave curvature. 

Hazuku et al. (2005) developed the film thickness measurement method 
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using the laser focus displacement apparatus which was for detecting 

scratches of IC. The semi-conductor laser, optical arrangement and two types 

of sensors are required. It has the highest spatial resolution (0.2μm) with 1 

kHz frequency. But it has and limitation for the effect of the inclination of 

pipe. 

  

1.2.4 Flow visualization 

 

 Some researchers including Crompton et al. (2004), Sethi (2011), Padilla 

et al. (2012) tried visualization of two phase flow. The flow visualization 

work is basically for investigating the characteristics of the two-phase flow. 

The characteristics recognized by visualization works are usually qualitative 

characteristics such as flow morphology or flow pattern map. Researches are 

conducted with several channel shapes and sizes.
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1.3 Objectives and scope of the study 

 

The main objective of this research is to develop measurement method for 

liquid film thickness of annular flow using visualized result of the flow and 

image processing. Contrasted with other two phase flow visualization works, 

the results of annular flow visualization are utilized to quantitative analysis 

not only qualitative analysis. And the fact that none of the other methods for 

measuring liquid film thickness of annular flow uses image of flow guarantees 

originality of this research. 

In chapter two, the analytic study to analyze optical path in the tube of gas-

liquid two phase flow flowing is progressed. Optical path in annular flow is 

analyzed with varying liquid film thickness, tube diameter and changing 

liquid material. And developing procedure of new thickness measurement 

method is suggested based on the result of optical path. For the new method, 

image of annular flow with transparent tube and light blocking cover is 

required. As configuration of light blocking cover affects the image of annular 

flow, effect of configuration of cover is investigated. 

In chapter three, the experiment on the measurement method for liquid film 

thickness is described. Experimental apparatus is depicted, including the 

morphology and material of light blocking cover. And experimental methods, 

which include a method using image processing and a sampling method, are 

explained with the image processing manner. Film thickness is measured by 

two methods and those are compared to verify image processing method. 

Finally, in chapter four, the overall view of this study is depicted. 
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Fig. 1.1 Schematic of the gas/liquid annular flow (Inside the channel, 

liquid phase in form of film, gas phase in core and liquid droplets in gas 

phase exist) 
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Fig. 1.2 Schematic of wave morphology in gas/liquid annular flow 

(Schubring et al. (2010)) 
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Fig. 1.3 Diagram of liquid film thickness measurement method using 

electrical probe (Electrical probe is installed around the channel to 

measure with many variation of methods) 

 

 

 

  

Fig. 1.4 Diagram of liquid film thickness measurement method using 

supersonic echo (Signal delay occurs by reflecting on two kind of 

interfaces) 
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Fig. 1.5 Diagram of liquid film thickness measurement method using 

laser displacement gauge (Light emitted by laser reflects on the 

liquid/gas inte rface and get to position sensor) 

 

 

 

Fig. 1.6 Diagram of liquid film thickness measurement method using 

laser focus displacement apparatus (Hazuku et al. (2005)) 
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Fig. 1.7 Flow morphology of gas/liquid annular flow (Crompton et al. 

(2004)) 

 

 

 

Fig. 1.8 Flow morphology of gas/liquid annular flow (Sethi (2011)) 
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Fig. 1.9 Flow morphology of gas/liquid annular flow in U-tube (Padilla 

et al. (2012)) 
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Chapter 2. Analytical study on the optical path in 

two-phase annular flow 

 

2.1 Introduction 

 

In this chapter, the optical path in the tube of gas-liquid two phase flow 

flowing is analyzed with MATLAB R2011b (MathWorks, Inc). As stated 

earlier, many researchers make an effort to visualize two-phase flow, which 

include annular flow. But, most of the researches end with qualitative analysis 

such as identifying flow pattern of the flow and not elucidating detail of 

images. In this circumstance, knowing the information of optical path in 

annular flow would help to understand the image of annular flow. 

Optical path in annular flow is investigated with varying tube diameter and 

changing liquid material, since each images of annular flow were taken in 

various conditions. And optical path is analyzed with varying liquid film 

thickness to investigate the effect of the film thickness. 

Furthermore, based on the investigated optical path, new thickness 

measurement method is developed. For the new method, image of annular 

flow with transparent tube and light blocking cover is required. And through 

the image processing procedure, liquid film thickness data can be obtained. As 

configuration of light blocking cover affects the image of annular flow, effect 

of configuration of cover is investigated also.
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2.2 Development of the model to analyze optical path in 

annular flow 

 

2.2.1 Outline of the model 

 

In the model for optical path, the situation which is light propagating 

through the tube, annular flow and being gathered into certain focus point is 

assumed. 

Three interfaces are considered in this model, which are outer atmosphere-

tube interface, tube-liquid interface and liquid-gas interface. Actually wave 

appears at liquid-gas interface of annular flow, but smooth liquid-gas interface 

is assumed for convenience of analysis. As a result, three interfaces can be 

simplified as three concentric circles. Fig. 2.1 is a diagram of the model. The 

outermost circle represents atmosphere-tube interface, and the intermediate 

circle represents tube-liquid interface, and the innermost circle represents 

liquid-gas interface. 

As light being gathered into focus point is object of interest, it can be 

thought to light to be coming from the focus point and penetrate the tube 

annular flow is flowing. Fig. 2.2 shows every possible way of optical path in 

annular flow from focus point to outer. Six circles imply each interface with 

information of light propagating direction. Light propagating inside of the 

tube undergoes reflections or refractions at the interfaces, and eventually gets 

out to atmosphere. 
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Fig. 2.1 Diagram of the optical path analysis model 
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Fig. 2.2 Possible way of optical path in two-phase annular flow from 

focus point to outer with air/water fluid  
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2.2.2 Algorithm of the model 

 

In this model, there are two major calculations which are determining 

intersection of light path and interfaces, and distinguishing whether reflection 

or refraction will occur at the interfaces. Determining intersections is 

conducted by solving simple quadratic equations and light direction is 

determined by ‘Snell’s law’. Table 2.1 shows refractive index values used in 

this analysis. Water and air are used as main fluid for connection with 

experimental study. And Table 2.2 shows a specific configuration of analysis 

object. The configuration is selected for connection with experimental study 

also. 

 

 Snell’s law 

   sinθ
1
sinθ

2
⁄ = n2 n1⁄    (2.1) 

 

Fig. 2.3 is flow chart for optical path analysis. Even though there are two 

kinds of calculations, the process of whole operation become quite intricate 

because of complexity of tube, annular flow configurations. Solving equations 

for calculating intersections of a light path and an interface should be used in 

different form by area which intersection exists and light propagating 

direction whether centrifugal or counter-centrifugal propagation. 

Calculation is conducted by changing infinitesimal angle of incidence at 

focus point consecutively. The angle of incidence at focus point is treated as 

angle between propagating light from focus point and an arbitrary line which 
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penetrate the center of three concentric circles. After determining incident 

angle to calculate, sequential calculation is conducted for finding intersections 

and propagating direction until the light is considered as get out of the tube 

and annular flow.  

As a sequence of calculation is progressed based on Fig. 2.3 and solving 

equation varies by each position of intersection and propagating direction, 

necessity for defining information of area is recognized. The information of 

area is expressed with variable ‘a’. Table 2.3 shows value of ‘a’ for each area. 

The distance of line which represents an optical path and center of concentric 

circles, ‘r’ is also defined for distinguishing propagating type of next optical 

path.  

Six solving equations for finding next intersection can be classified to three 

types of form. Eq. (2.2a) is used for case that next intersection is found on 

same interface with prior intersection. Eq. (2.2b) is used for case that next 

intersection is found in inner interface than the interface which prior 

intersection exist on. And Eq. (2.2c) is used for case that next intersection is 

found in outer interface than the interface which prior intersection exist on. 

For optical path located at atmosphere, type (b) of solving equation is used 

only. And for optical path located at mass of tube and liquid phase, all types of 

solving equations are used. And type (a) is used only for optical path located 

at gas phase. 
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 Solving equations 

   𝑥1 =
−2𝐴𝐵

1+𝐴2
− 𝑥0, 𝑦1 = 𝐴𝑥1 +𝐵   (2.2a) 

𝑥1 = 𝑥0 + (
−𝐴𝐵

1 + 𝐴2
− 𝑥0) ×

(

 
 
 

1−

√𝑅𝑖𝑛𝑛𝑒𝑟
2 − ((

−𝐴𝐵
1 + 𝐴2

)
2

+ (
𝐵

1 + 𝐴2
)
2

)

√𝑅𝑝𝑟𝑖𝑜𝑟
2 − ((

−𝐴𝐵
1 + 𝐴2

)
2

+ (
𝐵

1 + 𝐴2
)
2

)
)

 
 
 

, 

   𝑦1 = 𝐴𝑥1 + 𝐵    (2.2b) 

𝑥1 = −
AB

1 + 𝐴2
+ (𝑥0 +

𝐴𝐵

1 + 𝐴2
) ×

(

 
 
 

1 −

√𝑅𝑜𝑢𝑡𝑒𝑟
2 − ((

−𝐴𝐵
1 + 𝐴2

)
2

+ (
𝐵

1 + 𝐴2
)
2

)

√𝑅𝑝𝑟𝑖𝑜𝑟
2 − ((

−𝐴𝐵
1 + 𝐴2

)
2

+ (
𝐵

1 + 𝐴2
)
2

)
)

 
 
 

, 

    𝑦1 = 𝐴𝑥1 + 𝐵    (2.2c) 

While, ‘ 𝑦 = 𝐴𝑥 + 𝐵 ’ represents the optical path penetrating the 

intersections which are (𝑥0, 𝑦0) for a prior intersection and (𝑥1, 𝑦1) for a 

next intersection. 
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*Fukuta et al. (2004) 

 

 

 

Substance Refractive index 

Outer diameter 12 mm 

Inner diameter 8 mm 

Tube thickness 2 mm 

 

Substance Refractive index 

Acryl tube 1.49 

Quartz tube 1.46 

Air 1.00 

Water 1.33 

PVE oil  1.44* 

Table 2.1 Refractive index 

Table 2.2 Specific configuration of analysis object 
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Fig. 2.3 Flow chart for optical path analysis 
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Area Area variable 

Atmosphere a=0 

Tube a=1 

Liquid a=2 

Gas a=3 

  

Table 2.3 Expression of area information in the analysis 
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Fig. 2.4 shows a typical case of the result. Three circles represent each 

interface and each continuous line represents an optical path. 30 lines which 

have equal incident angle interval at focus point are analyzed for one case. 

Total five types of optical path can be found in one case. The first type of light 

penetrates mass of tube only with two refractions. The second type of light 

undergoes reflects on tube/liquid surface. The third type of light refracts on 

tube/liquid surface and penetrates mass of liquid. The fourth type of light 

refracts on tube/liquid surface and reflects on liquid/gas surface. And the fifth 

type of light penetrates whole mass without reflection on every interface. 

Table 2.4 shows five types of optical path in detail. In this case, only four 

types, from the second type to the fifth type, of optical path can be recognized 

because of the configuration of tube and the proportion of refractive index of 

acryl tube and that of air the atmosphere. 

Fig. 2.5 is another representation of result. It represents same result as Fig. 

2.4 with different form. It is set of data about the angle of incidence at focal 

point versus the angle of incidence at tube. It helps to understand Fig. 2.4with 

smaller interval to result detailed analysis as form of Fig. 2.4 cannot apply 

small interval because of the visibility of graph. The x-axis of Fig. 2.4 is 

defined as zero degree in Fig. 2.5 Several inflection points which are 

boundary between each optical path type can be found on account of smaller 

interval. In the areas of second type and fourth type of optical path, the angle 

of incidence at focal point decreases as the angle of incidence at tube increase. 
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While the angle of incidence at focal point increases as the angle of incidence 

at tube increase in the areas of third type and fifth type of optical path. 

Fig. 2.6 shows series of results with varying film thickness. These results 

show optical path variation as liquid film thickness increase. In former 

literatures, liquid film thickness of annular flow is hard to be bigger than 10% 

of inner diameter of the experimented tube, but the range of liquid film 

thickness is analyzed from zero to assumed inner radius of the tube to 

investigate the effect of liquid film thickness maximally. We can figure out in 

the figures that two liquid/gas interface total reflection areas are getting 

narrower and eventually disappear as liquid film thickness increase. Moreover, 

the area between two liquid/gas interface total reflection areas is getting 

narrower and eventually disappears as liquid film thickness increase also. The 

same tendency can be found in Fig. 2.7. 
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Fig. 2.4 Typical case of the optical path result of analysis (The dashed 

line represents the second type of optical path, and the dotted line 

represents the fourth type of optical path, while the third and fifth types 

of optical path are expressed with solid line) 
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Optical path Specification 

1
st
 type Light source-Atmosphere/tube interface-(Refraction)-

Tube/atmosphere interface-(Refraction)-Atmosphere. 

2
nd

 type Light source-Atmosphere/tube interface-(Refraction)-

Tube/liquid interface-(Reflection)-Tube/atmosphere 

interface-(Refraction)-Atmosphere. 

3
rd

 type Light source-Atmosphere/tube interface-(Refraction)-

Tube/liquid interface-(Refraction)-Liquid/tube 

interface-(Refraction)-Tube/atmosphere interface-

(Refraction)-Atmosphere. 

4
th
 type Light source-Atmosphere/tube interface-(Refraction)-

Tube/liquid interface-(Refraction)-Liquid/gas interface-

(Reflection)- Liquid/tube interface-(Refraction)-

Tube/atmosphere interface-(Refraction)-Atmosphere. 

5
th
 type Light source-Atmosphere/tube interface-(Refraction)-

Tube/liquid interface-(Refraction)-Liquid/gas interface-

(Refraction)-Gas/liquid interface-(Refraction)- 

Liquid/tube interface-(Refraction)-Tube/atmosphere 

interface-(Refraction)-Atmosphere 

Table 2.4 Optical path in gas/liquid two-phase annular flow 
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Fig. 2.5 Typical case of the optical path result of analysis with different 

form (Boundary between each optical path area can be identified easily; 

The optical path area which shows a positive gradient projects the 

upright image and the optical path area which shows a negative 

gradient projects reversed image) 
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(a) gas flow              (b) film thickness=40% of Ri 

  

(c) film thickness=80% of Ri            (d) liquid flow 

 

Fig. 2.6 Optical path Results with varying film thickness 
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(a) gas flow              (b) film thickness=40% of Ri 

  

(c) film thickness=80% of Ri            (d) liquid flow 

 

Fig. 2.7 Optical path Results with varying film thickness 2 
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2.4 Development of the liquid film thickness 

measurement method for annular flow 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

2.4.1 Outline of liquid film thickness measurement method using 

image processing 

 

The idea for liquid film thickness measurement can be drawn with the 

results, which is that information of the liquid/gas interface can be obtained 

with blocking light which undergoes total reflection at the liquid/gas interface.  

In this paper, light blocking cover is selected to means to block light which 

undergoes liquid/gas interface total reflection. Fig. 2.8 shows assumed 

configuration of light blocking cover. It is assumed to be rectangular 

parallelepiped shaped with holes at top and bottom for tube to penetrate. The 

front side and the rear side of the light blocking cover are assumed to be 

opened or transparent to take an image of annular flow while the left and the 

right sides are assumed to be blocked. It would block the light is incident to 

the tube from the side. However, it is hard to the light blocking cover to block 

the liquid/gas interface total reflection light only or to block all light which 

undergoes liquid/gas interface total reflection. It is anticipated that the light 

blocking cover would block some of the light which undergoes the fourth 

optical path type and soma of the light which undergoes the fifth optical path 

type.  

Table 2.5 is the set of selected values to define configuration of light 

blocking cover. Fig. 2.9 shows the typical result of the expected image of the 

tube with light blocking cover. Left and right boundary of the figure represent 
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boundary of the vertical tube. The two-dark lines which represent the area of 

light blocked by light blocking cover are expected to appear. The series of Fig. 

2.10 shows expected image of the tube in which annular flow is flowing and 

on which light blocking cover is installed with increasing liquid film thickness 

from zero to maximum. And it can be seen that two dark lines and the gap of 

two lines are getting narrower as liquid film thickness increase. 

Fig. 2.11 shows the relation of liquid film thickness with the distances 

between two dark lines. The distances are the outer distance which is the 

distance between left edge of left dark line and the inner distance which is 

right edge of right dark line and the distance between right edge of left dark 

line and left edge of right dark line. The ‘Normalized gap’ of the y-axis is 

defined as the gap size (the distance) divided by the tube size in image. The 

definition of ‘Gap size’ and ‘Normalized gap’ would be explained further in 

chapter 3. Fig. 2.11 shows that the distances decrease quite linearly as liquid 

film thickness increase. 

 

2.4.2 Effect of light blocking cover configuration 

 

The Effect of light blocking cover configuration on liquid film thickness 

method is investigated. Especially, the effect of the relative displacement 

between tube and cover and the effect of the cover width size and the effect of 

the distance between the tube and the focus point are investigated. These 

series of Fig. 2.12 and Fig. 2.13 show effect of configuration of the light cover 

on expected image. As Fig. 2.12, if relative displacement between tube and 
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cover is too close, image could become more difficult to interpret. However if 

relative displacement is too far, the gap of dark lines become narrower, so 

sensitivity of the measurement method would decrease. Effect of cover width 

produces similar result. As Fig. 2.13, if cover width is too narrow, sensitivity 

of the measurement would decrease. And if cover width is too wide, image 

could become more difficult to interpret. However, the effect of the distance 

between the tube and the focus point is revealed to ineffective to a result 

image. The results in this section can be interpreted as there is optimal 

configuration of the light blocking cover. 

 

2.4.3 Effect of refractive index 

 

Additionally, effect of refractive index is analyzed. The effect of liquid 

refractive index and the effect of tube refractive index are analyzed in order, 

on the other hand, the effect of gas refractive index is not considered because 

the refractive index values of gases show small deviation. In Fig. 2.14, tube is 

fixed to acryl tube, and liquid is changed. It shows the refractive index of 

liquid affects the gap size at intermediate range of liquid film thickness. As 

liquid refractive index value increases, the gap size in image would increase. 

In Fig. 2.15, liquid is fixed to water, and tube is changed. It shows the 

refractive index of tube affects the gap size at low range of liquid film 

thickness. As tube refractive index value increases, the gap size in image 

would increase. The results in this section show the possibility that certain 

combination of tube material and liquid fluid would make correlation of film 
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thickness and gap size linearly and that new method for liquid film thickness 

measurement could be adapted to certain tube & liquid combination with 

modification of correlation. 
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Fig. 2.8 Configuration of light blocking cover (The light can penetrate in 

only one direction) 
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Fig. 2.9 Expected image of the tube with light blocking cover 

  

Light blocking cover 

Thickness 4 mm 

Height 100 mm 

Width 28 mm 

depth 16 mm 

Table 2.5 Configuration of the light blocking cover 
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Fig. 2.10 Expected image of the tube in which annular flow is flowing 

and on which light blocking cover is installed with increasing liquid film 

thickness from zero to maximum 
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Fig. 2.11 Relation of liquid film thickness with the distances between two 

dark lines (normalized gap) 

  



 

３８ 

 

 

Too close 

 

Moderate 

 

Too far 

Fig. 2.12 Effect of relative displacement between tube and cover on 

expected image 
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Too narrow 

 

Moderate 

 

Too wide 

Fig. 2.13 Effect of cover width on expected image 
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Fig. 2.14 Effect of liquid refractive index on gap size in expected image 
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Fig. 2.15 Effect of tube refractive index on gap size in expected image 
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Chapter 3. Experimental study on the liquid film 

thickness measurement method using image 

processing 

 

3.1 Introduction 

 

In the previous chapter, new method for liquid film thickness measurement 

using image of annular flow is suggested. As the idea is based on analytical 

work, it is required to be verified by experiment. Therefore in this chapter, 

experimental study on liquid film thickness measurement method using image 

processing is conducted. For verification of new method, other method for 

liquid film thickness is executed also. The whole experiment is executed with 

two kinds of methods to measure liquid film thickness. The first method uses 

image of annular flow in tube with light blocking cover installed which get 

through image processing procedure. The second method is sampling method 

that averaged liquid film thickness is calculated using weight and density of 

sampled liquid. After the experiments are executed, the results from two 

methods are compared.
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3.2 Experimental apparatus 

 

3.2.1 Experimental apparatus 

 

Fig 3.1 is schematic of experimental set-up. The object of this system is to 

materialize liquid/gas two-phase flow in vertical direction, especially in 

pattern of annular flow. In the system, there are two main sections which are 

liquid circulation line, gas flow line. The liquid circulation line and the gas 

flow line share two-phase flow section, which starts from mixing tee and ends 

at separator. Most of the tube used in this system is a copper tube. Pictures of 

components of experimental set-up can be shown in figures from Fig 3.2 to 

Fig 3.8. 

The liquid circulation line is composed of a liquid reservoir, a pump, a 

pump by-pass loop and a two-phase flow section. The liquid flow, which 

becomes a part of liquid/gas two-phase flow, is maintained by the pump. The 

liquid flow is controlled by an inverter of the pump and the pump by-pass 

loop. The liquid composes two-phase flow at two-phase flow section and then 

passes the liquid reservoir and the magnetic gear pump again. As a result, 

liquid circulation loop is completed. For a stability of flow, magnetic gear 

pump (Tuthill TXCM26MCMK, 2460L/hr., 17 bar, max 60Hz, 0.01Hz) is 

selected for the pump and the pump is installed at lower than liquid reservoir 

for the same reason. The pump by-pass loop includes two valves, one for 

feedback line and the other for feed forward line, for flow controllability. 

The gas flow line is composed of a lab air entrance, a mass flow controller, 
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a two-phase flow section and an exhaust pipe. The gas flow, which becomes a 

part of liquid/gas two-phase flow also, is maintained by the lab air and the 

mass flow controller. The lab air is produced by an air compressor (37 kW, 

833 kPa) and passes the mass flow controller with a certain pressure drop. The 

mass flow controller controls gas flux by controlling valve opening in 

accordance with built-in manner and senses the flow rate of gas 

simultaneously. The separated air which passed two-phase flow section is 

discharged to atmosphere at exhaust pipe. 

The two-phase flow section starts from the mixing tee and passes a 

visualization section and ends at separator. The gas flows in horizontal 

direction and the liquid joins the flow in vertical direction at mixing tee. And 

then, the two-phase flow passes the visualization section which is composed 

of two ball valves to be separated for sampling and an acryl tube to take 

image. After passing the visualization section, the flow is separated in two 

flows by gravity force at the separator. 

In this research, the experiment was conducted with air and water. 

 

  



 

４５ 

 

 

 

 

 

Fig. 3.1 Schematic diagram of experimental set-up 
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Fig. 3.2 Image of the magnetic gear pump 

 

Fig. 3.3 Image of the mass flow controller 
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Fig. 3.4 Image of the separator 

 

Fig. 3.5 Image of the liquid reservoir 
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Fig. 3.6 Image of the mass flow meter 

 

Fig. 3.7 Image of the camera 
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Fig. 3.8 Image of the halogen lamp 
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3.2.2 Measurement 

 

Table 3.1 shows specifications of measuring devices. 

 

Temperature 

 

In this system, temperature is measured at one point where is in front of the 

visualization section after the liquid flow and the gas flow are mixed. This 

temperature data are used for calculating density of the liquid, water. 

Thermocouple is used to measure the temperature which is T-type Copper-

Constantine thermocouple. It is a probe type so the TC (thermocouple) can be 

installed inside of the tube with certain fittings. The other end of the TC not 

locating inside of the tube has plug termination so it can be easily extended. 

 

Pressure 

 

In this system, pressure is measured at two locations. One point is the same 

place where the temperature is measured. The data of pressure at the location 

is used to calculate density of the liquid also. The other point is right after the 

mass flow controller. The data of pressure at the location is for knowing 

pressure at mass flow controller, so mass flow rate can be calculated with 

using same temperature data as the data at the front of visualization section. 

Pressure sensors are calibrated by reference pressure transducer (Druck) 

which the accuracy is 0.1% at the pressure range from 0 kPa to 5000 kPa. 
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Mass flow rate 

 

As there are the liquid flow and the gas flow in the experiment system, 

mass flow rates of each flow are measured. The mass flow rate of the gas flow 

is measured by mass flow controller (MFC) and the mass flow rate of the 

liquid flow is measured by coriolis mass flow meter. 

The mass flow controller for the gas flow controls the volumetric flow rate 

and measures the controlled volumetric flow rate simultaneously. The 

volumetric flow rate is converted to the mass flow rate of the gas with density 

data which is calculated based on measured temperature and pressure. The 

mass flow meter for liquid is product of Oval Engineering. It is installed in 

vertical upward direction before the mixing tee. 

 

Data acquisition 

 

Data acquisition was conducted by a PC and other data acquisition devices 

with data logging program, Labview 9.0 (National Instrument). All DC 

voltages from thermocouple, pressure sensors, and mass flow meters are 

recorded by data logger (Yokogawa, DA 100 Expendable type). 

 

Scales 

 

Scales are used to measure weight of the liquid in test section for the 

sampling method. The locations of two scales are fixed while experiment.  
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Reference pressure transducer 

Model Druck, STX 2100 

Range 0~5000 kPa 

Accuracy ±0.1% 

Absolute pressure sensor 

Model Sensotech, Z 

Range 500 psi, 3.45 MPa 

Accuracy ±0.25% 

Mass flow controller 

Model KITS TSC-145 

Range 1000 LPM 

Accuracy ±1% 

Mass flow meter 

Model OVAL CN006 

Range 20 g/s 

Accuracy ±0.1% 

Scales 

Model AND HF400, GF600 

Range 410g, 610g 

Accuracy ±0.001 g 

Table 3.1 Specifications of measuring devices 
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3.2.3 Image acquisition apparatus 

 

The new liquid film thickness method developed based on analytical study 

uses image of annular two-phase flow, so the image acquisition apparatus 

plays an important role for the method. The image acquisition apparatus is 

composed of a light source, a camera and a light blocking cover. The camera 

and the tube with image blocking cover installed and the light source are 

arranged in a row in referred order. Table 3.2 shows the specification of each 

apparatus. The halogen lamp is selected for the light source because of the 

wavelength distribution characteristics of the lamp. The camera (CASIO EX-

FH20) is selected because of a close-up function (1 cm) and high speed serial 

picture recording (40 photos per second). 

Figure 3.9 shows the image of tube with light blocking cover. The light 

blocking cover is made of foam board, black paper and translucence paper. 

The top and bottom of the cover have a hole to be installed to tube. The front 

side of the cover is opened to take a photo of the flow. The translucence paper 

blocking the rear side of the cover helps to distract the light from the source. 

Distracting the light reduces the effect of the light source. 

Figure 3.10 are examples of acquired image. From the top, these images 

represent each the image of gas flow, annular flow and liquid flow. As the 

expected image from analytical study, 2 dark lines exist for gas flow and 

annular flow, and no dark line exists for liquid flow. 
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Light source 

Type Halogen lamp 

Camera 

Model CASIO EX-FH20 

Close-up limit 1 cm 

Max fps 40 

pixel 3072 × 2304 

Condition F6.1, 1/100 

Light blocking cover 

Thickness 4 mm 

Height 100 mm 

Width 28 mm 

depth 16 mm 

Table 3.2 Specifications of image acquisition apparatus 
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Fig. 3.9 Image of the light blocking cover 
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The image of gas flow 

 

 

The image of annular flow 

 

 

The image of liquid flow 

 

Fig. 3.10 Examples of the acquired images 
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3.3 Experimental methods 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

3.3.1 Experiment protocol 

 

Experiments are conducted by two methods which are the image processing 

method and the sampling method. Two methods are carried out one after 

another. After the system reaches a steady state condition for each case, the 

liquid film thickness is measured by two methods. The thickness is measure 

by the image processing method first, and then by the sampling method. For 

the image processing method, image of the flow is taken. The image requires 

an image processing procedure to obtain liquid film thickness. After the image 

is taken, two valves at the both ends of visualization section are closed and the 

section is separated from the system. The weight of the separated part is 

measured and it is used to calculate liquid film thickness. 

 

3.3.2 Image processing method 

 

The image processing method is a method to measure liquid film thickness 

of annular liquid/gas two-phase flow. It can be adapted to every combination 

of liquid/gas flows with appropriate correlation formula which represents the 

relationship between a liquid film thickness and a gap size of two dark lines in 

image. For water/air two-phase flow, the correlation formula has a linear 

characteristic. 

As distance between camera and tube can be varied, the pixel representing 

tube diameter and gap size of dark lines can be varied. Therefore, for the 
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invalidation of the effect of distance between camera and tube, one variable 

must be defined. “NG” which stands for normalized gap is defined as the 

gap size in image divide by the tube diameter in image. With normalized gap, 

gap size can be measured regardless of distance between camera and test-

section. 

 

 Normalized gap 

 NG =
[𝐺𝑎𝑝 𝑠𝑖𝑧𝑒](𝑝𝑖𝑥𝑒𝑙)

[𝑇𝑢𝑏𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟](𝑝𝑖𝑥𝑒𝑙)
  (3.1) 

 

Figure 3.11 shows the definitions of the gap size and the tube diameter in 

flow image. The gap size could be defined in several forms like the distances 

in chapter 2, however the distance between left edge of left dark line and right 

edge of right dark line is used for better sensitivity of the thickness 

measurement method. As the gap size decreases while increasing liquid film 

thickness, the distance which has bigger size for zero film thickness can 

provide better sensitivity. 

As the result of analytic study showed the normalized gap linearly 

decreases as liquid film thickness increase for air/water annular flow. Film 

thickness can be calculated with the normalized gap value of target flow and 

the normalized gap value of reference with linear correlation. 

 

 Film thickness 

  𝑡 = 𝑅𝑖 × (1 −
𝑁𝐺

𝑁𝐺𝑟𝑒𝑓.
)  (3.2) 
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The camera used for taking image of flow can take 40 images consecutively 

in one second. The images have 3072 × 2304 pixel. In each case of 

experimental condition, the images are taken three times, so total 120 images 

are taken. As the images are taken in close-up mode, it has a slight distortion 

at the top and bottom of the images. So for minimizing the effect of distortion, 

100 lines from each flow image are used to image processing procedure. The 

film thickness values of 100 single lines in 120 images are calculated in 

sequence. The calculated film thickness values of each line of images are 

averaged. So the time-space-averaged liquid film thickness is obtained. 

 

3.3.3 Image processing procedure 

 

To get information of liquid film thickness in image, Normalized gap value 

is required and it can be obtained through image processing procedure. 

MATLAB R2011b (MathWorks, Inc.) is used to process the images. The 

whole procedure is conducted by a continuous image processing of single 

lines in each image.  

Each pixel of single lines has information of brightness. Figure 3.12 shows 

typical appearance of brightness of single line. In this figure number 1 

represents black and number 0 represents white. Four major peaks can be 

found in this figure, which are two thin peaks and two thick peaks. The thin 

peaks exist at rather inner side of the figure and they represent the edge of the 

tube. The thick peaks exist at rather outer side of the figure and they represent 
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the dark lines of image. Edge of the tube could be found with finding local 

maximum value. And the boundary of dark line was found with finding point 

which have specific local gradient. At this time, ‘0.02 brightness factor per 

10pixel’ is used for threshold. 

 

3.3.4 Sampling method 

 

Sampling method was executed right after taking image of the flow. Two 

valves which are at both ends of test section are closed simultaneously in a 

moment. Liquid film thickness is calculated with weight of the sample water 

and density measured while experiment. Time-space-averaged liquid film 

thickness can be measured by the sampling method. 

Figure 3.13 shows the means to measure the weight. As the weight limit is 

restrictive and the length of the tube is too long for one scale, two scales are 

used concurrently and the results are added. The weight of the liquid is 

calculated with invalidating the weight of the tube and two valves. The weight 

of sample water is measured three times and the data is averaged for each case. 

 

 Film thickness 

  𝑡 = 𝑅𝑖 −√𝑅𝑖
2 −

𝑉

𝐿×𝜋
  (3.3) 
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Fig. 3.11 Definitions of the gap sizes (Solid line represents the distance 

between left edge of left dark line and right edge of right dark line and 

Dashed line represents the distance between right edge of left dark line 

and left edge of right dark line) 
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Fig. 3.12 The typical appearance of brightness of single line in acquired 

image (Two circles represent the edges of the tube and two squares 

represent the distance between left edge of left dark line and right edge 

of right dark line) 
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Fig. 3.13 Means to measure the weight; Two scales measured the weight 

of the tube concurrently 
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3.4 Experimental results 

  

3.4.1 Experiment conditions 

 

The experiment is conducted in several conditions. Gas mass flow velocity 

and liquid mass flow velocity are controlled. Conditions are compared with 

literatures for objectivity and conditions satisfy the annular flow condition. To 

compare condition, the concept of ‘Superficial velocity’ is needed which is 

hypothetical fluid velocity calculated as if the given phase or fluid were the 

only one flowing or present in a given cross sectional area. Table 3.3 shows 

specific experiment velocity conditions with temperature and pressure. Figure 

3.14 shows condition comparison with result of the literature. 

 

 Superficial velocity 

   𝑢𝑠 =
Q

A
   (3.4) 

 

3.4.2 Results 

 

Table 3.4 shows the result data of experimental study and Figure 3.15 

shows the data comparison in graph. Liquid film thickness values measured 

by two methods are compared. Total 25 cases of experiment conditions were 

conducted. Two methods show fine coincidence of results with ±20% of 

maximum error. 
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Number Gas MFR 

(g/s) 

Liquid MFR 

(g/s) 

Temperature (C) Pressure (kPa) 

1 7.20 1.46 24.45 245.87 

2 8.81 1.99 23.70 300.72 

3 6.75 3.99 24.80 226.70 

4 9.20 6.08 20.32 298.45 

5 8.67 8.05 21.57 300.12 

6 6.66 10.07 24.12 207.86 

7 19.59 2.01 20.39 331.80 

8 21.61 3.46 23.44 379.81 

9 21.75 3.93 24.09 363.12 

10 17.66 8.08 23.94 294.61 

11 17.02 8.56 24.74 283.48 

12 34.34 2.03 22.76 386.69 

13 36.21 4.04 21.65 428.00 

14 37.95 6.02 23.30 457.62 

15 32.07 8.16 24.50 398.54 

16 32.15 10.01 25.25 382.75 

17 52.73 1.96 23.46 457.97 

18 50.21 3.99 24.93 470.74 

19 55.11 6.05 23.59 511.89 

20 49.70 8.10 24.69 476.35 

21 55.10 9.89 24.69 533.07 

Table 3.3 Experiment conditions 
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Fig. 3.14 The superficial velocities of liquid and gas (The area bordered 

by dashed line is in annular flow belongs to the area of annular flow 

which is marked with the white triangles) 
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Number IP method (mm) Sampling (mm) Error (%) 

1 0.17286 0.14864 16.29 

2 0.14016 0.15701 -10.73 

3 0.20519 0.17474 17.42 

4 0.22041 0.21399 3.00 

5 0.23623 0.22444 5.25 

6 0.26338 0.26161 0.68 

7 0.10156 0.08726 16.39 

8 0.12966 0.10973 18.16 

9 0.10868 0.11218 -3.12 

10 0.14032 0.15430 -9.06 

11 0.14866 0.18427 -19.33 

12 0.07151 0.06801 5.16 

13 0.08912 0.08573 3.96 

14 0.12361 0.10622 16.37 

15 0.09613 0.10764 -10.70 

16 0.12473 0.14483 -13.88 

17 0.05333 0.04551 17.17 

18 0.05857 0.06271 -6.60 

19 0.07402 0.06906 7.18 

20 0.10795 0.10637 1.49 

21 0.08120 0.09061 -10.38 

Table 3.4 Liquid film thickness results by two methods 
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Fig. 3.15 Comparison of experimental results by two methods 
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Chapter 4. Conclusion 

 

In this research, the analytic study and experimental study were conducted 

to develop the measurement method for liquid film thickness of annular flow 

using visualized result of the flow and image processing procedure.  

The analytic study was to analyze optical path in the tube of gas-liquid two 

phase flow flowing is progressed. Optical path in annular flow is analyzed 

with varying liquid film thickness, tube diameter and changing liquid material.  

The result shows the five types of optical path exist and varied by changing 

liquid film thickness. Based on the result, developing procedure of new 

thickness measurement method is suggested. For the new method, image of 

annular flow with transparent tube and light blocking cover and image 

processing procedure are required. As a configuration of the light blocking 

cover affects the image of annular flow, the effect of a configuration of the 

cover is investigated. Additionally the effect of a refractive index of the 

materials is investigated with same reason. 

The experiment was performed to verify the new method. Experimental 

apparatus is depicted, especially the morphology and material of light 

blocking cover. And experimental methods, which include new method using 

image processing and sampling method, are explained with the manner of 

image processing. Film thickness data are measured by two methods and 

those are compared to verify image processing method. The results of each 

method matched well with ±20% error.
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초    록 

 

환상류(Annular flow)는 기체-액체 이상 유동(Gas-liquid two 

phase flow)의 대표적인 유동 패턴이다. 원형관 내벽에 고리 

모양의 액체 층이 흐르며 액체 층의 내부에 기체가 흐르는 것을 

특징으로 한다. 관의 설치 방향이나 기체와 액체의 유동 방향 등에 

따라 조금씩 유동 특성이 달라진다. 액체 막의 두께는 관 내 

압력강하와 액체 질량유량, 기체 질량유량과 함께 환상류 유동 

특성을 나타내는 주요 변수이다. 관련 연구에는 액체 막 두께 측정 

방법에 대한 연구, 파동 형태의 액체 막 특성 변화에 관한 연구 

등이 있다. 한편, 이상 유동을 가시화하여 촬영한 연구들도 

존재하지만 대부분 유동 패턴을 확인하는 등 정성적인 특성을 

확인하는 데에 그쳤다. 

본 연구에서는 기체-액체 환상류 이상 유동을 촬영한 결과물을 

영상 처리 과정을 통해 액체 막 두께를 측정하는 방법에 관한 

연구이다. 크게 수치 해석 연구와 실험 연구로 나눌 수 있으며, 

수치 해석 연구 에서는 환상류 이상 유동이 흐르는 관 내의 빛의 

경로를 예측하고 그 결과를 바탕으로 새로운 액체 막 두께 측정 

방법을 제시하였고, 실험 연구에서는 앞서 제시된 액체 막 두께 

측정 방법을 구현하고 다른 액체 막 두께 측정 방법과의 비교를 

통해 검증하였다. 

수치 해석 연구에서는 환상류 이상 유동이 흐르는 투명한 관 

내부의 광 경로를 예측하였다. 본 연구에서 사용한 해석 
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모델에서는 빛이 관과 그 내부의 기체-액체 혼합 유동을 투과하여 

카메라 초점에 모이는 상황을 가정하고, 특정 각도로 초점에 

입사하는 빛이 어느 위치 및 각도로 관에 입사하였는지 

역추적하였다. 빛의 입사 경로와 계면의 교점과 교점에서의 계면 

기울기 등의 해석 해를 연속적으로 계산하며 계면에서의 전반사 

여부 등을 판별하여 빛의 경로를 예측하였다. 추후 실험 연구와의 

연계를 위해 기체는 공기로, 액체는 물로 가정하여 계산하였다. 

해석 결과 관 내부의 빛의 경로는 크게 5 가지 유형이 존재하였고, 

액체 막의 두께를 변화시킴에 따라 광 경로 유형의 범위가 변화를 

보였다. 관의 측면에 빛을 차단할 수 있는 덮개를 설치하면 

전반사를 일으키는 유형의 일부가 어둡게 촬영됨으로써, 유동 촬영 

결과물에 두 개의 검은 띠가 함께 촬영되게 된다. 해석 결과에 

따르면, 액체 막 두께가 변함에 따라 두 개의 검은 띠 사이의 

간격이 변할 것으로 예측되었고, 이를 이용한 액체 막의 두께를 

측정하는 방법이 제시되었다. 추가적인 해석 결과 새로운 액체 막 

두께 측정 방법은 관 측면의 덮개의 크기 및 위치에 따라 다른 

결과가 나옴을 알 수 있었다. 이에 덮개의 크기나 위치를 각각 

변화시켜 본 결과 액체 막 두께 측정을 위한 최적 크기와 위치가 

존재함을 확인할 수 있었다. 

실험 연구는 수치 해석 연구 결과를 토대로 제시된 액체 막 두께 

측정 방법을 검증하는 것을 목표로 하였다. 환상류 이상 유동을 

구현하기 위해 투명한 아크릴 관에 공기와 물을 같이 흘린다. 이 

때, 공기는 압축공기를 사용하고 MFC(Mass flow controller)를 

통해 유량을 조절하였고, 물은 펌프의 주파수와 밸브의 개도 
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조절을 통해 유량을 조절하였다. 최대한 평평한 원 모양의 기체-

액체 막 경계 면을 구현하기 위하여 유동의 방향은 수직 아래 

방향으로 하였다. 새롭게 제시된 액체 막 두께 측정 방법을 위하여 

관 측면의 빛을 차단하는 덮개가 관에 설치되었고 유동을 촬영하기 

위한 조명과 카메라 역시 설치되었으며, 샘플링 기법을 위해 관의 

양 끝 단에 두 개의 밸브를 설치하였다. 압력과 온도, 기체와 

액체의 유량이 측정되었다. 

실험 방법은 크게 두 가지로 나뉜다. 첫 번째는 영상 처리를 

이용한 방법으로 액체 막 두께를 측정하는 것이고, 두 번째는 

샘플링 기법을 사용하여 액체 막 두께를 측정하는 것이다. 첫 번째 

측정은 환상류 이상 유동이 흐르는 조건 범위 안의 공기와 물의 

유량을 흘리는 상태의 유동을 촬영함으로써 이루어진다. 촬영 후 

MATLAB을 사용한 영상 처리를 거쳐 액체 막 두께를 추정하게 된다. 

두 번째 방법은 첫 번째 방법의 촬영이 끝난 후 관의 양 끝 단에 

있는 볼 밸브를 동시에 잠가 관을 떼어 내어 무게를 측정함으로써 

진행된다. 이 때 구해진 관 내의 무게를 통해 액체 막의 평균 

두께를 계산하게 된다. 실험 결과 두 가지 방법의 두께 결과는 

최대 20%의 차이를 보였다. 

 

주요어: 이상 유동, 환상류 유동, 액막 두께 측정, 영상 처리 
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