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ABSTRACT 

Annular flow is one of the most common two-phase flow regimes observed in 

industrial applications. In annular flow, the liquid flows partly as a thin film 

along the pipe wall and partly as droplets entrained in the turbulent gas core. 

Most of the previous studies about the characteristics of annular flow and the 

developed correlations were conducted using an air/water system. This thesis 

reports an investigation about the characteristics of the annular flow regime and 

a development of liquid film thickness measurement using an ultrasonic 

technique in air/water and air/silicone oil systems.   

Experiments were carried on an upward vertical annular flow test facility with 

34.5 mm inner diameter (ID) using air/water and air/silicone oil two-phase 

systems. Time-varying of total pressure drop, liquid film thickness and wall 

shear stress were measured.  The total pressure drop was measured using a 

remote seal differential pressure transducer and the wall shear stress was 

measured using a glue-on hot film sensor.  

An ultrasonic technique was developed to measure the liquid film thickness. It 

was evaluated using static and dynamic measurements. For static measurements, 

it was compared with the liquid film thickness calculated based on knowledge of 

liquid volume and area of the test rig. For dynamic measurements, it was 

compared with two well-known conductance measurement techniques (Multi Pin 

Film Sensor and concentric probe) in falling film and upward vertical annular 

flow test facilities respectively. The relative error between the ultrasonic 
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technique and the other two techniques was within ±5%.  A new processing 

method for ultrasonic measurement called Baseline removal method was 

developed for measuring liquid film thickness less than 0.5 mm. 

The influence of gas and liquid superficial velocities, viscosity and surface 

tension on the measured parameters was studied using both systems. Both 

systems showed similar trend behavior with increasing gas and liquid superficial 

velocities even there was a difference in fluid properties. The results were also 

compared with the existing correlations developed using an air/water system to 

predict each one of the measured parameters. Most of the tested correlations 

predicted the total pressure drop, liquid film thickness and wall shear stress with 

relative deviation of ±50% or even higher in some cases. 
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3
/s) 

R  Reflection coefficient    (-) 

         Liquid Reynolds number    (-)  

       Liquid film Reynolds number    (-)  

       Critical liquid film Reynolds number  (-) 

      Variable resistance in the anemometer bridge (ohm) 

   ,      Internal resistances in the bridge   (ohm) 

      Variable resistance in the anemometer bridge (ohm) 

  ,     Resistance of the probe at its operating temperature   (ohm) 

    Resistance of the cable to the hot film probes (ohm) 

     Resistance of the probe support   (ohm) 

      Sensor resistance at reference temperature (ohm) 

    Operating temperature    (
o
C) 

      Reference temperature    (
o
C) 

      Acquisition of actual flow temperature  (
o
C) 

T  Period of complete wave cycle   (s) 

T  Transmission coefficient    (-) 

       Friction velocity    (m/s) 
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   Wallis parameter    (-) 

      Slip ratio      (-)  

     Gas superficial velocity    (m/s) 

     Liquid superficial velocity   (m/s)  

      Weber number in equation (2.21)  (-)  

    Weber number in equation (2.39 and 2.44) (-) 

   
    Modified gas Weber number   (-) 

x   Quality       (-)  

X   Lockhart Martinelli parameter   (-)  

V   Volume      (m
3
)  

V   Voltage      (V)  

Z  Acoustic impedance of a medium  (kg/m
2
s) 

 

 

Greek symbols  

 

    Inclination angle    (deg)  

   Liquid film thickness     (m)  

  
   Dimensionless liquid film thickness  (-) 

     Theoretical liquid film thickness   (m) 

     Thermal boundary layer    (m) 

     Wall thickness     (m) 

    Relative pipe roughness    (m) 

       Parameter defined by equation (2.26)  (-)  

    Gas void fraction     (-)  

       Homogenous void fraction   (-)  

  
     Liquid multiplier    (-)  

  
     Gas multiplier     (-)  

     Liquid Dynamic viscosity   (kg/ms) 

     Gas Dynamic viscosity    (kg/ms)  

     Water Dynamic viscosity   (kg/ms)  

       Two-phase homogeneous viscosity  (kg/ms)  

     Kinematic viscosity     (m
2
/s)  

     Liquid density      (kg/m
3
)  
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     Gas density      (kg/m
3
)  

     Water density      (kg/m
3
)  

     Air density      (kg/m
3
)  

       Homogeneous density     (kg/m
3
)  

    Surface tension     (N/m)  

     Water Surface tension    (N/m)  

        Wall shear stress    (Pa, N/m
2
)  

     Characteristic shear stress   (Pa, N/m
2
) 

     Interfacial shear stress    (Pa, N/m
2
)  

λ  Wavelength of ultrasonic signal   (m) 

   Wave frequency of ultrasonic signal  (Hz) 

      Temperature coefficient of resistance at Tref (1/
o
C) 

   Parameter defined in equation (2.43)  (-) 

   Thermal diffusivity of the liquid   (m
2
/s) 
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CHAPTER 1 

 INTRODUCTION 

1.1. Introduction 

Simultaneous flow of two or more phases in pipes has been observed in a wide 

range of industries including petroleum production, power generation, chemical 

manufacturing and processing. This kind of simultaneous flow of two or more 

phases interacting together is known as multiphase flow. These flows can take 

many forms among which a liquid flowing in tandem with its vapour in 

applications such as condensers and reboilers and in pneumatic conveyors where 

suspended solids flow in an air stream. Moreover in the oil and gas industry, one 

can observe oil, gas, water and sand flowing together.  In addition, industries 

such as sewage treatment, air conditioning and refrigeration also deal with the 

multiphase flow.  However multiphase flow is not limited only to channel flow 

systems, it can also be observed in more complex geometries such as stirred 

vessels, heat exchangers and phase separators (Hewitt, 1978, Azzopardi, 2006). 

Measurements of multiphase flow parameters such as flowrate, void fraction, 

pressure drop and liquid film thickness are crucial in design and control process 

equipment (Hamad and He, 2010). As an example, accurate measurement of 

multiphase flowrates helps in well optimisation in the oil and gas industries and 

defines the life cycle of producing fields. Knowledge of multiphase flow 

measurement parameters contributes to define the optimum design of equipment 
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at minimum capital cost, predict operational limits and for diagnosing future 

operational faults to ensure efficient and safe operation.  Therefore, it is essential 

to know the effects of phase change and its interaction.  Also, understanding of 

multiphase flow will help in selecting the right measurement techniques.  

Multiphase flow is a complex phenomenon and many experimental and 

theoretical studies have been carried out especially on two-phase flow. These 

studies lead to the formulation of a vast number of equations and correlations to 

address its behaviour and effect. However, many of these equations and 

correlations are empirical (Azzopardi, 2006) and there is still a lack of good 

prediction due to the limitation of the available measurement techniques and 

hence the lack of accurate experimental data for two-phase flow (Hamad and He, 

2010). 

In some cases, many of these equations and correlations were purely a fit to 

experimental data which are valid for the conditions studied. However, there are 

constants which have been fitted in these correlations based on the experimental 

data. Their number should be minimised if they cannot be excluded (Azzopardi, 

2006).  
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1.2. Motivation 

Two-phase flows are the most common in nature as well as in industrial 

applications (Hewitt and Hall-Taylor, 1970).  It is the least understood section of 

the fluid mechanics due to the complexities of the deforming interfaces and the 

dynamic dispersity of the phases in each other. Of the flow regimes occur in 

two-phase flows in industrial applications, annular flow is the most frequently 

observed two-phase flow pattern (Azzopardi, 2006). Risers in oil platforms, 

boiler tubes in power generation, and industrial condensers are to name few 

applications where the annular flow exists. In annular flow, the liquid flows 

partly as a thin film along the pipe wall and partly as droplets entrained in the 

turbulent gas core. Information about its characteristics such as liquid film 

behaviour and frictional pressure drop is important.  Knowledge of the liquid 

film thickness is necessary to avoid dry-out situations where the liquid film is 

completely removed from contact with the channel’s wall (Hewitt and Hall-

Taylor, 1970). Frictional pressure drop information is useful because it is related 

to the energy required to drive the two-phase flow system where knowledge 

about shear stress plays a dominant role (Hewitt and Hall-Taylor, 1970, 

Alekseenko et al., 1994, Azzopardi, 2006).  

Film interface is associated with large disturbance waves which play a big role 

in the amount of droplet entrainment, shear stress at the interface and heat 

transfer in annular flow. Therefore, measuring the film thickness and shear stress 

simultaneously will help to understand the effects of the disturbance wave and 
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develop a model to predict the structure of the interfacial area (Hewitt, 1978, 

Hagiwara. Y, 1988, Govan et al., 1989, Azzopardi, 2006, Ayaz et al., 2013). 

As discussed above, the disturbance waves are considered as the main source of 

droplet entrainment in the gas core. This droplet entrainment contributes to the 

pressure drop and affects the film thickness (Hewitt and Hall-Taylor, 1970 and 

Azzopardi, 2006). In addition, the disturbance waves affect the interfacial shear 

stress and hence the wall shear stress. There are many investigations that have 

been performed in annular flow using an air/water system to understand the 

relationship between liquid film thickness, pressure drop and wall shear stress. 

These studies include Martin (1983), Owen (1986), Wolf (1995) in a small pipe 

diameter (32mm) and Zangana (2011) in a large pipe diameter (127mm). 

However, this relationship has not yet been examined with liquids other than 

water. Therefore, it is important to examine this relationship with other liquids.  

Most of the correlations in use to predict pressure drop, film thickness and wall 

shear stress were developed using water as the liquid phase and steam or air as 

the gas phase in gas-liquid two-phase flow systems.  For this particular reason, 

these correlations need to be tested through measurements of various flows 

where the physical properties are different from water. 

Several measurement techniques were developed over the past decades for 

measuring film thickness and wall shear stress. Most of these measurements 

were developed using an air/water system as will be discussed in Chapter 2. The 

advantages and limitations of those techniques have been reviewed by different 

researchers and can be found in the literature including Winter (1977), 
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Alekseenko et al. (1994), Hanratty and Campbell (1996), Clark (2002) and 

Naughton and Sheplak (2002). Finding one measurement technique which can 

completely satisfy all the specified requirements is a difficult task. In addition, 

the application and requirement of one technique might not be the same for the 

other technique which makes it difficult to combine two techniques in the same 

geometry (Clark, 2002). In the current study, the silicone oil was used as a liquid 

phase. Accurate measurement of these parameters is important and finding 

techniques that can be used with silicone oil are one of the main challenges in 

the current study.    

1.3. Aims  

From the discussion in Section 1.2, the aim of the current study can be 

summarised as following: 

 Investigate and understand the relationship between the pressure drop, 

film thickness and wall shear stress on upward annular flow using an 

air/silicone oil system.  

 Test existing correlations to predict the pressure drop, film thickness and 

wall shear stress using an air/silicone oil system.  

The experiments were conducted on a vertical test facility with 34.5mm inner 

diameter (ID) where more detail and description is available in Chapter 3. 

Different gas and liquid flow rates were studied using air/water and air/silicone 

oil systems. 
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1.4.  Objectives 

The objectives of this research are to concentrate on: 

 Develop or test available measurement techniques of film thickness and 

wall shear stress that can be used simultaneously using an air/silicone oil 

system.   

 Obtain experimental data using an air/water annular flow in order to 

investigate the effect of liquid and gas superficial velocity and the 

relationship between wall shear stress, film thickness and pressure drop.  

 Obtain experimental data using an air/silicone oil annular flow and 

compare them with the air/water results in order to investigate the effect 

of liquid and gas superficial velocity and the relationship between wall 

shear stress, film thickness and pressure drop.  

 Assess the existing correlations of pressure drop, film thickness and wall 

shear stress against collected experimental data. 

1.5. Thesis Outline 

This thesis is divided into seven main Chapters: 

Chapter one provides a general introduction about multiphase flow and 

information about the motivation, aim and objective of this study.  

Chapter two contains information about two-phase flow pattern and their maps. 

In separate sections, film thickness and wall shear stress measuring techniques 
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are evaluated and their applicability to be used with an air/silicone oil system is 

assessed.  

Chapter three describes the experiment test facilities and the instrumentation 

with their calibration.  

Chapters four, five and six presents the results about the pressure drop, film 

thickness and wall shear stress using air/water and air/silicone oil systems. In 

each chapter, the effect of gas and liquid superficial velocity, viscosity and 

surface tension are discussed. In addition, the results of each parameter were 

used to test the available correlations to predict each of them. In chapter five, 

development of an ultrasonic pulse echo technique to measure the liquid film 

thickness is also discussed. The validation process of the ultrasonic using static 

and dynamic film is presented. 

Chapter seven outlines the conclusions and recommendation for future work. 

 



Chapter 2                  Literature review 

 

8 

CHAPTER 2  

LITERATURE REVIEW 

2.1. Gas-Liquid Two-phase Flow 

2.1.1. Flow Patterns of Gas-Liquid Flow 

Simultaneous flow of gas and liquid in a pipe is the most common multiphase 

flow combination that can be found in industry. As a result, there is a large 

volume of research that has been carried out to study the complex behaviour of 

such flows. The complexity arises not only from the presence of two distinct 

phases but also from the discontinuous nature and the instance of the 

continuously deforming interface. This deforming interface and the distribution 

of the phases lead to distinct flow patterns, generally known as ‘flow regimes’. 

The flow of the two phases simultaneously would lead to the establishment of a 

periodically measuring flow structure (regimes) and would transform into 

another depending on the geometry of the pipe arrangement and flow rates 

variations (Levy, 1999). An example of different pipe geometries which can be 

found in an offshore oil and gas facility is shown in Figure 2.1. 
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Figure 2.1:  Schematic of an offshore oil and gas facility with different pipe 

geometries (Azzopardi, 2006) 

 

Figure 2.2 and Figure 2.3 illustrated the typical flow regimes for vertical and 

horizontal gas-liquid flow. 
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Figure 2.2:  Flow Pattern in Vertical Flow Direction (Levy, 1999) 

 

 

Figure 2.3:  Flow Pattern in Horizontal Flow Direction (Levy, 1999) 
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A brief description of these flow regimes is given below where for more detail 

description refer to Hewitt and Hall-Taylor (1970), Alekseenko et al. (1994) and 

Azzopardi (2006). In vertical gas-liquid flow, when the gas flow rates change 

with a constant liquid flow rate, different flow regimes can be observed as 

shown in Figure 2.2. At low gas flow rates, bubble flow regime exists where gas 

bubbles of different shape and size are dispersed and uniformly distributed in the 

liquid phase. When the gas flow rate increases, bubbles starts to coalesce and 

form large bullet-shaped bubble equivalent to pipe diameter with a thin liquid 

film surrounding it known as Taylor bubbles. This flow regime called slug flow 

in which Taylor bubble is separated by slugs of liquid contains a dispersion of 

small bubbles. The transition from bubble to slug takes place at void fraction 

around 0.25 to 0.3 as suggested by Taitel et al. (1980). The Taylor bubbles in the 

slug flow break into an unstable pattern with a further increase in the gas flow 

rate. This makes the liquid oscillate up and down in the tube forming the 

churn/froth flow regime. Cheng et al. (1998) and Ohnuki and Akimoto (2000) 

indicated that slug flow pattern doesn’t occur in larger diameter pipes (0.15 - 0.2 

m) where there is a direct transition from bubble to churn. Then, annular flow 

regime occurs when the gas flow rate is high enough to make the liquid flows 

partly upwards as a thin film along the pipe wall and partly as droplets entrained 

in the turbulent gas core. Increasing the gas flow rate further makes the liquid to 

be dispersed as drops in the gas and the gas occupied most of the cross-sectional 

area. This flow regime is known as dispersed flow. 
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The regimes in the horizontal gas-liquid flow have a similar pattern to that in 

vertical flow except stratified flow is present in which separation of the two 

phases occurs. However, for horizontal flow, the gas phase occupies the upper 

part and the liquid phase will be displaced towards the bottom of the channel due 

to gravitational forces acting on it.  

Visual inspection is usually used to identify the flow patterns. However, when 

visual access is difficult, the flow patterns are recognised by analysis of pressure 

gradient, void fraction or combination of the void fraction and probability 

density function (PDF) (Omebere-Iyari and Azzopardi, 2007). Figure 2.4 

illustrates the study by Costigan and Whalley (1997) using the void fraction and 

probability density function (PDF) technique for flow pattern analysis.   

 

Figure 2.4: Void fraction traces with their probability density function (PDF) 

Costigan and Whalley (1997). 
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2.1.2. Flow Patterns Map 

In order to obtain accurate data, it is crucial to select the right correlation and 

measurement technique. Therefore, understanding and determining which flow 

regime is present in a given section of pipeline is important. Additionally, 

knowledge about the flowing conditions at which each flow regime will happen 

is necessary which can be achieved by having flow pattern map that can be used 

as a common predicting method suitable for different process flowing 

conditions, properties and geometries.  

The flow pattern map represents the observation of flow patterns where the 

transitional boundary between each of them is plotted on a two-dimensional log-

log axes graph. However, there is no common flow pattern map because flow 

pattern maps tend to be created from experimental observation and not from 

fluid mechanics theory (Levy, 1999). It is clearly noticed the difference in the 

available flow pattern maps in the literature. Several flow pattern maps are 

structured using superficial velocity or momentum flux of the respective phases 

or dimensionless groups, such as the Froude number and the Reynolds number. 

There is no set rule to what parameters the axis of such map should be used. On 

the other hand, there is no clear distinction when the transition will happen 

between two flow regimes. As an example, if a flow condition is close to any 

border on a flow pattern map, then this indicates that the flow pattern at that 

point is likely to be transitional between the two flow patterns exist either side of 

the boundary line. The most popular flow map for vertical flow is the one 

produced by Hewitt and Roberts (1969) as shown in Figure 2.5. In this map, the 

various flow patterns are plotted in terms of the momentum fluxes which are the 
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product of the square of the superficial velocity and the phase density of the 

respective phases.  

 

Figure 2.5: Vertical upward flow pattern map (Hewitt and Roberts, 1969) 

 

In contrast, the most widely known flow map for horizontal flow is the one 

plotted by Baker (1954) which is based on industrial data. The Baker map was 

modified by (Scott, 1963) where transition zones were added as shown in Figure 

2.6. In this map, the GL and GG are the mass fluxes of the liquid and gas phases 

respectively and the parameters      
  

  
  

  

  
       

and       
  

 
  

  

  
 
  

  
 
 

 

 

 

 represent correction factors for fluid physical 
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properties in which   is the density, σ is the surface tension,   is viscosity and 

subscripts G, L, A and W refer to the corresponding values for gas, liquid, air 

and water at atmospheric pressure. 

 

Figure 2.6: Horizontal flow pattern map for (Scott (1963)) 

 

There is a poor agreement between existing flow pattern maps as shown in 

Figure 2.7 which illustrates the poor agreement in churn to annular flow 

boundary proposed by Sekoguchi and Mori (1997) plotted in a dimensional 

version of the flow pattern map from Hewitt and Roberts (1969) as reported by 

Van der Meulen (2012). 
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Figure 2.7: Different flow pattern transitions to annular flow. (Van der Meulen, 

2012) 

2.1.3. Flow Model 

There is no one common mathematical expression or empirical correlation that 

could adequately address the many existing variations of each flow regime. Each 

flow regime has its model and correlation which is only suitable for that regime 

and valid in the range of the condition studied. Therefore, there are several 

models that have been developed within a single flow pattern and it can be hard 

to choose between them as they might not be valid for the condition intend to 

study. Each model depends on flow rate, pressure drop, gas volume fraction and 

fluid properties (Density, viscosity) (Hewitt and Hall-Taylor, 1970, Levy, 1999, 

Azzopardi, 2006). 
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2.2. Pressure drop 

Pressure drop is one of the important parameter in equipment and pipeline 

design. It governs the pumping requirement to move the fluids through pipelines. 

In addition, the relationship between the flow rate and pressure drop is important 

to determine heat or mass transfer coefficients. The great importance of pressure 

drop prediction is reflected in the large number of models and correlations in the 

literature (Hewitt, 1982, Azzopardi, 2006). Two-phase pressure drop can be 

calculated using homogenous flow model and separated flow model. In the 

separated flow model, the frictional pressure drop can be calculated using 

Chisholm (1967), Friedel (1979) and Beggs and Brill (1973) correlations. Both 

models are derived from the momentum balance of flow through the element of 

channel with constant cross-sectional area. The total two-phase pressure drop 

 
  

  
 
  

 is calculated from the sum of frictional pressure drop, 
  

  
 
 
, gravitational 

pressure drop  
  

  
 
 
and accelelaration pressure drop  

  

  
 
   

as per below 

equation: 

  
  

  
 
  

   
  

  
 
 
  

  

  
 
 
  

  

  
 
   

                                            (2.1) 

In the current study, the acceleration pressure drop is negligible because it is 

assumed that the system is fully developed and at equilibrium. Therefore, it will 

not be considered in the following discussion. More details about pressure drop 

can be found in different text book including Hewitt and Hall-Taylor (1970), 

Hewitt (1982), Azzopardi (2006) and Hanratty (2013). 
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2.2.1. Homogenous flow model 

The homogenous flow model treats the two-phase flow as a single phase flow 

where both gas and liquid are assumed travelling at the same velocity. All the 

properties of the two-phase flow are considered as homogeneously mixed where 

the average is calculated.  The total pressure drop can be calculated using the 

following expression: 

  
  

  
 
  

   
  

  
 
 
  

  

  
 
 
                                             (2.2) 

  
  

  
 
 
    

 

 
 

    

 

    
 

     
                                              (2.3) 

  
  

  
 
 
                                                    (2.4) 

where    is wall shear stress, P is the channel perimeter, A is the cross-sectional 

area,     is the two-phase friction factor,      is the total mass flux of both 

phases, D is the pipe internal diameter,      is the homogeneous two-phase 

density and g is the gravitational acceleration. 

The homogeneous two-phase density (    ) is given by the following equation: 

 

    
 

 

  
 

     

  
                                                                 (2.5)  

where   is the quality which is defined as the mass flux of the gas phase (   ) 

divided by the total mass flux of both phases as shown in equation (2.6): 

  
   

       
                                                  (2.6)   
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The two phase friction factor (   ) is calculated using a single phase correlation 

allowing for pipe roughness (e/D) where the single phase Reynolds number is 

replaced with the two phase Reynolds number (     ) which is: 

      
     

    
                                                 (2.7) 

where      is the two-phase homogenous viscosity and is calculated by the 

following equation as suggested by Cicchitti et al. (1960):  

                                                 (2.8) 

2.2.2. Separated flow model 

The separated flow model treats the two-phase flow as a two separated single 

phase flow where there is no interaction between them. The total pressure drop 

can be calculated using the following expression: 
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                                               (2.9) 

  
  

  
 
 
                                                        (2.10) 

where    is the liquid friction factor,   
  is the liquid multiplier factor and     is 

the gas void fraction. 
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The gas void fraction (  ) is given by the following equation: 

   
 

    
       

   

                                               (2.11)   

where    is known as the slip velocity ratio which can be calculated using the 

correlation suggested by Chisholm (1972): 

            
  

  
  

   

                                              (2.12)    

The frictional pressure drop can be calculated using Chisholm (1967), Friedel 

(1979) and Beggs and Brill (1973) correlations. These correlations treated the 

two-phase flow as all flow as liquid where liquid multiplier factor (  
 ) is used in 

equation (2.9) (Azzopardi, 2006). 

Chisholm (1967) correlation: 

Lockhart and Martinelli (1949) defined the liquid and gas multiplier factors 

using the following expression: 

 
  

  
 
 
   

  
  

  
 
 
   

  
  

  
 
 
                                              (2.13) 

where  
  

  
 
 
and  

  

  
 
 
are the pressure drops for the liquid phase and gas phase 

flowing alone. 

They related these parameters with a parameter X
2
 which is defined as: 

   
 
  

  
 
 

 
  

  
 
 

                                             (2.14) 
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This relationship is presented in graphical form as shown in Figure 2.8. Lockhart 

and Martinelli (1949) suggested four groups depending on whether the phase 

alone flows were laminar (viscous) or turbulent. These groups are shown in 

Figure 2.8 for each phase as vv, vt, tv and tt where v=viscous and t= turbulent. 

 

Figure 2.8: Lockhart and Martinelli (1949) parameters relationship for pressure 

drop multiplier.  

 

Chisholm (1967) represented this graphical form by an analytical form as 

following: 

  
    

 

 
 

 

  
                                                  (2.15) 

  
                                                     (2.16) 

where C is a constant which depends on the nature of the phase alone flows.  
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The value of C as suggested by Chisholm (1967) are shown in Table 2.1: 

Liquid Gas Subscript C 

Turbulent Turbulent tt 20 

Viscous Turbulent vt 12 

Turbulent Viscous tv 10 

Viscous Viscous vv 5 

Table 2.1: The value of C as suggested by Chisholm (1967). 

Friedel (1979) Correlation: 

Friedel (1979) proposed a correlation to calculate the liquid multiplier only for 

the frictional pressure as follow: 

   
                                                    (2.17) 
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                                             (2.21) 

This correlation is for horizontal and vertical upward flow.     and     are the 

single phase friction if all the flow were liquid or gas respectively. 
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Beggs and Brill (1973) correlation: 

Beggs and Brill (1973) proposed a correlation to calculate the frictional pressure 

drop that can be used for different pipe orientation. The frictional pressure drop 

can be calculated using the following expression:   
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outside the interval        1.0 < y < 1.2 

                                                  (2.25) 

within  1.0 < y < 1.2 
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The constants     to     are given in Table 2.2: 

Constant                                  

    0.98 1.065 0.845 

    0.4846 0.5824 0.5351 

    0.0868 0.0609 0.0172 

    (up flow) Eq (2.31) 0 Eq (2.30) 

    (down flow) Eq (2.32) Eq (2.32) Eq (2.32) 

Table 2.2: Constants for Beggs and Brill (1973) correlation. 
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            (2.35) 

                                          (2.36) 

The     is the homogenous void fraction that can be calculated using equation 

(2.11) at UR=1.  
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2.3. Entrainment  

In annular two-phase flow, part of the liquid film is entrained as small droplets 

in the gas core. This mechanism is known as droplet entrainment or entrainment 

fraction. The entrainment fraction (  ) is defined as the ratio between the liquid 

entrainment mass flux (    ) and the total liquid mass flux (   ) as per the 

following expression (Azzopardi, 2006): 

   
    

   
                                 (2.37) 

The liquid film is associated with disturbance waves which are the main source 

of droplet entrainment (Azzopardi, 1997, Barbosa et al., 2002). There are two 

mechanisms by which the droplets are torn from the waves reported in the 

literature. These two mechanisms were identified by Azzopardi (1983) which are 

bag break-up and ligament break-up as shown in Figure 2.9. The bag break-up 

occurred at low gas and liquid flow rates where ligament break-up occurred at 

high gas and liquid flow rates. More detail about these mechanisms and how 

they happened can be found in Azzopardi (1997) and Azzopardi (2006). Pan and 

Hanratty (2002) reported that the entrainment fraction increased by increasing 

the gas and liquid flow rates, pipe diameter and gas density and by decreasing 

the surface tension.  On the other hand, the liquid is deposited back into the 

liquid film which is known as droplet deposition. At the equilibrium condition at 

which the rate of entrainment is equal to the rate of deposition, the droplet 

entrainment in the gas core becomes steady. The interchange between the 

entrainment and deposition is account for 20% of the pressure gradient 

according to Fore and Dukler (1995) and this was supported by Pan et al. 

(2015b) who indicated that it is account for 14.5% of the pressure gradient.  
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Figure 2.9: Entrainment Mechanisms - Bag break-up and Ligament break-up 

(Azzopardi, 1997) 
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2.3.1. Entrainment Prediction Correlations 

Predicting the entrainment fraction is important for estimating the pressure drop, 

flow rate, liquid holdup and dry-out in annular flow (Sawant et al., 2008, Al-

Sarkhi et al., 2012). Due to the difficulty of measuring the entrainment rate, 

many correlations were developed from the available measured entrainment data 

in the literature to predict the entrainment fraction (Magrini et al., 2012). The 

most popular correlations for vertical annular two-phase flow include Oliemans 

et al. (1986), Ishii and Mishima (1989), Sawant et al. (2008) and recently Al-

Sarkhi et al. (2012). In the current study, all these correlations were compared to 

find the correlation which can be used for predicting entrainment fraction of 

air/water and air/silicone oil systems as discussed in Chapter 4. The Al-Sarkhi et 

al. (2012) correlation was selected as it showed an improvement in the 

predicting entrainment compared to Sawant et al. (2008) correlation when 

compared with available entrainment measured data as shown by Al-Sarkhi et al. 

(2012) . A brief description about each of these correlations is given below: 

Oliemans et al. (1986) correlation 

Harwell databank was used by Oliemans et al. (1986) to correlate the 

entrainment fraction. This data includes air/water, air/ethanol and water/steam 

systems. The entrainment fraction (  ) is correlated by the following expression: 

  

      
          

      
     

      
                 

      
                        (2.38) 
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where           are the liquid and gas densities,           are the liquid and gas 

viscosities,   is the surface tension, D is the pipe internal diameter,     and     

are the gas and liquid superficial velocities and g is gravitational acceleration. 

Ishii and Mishima (1989) correlation 

The correlation of Ishii and Mishima (1989) was developed based on force 

balance between the interfacial shear force and surface tension force. The droplet 

entrainment would occur when the retaining force of surface tension is exceeded 

by the interfacial shear force exerted by the gas flow. The correlation consists of 

two dimensionless numbers which are a modified gas Weber number (  ) and a 

liquid Reynolds number (    ). The correlation was developed from the database 

of air/water system. The entrainment fraction (  ) can be calculated from the 

following form:  

                           
                                     (2.39) 

   
     

  

 
 
     

  
 
   

                               (2.40) 

     
      

  
                              (2.41) 

Sawant et al. (2008) correlation 

Sawant et al. (2008) correlation was developed on a similar basis as Ishii and 

Mishima (1989) correlation where both modified gas Weber number (We) and a 

liquid Reynolds number (Re) are used. However, the power of the density ratio 

in the modified gas Weber number (We) was (1/4) instead of (1/3) to incorporate 
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the pressure effect. It was verified using experimental data of air/water system. 

The entrainment fraction (  ) is given by the following expression: 

               
                               (2.42) 

       
        

    
                          (2.43) 

               
                              (2.44) 

   
     

  

 
 
     

  
 
   

                            (2.45) 

                                                     (2.46) 

     
      

  
                               (2.47) 

Al-Sarkhi et al. (2012) correlation 

The Al-Sarkhi et al. (2012) correlation used the same correlation of Sawant et al. 

(2008). However, they have used different equation for calculating the maximum 

entrainment fraction derived from experimental data of air/water system.   

                     
    

    
 
   

                              (2.48) 

where 

        is the maximum entrainment fraction which is equal to one. 
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2.4. Liquid Film Thickness Measurement 

The film in the annular flow is driven by the interfacial shear imparted by the 

gas flow and this coupling of momentum between the two phases lead to various 

interfacial behaviours. While there are capillary waves propagating on the film, 

large coherent waves (in pipes with small diameters) travel on the film at a much 

larger speed intermittently. Though intermittent, these waves seem to have 

somewhat regular periodicity for a given liquid and gas flow rates (Thwaites et 

al., 1976, Azzopardi, 1997, Azzopardi, 2006). These highly dynamic, complex 

interfacial phenomena which are dependent on the gas and liquid flow rates and 

the physical properties of the two phases present one of the greatest challenges 

in developing theoretical models describing the hydrodynamics of the film fully 

(Thwaites et al., 1976). However, capturing the characteristics of the liquid film 

is essential for the development of predictive models (Hewitt and Hall-Taylor, 

1970, Azzopardi, 2006) that would be used in equipment design as well as to 

develop safe operational practices. To this end, developing phenomenological 

models underpinned by the measurements of the local film thickness and flow 

rates should be considered. The local liquid film thickness measurements 

provide information to estimate the gas void fraction, hence the liquid and gas 

velocities (Tibiriçá et al., 2010). Furthermore, such measurements provide 

means to test the existing correlations for their fidelity. 
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Various measurement techniques of liquid film thickness have been developed 

since 1960’s because of the difficulty to get an accurate measurement as the film 

thickness is generally less than 10 millimetres (Clark, 2002). Alekseenko et al. 

(1994) stated that due to the complexity of the film surface wave structure, there 

are no measuring techniques available to completely satisfy all the specified 

requirements. There have been many studies about the available liquid film 

thickness measurement techniques that can be found in literature in Hewitt and 

Hall-Taylor (1970), Hewitt (1978), Alekseenko et al. (1994), Shedd and Newell 

(1997), Boyer et al. (2002). Nevertheless, the latest intensive review has been 

done by Clark (2002) who summarised the main techniques used in liquid film 

thickness measurements by defining the difference between them and their 

classification. The liquid film thickness measurement techniques have been 

classified in three different methods by Collier and Hewitt (1964) as per Hewitt 

(1978) and Clark (2002). These methods are film average methods, localised 

methods and point methods. In 2002, Clark proposed an additional fourth 

method which is spatial methods.  Each of these methods and techniques falls 

under it will be discussed in details.  The review in the current study focuses to 

look for a technique that can work on non-conducting medium, not intrusive and 

provide information about the film characteristics (i.e. waves). 
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2.4.1. Film average methods 

These methods involve measurement of the average film thickness over a 

substantial length of the liquid film. They are unable to provide information 

about the characteristics of the liquid film thickness (i.e. waves) and the 

instantaneous measurements where much of the research interest is directed 

today. As the information on the structure of the interface is desired in the 

current work, these techniques were not considered for application. However, a 

brief review of the available techniques is included which are holdup 

measurements and weighing method. 

Hold-up measurements  

The Hold-up measurement technique works by isolating a section of the liquid 

film and measuring its volume as shown in Figure 2.10. Then, the average liquid 

film thickness is calculated with a knowledge of the length of the isolated 

section and pipe internal diameter. As per Hewitt and Hall-Taylor (1970), the 

early literature on the use of the method for falling films was presented by 

Hewitt et al. (1961). The total isolation of the film is the main difficulty in 

implementation. The use of this method to calculate the average film thickness 

from the measured total liquid hold-up is questionable especially at high mass 

flow rates where the entrained droplets in the gas have been assumed negligible.  
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Figure 2.10: Hold-up Measurements, (Hewitt and Hall-Taylor (1970)) 

 

Weighing Methods 

The weighing method is similar to Hold-up measurements except it measures the 

weight hold-up test section during operation. In order to reduce systematic errors 

due to the friction and forces caused by the experimental support, it is critical to 

carefully design the entry and exit to the test section (Collier and Hewitt (1964)). 

This method is not recommended for conditions with the gas flow because of the 

frictional forces induced (Hewitt and Hall-Taylor (1970)).  
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2.4.2. Localized methods 

These methods include techniques in which localised measurements of the 

thickness of the film is obtained. Most common techniques used to measure film 

thickness belong to this group because they can be implemented very easy and 

can be used in the most flow systems. These methods include capacitance 

measurements, conductance probe, radioactive absorption and emission and 

ultrasonic pulse echo.  

Capacitance Probes 

Capacitance probe is a technique which can be used where the test fluid is non-

conductive, non-transparent or immiscible with dyestuffs. It works by taken the 

advantage of the difference in dielectric constant between liquid and gas where 

the local capacitance is measured using a pair of electrodes that will be a 

function of the thickness of the film between them. Different capacitive 

thickness sensors were presented by Alekseenko et al. (1994) which are shown 

schematically in Figure 2.11. 

 

Figure 2.11: Different capacitive thickness sensors 1,2- first and second 

capacitor plate, 3-wall, 4-liquid film (Alekseenko et al., 1994) 
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The capacitance probe can measure the film thicknesses between 0.5 mm and 5 

mm (Shedd and Newell, 1997). In order to measure the film thickness more 

accurately, electrode diameter should be as small as possible by taking in 

consideration signal to noise ratio. Determining the optimum diameter and its 

distance from the test surface is achieved by trial and error (Clark, 2002). It is 

critical to compensate for leakage currents in case electrodes are in contact with 

the test fluid (Shedd and Newell, 1997). Furthermore, it is crucial to shield the 

contacts and leads in order to eliminate lost capacitances and interference from 

other sources (Klausner et al., 1992). The accuracy of the technique is related to 

temperature change that affects the capacitance of the fluid. Hence, the sensor 

has to be calibrated at the same operating temperature (Jaworek and Krupa, 

2004). 

Conductance Probes 

Conductance Probe is the most extensively used technique compared to other 

available techniques for measuring the film thickness. It works in a similar way 

as the capacitance probes where the difference in conductivity instead of 

capacitance between liquid and gas is used. Then, the liquid film thickness is 

related to the measured conductivity across a pair of probes in contact with the 

liquid film. This technique is suitable only for a conducting medium. The use of 

the conductance measurement had attracted the researchers including Hewitt and 

Roberts (1969), Conte and Azzopardi (2003), Belt (2007) and Zangana (2011) 

where the most of the research was done using an air/water system. There are 

three types of conductance probe in the industrial applications which have been 

used for film thickness measurement in pipes (Clark, 2002). These are flush 
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mounted, parallel wires and flush wire as schematically illustrated in Figure 

2.12. 

 

Figure 2.12: Schematic diagram of different conductance probe types (Clark, 

2002) 

Flush mounted conductance probes are non-intrusive and can measure thin film 

thickness up to 2 mm where it will saturate for the thicker film (Clark, 2002, 

Azzopardi, 2006). It has a non-linear relationship between the film thickness and 

output characteristics. The most popular and widely used flush mounted probe 

designs can be found in the literature are ring probes and concentric probes. Ring 

probe consists of a pair of metal ring electrodes separated by non-conducting 

material and flush mounted with the tube inner surface. They are only able to 

measure the average circumferential film thickness and unable to provide 

information about the film waviness. It was employed by Omebere-Iyari and 

Azzopardi (2007), Kaji and Azzopardi (2010) and Zangana (2011). Concentric 

probe (Figure 2.13) consists of a pin installed flush in the centre (d1) and 

separated by insulating material (d2) from the other electrode. The other 

electrode can be the pipe wall if it is metal or a concentric metal ring 
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surrounding the insulation material. It was used by different researchers in the 

past such as Azzopardi (1986),Wolf (1995) and Zhao et al. (2013). 

 

Figure 2.13: Schematic of concentric probe (Zhao et al., 2013) 

In contrast, parallel wires conductance probes consist of two parallel thin wires 

stretched across a channel. They don’t have saturation problem and can be used 

for the thicker film (Conte and Azzopardi, 2003, Azzopardi, 2006). It is intrusive 

but has a linear relationship between the film thickness and output 

characteristics. According to Karapantsios et al. (1989) and Conte and Azzopardi 

(2003), it is less reliable on thin liquid film measurement. Flush wire type is a 

combination of flush mounted and parallel wires which was used by Kang and 

Kim (1992).  They claimed that their design has more accuracy and linearity 

over flush mounted and parallel wire probe. However, it is still intrusive.  

 

 

 



Chapter 2                  Literature review 

 

38 

Radioactive Absorption 

There are different measurement techniques that are based on the Radiation 

Absorption which can be found in literature include neutron, gamma-ray and X-

ray (Boyer et al., 2002).  Most of these techniques are used to measure void 

fraction in two-phase flow based on radiation attenuation. These techniques 

consist of a radiation source emitter in one side of the test section and a radiation 

intensity detector on the other side after crossing the flow.  The radiation is 

partially absorbed by the liquid film and the detected remaining radiation 

intensity is related to the film thickness measurement. The liquid film thickness 

can be calculated by applying (Clark, 2002, Tibiriçá et al., 2010): 



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                           (2.49)  

where δ is the thickness of the material, µ is the linear absorption coefficient of 

the material, i  is the emergent intensity, and oi  is the incident intensity.  

They can be utilized to measure film thickness where all the liquid between 

emitter and detector is in the form of a single film such as stratified flow. 

However, in annular flow the radiation crosses two films and liquid droplets 

entrained in gas phase. This limits the method to measure the line-averaged 

liquid fraction instead of local liquid film thicknesses (Clark, 2002, Tibiriçá et 

al., 2010). The locality of measurements is limited by the sizes of the radiation 

source since a narrow beam gives reliable data only when the continuous 

radiation is applied for a rather long period (Hewitt and Hall-Taylor, 1970). In 

addition, one of the main limitations of using these techniques is due the safety 
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aspects where other alternative techniques can achieve the required aim with less 

hazardous. 

Radioactive Emission 

Radioactive emission technique has been introduced for the first time by Jackson 

(1955) as shown in Figure 2.14. The measurement is based on the detection of 

the radiation from the radioactive substance dissolved in the flowing liquid. The 

radiation intensity of the localized film section is proportional to the film 

thickness. According to Collier and Hewitt (1964), there was no correction for 

the reduced contribution of the outer layers of the film compared to those closer 

to the detector which will affect the accuracy of the film thickness measurement 

in present of wavy interface (Clark, 2002). In addition, radiation is attenuated 

due to self-absorption in the liquid layer and accurate calibration is required 

(Hewitt and Hall-Taylor, 1970). 
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Figure 2.14: Radioactive Emission (Jackson, 1955) 

Ultrasonic Pulse-Echo Method: 

The ultrasonic Pulse echo technique has been applied by different researchers to 

measure the liquid film thickness including Park and Chun (1984), Lu et al. 

(1993) and Chen et al. (2005). It is based on that the ultrasound waves are 

transmitted and received by the same transducer. Then, the liquid film thickness 

is calculated by measuring the time differences between the transmitted and 

received signals with knowledge of the speed of sound in the liquid. This method 

will be further discussed in Chapter 5.   
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2.4.3. Point methods 

Continuous or statistical information at a point in a liquid film can be obtained 

by the methods in this group. These methods have not been widely used as 

localised methods because of difficulty in implementation and results analysing. 

These methods include needle contact probe, hot wire probe and fiber-optic 

techniques. 

Needle contact Probe 

The needle contact probe is widely employed for film thickness measurement. It 

is used as a reference during validation or calibration of other devices due to its 

simplicity and applicability to measure any type and size of conducting liquid 

film flow (Shedd and Newell, 1997).  The probe consists of a needle mounted on 

a movable rod which is coated with insulating material except for the tip.  An 

electrode is mounted flush in the wall directly opposite the needle assembly so 

that when the needle tip touches the surface of the liquid film, a closed circuit is 

formed and current flows.  Then, the distance between the needle point and the 

solid boundary is noted which represents the thickness of the film.  A schematic 

for the typical needle contact probe arrangement is given in Figure 2.15 below: 

 

Figure 2.15: Typical needle contact probe used for film thickness measurement 

1-Needle, 2- Driving mechanism, 3- Wall electrode (Hewitt, 1978). 
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Due to the wavy structure of the film surface, the needle may touch the film only 

erratically. Also, information about the instantaneous liquid film thickness 

cannot be obtained since only one depth is investigated at each needle setting.  

However, statistical information concerning the distribution of the instantaneous 

film thickness can be obtained from the analysis of the contact time and 

frequency.  The method is simple but time-consuming (Azzopardi, 2006).  In 

addition, it is intrusive where the needle tip penetrates the film interface.  The 

measuring error of this method can be related to the problem of contact 

hysteresis where the liquid film may remain in the needle tip causing a delay 

break of contact with the liquid film (Hewitt and Hall-Taylor, 1970). Another 

source of error is the thermal expansion of the needle and mechanical 

positioning apparatus (Shedd and Newell, 1997). 

Hot-wire Probe: 

Hot-wire probe is based on the principle of the hot-wire anemometer which is 

used for velocity and wall shear stress measurements (Bruun, 1996). It works 

based on heat transfer effect where a very fine wire is electrically heated up by a 

constant current or maintained at a constant temperature above the ambient. 

When the wire touches the film surface, the wire’s temperature and its resistance 

fall sharply due to the enhanced heat transfer capabilities of the liquid relative to 

air. The film thickness is related to the resistance of the wire. It has been used by 

ISHIGAI et al. (1972) where they have replaced the needle probe with hot-wire 

probe in order to remove the limitation of needle probe to conducted fluid and 

extend its application to liquids with low conductivities. However, this method 

still suffers from the same difficulties and limitation of needle probe. Lyu and 
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Mudawar (1991) used an alternative hot-wire approach where hot wire inserted 

into the gas-liquid interface and heated by a constant current. The film thickness 

is related to the voltage signal because the total electrical resistance depends on 

the length of wire immersed in the liquid. However, the measurement using this 

technique is not reliable because the heat transfer between the wire and liquid is 

also a function of the velocity of the film. In addition, the technique is intrusive. 

Fiber-Optic Techniques: 

The fiber optic techniques were introduced by Ohba et al. (1984) and later was 

further enhanced by Than et al. (1993) and Yu and Tso (1995). The technique is 

based on emitting a light by a laser to the liquid through the test section wall by 

a transmitting optical fiber, and receiving the light reflected from the liquid 

surface through other optical fibers which are flush mounted in the wall surface.  

The sensor head consists of a transmitting fiber as the light emitting source in the 

centre and six receiving fibers surrounding it which are joined tightly to each 

other as shown in Figure 2.16.  Each receiving fiber has a photo-detector at its 

end which is connected to analysing electronics. The received light intensity has 

a different value corresponding to the position of the receiving fiber, and is 

dependent on both film thickness and the inclination angle to the surface with 

respect to the wall surface. Thus, the film thickness can be obtained by 

processing the outputs from the six photodetectors. This setup called multi-fiber 

optic which is suitable for film thickness measurement between 1-4 mm (Yu et 

al., 1996). However, Ohba et al. (1992) found that this sensor is unable to 

accurately measure liquid film thickness thinner than 1 mm. Therefore, they 

developed a new sensor called mono- fiber optic sensor identical to the multi-
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fiber optic sensor but only consists of one fiber that acts as both emitter and 

receiver.  

 

Figure 2.16: Schematic diagram of the fiber optic sensor and Arrangement of the 

multi-fiber sensor (Yu et al., 1996). 

 

Yu and Tso (1995) developed a simulation software for both multi-fiber and 

mono-fiber studies. They concluded that the multi-fiber sensor is capable of 

measuring liquid film thickness between 1 – 4 mm and the mono-fiber sensor for 

liquid film thickness below 1mm. This conclusion is in agreement with findings 

by Ohba et al. (1984) and Ohba et al. (1992). Mono-fiber sensor allows the 

measurement of the film thickness where the inclination of the reflecting 

interface is zero (Yu and Tso, 1995). Therefore, it is very important to calibrate 

the sensor in order to evaluate the inclination angle and the attenuation effect 

within the liquid. The effect of bubbles and absorption in the liquid has not been 

considered (Perron et al., 2006). This technique requires transparent tube and 

permanent mounting of a fiber assembly in a test section (Tibiriçá et al., 2010). 
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2.4.4. Spatial methods 

This group has been introduced by Clark in 2002 where multiple of point or 

localised measurements from the same type are used simultaneously in different 

areas of the film in order to build up a global picture of the film thickness 

structure of the area under study. These methods help to better understand liquid 

film structure, especially for the wavy interface by providing three-dimensional 

structures. However, the use of these methods means more cost compared to 

single measurement where there will be increased in resources in both 

implementation and analysis. An example of this group is Multi-pin Film 

Sensors (MPFS) which will be discussed in Section 3.3.2.1. 

2.4.5. Conclusion 

As discussed in Chapter 1, the silicone oil is used in the current study as a liquid 

phase which is non-conducting fluid. Therefore, the review was conducted to 

find a technique that can work on non-conducting medium, not intrusive and 

provide information about the film characteristics (i.e waves). Commonly 

available and widely used measurement techniques are based on the fluid 

electrical properties (conductance measurement) or require transparent geometry 

(optical measurement) or tracer chemicals (Absorption measurement). Even 

though the possibility of adding conductive chemicals exists, it is not favoured in 

most cases. Capacitance measurements were in development but require larger 

electrodes given the capacitance is in Pico-Farads for some of the oils used in the 

industry. Ultrasonic pulse echo technique has been selected where it can be 

applied even for non-transparent tubes and does not required additional 
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substance or conducting fluid. It is a non-intrusive and can be easily mounted on 

the pipe.  

2.5. Shear Stress Measurement  

Wall shear stress (  ) is defined as the tangential force by the flowing fluid on a 

surface in contact with it. It plays a significant role in the prediction of the 

pressure drop measurement and the liquid film velocity profile in annular two 

phase flow. In order to understand the performance of a system, it is crucial to 

have knowledge about the drag made by the motion of fluid over a solid surface 

(Winter, 1977). The measurement of wall shear stress is a difficult parameter to 

be measured in fluid mechanics (Ayaz et al., 2013).   

Wall shear stress is affected by the disturbance waves in the gas and the liquid 

film interface. Simultaneous measurement of wall shear stress using  flush 

mounted hot film probe and liquid film thickness using conductance probe has 

been reported by Martin (1983), Hagiwara. Y (1988), Govan et al. (1989) and 

Zangana (2011). All have observed that the large disturbance wave’s peak 

associated with the liquid film thickness also corresponds to a large peak in the 

wall shear stress.   

2.5.1. Shear Stress Measurement Techniques 

Various wall shear stress measurement techniques have been established in the 

last decades. They were classified into two main groups, direct and indirect 

measurements based on the measurement principle. Thorough reviews of the 
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available wall shear stress measurement techniques have been presented by 

Winter (1977), Hanratty and Campbell (1996), Naughton and Sheplak (2002), 

Sheplak et al. (2004) and Loureiro et al. (2010). 

In the current study, these techniques for measuring the wall shear stress have 

been assessed based on the principle of measurement and their suitability in two-

phase flow application as shown in Figure 2.17.  

 

Figure 2.17: Classification of wall shear stress measurement techniques. 

Direct Measurement technique 

The conventional direct measurement technique for measuring the wall shear 

stress is based on mechanical movement of a flush mounted floating element due 

to the wall shear force applied on its surface as shown in Figure 2.18. The wall 

shear force measurement is made of the displacement of the element or of the 

force required to keep it at its original position. Then, the mean wall shear stress 

is calculated by knowing the wall shear force and the area of the element. More 

detail about the method and its limitation have been presented by  and Hanratty 

and Campbell (1996). 
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Figure 2.18: Schematic of Conventional Direct Measurement (Rathakrishnan, 

2007). 

The conventional technique limitations include relative low spatial and temporal 

resolution and sensitivity to floating element misalignment with the surface, 

surrounding clearance size, temperature variation and vibration. In addition, the 

gap around the floating element has to be very small in order to avoid any 

disturbance to the flow due to discontinuity at the surface. 

In the recent decades, microelectromechanical system (MEMS) fabricated 

devices very thin (µm) compared to the conventional devices (mm) in order to 

overcome the limitations of the conventional devices as illustrated by Winter 

(1977). These devices work on the same principle described above (Sheplak et 

al., 2004).  However, the MEMS devices still suffer from an error associated 

with pressure gradients, vibration inputs, and fabrication issues including the 

misalignment between the floating element and gap according to Etebari (2008).  

In the two-phase flow, the direct technique has been rarely adopted due to the 

difficulty associated with manufacturing compared to the indirect techniques. 
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Velocity Profile based technique 

Shear stress can be estimated through a relationship between shear stress and 

velocity profile. The velocity of the fluid that is flowing inside a straight tube is 

not equal at all points in the tube where the highest will be at the centre of the 

tube and then keep decreasing until it reaches close to zero near the tube wall. 

This velocity gradient is due to frictional forces in terms of fluid viscosity that 

are exerted between the adjacent layers of the flowing fluid and between the 

fluid and the walls of the tube. According to the no-slip condition, the velocity of 

the fluid at the boundary is zero, but at some height from the boundary, the flow 

velocity must equal of that of the fluid.  

The relationship between the wall shear stress (  ), liquid dynamic viscosity (  ) 

and film velocity gradient or shear rate (
  

  
) is given by equation (2.50): 

     
  

  
                                  (2.50) 

This relationship is only true for all Newtonian fluid where dynamic viscosity is 

constant at all velocity gradients. However, in the case of non-Newtonian fluids 

where the dynamic viscosity depends on the shear rate and is not constant, this 

relationship is not applicable. In addition, the practical difficulty with Equation 

2.48 is that the viscous sublayer of turbulent flow is very thin of the order of 
 

  
  

where    = friction velocity =      
  

 
  and ν is kinematic viscosity. This 

makes  
  

  
  has to be estimated from measurements made very close to the wall, 

typically at distances of less than of 
  

  
 which makes the measurement may be 
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subjected to significant and random errors appears as non-linear profile 

(Loureiro et al., 2010, Hutchins and Choi, 2002, Durst et al., 2004).  

In the two-phase flow with thin liquid film makes this method more difficult and 

inappropriate due to difficulty in identifying the flowing boundary layer region 

and getting accurate velocity measurement using conventional instrumentation 

such as hot wire, Laser Doppler Velocimetry (LDV) and  Particle Image 

Velocimetry (PIV) close to the wall (Salari and Tabar, 2011). 

Pressure Differences based technique 

The mean wall shear stress can be calculated by measuring the pressure drop 

across two points of fully developed turbulent flow in a pipe with the constant 

area by using the following relationship: 

   
   

  
                                  (2.51) 

where ΔP is the pressure drop, D is pipe internal diameter,     is liquid density 

and   is the distance between the two tapping holes. 

This relationship has been widely utilised for the calibration of other indirect 

wall shear stress measurement methods using single phase flow on a vertical 

pipe (Govan et al., 1989, Descamps et al., 2008, Zangana, 2011). 

The popular techniques that have been used to estimate the mean wall shear 

stress from the pressure differences between two points, are Preston tube, 

Stanton gauge and sublayer fence as shown in Figure 2.19 (Hanratty and 

Campbell, 1996, Berca, 2007). 
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Figure 2.19: Schematic illustrations of (a) Preston tube, (b) Stanton gauge and 

(c) Sublayer fence (Berca, 2007). 

Preston tube is the most popular than the other two which measures the mean 

wall shear stress (  ) from the difference in pressure (  ) between the pressure 

measured by the tube placed on the wall and the local static pressure measured 

by a nearby wall tap (Winter, 1977, Hanratty and Campbell, 1996, Loureiro et 

al., 2010). The following relationship suggested by Preston (1954) is used to 

calculate the wall shear stress: 

    

   
   

   
 

   
                      (2.52) 

where d is the outside tube diameter,   is the liquid density and   is kinematic 

viscosity.  

Stanton gauge measures the difference in pressure between the static pressure 

with/without the blade which is used to calculate the wall shear stress. However, 

there is no specific empirical expression could be used as it is very sensitive to 

geometrical particulars (Hanratty and Campbell, 1996). In addition, this method 

is affected by wall pressure fluctuations (Haritonidis, 1989). Sublayer fence 

relates the difference in pressure between upstream and downstream of the fence 

with the wall shear stress. It can be used with strong pressure gradient but its 
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accuracy is still unknown (Hanratty and Campbell, 1996). The tip of the blade 

must remain immersed within the viscous sublayer (Fernholz et al., 1996).  

All the above techniques might introduce a disturbance to the flow even they are 

small in size (mm). In the two-phase flow with a thin film, it is difficult to 

identify the flowing boundary layer region and make the size of Preston tube, 

Stanton blade and the fence tip small to be immersed within the viscous 

sublayer. Therefore, in the two-phase flow, it is preferred to measure the 

pressure drop across two small holes on the surface separated by a known 

distance using a manometer or electronic differential pressure transmitter. 

However, this method is able to provide the mean wall shear by using Equation 

(2.14) that makes it suitable for the calibration of other indirect wall shear stress 

measurement methods.  

Electrochemical based technique 

The electrochemical technique is also known as Electrodiffusion method which 

consists of cathode and anode connected to the electric circuit as shown in 

Figure 2.20. Electrolytic solution is used as Redox system such as Potassium 

Ferricyanide,        
   and Ferrocyanide,        

   which is mixed with 

sodium hydroxide.     . The application of the electrochemical technique in 

two phase flow has been attractive to many researchers including Cognet et al. 

(1984), Nakoryakov et al. (1984), Nakoryakov et al. (1986)  and Zheng and Che 

(2007). 
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Figure 2.20: Schematic for Electrochemical method (Nakoryakov et al., 1984). 

 

It has an advantage that its response is known theoretically, hence eliminating 

the need for calibration. Although this technique is used for measuring wall 

shear stress, it can be also used to measure velocity and void fraction of two-

phase flows (Alekseenko et al., 1994). In the other hand, this technique is not 

suitable for the present of light and oxygen because they decompose the 

ferrocyanide ion to iron oxide, resulting in surfaces having an oxide film 

(Hanratty and Campbell, 1996). Therefore, this technique is not suitable for 

current work where the test facility using Perspex pipes and the air is used as a 

gas phase. 

Heat Transfer based technique 

Heat Transfer technique using a constant temperature anemometer has been 

widely used by researchers for measuring wall shear stress in turbulent flow. 

Hot-wire and flush mounted hot film probe are used to measure the wall shear 
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stress based on heat transfer. The hot-wire must be immersed in the viscous 

sublayer, hence the measurement of flow velocity is proportional to the wall 

shear stress as discussed in velocity profile based technique. In addition, hot-

wire probes are thin and very fragile to be used with a liquid which makes them 

mainly used in gas flow (Bruun, 1996). Flush mounted hot film probe is the most 

popular especially in two-phase flow application due to present of liquid on the 

pipe wall in most of the two-phase flow regimes. It is non-intrusive and does not 

generate any disturbance to the flow. However, the thermal boundary layer that 

develops over film probe has to be within the viscous sublayer of the turbulent 

boundary layer. Many studies in two-phase flow in horizontal and vertical pipes 

has used a glue on flush mounted hot film probe from Dantec dynamics (Dantec 

55R47) to measure the wall shear stress. These studies include Martin (1983), 

Govan et al. (1989), Descamps et al. (2008) and). More detail about the principle 

of measurement and calibration are discussed in Chapter 3. 

2.5.2. Conclusion 

The difficulties discussed above in the use of direct measurement, velocity 

profile, pressure difference in two phase flow make the electrochemical and heat 

transfer techniques preferable. Also, both techniques do not disturb the flow in 

two phase flow. As discussed above, the electrochemical technique is not 

suitable for the present of light and oxygen which is the case in the current 

experiment setup. Therefore, the heat transfer technique using flush mounting 

hot film probe is more attractive where it doesn’t require adding any substance 

and has been used widely in two-phase application. 
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CHAPTER 3  

EXPERIMENTAL ARRANGEMENTS 

A number of experiments were carried out in developing a liquid film 

measurement technique using ultrasonic technique and also in studying annular 

flow regime.   The experimental arrangements used are explained in details in 

this chapter. Two experimental test facilities were used in the current study. Both 

test facilities were constructed at the Department of Chemical and 

Environmental Engineering at the University of Nottingham.  In section 3.1, the 

first test facility called a free falling liquid film annular flow test facility is 

described. This has a test section of 127mm internal diameter (ID) and length of 

5 m. The second test facility called an upward vertical annular Flow Test Facility 

is described in section 3.2. This consists of a test section of 34.5mm internal 

diameter and length of 4 m. In section 3.3, the principle of measurement and 

calibration of the facilities instrumentations are described. 

3.1. Free Falling Liquid Film Annular Flow Test Facility  

3.1.1.  Overview of the Experiment Test Facility 

A schematic diagram of the free falling liquid film annular flow test facility is 

shown in Figure 3.1. The test facility is the same as that used by Abbas Hasan et 

al. (2016) as part of collaborative work. It has a test section made of acrylic resin 

(Perspex™) with 127 mm internal diameter (ID) and length of 5 m. Water was 

used as the working fluid where there was no gas flow. The test section is 



Chapter 3                                                               Experimental Arrangements 

 

56 

connected to a storage tank that stores the water used. The water was pumped 

from the water tank using a centrifugal pump and controlled by a manual control 

valve and a bypass valve to deliver the desired liquid flow rate through a 

rotameter. The water flow rate was measured by the rotameter (MBP Industries 

Ltd) with an accuracy of ±5% of full scale. A liquid distributor at the top of the 

test section was used to ensure a uniform liquid film around the test section. 

Figure 3.2 shows the schematic design of the liquid distributor. Then, the water 

was fed back into the storage tank. Temperature and water conductivity were 

measured using a T-type thermocouple and TetraCon 325 Conductivity probe 

respectively. The experiments were performed at ambient temperature (≈20
o
C) 

and atmospheric pressure. The water conductivity and the temperature were 

measured before and after each experiment.  

The test facility was used to validate the measurement of an ultrasonic technique 

against a Multi Probe Film Sensor (MPFS). Both techniques were used to 

measure the liquid film thickness. The ultrasonic sensor and the MPFS were 

located at 320 cm (25.2D) and 350 cm (27.6D) from the bottom of liquid 

distributor respectively. The experiments were conducted at different liquid 

Reynolds numbers (   ) ranging from 618 to 1670.     is defined as:   

    
      

  
 

    

    
                                      (3.1) 

    
  

   
                                               (3.2) 

where    is liquid density,     is liquid superficial velocity,    is liquid 

volumetric flowrate, D is pipe internal diameter and    is the dynamic liquid 

viscosity. 
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Figure 3.1: Schematic Diagram of the free falling liquid film annular flow test 

facility. 
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Figure 3.2: Schematic Diagram of the liquid distributor. 

3.2.  Upward Vertical Annular Flow Test Facility  

3.2.1. Overview of the Experiment Test Facility 

A schematic of the upward vertical annular flow test facility is shown in Figure 

3.4. The test facility is similar to that used by Zhao et al. (2013) to study the 

behaviour and characteristics of the disturbance waves by the measurement of 

film thickness using an air/water system. Pipe diameter, injector, film thickness 

concentric probe and differential pressure transmitter were similar to the 

experimental arrangement used by Zhao et al. (2013). However, the length of the 

test section was modified to ensure that a fully developed annular flow is 

achieved.  In addition, a wall shear stress was measured in the current study. The 
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test facility has a test section height of 4 m made of acrylic resin (Perspex™) 

with 34.5 mm inner diameter (ID). The liquid phase was stored in a storage tank 

with a capacity of 600 litres. The liquid was pumped from the storage tank using 

a centrifugal pump. The liquid flow rate was controlled by a manual control 

valve and a bypass valve to deliver the desired value through one of the three 

sets of rotameters based on the operating range. The air phase was supplied from 

the main header in the Lab. The air flow rate was controlled and adjusted by a 

manual control valve to deliver the desired value through one of the two sets of 

rotameters based on the operating range. Both liquid and gas flow rates were 

measured using calibrated rotameters (MBP Industries Ltd) with an accuracy of 

±5% of full scale. The experiments were conducted for gas superficial velocity 

ranging from 17.83 m/s to 35.66 m/s and liquid superficial velocity ranging from 

0.018 m/s to 0.089 m/s with water and from 0.018 m/s to 0.094 m/s with silicone 

oil both at atmospheric conditions. The selection of the gas and liquid operating 

range criteria will be discussed in Chapter 4. The air and liquid were injected 

using a conical injector system. It was designed to achieve an annular flow 

regime. It consists of an annular chamber to which the liquid is introduced and 

the inner wall has an angled inlet as shown in Figure 3.3.  The liquid was 

injected from the side and the gas from the center to create a uniform liquid film 

around the boundary of the wall. The liquid was injected at four different 

injection points that allowed the liquid film to be introduced at the same rate. 

The airline was equipped with a non-return valve to prevent the flow of water 

into the gas rotameters. The air flow was allowed to develop by keeping a 

distance of 70 cm (20.3D) downstream the injector similar to the specification 

required in flow measurements.  
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The test facility is designed to measure pressure drop, film thickness and wall 

shear stress simultaneously. According to the investigation by Zhao et al. (2013), 

the liquid film reached the fully developed region at a distance of L/D = 20 

upstream of the injector. However, in order to ensure the fully developed region  

is achieved, the measurements of the liquid film thickness and wall shear stress 

in the current study were made at a distance of  L/D= 75 upstream of the 

injector. The liquid film thickness was measured using an ultrasonic technique 

and a concentric conductance probe. The wall shear stress was measured using a 

commercial glue-on flush mounted hot film probe (Dantec 55R47, Dantec 

dynamics Ltd). The two-phase pressure drop across the measurement test section 

and over an axial distance of 1.62 m between the two pressure tapings was 

measured using a differential pressure transducer (Remote seal Rosemount 3051 

model). Four temperature sensors (T-type thermocouple, TC Direct Ltd) were 

used. Two of them were installed after gas and liquid flow meters. The other two 

were installed after the injector and close to the measurement section above the 

wall shear stress probe. The temperature sensor at the measurement section was 

mounted close to the inner wall of the tube to ensure small film thickness 

temperature is captured. The liquid temperature was maintained constant 

(≈20
o
C) during the measurement by running the rig for two hours before taking 

any measurements. In addition, the liquid tank temperature was controlled using 

a cold tap water flowing in a coil inside the tank in order to stabilize the tank 

temperature. The stability of the liquid temperature was checked by comparing 

the time series data of the temperature sensors after the injector and close to the 

measurement section where the maximum average variation between them was 

less than 0.2
o
C. The air/liquid mixture was separated using a cyclone separator. 



Chapter 3                                                               Experimental Arrangements 

 

61 

The air was vented to atmosphere while the liquid was fed back into the storage 

tank. 

In order to achieve the aim and objectives of the current study, the experiments 

consist of two parts.  Initially, water was used as a liquid phase and air as a gas 

phase in order to compare the results with the literature. This was essential to 

validate our measurement methodology and understand the relationship between 

film thickness, wall shear stress, and pressure drop. Secondly, the liquid phase 

was replaced with silicon oil (4.4cP) to study and develop better understanding 

about the relationship between the above three parameters (i.e. film thickness, 

wall shear stress, and pressure drop). In addition, this test facility was also used 

to validate the measurement of the ultrasonic technique against the concentric 

conductance probe for measuring liquid film thickness using an air/water 

system. The ultrasonic technique was then used to measure the liquid film 

thickness using an air/silicone oil system. During the experiments using the 

air/water system, the water was replaced with new clean water before starting 

the experiments. This was performed to avoid build-up of scale, algae. Also, 

when the rig was not in use, the tank was kept empty.   
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The properties of the fluids used are shown in Table 3.1. 

Fluid Density (kg/m
3
) Viscosity (Pa.s) Surface tension (N/m) 

Air 1.2 1.78 x 10
-5

 (0.0178cP)  

Water 998.2 0.001 (1cP) 0.073 

Silicone Oil 919 0.0044 (4.4cP) 0.02 

Table 3.1: Properties of the fluids at atmospheric pressure and temperature 20
o
C. 

 

   

Figure 3.3: Schematic diagram (Zhao et al., 2013) and a photo of the liquid 

injector. 
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Figure 3.4: Schematic diagram of the upward vertical annular flow test facility. 
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3.3. Test Facilities Instrumentation 

In this section, the instrumentation and their calibration procedure is discussed. 

Table 3.1 illustrated the specification of main instrumentation used in the test 

facility. 

Instrument Manufacture Model Range Uncertainty 

Air flowmeters 
MBP 

Industries Ltd 
Rotameter 

0-500 and 

500-5000 

litres/min 

±5% 

Liquid 

flowmeters 

MBP 

Industries Ltd 
Rotameter 

0-1, 0-10 

and 

0-100 

litres/min 

±5%  

Differential 

pressure 
Rosemount 

Remote seal 

Rosemount 

3051 model 

0-22 kPa ±0.25%  

Temperature 
TC Direct 

Ltd 

T-type 

thermocouple 
0-100

 o
C ±1

 o
C 

Ultrasonic 

Transducer 
Technisonic 

IPM-0502-

HR 
0.1-6mm ±5%* 

Multi Pin Film 

Sensor 

Helmholtz-

Zentrum 

Dresden-

Rossendorf  
 

- 0-6mm ±3.6%* 

Concentric Probe 
Imperial 

College 
 

- 0-3mm ±2.4%* 

Hot film shear 

stress  

Dantec 

dynamics Ltd 

Dantec 

55R47 
- ±5%** 

*Based on experimental data. 

**Based on combined uncertainty of pressure drop and flowmeter. 

Table 3.2: Details of the instruments used in the experiments. 
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3.3.1. Two phase Pressure Drop Measurement 

The two-phase pressure drop across the test section and over an axial distance of 

1.62 m between the two pressure tapings was measured using a differential 

pressure transducer (Remote seal Rosemount 3051 model) with a range of 0-22 

kPa and an output voltage from 1 to 5V. The pressure drop measurements were 

used to develop a better understanding of its relationship with the wall shear 

stress and the film thickness in two-phase flow by measuring all the three 

parameters simultaneously. In addition, it was used to calibrate the hot film wall 

shear stress probe.  

In the current study, the remote seal Rosemount differential pressure transducer 

was used which helps to prevent the induced of air bubbles in the pressure 

tapings. The remote seal system is a symmetrical system that utilizes equal 

diaphragm seals and capillary length on the high and low-pressure sides of the 

transmitter. Each capillary length is filled with the same amount of silicone fluid 

that helps to eliminate the seal temperature effect due to equal pressure on both 

sides of the transmitter diaphragm. Diaphragm seals are used to isolate the 

silicone fluid from the fluid in the tube. This differential pressure transmitter was 

used to measure the pressure drop of air/water and air/silicone oil systems. 
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3.3.1.1. Calibration of the differential pressure transmitter 

The remote seal differential pressure transmitter was calibrated by varying the 

liquid level (H) in the test section in order to determine the output voltage for 

corresponding pressure difference at the transmitter. The high-pressure side (HP) 

of the transmitter was connected to the liquid and the low-pressure side (LP) was 

opened to the atmosphere. The test section was scaled from zero at HP side 

using a special scaled tape in order to know the liquid level (H). The 

corresponding output voltage from the transmitter was recorded simultaneously 

using LabVIEW as part of full loop calibration. A schematic diagram of the 

remote seal pressure transmitter is shown in Figure 3.5. 

 

Figure 3.5: Schematic diagram of the remote seal differential pressure 

transmitter. 

D1 

D2 

H 

Side A 

P1 (LP) 

P2 (HP) 

Side B 
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Applying a force balance across the transmitter between side A and side B, the 

pressure difference (ΔP) could be measured by the following relationship 

                                              (3.3) 

where    is the pressure at low side,    is the pressure at the high side,    is the 

silicone fluid density in the tapping line,   is the gravitational acceleration,    is 

the height between    tapping and transmitter and     is the height between    

tapping and transmitter. 

The    at high side (HP) can be obtained by measuring the height of liquid level 

(H) with knowledge of the liquid density (  ) and keeping the    open to the 

atmosphere:  

                      (3.4) 

As can be observed from equation (3.3), there is a gravitational term arising 

from the difference in height between the pressure tapping points due to the 

silicone fluid in the tapping lines. In the vertical system, it is necessary to deduct 

this gravitational term from the measured pressure drop in order to obtain the 

true pressure drop across the two tapings. 

The same calibration procedure of differential pressure transmitter was followed 

for air/water and air/silicone oil systems. The calibration was repeated three 

times for each system where all the repeated runs fall in the same curve with a 

maximum standard deviation of 0.014 kPa. The relationship between the output 

voltage and the differential pressure is linear and the calibration curves of both 

systems are shown in Figure 3.6 and 3.7.  
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Figure 3.6: Calibration curve of DP transmitter for an air/water system 

 

Figure 3.7: Calibration curve of DP transmitter for an air/silicone oil system 
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3.3.1.2.  Single-phase Pressure Drop Measurements  

In order to develop confidence about the two-phase pressure drop measurements, 

the single-phase pressure drop measurements using water were validated over 

the same measurement setup at 1.62m difference between the two pressure 

tapings in the rig. The single-phase measurements were compared with the 

calculated values for a smooth pipe using Darcy-Weisbach equation (Equation 

3.5). 

  

 
    

  

 
 
   
 

  
                       (3.5) 

where 
  

 
 is the frictional pressure loss per unit length,     is the liquid density of 

the fluid,    is the pipe internal diameter,     is the liquid superficial velocity 

and    is the Darcy friction factor. 

The Darcy friction factor,    for the turbulent flow was found using Moody 

Diagram, Colebrook-White equation, and Blasius equation. There are large 

number of equations available in the literature to calculate Darcy-Weisbach 

friction factor for turbulent flow. The above three were selected as they are the 

most well-known and used. 

The Darcy-Weisbach friction factor for the turbulent flow was measured from 

Moody Diagram. The Colebrook-White equation (Equation 3.6) is  

 

   
           

 

  

   
 

    

     
          (3.6) 
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where   is the relative pipe roughness (0.0025) and    is the Liquid Reynolds 

number    
      

  
  (µl is the liquid viscosity). 

The Blasius equation (Equation 3.7) is  

  
     

      
                        (3.7) 

The Darcy friction factor was calculated by multiplying the friction factor 

calculated by Blasius equation by 4 because the Blasius equation is used to 

calculate the Fanning friction factor which equals one-quarter of the Darcy 

friction factor. The total single phase pressure drop was calculated by adding the 

gravitational pressure drop (      to the frictional pressure drop calculated by 

using Darcy-Weisbach equation (Equation 3.5). 

The single-phase pressure drop measurements were performed using water and 

repeated three times. There was a good agreement between the measured 

pressure drop and the calculated pressure drop using Moody Diagram, 

Colebrook-White equation, and the Blasius equation as shown in Figure 3.8. The 

uncertainty of the pressure drop measurement is affected by the accuracy of the 

flow measurement which is +/-5% of full scale. This means the uncertainty at the 

low velocity is higher than the uncertainty at maximum velocity. However, the 

overall relative error of pressure drop between the measured and calculated is 

within +/-0.21%. For example, the error at the maximum point between 

measured and calculated using Colebrook-White equation will be reduced from 

0.16% to 0.03% if the liquid flow rate is taken as 1.14 m/s instead of 1.15 m/s. 
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Figure 3.8: Single phase pressure drop using water comparison with pressure 

drop calculated by using Moody Diagram, Colebrook-White equation, and 

Blasius equation. 

 

3.3.2. Liquid Film Thickness Measurement 

In the current study, Multi Pin Film Sensor (MPFS), concentric probe and 

ultrasonic sensor were used to measure the instantaneous and averaged liquid 

film thicknesses. The Multi Pin Film Sensor (MPFS) and concentric probe were 

used to measure the liquid film thickness of an air/water system on the free 

falling liquid film annular flow test facility and the upward vertical annular flow 

test facility respectively. In addition, both techniques were used to evaluate the 

performance of ultrasonic technique as part of the evaluation methods in order to 

use the ultrasonic technique to measure the liquid film thickness of an 

air/silicone oil system in the upward vertical annular flow test facility. Both the 
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Multi Pin Film Sensor (MPFS) and concentric probe are based on conductance 

measurements and required a liquid that is electrically conducting. They were 

non-intrusive and flush mounted with the inner pipe wall on a separate flange. 

The ultrasonic technique is based on acoustic measurement and can be employed 

on conducting and non-conducting liquid. It is non-intrusive and detached to the 

outside wall of the test section using a special clamp flange to hold the 

transducer.  

Next, MPFS and concentric probe measuring principle and their calibration are 

described below where the ultrasonic technique and the validation methods are 

discussed in Chapter 5.  

3.3.2.1. Multi Pin Film Sensor (MPFS) 

The Multi Pin Film Sensor (MPFS) is based on measurements of the electrical 

conductance between two electrodes in contact with the liquid film. The MPFS 

measurements are similar to other conductance measurement techniques that 

have been used in literature include Zabaras et al. (1986), Fore and Dukler 

(1995), Conte (2000) and Zangana (2011). The main difference between the 

MPFS and the other measurement techniques in literature is that the MPFS is 

capable to measure the instantaneous film thickness at 10 axial positions 

simultaneously whereas the one in literature has been used to measure the 

instantaneous film thickness at only one axial position. The MPFS consists of 10 

measurement locations in the axial direction times 64 measurement locations in 

the circumferential direction as shown in Figure 3.9. This means there are 640 

measurements points. The ultrasonic measurement was compared with one of 
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these 64 measurements in the first axial location that is aligned with the 

ultrasonic transducer. The first MPFS design was used by Belt (2007) where 32 

measurement locations in the circumferential direction were used instead of 64 

measurement locations. The main difference is due to the difference in the pipe 

diameter used by Belt (2007) which was 50 mm compared to the current pipe 

diameter of 127 mm.  Additional details about MPFS can be found in Belt 

(2007) and Abbas Hasan et al. (2016) who have employed this technique. 

        

(a)                                                (b) 

Figure 3.9: Multi Pin Film Sensor (MPFS), Inner (a) and electronic connections 

(b) 

3.3.2.2. Concentric Probe 

The concentric probe operates by relating the film thickness to conductance 

across the two electrodes. The concentric probe works on the same principle as 

MPFS but it was designed to measure the instantaneous film thickness at only 

four circumferential positions in one axial direction separated by 90
o
 angle. The 

probes were designed and constructed by Zhao et al. (2013) and used to measure 

the film thickness with pipe diameter 34.5mm. This is similar to the current 
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experiment arrangement as part of the collaborative work with the Imperial 

College. The concentric probe in Figure 3.10 consists of the central pin with a 

diameter (d1) of 3.2 mm and the outer ring with an internal diameter (d2) of 13.2 

mm and an outer diameter (d3) of 13.4 mm. The probe was installed flush with 

inner surface of a separate flange. More details about the design in terms of 

dimensions specification and precautions can be found in Zhao (2014). The 

concentric probe was used by different researchers in the past such as Azzopardi 

(1986) and Wolf (1995). There are four concentric probes but in the current 

experiment, the ultrasonic technique was compared with one probe where both 

of them were aligned and separated by 70mm due to flange arrangement.  

      

 

Figure 3.10: Schematic and arrangement of concentric probes (Zhao et al. 

(2013)) 
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3.3.2.3. Calibration Procedure of MPFS and Concentric probes  

The MPFS and the concentric probe were all calibrated using the same method. 

They were calibrated by inserting different known diameters of non-conducting 

solid rods (PVC) inside the sensor in which the remaining annulus was filled 

with water under test. The water simulates a film of known thickness that can be 

related to the measured probe output voltage. These rods were machined very 

carefully with accuracy better than 10µm. The calibration was repeated three 

times. In order to ensure the annulus gap represented the expected film 

thickness, the rod was centered at the bottom using a base block and at the top 

using a plastic insert guide. The calibration setup of the concentric probe is 

shown in Figure 3.11. More details about the calibration of the MPFS can be 

found in Abbas Hasan et al. (2016). 

The calibration of the four probes was performed simultaneously where the 

electronic box is capable to drive five probes at the same time. The electronic 

circuit was designed and used by Conte (2000). It was also used by Zangana 

(2011) to measure the film thickness using pin probes. The probes were supplied 

by 10 kHz alternating current. The signals from the probe were transferred to a 

buffer amplifier and a low-pass filter before sending them to the data acquisition 

system. The calibration of the concentric probe was repeated three times as 

shown in Figure 3.12 for probe 1. The maximum standard deviation between 

repeated runs was 0.07 volt. An example of the calibration curve of a measuring 

receiver of MPFS which relates the output current (in Analogue-to-digital 

converter, ADC unit) with the liquid film thickness is shown in Figure 3.13. 
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Figure 3.11: Calibration setup of the concentric probes. 

 

 

Figure 3.12: Calibration curve of the concentric probe 1. The plot shows the 

voltage measurements for three repetitions with maximum standard deviation 

between them was 0.07 volt. 

 



Chapter 3                                                               Experimental Arrangements 

 

77 

 

 

Figure 3.13: Calibration curve of the MPFS (Abbas Hasan et al., 2016). 

 

3.3.3. Wall Shear Stress Measurement 

Wall shear stress was measured using a commercial glue-on flush mounted hot 

film probe from Dantec dynamics (Dantec 55R47) based on the evaluation 

outcome in Chapter 2. All the wall shear stress measurements were conducted in 

the fully developed annular flow region above the flow reversal region as 

discussed in Section 3.2.1 and Chapter 4. The measuring principle and 

calibration procedure are discussed in the following subsections. 
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3.3.3.1. Principle of operation of hot film probe 

Wall shear stress (  ) is measured using a small, electrically heated probe to a 

constant temperature and mounted flush with the inner diameter of the pipe. The 

wall shear stress is related to the measuring voltage (V) generated by a constant 

temperature anemometer that senses the changes in the heat transfer from the 

heated probe exposed to fluid motion. This relationship is described by equation 

(3.8) which has been used by researchers utilising flush mounted hot film probes 

in two-phase flow e.g., Martin (1983), Whalley and McQuillan (1985), Govan et 

al. (1989), Wolf (1995) and Zangana (2011).  

        
   

                                          (3.8) 

where A and B are constants which are related to the physical properties of the 

fluid near the probe and the geometry of the probe making probe calibration 

essential (Martin, 1983, Boyer et al., 2002).  

The above relationship in Equation 3.8 is valid when the thermal boundary layer 

thickness (  ) is smaller than the laminar sublayer of the momentum boundary 

layer. The thermal boundary layer thickness (  ) of the hot film probe can be 

calculated using the following equation 3.9 (Martin, 1983):  

   
 

 
      

   

  
 
   

                           (3.9) 

where k is the thermal conductivity of the liquid, h is the heat transfer coefficient 

from heated wall to the fluid, μ is the liquid viscosity,   is the thermal diffusivity 

of the liquid, x is the width of the probe and    is wall shear stress. 
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Martin (1983) and Zangana (2011) showed that if the wall shear stress is less 

than 100 Pa, the thermal boundary layer will be smaller than the laminar 

sublayer of the momentum boundary layer for hot film probes with widths 0.1 

mm and 0.2mm. There is another limitation of using this relationship in the two-

phase flow where the thermal boundary layer thickness (  ) should not exceed 

the liquid film thickness. In the current study, the thermal boundary layer is 

much lower than the minimum liquid film thicknesses (0.1mm). The hot film 

probe width used in the current experiment was 0.1 mm. The thermal boundary 

layer at minimum wall shear stress of 6 Pa is 0.023 mm with water and 0.031 

mm with silicone oil. The thermal boundary layer at maximum wall shear stress 

of 25 Pa is 0.014 mm with water and 0.021 mm with silicone oil. 

The anemometer is used to keep the probe temperature constant. A Wheatstone 

bridge is the main component of the anemometer circuit where the wall shear 

stress probe is connected to one of its arms as shown in Figure 3.14. Its 

operation relies on the variation of the electrical resistance of the probe material 

with temperature. When the velocity of the fluid passing over the probe 

increases, the probe temperature hence its resistance fall. This generates 

imbalance to the bridge (Equation 3.10).  This is sensed by the servo amplifier 

which signals the current source to increase its output voltage to reheat the probe 

in order to rebalance the bridge. The increase of the voltage indicates the 

increase of the heat transfer and the wall shear stress. This operation occurs 

instantaneously which means any variation in probe resistance will be captured, 

hence wall shear stress (Hanratty and Campbell, 1996). 

 



Chapter 3                                                               Experimental Arrangements 

 

80 

 

    

  
 

        

    
                         (3.10) 

where      is the variable resistance in the bridge,    and      are the internal 

resistances in the bridge,    is the resistance of the cable to the hot film probe, 

    is the resistance of the probe support and   or     is the resistance of the 

probe at its operating temperature.  

As the probe temperature hence its resistance has to be kept constant by the 

anemometer, an overheating ratio (a) needs to be defined. The overheating ratio 

should be selected where the probe temperature has to be higher than the bulk 

temperature that makes the probe less sensitive to the variation in the bulk 

temperature and prevent bubble formation on the probe. The overheating ratio 

(a) can be calculated by using the following relationship: 

  
       

    
                                              (3.11) 

where    is the resistance of the probe at its operating temperature   ,      is 

the sensor resistance at reference temperature      and      is the sensor 

temperature coefficient of resistance at     . 

In the current study, MiniCTA Anemometer made by Dantec Electronics Ltd 

was used as a constant-temperature anemometer and the operating manual is 

provided in Appendix 1. 
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Figure 3.14: The electrical circuit of a constant-temperature anemometer 

(Hanratty and Campbell, 1996). 

 

3.3.3.2. Temperature correction 

The probe temperature is affected by liquid velocity and liquid bulk temperature. 

An increase in the bulk temperature would make the anemometer circuit believe 

that the fluid slowed down since less heat was transferred. Therefore, an effort 

was made to make the bulk temperature constant when obtaining the 

measurements by controlling the storage tank temperature as discussed in 

Section 3.2.1. All the measurements were recorded at the calibration temperature 

by allowing enough time for the temperature to reach the same calibration 

temperature. Before the calibration and measurements, the flowing rig 

temperature was allowed to stabilize by running the rig for a period of time 

(around 2 hours). When the gas or liquid flow rate changed, the temperature was 

allowed to stabilize before recording the data.  In addition, the bulk temperature 

close to the hot film probe was measured using T-type thermocouple for 
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temperature correction as there was a small temperature variation within ±0.7
o
C 

during the measurements over the full range of gas flow rate at fixed liquid flow 

rate. The following correction relationship recommended by the MiniCTA 

Anemometer manufacturers was used: 

       
       

       
 
   

                             (3.12) 

where       is the corrected voltage,      is the measured voltage,    is the 

operating temperature of the sensor,      is the reference temperature and      is 

the acquisition of actual flow temperature. 

3.3.3.3. Calibration of the hot film wall shear stress probe 

In order to find the constant A and B in equation 3.8, the hot film probe has to be 

calibrated. The probe has to be calibrated in situ on the rig where the 

measurements are to be taken, as these constants are related to the physical 

properties of the fluid near the probe and the geometry of the probe. In addition, 

the probe is sensitive to the change in position (Bruun, 1995).  

Previous researchers in two-phase flow applications have calibrated the hot film 

probe using the differential pressure measurement in single phase flow or in two-

phase flow. Single phase flow calibration was widely employed by different 

researchers such as Martin (1983), Whalley and McQuillan (1985), Shaha 

(1999), Descamps et al. (2008) and Zangana (2011). The two-phase flow 

calibration was used by researchers including Owen (1986), Govan et al. (1989) 

and Wolf (1995). In the present study, the two phase calibration was used 

because the two-phase annular flow wall shear stress is greater than the single 
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phase wall shear stress according to the measurements completed by the above 

researchers. This means that the single phase calibration requires very large 

liquid flow rates and the current test facility can not deliver these large flow 

rates. The two phase calibration has to be performed at low liquid flow rate 

where there is no entrainment. This was estimated by defining the critical liquid 

Reynolds number (     ) using Owen and Hewit (1986) correlation: 

                        
  

  
  

  

  
                                    (3.13) 

where    and    is the liquid and gas dynamic viscosities, and    and    are gas 

and liquid densities.  

The wall shear stress (  ) was calculated from the measurement of two phase 

pressure drop  
  

  
 
   

 using the following relationship: 

  
  

  
 
   

 
   

 
                                      (3.14) 

where d is pipe diameter,    is the void fraction, g is the acceleration due to 

gravity. The void fraction (  ) was calculated from the film thickness 

measurement ( ) by the following equation: 

      
  

 
 
 

                          (3.15) 

The cubic root of the calculated wall shear stress at different gas flow rates was 

plotted against the square of the anemometer output voltage in order to obtain 

the value of the constant A and B in equation (3.8). The calibration curve of the 

probe for water and silicone oil are shown in Figure 3.15 and Figure 3.16 

respectively. 
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Figure 3.15: Two phase calibration curve of the wall shear stress hot film probe 

using an air/water system. 

 

Figure 3.16: Two phase calibration curve of the wall shear stress hot film probe 

using an  air/silicone oil system. 
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3.3.3.4. Hot film probe (Dantec 55R47) 

In the current study, the wall shear stress was measured using the commercial 

glue on hot film probe (Dantec 55R47) supplied by Dantec Electronics Ltd. The 

probe is made of a thin nickel film (0.1 mm x 0.9 mm) deposited on a 0.05 mm 

thick polyamide foil and coated with a 0.5 µm of quartz for protection against 

electrolytic attack. The electrical connection is made of a gold plated area where 

copper wires (0.1 mm thick) are soldered onto it and used to connect the probe to 

the anemometer. A special Perspex plug and a separate flange were designed and 

fabricated to ensure the probe installed tight and flush with surface and allowed 

easy removal for checking. The probe was glued into the Perspex plug face that 

had the same curvature as the pipe with Loctite glue. The probe wires were fed 

through a pair of holes in the plug which were sealed with the Perspex glue 

(Tensol cement) to prevent any leakage. Then, the plug was inserted into the 

prepared flange until the probe surface was aligned flushed with the tube wall by 

using two bolted screws. The plug was sealed and made leak tight by using an 

O-ring. Two other bolted screws were used to guide and help on removing the 

plug out from the flange after removing the first two. Probe wires were soldered 

and connected to BNC plug which was used to connect MiniCTA cable. The hot 

film probe installed on the plug is shown in Figure 3.17. 
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Figure 3.17: Hot film probe (Dantec 55R47) installed on the plug. 

3.3.4. Thermocouple 

The temperature measurement was one of the most important measurements in 

current study especially the temperature measurement close to the measurement 

section. It was used for temperature compensation for the hot film probe and the 

liquid speed of sound calculation for the ultrasonic technique. Four temperature 

sensors (T-type thermocouple, TC Direct Ltd) were used. Two of them were 

installed after gas and liquid flow meters and the other two were installed after 

the injector and close to the measurement section. Calibration of these 

thermocouples was performed using ice and water at different temperatures up to 

100
o
C. The thermocouple was connected to a temperature transmitter (RS 

component Ltd) which converts the thermocouple voltage measurement (mV) to 

an output voltage (1-5V). The temperature transmitter has zero and span 

functions that can adjust the zero temperature to 1V and 100
o
C to 5V. The 

measured output voltage of the thermocouple using voltmeter was related to the 
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measured temperature using a digital thermometer (E.T.I. Ltd) with an accuracy 

of ±1
o
C. All the measurements were taken simultaneously and the calibration 

curve was obtained after adjusting zero and span until repeated measurement 

obtained as shown in Figure 3.18.  

 

Figure 3.18: Thermocouple calibration curve. 

3.3.5. Data Acquisition 

In the current study, LabView (National Instruments, version 2013) was used as 

a data acquisition (DAQ) system. It acts as an interface between the 

measurement sensors and the computer where the sensor signals were converted 

by inserting the calibration curve equation to the physical values of the 

corresponding measurements. The data sampling rate for the present study was 

500Hz for duration of 30 seconds. The sampling rate was selected to match with 

the maximum sampling rate by the ultrasonic sensor. All of the measurement 

were recorded simultaneously and saved as Excel files.
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CHAPTER 4  

TWO-PHASE PRESSURE DROP 

MEASUREMENTS 

The importance of pressure drop measurement in equipment and pipeline design 

of two-phase systems has attracted researchers, as an example, it governs the 

pumping requirement to move the fluids. Most of previous studies were 

conducted using an air/water system to find the relationship between pressure 

drop, film thickness and wall shear stress.  The aim of the current study is to 

understand the relationship between the three parameters and test existing 

correlations using an air/silicone oil system. Therefore, the two-phase pressure 

drop across the test section (34.5mm inner diameter) and over an axial distance 

of 1.62 m between the two pressure tapings was measured using differential 

pressure transducer (Remote seal Rosemount 3051 model). The two-phase 

pressure drop measurements were conducted for air/water and air/silicone oil 

systems between gas superficial velocities ranging from 17.83 m/s to 35.66 m/s, 

and liquid superficial velocities ranging from 0.018 m/s to 0.089 m/s with water, 

and from 0.018 m/s to 0.094 m/s with silicone oil. 

In this chapter, the experimental results of the two phase pressure drop for 

air/water and air/silicone oil systems are presented. In Section 4.1, the method 

for identifying the annular flow regime and ensuring the liquid film is moving in 

an upwards direction is discussed. Section 4.2 discusses the effect of gas and 

liquid superficial velocity on two-phase pressure drop. The effect of viscosity 
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and surface tension are presented in Section 4.3. Finally, prediction correlations 

for two-phase pressure drop are evaluated against measured two-phase pressure 

drop in Section 4.4. 

4.1. Annular Flow Regime Identification 

The current study is focused on the vertical upward annular flow regime. 

Therefore, it is important in the current experiments to ensure that the annular 

flow regime is achieved and the liquid film is moving in an upwards direction. 

One of the main important criteria is to define a minimum gas superficial 

velocity in order to ensure there is no flow reversal where all the liquid film is 

moving in the upwards direction (Hewitt et al., 1965). Most of the previous 

researchers such as Owen (1986), Govan et al. (1989) and Wolf (1995), Zangana 

(2011) and Zhao (2014) have used Wallis parameter (  
 ) to define the point 

where there is no flow reversal by the relationship between pressure drop and 

dimensionless gas superficial velocity as defined by Wallis (1962). The 

dimensionless gas superficial velocity (  
 ) is expressed by Equation 4.1:  

  
      

  

         
 
   

                           (4.1) 

where     is the gas superficial velocity,    and    are the liquid and gas density 

respectively, D is the pipe internal diameter and g is the gravitational 

acceleration. 
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According to Hewitt and Hall-Taylor (1970), the minimum pressure gradient is 

defined as the point where the annular flow exists and this is related to the 

Wallis parameter (  
 ). They indicated that the minimum pressure gradient point 

will depend on the method of injection in which the annular flow may exist at a 

gas flowrate down to a   
  value of 0.8 and is possible for even lower. In 

addition, the above researchers have used another parameter called Kutateladze 

number,     (Equation 4.2). The Kutateladze number (   ) is used to ensure the 

gas velocity is sufficient to suspend the entrained droplets (Taitel et al., 1980). 

The annular flow exists when the     is greater than 3.2. 

        
  
 

         
 
    

                            (4.2) 

where σ is the surface tension. 

As can be seen in Figure 4.1 for the air/water system and Figure 4.2 for the 

air/silicone oil system, the minimum pressure gradient happens below the 

Kutateladze number and Wallis parameter for both systems. The minimum 

pressure gradient occurs at   
 = 0.532 and     = 1.89 for the air/water system 

and at   
 =0.555 and    = 2.67 for the air/silicone oil system. These findings 

support the statement about the effect of the injection method on the minimum 

pressure gradient point. In the current study, a conical injector was used 

compared to a porous wall injection method used by Wallis (1962). In addition, 

the gas superficial velocity to meet Kutateladze number and Wallis parameter is 

lower for the air/silicone oil system compared to the air/water system. This 

means that the annular flow exists at lower gas superficial velocity for the 

air/silicone oil system compared to the air/water system.  This highlights the 
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effect of the liquid properties such as surface tension.  However, to ensure there 

is no flow reversal and the annular flow exists, the minimum gas flow rate 

considered in this study is at   
  >1. Therefore, the annular flow regime exists 

between a gas superficial velocity ranging from 17.83 m/s to 35.66 m/s and 

liquid superficial velocity ranging from 0.018m/s to 0.089m/s with water and 

from 0.018m/s to 0.094m/s with silicone oil. The experiment ranges of gas and 

liquid superficial velocities for both systems based on above criteria were plotted 

on Taitel et al. (1980) flow pattern map for a 50mm pipe diameter (Figure 4.3). 

The experiment ranges of both systems are close to each other, therefore same 

points assume for both systems. Even though Taitel et al. (1980) flow map was 

developed for the air/water system, the range considered to ensure annular flow 

exists for air/silicone oil system shows a good agreement.  

As can be observed from the Figures 4.1 and 4.2 for both air/water and 

air/silicone oil systems respectively, the maximum gas flow rate is not the same 

for all liquid flow rates because a liquid dry out was observed at the injector 

above the maximum plotted point where the liquid was completely removed. In 

Figure 4.2, the time-averaged pressure drop of the air/silicone oil system at a 

liquid superficial velocity of 0.018 m/s is zero due to the gas flow only and the 

liquid superficial velocity was not enough to lift the liquid.     
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Figure 4.1: Two-phase Pressure drop measurement of an air/water system. 

 

Figure 4.2: Two-phase Pressure drop measurement of an air/silicone oil system. 
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Figure 4.3: Experiment ranges for air/water and air/silicone oil systems plotted 

on Taitel et al. (1980) flow pattern map. The experimental ranges of both 

systems are close to each other, therefore same points assumed for both systems. 
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4.2. Effect of gas and liquid superficial velocity on two-

phase pressure drop 

Both gas and liquid superficial velocities have an impact on the total pressure 

drop. Owen (1986) used them to identify the flow regime by relating the 

dimensionless gas velocity (  
 ) to a dimensionless pressure drop at fixed liquid 

mass flux as illustrated in the example in Figure 4.4.  

 

Figure 4.4: Flow regime map using pressure drop measurements at different gas 

flow rates and low liquid flow rate (Owen, 1986). 
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As discussed in section 4.1, for the air/water system the annular flow exists 

between gas superficial velocities ranging from 17.83 m/s to 35.66 m/s and 

water superficial velocities ranging from 0.018 m/s to 0.089 m/s.  Figure 4.1 

shows the influence of the gas and liquid superficial velocity on the time-

averaged total pressure drop for the air/water system. The time- averaged total 

pressure drop of vertical upward annular flow increases with increasing the gas 

and liquid superficial velocities.  A similar trend in vertical upward annular flow 

were reported by other researchers such as Martin (1983), Fore and Dukler 

(1995), Belt et al. (2010), Zhao (2014) and Pan et al. (2015b). 

One of the characteristics of annular flow is the presence of disturbance waves at 

the liquid film/gas core interface. They are responsible for liquid droplet 

entrainment into the gas core (Azzopardi, 1997, Barbosa et al., 2002). The 

amount of entrainment rate is affected by the increase of gas and liquid 

superficial velocities. As the liquid superficial velocity increases, the disturbance 

waves appear that generate droplets entrained into the gas core. However, the 

increase of gas superficial velocity has more impact as it increases the interfacial 

shear force on the liquid film/gas core interface that leads to increase the 

entrainment rate. Fore and Dukler (1995) stated that the entrainment and 

deposition in the gas-liquid upward annular flow account for 20% of the pressure 

gradient. This finding was supported by Pan et al. (2015b) who indicated that the 

entrainment and deposition of droplets and gas eddy can account for 

approximately 14.5% of the pressure gradient. 
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For the air/silicone oil system, the annular flow regime exists between a gas 

superficial velocity ranging from 17.83 m/s to 35.66 m/s and liquid superficial 

velocity ranging from 0.018 m/s to 0.094 m/s with silicone oil. From Figure 4.2, 

the time-averaged total pressure drop of air/silicone oil system increases with 

increasing the gas and liquid superficial velocities. The increase of time-

averaged total pressure drop of air/silicone oil system shows a similar trend to 

the increase of time-averaged total pressure drop of air/water system with 

increasing the gas and liquid superficial velocities. These results indicate that the 

effect of gas and liquid superficial velocities on time-averaged total pressure 

drop for both systems exhibit same behaviour even with changing the liquid 

properties. The influence of the liquid properties (i.e viscosity and surface 

tension) on time–averaged total pressure will be discussed in Section 4.3. 

As mentioned above the droplet entrainments contribute to the pressure drop. 

Therefore, the prediction of the droplet entrainments rate (    ) is important. In 

the current study, the entrainment rate (    ) at each flow rate was calculated 

using Al-Sarkhi et al. (2012) entrainment correlation. Four entrainment 

correlations were evaluated that were widely used in literature. These 

correlations are Oliemans et al. (1986), Ishii and Mishima (1989), Sawant et al. 

(2008) and recently Al-Sarkhi et al. (2012) as discussed in Chapter 2. The last 

three correlations show almost the same results for air/water system as shown in 

Figure 4.5. Both Sawant et al. (2008) and Al-Sarkhi et al. (2012) correlations 

achieved similar results in predicting entrainment when the air/silicone oil 

system was used as shown in Figure 4.6. However, all four correlations were 

developed using the air/water system and their accuracy to predict the 

entrainment with the air/silicone oil cannot be assessed where further work is 
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still required by measuring the entrainment rate of different surface tension and 

viscosity using same entrainment measurement technique. Sawant et al. (2008) 

correlation was derived as an improvement to Ishii and Mishima (1989) 

correlation and Al-Sarkhi et al. (2012) was developed as an improvement to 

Sawant et al. (2008).  Therefore, Al-Sarkhi et al. (2012) correlation was selected 

as it showed an improvement in predicting the entrainment compared to Sawant 

et al. (2008) correlation.   

 

Figure 4.5: Comparison of entrainment correlations at different gas superficial 

velocities and liquid superficial velocity of 0.089 m/s for air/water system. 
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Figure 4.6: Comparison of entrainment correlations at different gas superficial 

velocities and liquid superficial velocity of 0.089 m/s for air/silicone oil system. 

 

According to Sawant et al. (2008), the entrainment process can be divided into 

three regions based on the experimental entrainment fraction measurements at 

different liquid Reynolds numbers as shown in Figure 4.7. In Figure 4.7, the 

entrainment fraction is plotted against the modified Weber number (Equation 

2.9) of Ishii and Mishima (1989) to power of 1.25 and the liquid Reynolds 

number (Equation 2.5) is considered constant. The first region (O-A) depends 

only on the Weber number and the second region (A-B) depends on both Weber 

and liquid Reynolds numbers. The third region depends only on the liquid 

Reynolds number.   
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                              (2.5) 

   
     

  

 
 
     

  
 
   

                          (2.9) 

 

 

Figure 4.7: Entrainment process (Sawant et al., 2008). 

Figure 4.8 and Figure 4.9 show the calculated entrainment rate of air/water 

system and air/silicone oil system respectively using Al-Sarkhi et al. (2012) 

correlation. In general, the calculated entrainment rate increases with increasing 

gas and liquid superficial velocity for air/water and air/silicone oil systems 

respectively. The entrainment rate was compared based on entrained mass flux 

rather than the entrained fraction as it helps to show the magnitude of droplet 

entrainment.  
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Based on the Sawant et al. (2008) entrainment process, the calculated 

entrainment rate of air/water and air/silicone oil systems are analysed. The 

calculated entrainment rate by Al-Sarkhi et al. (2012) correlation is based on the 

relationship between the Weber number and Reynolds number as per Sawant et 

al. (2008) entrainment process (Figure 4.7). The effect of surface tension appears 

in the Weber number where the effect of the viscosity appears in the Reynolds 

number. In the case of air/water system (Figure 4.8), the calculated entrainment 

rate at a gas superficial velocity up to 25 m/s is dependent only on the Weber 

number and hence surface tension. At gas superficial velocity above 25 m/s, the 

calculated entrainment rate is dependent on the Weber number (Surface tension) 

and Reynolds number (Viscosity). In the case of air/silicone oil system (Figure 

4.9), the calculated entrainment rate is dependent on the Weber number (Surface 

tension) and Reynolds number (Viscosity) at a gas superficial velocity up to 25 

m/s.  At gas superficial velocity above 25 m/s, the calculated entrainment rate is 

dependent only on the Reynolds number (Viscosity). However, the accuracy of 

the calculated entrainment rate of air/silicone oil is unknown and should be taken 

into consideration as the correlation is not yet proven with low surface tension 

and high viscosity compared to water properties.  

The effect of surface tension and viscosity on entrainment rate are demonstrated 

in Figure 4.10. From Figure 4.10, when the surface tension is constant, there is 

no much effect of changing the viscosity on the calculated entrainment rate. This 

can be observed where the calculated entrainment rate at Weber number less 

than 17000 is not affected when the viscosity is changed from 0.001cP to 0.0044 

cP and the surface tension remains constant at 0.073 N/m (Region O-A). In 

contrast, when the surface tension is changed from 0.073 N/m to 0.02 N/m and 
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the viscosity remains constant at 0.001 cP or 0.0044 cP, the calculated 

entrainment rate is much higher compared to the calculated entrainment rate at 

high surface tension. This can be noticed where the calculated entrainment rate 

at Weber number greater than 17000 increased. However, the calculated 

entrainment rate at low viscosity (0.001cP) and low surface tension (0.02 N/m) 

is higher than the calculated entrainment rate at high viscosity (0.0044cP) and 

low surface tension (0.02 N/m). The effect of viscosity at high Weber number 

above 80000 is higher on the calculated entrainment rate (Region B-C) as shown 

in Figure 4.10.Therefore, the difference in the calculated entrainment rate 

between air/water and air/silicone oil systems is mainly because of the change of 

surface tension and viscosity.  

 

Figure 4.8: Effect of gas superficial velocity on the calculated entrainment rate 

of air/water system. 
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Figure 4.9: Effect of gas superficial velocity on the calculated entrainment rate 

of air/silicone oil system. 

 

Figure 4.10: Effect of surface tension and viscosity on the calculated entrainment 

rate at different gas superficial velocities ranging from 17.83 m/s to 35.66 m/s 

and liquid superficial velocity at 0.089 m/s. 
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4.3. Effect of viscosity and surface tension on two-phase 

pressure drop 

As discussed in section 4.1, the annular flow exists at lower gas superficial 

velocity for the air/silicone oil system compared to the air/water system due to 

the influence of the surface tension. This was observed where the gas superficial 

velocity to meet Kutateladze number and Wallis parameter is lower for the 

air/silicone oil system compared to the air/water system.  In addition, the 

influence of the viscosity was reported by Taitel et al. (1980), Schmidt et al. 

(2008) and Alamu (2010) where the liquid viscosity causes a shift to the 

transition boundaries on the flow pattern map. The effect of viscosity and 

surface tension on pressure drop was analysed by comparing the results of 

pressure drop using air/water and air/silicone oil systems. An example is shown 

in Figure 4.11 at the water and silicone oil superficial velocity of 0.071m/s and 

0.075m/s respectively. From Figure 4.11, it is clear that the pressure drop of the 

air/silicone oil system for gas superficial velocity up to 28.52 m/s is lower than 

the pressure drop of the air/water system. The pressure drop of the air/silicone 

oil system intercepts and then exceeds the pressure drop of the air/water system 

at a point where the gas superficial velocity reached 30.31m/s. This intercept 

point increases when the liquid superficial increases.  Based on the calculated 

entrainment rate, it was observed that the intercept point of the pressure drop 

occured when the entrained mass flux of water is approximately half the 

entrained mass flux of silicone oil as shown in Figure 4.11. This highlights the 

effect of the entrainment on the pressure drop as mentioned in section 4.2. As 

indicated in Section 4.2, the accuracy of calculated entrainment rate of 
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air/silicone oil is unknown. Therefore, the ratio between the calcualted 

entrainment rate of both systems to find the intercept point required to be 

confirmed in the future by measuring the entrainment rate of both systems using 

same entrainment measurement technique. 

 

Figure 4.11: Effect of viscosity and surface tension on pressure drop (DP) and 

entrainment rate (E) at water and silicone oil superficial velocity of 0.071m/s 

and 0.075m/s respectively. 

The intercept between the measured pressure drop of air/water and air/silicone 

oil systems could be related to the effect of frictional pressure drop and hence 

wall and interfacial shear stresses. In the annular two-phase flow, the frictional 

pressure drop is dominant compared to gravitational pressure drop. The 

frictional pressure drop is affected by the wall shear stress (τw) and the 

interfacial shear stress (τi) (Henstock and Hanratty, 1976, Owen, 1986, Hanratty, 

2013, Pan et al., 2015b, Aliyu et al., 2017). The wall shear stress is influenced by 



Chapter 4                                          Two-phase Pressure Drop Measurements 

 

105 

the liquid viscosity and liquid superficial velocity while the interfacial shear 

stress is affected by disturbance wave height, liquid viscosity, droplet 

entrainment and gas core and liquid superficial velocity (Fukano and Furukawa, 

1998, Pan et al., 2015b, Aliyu et al., 2017).  

In the current study, the wall shear stress with the air/silicone oil system is 

higher than the wall shear stress with the air/water system as will be discussed in 

Chapter 6. The difference in the wall shear stress between air/water system and 

air/silicone oil systems is small at low gas superficial velocity and keep 

increasing with increasing gas superficial velocity. On the other hand, the 

calculated interfacial shear stress (  ) of the air/silicone oil system is lower than 

the calculated interfacial shear stress of the air/water system as shown in Figure 

4.12. The interfacial shear stress (  ) was calculated using the correlation 

proposed by Pan et al. (2015b) (Equations 4.3) as it was derived considering the 

effect of disturbance waves, gas and liquid viscosity and gas core and liquid 

superficial velocity. Most of the available correlations for interfacial shear stress 

were developed as a modification of the interfacial friction factor proposed by 

Wallis (1969). These correlations treated the liquid film as pipe wall roughness 

and did not take into consideration the characteristics of the liquid film (i.e 

disturbance waves) (Pan et al., 2015b). Pan et al. (2015b) correlation is in the 

form of liquid (Ref) and gas (Reg) Reynolds number as shown below: 

            
        

     
  

     
                           (4.3) 

where     is the non-dimensional pressure drop originating from the interfacial 

shear stress (Pan et al., 2015b). 
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Figure 4.12: The calculated interfacial shear stress using Pan et al. (2015b) 

correlation at different gas superficial velocities and water and silicone oil 

superficial velocity of 0.071m/s and 0.075m/s respectively. 

As discussed previously, the calculated entrainment rate of the air/silicone oil 

system is higher than with the air/water system. The entrainment rate is related 

to the force balance between the interfacial shear force and surface tension force. 

This force balance is normally expressed by using a Weber number (We) 

(Equation 2.9). 

The low interfacial shear stress with air/silicone oil system could be related to 

the low surface tension. As will be shown in Section 4.4.2, the two-phase 

pressure drop of both system is well predicted by using the characteristics shear 

stress suggested by Henstock and Hanratty (1976). Therefore, the pressure drop 

with air/silicone oil system is lower at low superficial velocity until the 

difference in the shear stress between air/silicone oil and air/water systems is 

enough to make the pressure drop with the air/silicone oil system higher than the 

pressure drop with the air/water system.  
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4.4. Prediction of total pressure drop in vertical two-

phase flow 

4.4.1. Two-phase pressure drop prediction using empirical 

correlations 

There are many correlations in the literature which were developed to predict the 

pressure drop in two-phase flow as per Hewitt (1982) and Azzopardi (2006). 

These correlations are accurate only near the development conditions (Fore and 

Dukler, 1995, Wang et al., 2004). The current measured pressure drop results for 

both air/water and air/silicone oil systems were compared with the most well-

known correlations as described by Azzopardi (2006). The two-phase pressure 

drop is calculated using homogeneous flow model and separated flow model as 

discussed in Chapter 2. In the separated flow model, the frictional pressure drop 

was calculated using Chisholm (1967), Friedel (1979) and Beggs and Brill 

(1973) correlations. The overall pressure drop is calculated from the sum of the 

frictional pressure drop which is calculated by the correlations and the 

gravitational pressure drop. The acceleration pressure drop is neglected because 

it is assumed that the system is at equilibrium.   

The comparison between the meausred and predicted pressure drop for air/water 

and air/silicone oil systems within ±50% deviation margin are shown in Figure 

4.13 and Figure 4.14.  
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Figure 4.13: Comparison between the measured and predicted pressure drop for 

the air/water system within ±50% deviation margin.  

 

The comparison of the measured pressure drop for the air/water system with 

predictive correlations (Figure 4.13) shows that all of the correlations were 

under-predicted the pressure drop. The homogeneous model and Friedel (1979) 

correlation could predict the trend behaviour better than Chisholm (1967) and 

Beggs and Brill (1973) correlations. The Beggs and Brill (1973) was the best at 

low-pressure drop where the homogeneous model was the best at high-pressure 

drop among other correlations.  
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Figure 4.14: Comparison between the measured and predicted pressure drop for 

the air/silicone oil system within ±50% deviation margin. 

 

The predictive correlations of pressure drop could predict the pressure drop of 

the air/silicone oil system better than the air/water system as shown in Figure 

4.14.  The Beggs and Brill (1973) correlation was the best compared to other 

correlations.  

The discrepancy between the predicted pressure drop by different correlation and 

the measured pressure drop is not surprising and expected where most previous 

researchers achieved similar results with ±50% deviation or even higher (Martin, 

1983, Owen, 1986, Zangana, 2011). This discrepancy could be related to many 

factors. Hewitt (1982) and Owen (1986), for example, stated that none of the 

general correlations for two-phase pressure drop is accurate. They attributed this 

to entrance effects and the inherent inaccuracy of the data used for making the 
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correlations. In addition, there are other factors that could contribute and 

influence the accuracy of pressure drop prediction. These factors include pipe 

diameter, operating pressure, development region from the injector and 

operating flow rates. Moreover, these correlations are not taking into 

consideration the effect of the entrainment which has a significant impact on 

pressure drop as reported by Fore and Dukler (1995) and Pan et al. (2015b). 

Most of these correlations do not consider the effect of the characteristics of the 

interface (e.g disturbance waves) on pressure drop (Wang et al., 2004). 

4.4.2. Two-phase pressure drop prediction using shear stress 

As discussed in Section 4.3, the frictional pressure drop is affected by the wall 

shear stress and interfacial shear stress. The frictional pressure drop  
  

  
 
 
 could 

be also calculated from shear stress using: 

 
  

  
 
 
 

  

 
                            (4.4) 

 where τ is either the wall shear stress (  ) or the characteristic shear stress (  ) 

Henstock and Hanratty (1976) used a characteristic shear stress for thin film by 

using the following expression (Equation 4.5):  

   
 

 
   

 

 
                           (4.5) 

Owen and Hewitt (1985) showed that the film velocity profile could be 

represented by the Universal Velocity Profile if the Henstock and Hanratty 

(1976) characteristic shear stress was used (Owen, 1986). In the current study, 
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the measured shear stress and the characteristic shear stress were used to 

calculate the frictional pressure, and hence the total pressure drop. The 

interfacial shear stress was estimated using the correlation proposed (Equation 

4.4) by Pan et al. (2015b). Figure 4.15 shows the comparison between the 

measured total pressure drop and the calculated total pressure drop for air/water 

system using both the wall shear stress and the characteristic shear stress. As can 

be seen, there is no much variation between the total pressure drop using the 

wall shear stress and the characteristic shear stress. This finding is similar to that 

reported by Henstock and Hanratty (1976) and the assumption by Hewitt (1982) 

that τw ≈ τi. Both methods were able to predict the total pressure drop of 

air/water system within ±10%.   

 

Figure 4.15: Comparison of the measured total pressure drop with the values 

calculated using measured wall shear stress and characteristic shear stress for the 

air/water system 
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The comparison between the measured total pressure drop and the calculated 

total pressure drop for air/silicone oil system using both the wall shear stress and 

the characteristic shear stress is shown in Figure 4.16. The wall shear stress was 

over predicting the total pressure drop within ±30%. However, the characteristic 

shear stress shows better prediction than wall shear stress within ±15%. The 

variation was calculated using relative error:  

                    
              

     
                              (4.6) 

 

Figure 4.16: Comparison of the measured total pressure drop with the values 

calculated using measured wall shear stress and characteristic shear stress for the 

air/silicone oil system 
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4.5. Summary 

The two-phase pressure drop results were analysed for air/water and air/silicone 

oil systems at gas superficial velocity ranging from 17.83 m/s to 35.66 m/s, and 

liquid superficial velocity ranging from 0.018m/s to 0.089m/s with water, and 

from 0.019m/s to 0.094m/s with silicone oil. From the results and discussion, the 

following could be summarised: 

 The existence of Annular flow regime in the current experiments was 

identified by meeting Wallis parameter (  
 ) and Kutateladze number 

(   ) criteria. 

 The average (mean) total pressure drop increases with increasing the gas 

and liquid superficial velocity for both air/water and air/silicone oil 

systems. 

 The total pressure drop of air/silicone oil system exhibits similar trend 

profile to the one obtained for the air/water system regardless of the 

liquid physical properties. 

 The change of viscosity and surface tension of the liquid phase has an 

impact on the total pressure drop where total pressure drop of air/silicone 

oil system is lower at low gas superficial velocity. Then, it keeps increase 

with increasing gas superficial velocity until it becomes greater than the 

total pressure drop of air/water system. The intercept point where the 

total pressure drop of air/silicone oil system exceeds that of air/water 

system, increases with increasing the liquid superficial velocities. 



Chapter 4                                          Two-phase Pressure Drop Measurements 

 

114 

 The droplet entrainment rate was calculated using Al-Sarkhi et al. (2012) 

correlation based on the comparison with some of existing correlations. 

The calculated entrainment rate of air/silicone oil system was higher 

compared to the calculated entrainment rate of air/water system. The 

difference in the calculated entrainment rate between both systems was 

related to the influence of viscosity and surface tension based on 

entrainment process method suggested by Sawant et al. (2008). 

 The interfacial shear stress was calculated using Pan et al. (2015b) 

correlation as it considers the characteristics of liquid film compared to 

existing correlations that deals with liquid as a type of pipe roughness. 

The calculated interfacial shear stress of air/silicone oil system was lower 

than that of air/water system.  

 The total pressure drop was predicted using different existing empirical 

correlations. Most of these correlations were under predict the total 

pressure drop for both air/water and air/silicone oil systems within ±50% 

relative deviation. 

 The total pressure drop was also predicted based on the calculated 

frictional pressure drop from the shear stress. Wall shear stress and 

characteristics shear stress suggest by Henstock and Hanratty (1976) 

were used. Both shear stresses were able to predict the total pressure drop 

of both systems. The calculated total pressure drop using both shear 

stresses were predicted within ±10% relative deviation for the air/water 

system and within ±30% for the air/silicone oil system.  
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CHAPTER 5 

LIQUID FILM THICKNESS 

MEASUREMENTS 

As discussed in Chapter 1, the current study focuses on finding the relationship 

between pressure drop, liquid film thickness and wall shear stress in an 

air/silicone oil system. The liquid film thickness is associated with waves (i.e 

disturbance waves) that affect both pressure drop and wall shear stress. The 

liquid film thickness measurement is crucial to study the behaviour of the gas 

and liquid film interface with a variation of gas and liquid superficial velocities. 

There is still a lack of experimental data on the effect of changing the physical 

properties of the liquid on the liquid film thickness and hence validation of the 

existing liquid film thickness correlations. In the current study, finding a liquid 

film thickness measurement technique which can operate with silicone oil is an 

important ambition. Most of the popular and widely used techniques were 

developed using water.  

In this chapter, the development of liquid film thickness measurement using the 

ultrasonic technique and the experimental results of the liquid film thickness for 

air/water and air/silicone oil systems are discussed. In Section 5.1, the 

development of the ultrasonic technique for measuring the liquid film thickness 

and the validation processes are presented. Section 5.2 discusses the effect of gas 

and liquid superficial velocity on liquid film thickness measurements. The effect 

of viscosity and surface tension on liquid film thickness measurements are 
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presented in Section 5.3. Finally, prediction correlations for liquid film thickness 

are compared with the measured liquid film thickness in Section 5.4.  

5.1. Development of liquid film thickness measurement 

using ultrasonic technique 

As discussed in Chapter 2, several techniques have been developed for liquid 

film thickness measurement in two-phase flow. Clark (2002) had reviewed these 

measurement techniques and found that different techniques encountered 

difficulties in recording accurate measurements when the film thickness was less 

than 10 mm. Commonly available and widely used measurement techniques are 

based on the fluid electrical properties (conductance measurement (Kang and 

Kim, 1992) or require transparent geometry (optical measurement (Yu et al., 

1996) or tracer chemicals (fluorescence measurement (Ng et al., 2009)). Many of 

the liquid film measurement techniques have been developed using water as a 

liquid phase by exploiting the advantage of its electrical properties (i.e 

conductivity). Therefore, the development of techniques that do not depend on 

the electrical characteristics of the liquid and can operate with a non-conducting 

medium such as oil are required. In this present study, silicon oil was used as the 

liquid phase as its physical properties resemble typical process liquids used in 

the oil and gas industry. This is an electrically non-conducting fluid.  
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In the present work, an ultrasonic pulse echo technique has been applied to 

measure the liquid film thickness where the signal is transmitted and received by 

the same transducer. It is a non-intrusive measurement technique that can easily 

be attached to different locations on the pipe and operates on opaque materials 

such as PVC and metals. The capability of the ultrasonic technique for 

measuring liquid film thicknesses in the range of 0.1 to 6 mm was examined for 

static films (on bench top experiments) as well as for films in annular flow in a 

cylindrical pipe. A frequency domain method was used for film thicknesses <0.5 

mm and the time of flight method was utilised for film thickness >0.5 mm. A 

new processing method called baseline removal method is proposed for film 

thickness <0.5 mm. The ultrasonic measurements were compared with a Multi 

Pin Film Sensor (MPFS) and a concentric conductance probe in both a 

downward and upward vertical flow rig using an air/water system to assess the 

accuracy and the applicability to dynamic films. 

5.1.1. Application of Ultrasonic Pulse Echo measurement 

Ultrasound measurements have been employed in many applications which 

cover different disciplines such as engineering, physics, and medicine. 

Ultrasound is a branch of acoustics with waves propagates at a frequency greater 

than 20 kHz, this is the upper limit of the human hearing (Cheeke, 2002). They 

are oscillations of pressure and require a medium to propagate through. Figure 

5.1 shows the frequency spectrum ranges for various ultrasonic processes.   
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Figure 5.1: Frequency spectrum ranges for various ultrasonic processes (Cheeke, 

2002). 

The ultrasonic pulse echo technique has been used by Park and Chun (1984) to 

investigate the effects of wall thickness, wall material, and ultrasonic frequency 

on liquid film thickness measurements. They have also compared the technique 

against theoretical calculations using a static film on plate and tube test sections. 

They concluded that the ultrasonic pulse echo technique can be used when the 

tube wall thickness (  ) is greater than the minimum given by Equation (5.1) 

because they found that the reflected signals are superimposed when the wall 

thickness is less than this limit. 

       
   

  
                          (5.1)  

where N is the number of cycles in one ultrasonic pulse,    is the speed of 

ultrasonic wave in the wall material and   is the frequency of ultrasonic wave.  
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They have also concluded that the acoustic impedance mismatch between the 

wall material and the liquid film is low enough to allow the signals to be 

transmitted into the liquid film, hence the reflected peak from the liquid film/air 

interface remains distinguishable. Lu et al. (1993) measured condensate film 

thicknesses using an ultrasonic pulse echo technique in a horizontal rectangular 

test section. They indicated that the ultrasonic method for measuring wavy film 

could be improved by increasing the data acquisition rate (frame/second). 

Serizawa et al. (1994) evaluated an ultrasonic measurement technique against a 

laser displacement gauge and impedance probe in stratified flow over a 

horizontal plate test section. They found an excellent agreement between the 

three measurement techniques. However, they indicated that the ultrasonic 

measurement has poor detection sensitivity due to the varying angle of the 

reflection interface. Chen et al. (2005) used the ultrasonic measurements to 

monitor the dynamic behaviour of condensing and non-condensing fluid films. 

They have proposed a new data processing method based on spectral analysis 

using a Fourier Transform method to measure film thicknesses from 50 to 

750µm. Ultrasonic techniques have also been employed in two-phase flow by 

many of researchers to identify the flow regimes include Wada et al. (2006), 

Masala et al. (2007), Murai et al. (2010), Baba Musa and Yueng (2016)  and 

Fachun et al. (2016). However, most of the research was performed using 

ultrasonic techniques to measure liquid film thicknesses greater than 1mm and to 

identify the flow regimes on a horizontal pipe using an air/water system.  
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5.1.2. Ultrasonic Theory 

Ultrasonic techniques operate by transmitting low amplitude, high-frequency 

acoustic waves through the system under investigation (Watson, 2015). 

Ultrasonic waves assume different wave types based on the medium through 

which they can propagate. These wave types are longitudinal, shear, surface 

(Rayleigh) and plate (Lamb). However, the longitudinal wave type only exists in 

fluids due to their densities being too low to support shear waves and no solid 

boundaries for surface or plate waves (Watson, 2015). Therefore, the only waves 

discussed in the current study are the longitudinal waves where the particle 

motion of the medium is in the same direction of the propagation of the wave. 

These waves are also known as compressional waves which are sinusoidal in 

nature. The characteristic parameters of the wave include the wavelength (λ) and 

the period (T) of a complete wave cycle with respect to time or distance are 

shown in Figure 5.2. 

 

Figure 5.2: Characteristics of an acoustic wave- the wavelength (λ) and the 

period (T) of a complete wave cycle. 
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The wave frequency (f ) is related to the period (T) of the complete cycle by the 

following equation (5.2): 

  
 

 
                             (5.2) 

where the frequency is measured in Hertz (Hz or s
-1

) and the period (T) of the 

complete cycle is measured in seconds (s).  

The wavelength (λ) is related to the frequency (f ), the speed of sound (c) and the 

period (T) by using equation (5.3): 

  
 

 
                             (5.3) 

where the speed of sound (c) is measured in meter/seconds (m/s) and the 

wavelength (λ) is measured in meters (m). The wavelength depends on the 

frequency where the relationship between them is inversely proportional. The 

frequency of the propagating wave is governed by the transducer that can be 

selected based on the measurement required.  

The speed of sound (c) at which the wave propagates in the medium is a function 

of the medium density (ρ) and adiabatic compressibility (k) or adiabatic bulk 

modules (B) which is given by equation (5.4) (Wood, 1941): 

  
 

   
  

 

 
                      (5.4) 

The speed of sound is affected by changes in the medium properties which are 

temperature dependent. Therefore, it is important to understand and know the 

effect of the temperature on the medium. In addition, the temperature fluctuation 
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should be monitored where acoustic measurements are being made in order to 

correct its effect on the speed of sound. More details about how the speed of 

sound of the medium is measured can be found in Povey (1997). 

5.1.2.1. Wave Propagation at an interface between two mediums 

When an ultrasonic wave propagates through the perpendicular interface of two 

mediums, part of the incident wave will be reflected back at the same velocity as 

the incident wave as shown in Figure (5.3). The other part will be transmitted 

into the second medium but at different velocity. The pressure reflection (R) and 

transmission (T) coefficients are used to determine the amplitudes of the 

transmitted and reflected waves, as well as the phase of the reflected wave. 

These coefficients are functions of the acoustic impedances of both mediums. 

The acoustic impedance of a medium (Z) is a function of density (ρ) and speed 

of sound (c) of the medium and can be defined as shown in equation (5.5): 

                            (5.5) 

The pressure reflection (R) and transmission coefficients (T) for a wave 

propagating through an interface at normal incidence are given by equations 

(5.6) and (5.7) respectively (Challis et al., 1998, Watson, 2015): 

  
     

     
           (5.6) 

  
   

     
           (5.7) 

where Z1 and Z2 are the acoustic impedance of medium1 and medium2 

respectively. 
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The reflection equation indicates that the reflection increases when the 

impedance mismatch increases. However, the reflection coefficient (R) is a 

function of the incident angle θ, and the reflected waves can change significantly 

with θ.  

 

Figure 5.3: Wave propagation at the interface of two mediums. 

 

5.1.3. Principle of Ultrasonic Pulse Echo 

Ultrasonic pulse echo technique can be used to calculate distances by measuring 

the time differences between transmitted and reflected pulses and knowledge of 

the speed of sound in the medium. This can be better demonstrated by studying a 

system consisting of three different layers as shown in Figure 5.4. These three 

layers are a solid wall, a liquid film and air where an ultrasonic transducer is 

attached to the solid wall. When an ultrasonic pulse is transmitted from the 

transducer, it will be partly reflected at the solid wall/liquid interface and 

received back by the same transducer as shown in Figure 5.4. The other part of 

the pulse will be transmitted through the liquid and then reflected back from the 
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liquid film/air interface to the transducer. The time of flight (∆t) of the ultrasonic 

wave through the liquid film can be determined by recording the time difference 

between the first reflected pulse at the solid wall/liquid film interface and the 

first reflected pulse at liquid film/air interface. The liquid film thickness (δ) as 

shown in Figure 5.5 can then be calculated from the measurement of the time of 

flight using the following equation (5.8):  

  
    

 
                                                      (5.8) 

where CL is the ultrasonic wave speed of sound in the liquid phase. This method 

is called the Time of Flight method (ToF). 

 

Figure 5.4: Schematic of pulse echo technique showing the two reflections of the 

ultrasonic pulse in a system consisting of three different layers (solid wall, liquid 

film and air). 
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Figure 5.5: Ultrasonic Reflected Signal showing the two reflections of the 

ultrasonic pulse and the time difference between them. 

 

Care must be taken to ensure the correct reflected pulse is used for calculations. 

Acoustic reverberations exist within the solid wall, but the liquid/air interface 

can be identified by varying the thickness of liquid layer. The time of flight 

method can only be used when the two reflected signals do not overlap in time. 

Therefore, the time of flight is useful for films having a thickness greater than 

half the pulse wavelength multiplied by the number of cycles in the pulse. This 

is approximately 0.45 mm for a water film while using a 5 MHz transducer with 

three cycles in the pulse. For a thin film thickness, less than 0.5mm, a frequency 

domain method developed by Chen et al. (2005) was used. The thin liquid film 

thickness was calculated using the following equation (5.9): 

  
  

   
                                     (5.9) 
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where f0 is the lowest frequency in the spectral data. As this cannot often be 

detected f0 is taken as half of the average interval distance between each pair of 

adjacent spectral peaks. The method of Chen et al. (2005) requires numerous 

signal processing steps to calculate f0 . First, a baseline signal is subtracted from 

the received signals. The baseline signal is a signal recorded from a film with 

infinite thickness. This contains only a single reflection from the wall/liquid 

interface which is located at the same position for all measurements made during 

the experiments. The remaining signal is then multiplied by a “flat top” window 

function. This was performed by a point-by-point multiplication. The center half 

of the signal was multiplied by one while both the beginning and end quarters 

were multiplied by coefficients which taper from one at the center to zero at the 

ends. The flat top function was used to improve the signal to noise ratio. The 

next step required the signals to be zero padded to ensure they contained a 

number of samples which is a power of two. This was performed to improve the 

efficiency of the following step which was to calculate the Fast Fourier 

Transform (FFT) of the signals. The FFT creates a power density spectrum, and 

the frequencies of the main spectral peaks were identified. The interval between 

each pair of adjacent spectral peaks was calculated and all intervals in a given 

spectrum were averaged. The average interval was divided by two to get f0, 

which was then used to calculate the layer thickness using Equation (5.9). An 

example of an overlapped waveform signal (a) and frequency spectrum after 

applying the frequency method (b) for a 0.2 mm liquid film thickness is shown 

in Figure 5.6 (a and b). From Figure 5.6 (a), it is difficult to distinguish between 

the reflected signals from the wall/liquid interface and liquid/air interface where 

both reflected signals are overlapped. Figure 5.6 (b) shows the frequency 
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spectrum of waveform signals after applying the frequency method where three 

main frequency spectrum peaks are obtained.  

 

(a)  

 

(b) 

Figure 5.6: Original overlapped reflected waveform signal (a) and frequency 

spectrum after applying frequency method (b) for a 0.2 mm liquid film thickness 
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In the current study, a new processing method called the baseline removal 

method is proposed in addition to the above methods. It was developed for 

scenarios where the transmitted and reflected signals are overlapped in time. As 

described above, the measurement is based on identifying the reflected signals 

from the wall/liquid interface and the liquid/air interface. When the reflected 

signal from the wall/liquid interface is removed using the baseline, the remaining 

reflected signal will be from the liquid/air interface. Then, the time of flight 

method (Equation (5.8)) can be used to calculate the difference between the first 

peak from the wall/liquid interface and the first peak from the remaining 

waveform after removing the baseline. This processing method is evaluated by 

comparing the results with the frequency method using static measurements and 

the results from a concentric probe (Zhao et al., 2013) on the upward vertical 

annular flow test facility. 
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5.1.4. Baseline removal method 

 

Figure 5.7: Diagram of the expected ultrasound wave paths for the three layers, a 

solid wall, a liquid film and air (Challis et al., 1998). 

The measurement of the film thickness using a Time of Flight method by 

Equation (5.8) depends on identifying the first wall/liquid film reflected signal 

and the first liquid film/air reflected signal. When the liquid film is less than 

0.5mm, the first liquid film/air reflected signal will overlap in time with the first 

wall/ liquid film reflected signal. This makes the two reflected signals interfere 

with each other and results a new reflected signal. However, there is a time 

difference between the two reflected signals where the first wall/liquid film 

reflected signal will always arrive before the first liquid film/air reflected signal 

even if they are overlapped by a factor of time required for the wave to 

propagate through the liquid film and reflect from the liquid film/air interface as 

shown in Figure 5.7. From Figure 5.7, the first wall/liquid film reflected signal 

arrives after the wave propagates through the wall and reflects from the 



Chapter 5                                                Liquid Film Thickness Measurements 

 

130 

wall/liquid interface. In contrast, the first liquid film/air reflected signal arrives 

after the wave propagates through the wall and the liquid film and reflects from 

the liquid film/air interface. Therefore, the difference between the two reflected 

signals is the time taken by the wave to propagate through the liquid film twice. 

As an example, if the minimum liquid film thickness (L) is 0.1mm, this means 

the time difference between the two reflected signals will be equal to the time 

required for 0.2mm (2L). This can be demonstrated from the example given in 

Figure 5.8 which shows two different silicone oil film thickness waveforms 

(0.5mm (Blue line) and 0.6mm (Red line)). This is a 0.1mm different of film 

thickness between the two waveforms. In Figure 5.8, the amplitude of the two 

waveforms is plotted against the time in the same figure. It can be observed that 

there is a time difference between the two measurement points by the 

approximate time interval of 2L which is equal to 0.213µs.  

 

Figure 5.8: Two measurement waveforms with 0.1 mm different liquid film 

thickness. The first wall/liquid film signal is identical for both two measurement 

waveforms (0.5mm (Blue line) and 0.6mm (Red line)).  
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The first reflected wall/liquid film signal is always the same in terms of 

amplitude and location for all measurement waveforms across the measurement 

recording time. This was observed by plotting different measurement waveforms 

over each other as shown in Figure 5.8. However, in order to achieve this, the 

wall and liquid temperature should not be varying across the measurement 

recording time. In addition, the transducer position should be kept fixed and 

vibrations within the test section should be avoided.  

As discussed and demonstrated from Figure 5.8, the time required by the 

waveform to propagate through a 0.1mm liquid film thickness is 0.213µs. In 

addition, the first wall/liquid reflected signal across the measurement time is 

identical for all the measurements. In order to evaluate the baseline removal 

method, Figure 5.9 shows an example of the baseline removal method for a 

silicone oil film thickness of 0.1 mm. In Figure 5.9, the amplitude of three 

signals is plotted in the same figure with respect to time. The three signals are 

original unprocessed overlapped signal (Red line), Baseline signal (Black line) 

and signal after subtracting the baseline signal (Blue line). As discussed at the 

end of section 5.1.3, the baseline removal method is based on subtracting the 

baseline signal from any overlapped signals to identify the first reflected 

liquid/air signal.  Then, the time of flight through the film was calculated by 

measuring the time difference between the first peak from the wall/liquid 

interface from the baseline signal and the first peak from the remaining reflected 

peak after removing the baseline. Then, the film thickness was calculated using 

equation (5.8). From Figure 5.9, it can be observed that the time difference 

between the two reflected signals is 0.213 µs which is the same as demonstrated 

in Figure 5.8. The second observation is the identified first liquid film/air signal 
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consists of three cycles similar to the liquid film/air reflected signal from the 

thicker film as shown in Figure 5.8.  

 

Figure 5.9: Ultrasound signals illustrating the baseline removal method for a film 

thickness of 0.1 mm. Original unprocessed signal (Red line), Baseline (Black 

line) and Signal after subtracting baseline (Blue line). 

 

5.1.5. Ultrasonic Validation for film thickness measurement 

The ultrasonic pulse-echo technique was validated using static and dynamic 

measurements. In the static measurements, the ultrasonic technique was 

validated using a benchtop experiment using water and silicone oil (4.4 cP). The 

ultrasonic technique was also validated against two other well-known 

measurement techniques based on conductance measurements using an air/water 

system under dynamic conditions. Each method of validation will be discussed 

in detail in the following subsections. 
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5.1.5.1. Static measurement setup 

The ultrasonic technique was validated using silicone oil (4.4 cP) as shown in 

the schematic diagram in Figure 5.10. The validation was for static conditions 

with film thicknesses between 0.1 mm and 6 mm. A cylindrical test section 

made of acrylic resin Perspex (Internal Diameter = 24.8 mm, wall thickness=5 

mm and Height= 20 mm) was used. A Technisonic transducer model IPM-0502-

HR 5MHz was used for these experiments. This was located in the centre of the 

bottom external surface of the test section. The diameter of the test section was 

measured using a digital caliper with an accuracy of +/-0.01 mm, and the volume 

was measured using a Gilson's Pipetman Classic with an accuracy of +/-2 µL. In 

the current study, a US-KEY (Lecoeur Electronique) was used as the transmitter, 

receiver, and digitiser. This was operated via LabVIEW. The received signals 

were recorded and processed using MATLAB to calculate the film thicknesses. 

The US-KEY is light, easy to install and does not require a separate power 

supply. The thickness of the film measured by the ultrasonic technique was 

compared with those calculated theoretically using equation (5.10): 

    
 

 
                        (5.10) 

where δth is theoretical liquid film thickness, V is the volume and A is the cross-

sectional area. 
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Figure 5.10: Schematic Diagram of the static experiment using a cylindrical test 

section.  

 

The film thickness measurement using the US-KEY (Setup2) was validated and 

compared with the conventional setup (Setup1) as shown in Figure 5.11. In the 

conventional setup, an Ultrasonic Pulser Receiver (UPR) was used as a 

transmitter and receiver with an oscilloscope as a digitiser. Both setups achieved 

the same results with an absolute error in film thickness measurement within 

±0.0004 mm as shown in Figure 5.12. 
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Figure 5.11: Ultrasonic measurement setups 

 

Figure 5.12: Comparison results between Ultrasonic measurement setups. 
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Silicon oil with 4.4 cP viscosity was used as it is the same liquid that will be 

used in the upward annular flow test facility  and can generate film thicknesses 

less than 1 mm. It was difficult to generate thin films less than 1 mm using water 

due to surface tension effects. The speed of sound of the silicone oil at 

temperatures ranging between 10 and 45   at atmospheric pressure was 

measured using a TF instruments RESOSCAN as shown in Figure 5.13. Figure 

5.13 shows the relationship between the silicone oil speed of sound and the 

temperature.  These measurements were required to account for any temperature 

effects on the liquid film thickness measurements that is expected in the current 

experiments. The measurement of silicone oil speed of sound was repeated three 

times during heating and cooling and the maximum speed of sound coefficient of 

variation was within 0.02%. The coefficient of variation is defined as the ratio of 

the standard deviation to the mean. The silicone oil speed of sound can be 

calculated using the following equation (5.11) based on repeated measurements 

obtained using the TF instruments RESOSCAN. 

                                                             (5.11) 

where T is the temperature in degrees Celsius. This equation is valid for 

temperature range 10-45
o
C at atmospheric pressure.  
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Figure 5.13: Speed of Sound of silicone oil (4.4 cP) for temperature range 10-

45
o
C at atmospheric pressure. 

The RESOSCAN measurement was validated by measuring the speed of sound 

of distilled water for temperature range 10-45
o
C at atmospheric pressure and 

comparing with those available in the literature (Equation 5.12) as shown in 

Figure 5.14. The relative deviation between RESOSCAN and Equation 5.12 was 

±0.04%. The speed of sound of distilled water (Figure 5.14) at a known 

temperature for the experiments was calculated using equation (5.12) (Bilaniuk 

and Wong, 1993). 

                                                

                                                      

(5.12) 

where T is the temperature in degrees Celsius. This equation is valid for 

temperature range 0-100
o
C at atmospheric pressure.  
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Figure 5.14: Comparison of water speed of sound measurement using 

RESOSCAN with literature Bilaniuk and Wong (1993) equation). 

 

Distilled water was also used to validate the film thickness measurements with a 

different test rig using a rectangular tank made of acrylic resin Perspex (width= 

110 mm, length = 200 mm, wall thickness=5 mm and Height= 50 mm). The US-

KEY and a Technisonic transducer model IPM-0102-HR 1MHz were used. The 

same method of validation with silicone oil was followed with distilled water. 

This was used to validate the ultrasonic technique for film thickness greater than 

2 mm up to 6 mm and was also capable of investigating the effect of inclination 

angle (incident wave angle) on measurement capability. The ultrasonic 

measurement is affected by the incident wave angle where it has poor detection 

sensitivity due to the varying angle of the reflection interface according to 
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Serizawa et al. (1994). The angle was adjusted by lowering the test rig from one 

side. This angle was measured using a clinometer digital measurement. The 

other end of the test rig was fixed with a pivot joint where the test rig could be 

easily tilted. These experiments were performed on a film with a 6mm thickness. 

The effect of inclination angle will be discussed in section 5.1.5.3.  

5.1.5.2. Static measurement results 

Figure 5.15 and Figure 5.16 show the comparisons of the mean film thicknesses 

of silicone oil and water obtained by the ultrasonic methods and theoretical 

calculations (Equation 5.10). For both experiments, the test was repeated three 

times to understand variability at temperature 20
o
C ± 0.2

o
C. The maximum 

standard deviation error of the mean at each measurement point between 

repeated tests was 0.03 mm for both fluids. The time of Flight method was used 

for film thicknesses greater than 0.5 mm. Both frequency and baseline removal 

methods were used for film thicknesses less than 0.5 mm. The standard deviation 

error was calculated by dividing the standard deviation by the square root of 

number of repeated points. 
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Figure 5.15: Ultrasonic pulse echo validation results for different processing 

methods against theoretical calculations (Equation 5.10) using silicone oil with 

maximum standard deviation error of 0.03 mm. 

 

From Figure 5.15, the ultrasonic technique shows good agreement with the 

theoretical results (Equation 5.10). The comparison of the mean film thicknesses 

of water obtained by the ultrasonic technique and theoretical calculation 

(Equation 5.10) are shown in Figure 5.16. The measured values in Figure 5.16 

for thinner films (2mm and 3mm) are slightly deviated from the calculated value 

by maximum relative deviation of 2% due to an error in volume, the speed of 

sound and temperature measurements in laboratory conditions. However, it 

should be noted that there is a better agreement when the film thickness 

increases. This is due to the improved accuracy of the volume measurements of 
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the liquid. In general, the ultrasonic results show good agreement with values 

obtained theoretically (Equation 5.10) taking potential measurement errors into 

account. 

 

Figure 5.16: Ultrasonic pulse echo validation results for the time of flight 

method against theoretical calculations (Equation 5.10) using water with 

maximum standard deviation error of 0.03mm. 

 

The film thickness measurements between 0.1 mm and 0.5 mm were calculated 

using the frequency domain and baseline removal methods. Figure 5.17 shows 

the results of film thickness measurement from the frequency domain and 

baseline removal methods against the film thickness measurement from 

theoretical calculations (Equation 5.10). Both processing methods showed good 

agreement. However, the baseline removal method requires less computational 

processing compared to the frequency method as discussed in Section 5.1.3. 
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Figure 5.17: Ultrasonic pulse echo validation results in silicone oil for the 

frequency domain and baseline removal methods. These are compared to 

theoretical calculations (Equation 5.10) based on the volume of fluid added. 

 

5.1.5.3. Effect of Inclination Angle on Ultrasonic Measurement 

As discussed before, the reflected waves are affected by the angle of the incident 

waves which was highlighted as a problem by Serizawa et al. (1994). Therefore, 

the effect of the variation of the incident wave angle (inclination) was 

investigated up to 4 degrees. This angle was the upper limit because the liquid 

was completely removed from the sensor above 4 degrees. This was performed 

using the rectangular test rig at a 6mm liquid film thickness and a 1 MHz 

transducer instead of 5 MHz.  The detection of the reflected signal from the 

liquid film/air interface depends on the transducer diameter according to 

Serizawa et al. (1994) and both transducers used in this work have the same 
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diameter. A wider transducer diameter will capture more reflected signal 

compared to a narrow transducer diameter. Figure 5.18 shows that the amplitude 

of the reflected signal decreased as the inclination angle increased because some 

of the reflected signals are not received by the transducer. It was also  observed 

that as the inclination angle increased, the measured time of flight reduced 

affecting the film thickness measurements. This is in agreement with the 

observations of Serizawa et al. (1994). Serizawa et al. (1994) used an inclined 

solid surface placed in water to simulate the reflection interface. In the current 

study, the effects of inclination angle will be less as the liquid film thickness is 

thin and less than 1mm and the transducer will be able to capture most of the 

reflected signals.  

 

Figure 5.18: Effects of inclination angle on the captured ultrasonic signal. The 

decreasing amplitude of the captured signal with the increasing inclination angle 

is clearly shown. 
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5.1.5.4. Dynamic measurement setup 

The capability of the ultrasonic pulse echo technique to measure film thicknesses 

in the flowing test facilities was evaluated by comparing its output signal with 

other measurement techniques. It was evaluated against a Multi Pin Film Sensor 

(MPFS) using the falling film annular flow test facility (Figure 3.1) at different 

liquid Reynolds numbers (   ) ranging from 618 to 1670.      is defined as:   

    
      

  
 

    

    
                                      (3.1) 

    
  

   
                                               (3.2) 

where    is liquid density,     is liquid superficial velocity,    is liquid 

volumetric flowrate, D is pipe internal diameter and    is the dynamic liquid 

viscosity. The length scale used to calculate the liquid Reynolds number is the 

mean liquid film thickness. It was also evaluated against a concentric 

conductance probe on the upward vertical annular flow test facility (Figure 3.4). 

The experiments were conducted for gas superficial velocity ranges from 17.83 

m/s to 35.66 m/s and liquid superficial velocity 0.089 m/s with water at 

atmospheric conditions. The test facilities and the measurement techniques with 

their calibration were described in Chapter 3.  
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5.1.5.5. Dynamic measurement results 

Falling films 

During the falling film annular flow experiments using water, the film thickness 

measurements were in agreement between the ultrasonic technique and the Multi 

Pin Film Sensor (MPFS) at different liquid Reynolds numbers. Both 

measurement techniques were able to measure the variation in the liquid film 

thickness as shown in Figures 5.19 and 5.20. Figures 5.19 and 5.20 show the 

instantaneous measurement of the liquid film thickness at liquid Reynolds 

number 618 using ultrasonic and MPFS techniques respectively. There is a 

spatial separation of 300 mm between the two sensors.     

 

Figure 5.19: Instantaneous variation of the film thickness using Ultrasonic 

technique at liquid Reynolds number 618. 
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Figure 5.20: Instantaneous variation of the film thickness using MPFS at liquid 

Reynolds number 618. 

The film thickness measurements of both techniques were statistically analysed 

using Power Spectral Density (PSD). The Power Spectral Density (PSD) was 

obtained using Welch’s method in the MATLAB software. In the Welch’s 

method, the time series signal is divided into small overlapping segments where 

spectrum analysis using a FFT is computed for each segment. Then, the 

averaging spectral estimate for all segments is obtained. In the current analysis, 

the length of each segment is 500 with 50% overlap between them. The power 

spectral density of both techniques for different Reynolds numbers ranged from 

618 to 1670 are shown in Figure 5.21. Both techniques were able to measure the 

variation of the film thickness frequency and agreed with each other. The film 

thickness exhibits a frequency ranging from 5 Hz to 8 Hz and generally 

increased with increasing the liquid Reynolds number.  
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Figure 5.21: Power Spectral Density (PSD) of the film thickness measurements 

using MPFS and ultrasonic techniques at different liquid Reynolds numbers. 

 

Applying the frequency domain method in wavy films is challenging and results 

in many spectral peaks requiring significant post processing and leading to 

unreliable results as indicated in Figure 5.22. This was checked by comparing 

the time of flight results at film thickness equal to 0.5 mm with the results 

obtained by the frequency domain method. The frequency domain method gives 

a higher value which was 0.8 mm. Further development is required to enhance 

the capabilities of the frequency domain method to operate on wavy films.  The 

data obtained by the frequency domain method was rejected in the current 

comparisons between the ultrasonic technique and the MPFS. Instead, the 

baseline removal and time of flight methods were used in calculating the 

instantaneous film thickness. 



Chapter 5                                                Liquid Film Thickness Measurements 

 

148 

 

Figure 5.22: Spectrum Wavy Signal results after applying the frequency method 

where many spectral peaks are appearing. 

 

In terms of the mean film thickness, the data obtained by the ultrasonic 

measurements showed good agreement with the Multi Pin Film Sensor (MPFS) 

with a relative deviation less than ±5% between them. This highlights the 

potential of the technique as shown in Figure 5.23. Figure 5.23 shows the 

comparison of mean liquid film thickness measurements between the MPFS and 

the ultrasonic measurements at different liquid Reynolds numbers. Both 

techniques show the expected trend where the measured film thickness increased 

as the liquid Reynolds number increased.  
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Figure 5.23: Mean film thickness between Ultrasonic and MPFS using water 

with a relative deviation less than ±5% between them. 

 

Upward annular flow 

In the upward vertical annular flow experiments, the time series measurements 

of film thickness by the ultrasonic technique showed similar trends to that 

measured by the concentric conductance probe (Described in Chapter 3) for the 

same experimental parameters. Both measurements techniques were able to 

measure the variation in the liquid film thickness as shown in Figures 5.24 and 

5.25. Figures 5.24 and 5.25 show the capability of both techniques to measure 

the instantaneous film thickness in upward vertical annular flow at a liquid 

superficial velocity of 0.089m/s and gas superficial velocity of 35.66 m/s. There 

is a spatial separation of 70 mm between the two sensors. The film thickness 

measurements recorded using the ultrasonic technique were calculated using the 
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baseline removal and time of flight methods. This was performed to check the 

capability of baseline removal method for measuring film thicknesses less than 

0.5 mm on a flowing test facility. 

The power spectral density of both techniques at a liquid superficial velocity of 

0.089 m/s and different gas superficial velocities ranging from 17.83 to 35.66 

m/s are shown in Figure 5.26. Both techniques were able to measure the 

variation of the film thickness frequency and agreed with each other. The film 

thickness frequency increases with increasing gas superficial velocities which 

varies from 7 Hz to 18 Hz.  

 

 

Figure 5.24: Instantaneous variation of the film thickness using the ultrasonic 

technique at water and gas superficial velocities of 0.089 m/s and 35.66 m/s 

respectively. 
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Figure 5.25: Instantaneous variation of the film thickness using the concentric 

conductance probe at water and gas superficial velocities of 0.089 m/s and 35.66 

m/s respectively. 

 

Figure 5.26: Power Spectral Density (PSD) of the film thickness measurements 

using the concentric probe and ultrasonic technique at different gas superficial 

velocities and water superficial velocity of 0.089 m/s. 
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The ultrasonic technique and concentric conductance probe technique also 

showed excellent agreement in term of the mean film thickness measurement 

with a relative deviation less than ±5% between them. Both techniques showed 

the expected trend where the measured film thickness decreased as the gas 

superficial velocity increased at fixed liquid superficial velocity (Figure 5.27). 

 

 

Figure 5.27: Mean film thicknesses measured using ultrasonic and concentric 

conductance techniques at water superficial velocity of 0.089 m/s with a relative 

deviation less than ±5% between them. 
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Both static and dynamic measurements show the capabilities of the ultrasonic 

technique for measuring thin film thicknesses using different signal processing 

methods. It also highlights the capability of the baseline removal method for 

measuring the film thickness when the reflected signals were overlapped in time. 

Increasing the data acquisition rate can improve the temporal resolution of 

measured film thicknesses. More data points will allow a more accurate 

calculation of the mean film thickness. Hence, characteristics of the 

instantaneous liquid film could be better identified in the flowing test facility. 

The current ultrasonic measuring system has a data acquisition rate of 500 Hz, 

(500 frames/s). It is higher than other systems used by previous researchers 

including Park and Chun (1984), Lu et al. (1993), Serizawa et al. (1994) and 

Chen et al. (2005).  

5.2. Effect of gas and liquid superficial velocity on liquid 

film thickness 

The mean liquid film thickness is influenced by gas and liquid superficial 

velocities as shown in Figure 5.28 for an air/water system using the upward 

vertical annular flow test facility. The mean liquid film thickness increases with 

increasing the liquid superficial velocity due to an increase in the liquid volume. 

On the other hand, the mean liquid film thickness decreases with increasing the 

gas superficial velocity due to the increase of interfacial shear force and hence 

the entrainment rate (Sawant et al., 2008).  This observation was also reported by 

previous researchers such as Fukano and Furukawa (1998), Belt et al. (2010), 

Zhao et al. (2013). Ju et al. (2015) reported that the liquid film thickness is 
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affected by the ratio of inertia force and surface tension of both gas and liquid 

through the Weber number. Hence this effect is related to the entrainment rate 

which is influenced by these forces as discussed in Chapter 4. 

 

Figure 5.28: Effect of gas and liquid superficial velocity on the mean film 

thickness of air/water system. 

 

In addition, the increase of the gas superficial velocity leads to the reduction in 

the disturbance wave height as shown in Figure 5.29 for a water superficial 

velocity of 0.089 m/s and gas superficial velocity of 17.83 m/s and 35.66 m/s.  

Sawant et al. (2008) and Pan et al. (2015a) presented similar behaviour.  
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Figure 5.29: Effect of gas superficial velocity on the disturbance wave height of 

an air/water system for a water superficial velocity 0.089 m/s and gas superficial 

velocity of 17.83 m/s and 35.66 m/s. 

 

The previous researchers related the reduction of the liquid film thickness to the 

increase of entrainment rate, and when the entrainment rate reaches nearly 

steady state, there will be less effect on the film thickness (Sawant et al., 2008, 

Al-Sarkhi et al., 2012). On the other hand, the effect of the increase in the 

entrainment rate could be related to the reduction in the disturbance wave height 

due to the increase of the interfacial shear force on the air/liquid interface and 

making the interface smooth as the gas superficial velocity increases. This 

indicates that the mean liquid film thickness decreases as the disturbance wave 

height decreases. When the interface becomes smooth, there will be no further 

reduction in the mean film thickness, and the entrainment rate reaches steady 

state. 
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The air/silicone oil system shows similar behaviour to the air/water system when 

the gas and liquid superficial velocity increases as shown in Figure 5.30. The 

mean film thickness of silicone oil decreases with increasing gas superficial 

velocities and rises with increasing liquid superficial velocities. Also, the 

increase of the gas superficial velocity leads to the reduction in the disturbance 

wave height as shown in Figure 5.31 at a silicone oil superficial velocity of 

0.094 m/s and gas superficial velocity of 17.83 m/s and 35.66 m/s.  This 

indicates that the liquid film thickness of the air/silicone oil system behaves 

similar to that observed in the air/water system with changing the gas and liquid 

superficial velocities regardless of different liquid properties. 

 

Figure 5.30: Effect of gas and liquid superficial velocity on the mean film 

thickness of air/silicone oil system. 
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Figure 5.31: Effect of gas superficial velocity on the disturbance wave height of 

an air/silicone oil system for a silicone oil superficial velocity of 0.094 m/s and 

gas superficial velocity of 17.83 m/s and 35.66 m/s. 

 

5.3. Effect of viscosity and surface tension on liquid film 

Figure 5.32 shows the comparison between the mean liquid film thickness for  

an air/water system and an air/silicone oil system respectively for different liquid 

superficial velocities. When comparing the results from the air/water system 

with the air/silicone oil system, there is a slight difference between the two 

systems which is within the accuracy of the measurement of ±5% as per the 

comparison between the ultrasonic measurement and the conductance 

measurement by concentric probe and MPFS. According to the study by Fukano 

and Furukawa (1998), the liquid film thickness increases as the liquid viscosity 

increases and the mean liquid film thickness decreases asymptotically when the 
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gas superficial velocity increases regardless of the magnitude of viscosity and 

liquid superficial velocity. However, the surface tension in their study was close 

to the water surface tension where its effect was negligible.  

The difference between the mean film thickness of the air/water system and the 

air/silicone oil system keeps reducing as the gas superficial velocity increases 

until it is almost the same and close to each other. This difference could be 

related to the increase in the entrainment rate as shown and discussed in chapter 

4.  

 

Figure 5.32: Effect of viscosity and surface tension on mean film thickness at 

water superficial velocity of 0.018m/s, 0.054m/s and 0.089m/s and silicone oil 

superficial velocity of 0.018m/s, 0.056m/s and 0.094m/s. 
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5.4. Prediction of the mean liquid film thickness 

The importance of the liquid film thickness and its effect on the pressure drop 

and interfacial shear stress in annular two-phase flow is reflected in a large 

number of correlations to predict it in the literature. The liquid film thickness 

correlations suffer from the same issues as other predicting correlations for 

pressure drop as discussed in Chapter 4. Berna et al. (2014), Ju et al. (2015) and 

Pan et al. (2015a) have evaluated some of the available correlations, and they 

concluded that these correlations have large relative errors or are limited to the 

range of the experimental data used to develop them. They have proposed new 

correlations to predict the liquid film thickness. 

The mean liquid film thickness results using the upward annular flow test facility 

were compared with some of the existing correlations. These correlations were 

the one summarised by Azzopardi (2006) and the new correlations proposed by 

Berna et al. (2014), Ju et al. (2015) and Pan et al. (2015a) as shown in Table 5.1. 

The selection was based on those most widely used or ones incorporating the 

effects of viscosity and surface tension. 
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Reference Correlation 

Ambrosini  

(Azzopardi, 2006, 

Berna et al., 2014) 

  
  

    
 

  
  

        
              

          
                

  

     
  

  
 ,                   

     

  
 

Fukano and Furukawa 

(Fukano and Furukawa, 

1998) 

 

 
                   

       
          

    
   

   
    

     

           
 

Kosky and Staub (1971)  

(Azzopardi, 2006)   
  

    
 

  
  

         
            

          
                    

          
                

  

Henstock (Henstock and 

Hanratty, 1976) 
 

 
 

     

            
   

 

     
   

   
   

   
   

  
  

  
   

  
    

Berna (Berna et al., 

2014) 
 

 
         

        
     

   

   
 
    

     
   

   
   

Pan (Pan et al., 2015a)  

 
        

       
     ,     

      

  
 

Ju (Ju et al., 2015)  

    
              

       
          

      

                
   

     
  

 
 
       

  
 

   

 

    
  

     
 

        

  ,     
     

  

 
 

Table 5.1: Summary of the correlations for predicting the liquid film thickness 
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Figure 5.33 and Figure 5.34 show the comparison of measured liquid film 

thickness with predicted correlations for different gas superficial velocity and 

liquid superficial velocity of 0.089m/s for an air/water system and 0.094 m/s for 

an air/silicone oil system. As observed from Figure 5.33 and Figure 5.34 for 

air/water and air silicone oil systems, none of the correlations was able to predict 

the liquid film thickness, and most of them over predicted. This finding is not 

surprising and similar to the finding by Berna et al. (2014), Ju et al. (2015) and 

Pan et al. (2015a) where most of the correlations they evaluated were over 

predicting. In addition, none of them agrees with each other, and all of them 

show the same trend profile where the film thickness decreases as the gas 

superficial velocity increases. An example of the results obtained for the 

correlations evaluated by Berna et al. (2014) is shown in Figure 5.35. From 

Figure 5.35, it is clear that none of the correlations was able to predict the 

measured liquid film.  

All of the correlations have used constants which were based on their experiment 

results and a trial and error basis. As an example, Fukano and Furukawa (1998) 

stated that their correlation was based on trial and error. These constants might 

be the cause of the variation between the correlations. Most of these correlations 

have been modified by other researchers and resulted in them proposing new 

correlations. Azzopardi (2006)  indicated that the need for physical constants 

derived from experimental data should be minimised.  
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Figure 5.33: Comparison of measured liquid film thickness with predicted 

correlations for different gas superficial velocity and liquid superficial velocity 

of 0.089m/s for air/water system. 

 

Figure 5.34: Comparison of measured liquid film thickness with predicted 

correlations for different gas superficial velocity and liquid superficial velocity 

of 0.094m/s for air/silicone oil system. 
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Figure 5.35:  The example of the results obtained for the correlations evaluated 

by Berna et al. (2014) for air/water system.  

As discussed above, the film thickness is affected by superficial velocity, density 

and viscosity of both liquid and gas phases, pipe diameter, entrainment and 

surface tension. Therefore, any model should include the effect of all these 

parameters to predict the film thickness close to the experimental data with 

efforts to minimise the physical constants derived from the experimental data. 

There will still be variation between the prediction and the measurements 

because of the entrance effect and the accuracy of the measurement devices. The 

acceptable variation limit depends on the importance of the liquid film thickness 

measurement to the process industry. An effort was made to get a model to fit 

current experiment data which is a modified version of Ju et al. (2015) as it 

showed a similar trend to current experimental data for an air/water system.  
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The modification was made to the gas Weber number [
     

  

 
 
       

  
 
   

instead 

of  
     

  

 
 
       

  
 
   

] and introduced a new dimensionless parameter (Film 

Reynolds number, Relf^-0.05) and surface tension ratio between liquid surface 

tension (  ) and water surface tension (  ) as shown in Equation (5.13): 

 

    
              

       
          

        
       

  

  
 
    

                          (5.13) 

    
   

     
  

 
 
       

  
 
   

                      (5.14) 

                                             (5.15) 

The new model can predict current experiment data within ±15% for air/water 

and air/silicone oil systems. Further work in the future is still required to 

introduce a model that can fit any experimental data with less dependency on 

physical constants derived from the experimental data.  
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5.5. Summary 

The liquid film thickness results were analysed for air/water and air/silicone oil 

systems at gas superficial velocities ranging from 17.83 m/s to 35.66 m/s, and 

liquid superficial velocities ranging from 0.018m/s to 0.089m/s with water, and 

from 0.018m/s to 0.094m/s with silicone oil. From the results and discussion, the 

following could be summarised: 

 The development of ultrasonic pulse-echo technique to measure the 

liquid film thickness was presented using static and dynamic conditions.  

 Different processing methods of ultrasonic signals were utilised to 

calculate the liquid film thickness. A new processing method was 

suggested for film thickness less than 0.5 mm. 

 The ultrasonic technique was compared against liquid film thicknesses 

calculated using theoretical calculation (Equation 5.10) based on a 

knowledge of liquid volume and the area of the test bench top. Both 

measurements showed good agreement with each other. 

 The ultrasonic technique was also compared against two other 

measurement techniques (Multi-Pin Film Sensor and concentric probe) 

based on conductance measurements. The relative deviation between 

ultrasonic and the other two techniques was within +/-5%. 
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 The average (mean) liquid film thickness decreases with increasing  gas 

and liquid superficial velocity for both air/water and air/silicone oil 

systems. 

 The liquid film thickness of air/silicone oil system shows similar trend 

behaviour to the ones obtained for the air/water system regardless of the 

liquid physical properties. 

 The change of viscosity and surface tension of the liquid phase has a 

slight effect on the mean liquid film thickness where this effect is almost 

negligible at high gas superficial velocity regardless of liquid superficial 

velocity. 

 Different correlations to predict liquid film thicknesses were used. None 

of these correlations was able to predict the liquid film thickness for both 

air/water and air/silicone oil systems. 

 A new correlation (Equation 5.13) is proposed which is a modified of Ju 

et al. (2015) correlation. The proposed correlation was able to predict 

current experimental data with ±15% for both air/water and air/silicone 

oil systems.   
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CHAPTER 6  

WALL SHEAR STRESS MEASUREMENTS 

The wall shear stress plays a significant role in the prediction of the pressure 

drop measurement and the liquid film velocity profile in annular two-phase flow 

(Hewitt and Hall-Taylor, 1970, Alekseenko et al., 1994, Azzopardi, 2006). The 

wall shear stress has a direct impact on the frictional pressure drop. The 

importance of the wall shear stress is reflected by the number of the 

measurement techniques that were developed due to the difficulty to measure it 

as discussed in Chapter 2. The waves in the interface between the gas and liquid 

film affect the interfacial shear stress, hence the wall shear stress. Understanding 

the relationship between the pressure drop, the wall shear stress and the liquid 

film will help to develop models for predicting one of these parameters. In the 

current study, the wall shear stress was measured using commercial glue on 

flush mounted hot film probe from Dantec dynamics (Dantec 55R47). The wall 

shear stress measurements were conducted for air/water and air/silicone oil 

systems between gas superficial velocities ranging from 17.83 m/s to 35.66 m/s, 

and liquid superficial velocities ranging from 0.018 m/s to 0.089 m/s with water, 

and from 0.018 m/s to 0.094 m/s with silicone oil. 

In this chapter, the experimental results of the two-phase wall shear stress using 

a hot film probe for air/water and air/silicone oil systems are presented. Section 

6.1, discusses the effect of gas and liquid superficial velocity on two-phase wall 

shear stress. Viscosity and surface tension influence on the wall shear stress is 

presented in Section 6.2. The prediction of the wall shear stress using the 
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frictional pressure drop and the triangular relationship was compared to the 

measured wall shear stress in Section 6.3. Finally, the relationship between the 

wall shear stress, liquid film thickness, and pressure drop is discussed in section 

6.4. 

6.1. Effect of gas and liquid superficial velocity on wall 

shear stress 

The gas and liquid superficial velocity influence the wall shear stress as 

illustrated in Figure 6.1 for an air/water system between gas superficial 

velocities ranging from 17.83 m/s to 35.66 m/s and water superficial velocities 

ranging from 0.018m/s to 0.089m/s. The results in Figure 6.1 show that the 

average (mean) wall shear stress increases when the gas and liquid superficial 

velocity increases. These experimental trends and behaviour in a vertical upward 

annular flow were reported by previous researchers including Owen (1986), 

Govan et al. (1989) and Wolf (1995). 
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Figure 6.1: Effect of gas and liquid superficial velocity on the mean wall shear 

stress for an air/water system. 

The liquid film in the annular flow is associated with disturbance waves that 

contribute to the wall shear stress as they are the main cause of entrainment that 

enhances the liquid film velocity when deposited back into the liquid film. When 

the liquid superficial velocity increases, the frictional force on the wall increases 

leading to an increase in the wall shear stress. The increase in the gas superficial 

velocity will increase the liquid superficial velocity hence the wall shear stress 

due to the increase in the momentum transfer by the entrainment-deposition 

interchange (Govan et al., 1989, Fore and Dukler, 1995). When the droplet is 

entrained into the gas core, it is accelerated by the gas core velocity. Then when 

the droplet is deposited on the liquid film, all its momentum is transferred to the 

liquid film and hence increases the liquid film velocity.  
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For the air/silicone oil system, the influence of gas and liquid superficial velocity 

is shown in Figure 6.2 between a gas superficial velocity ranging from 17.83 m/s 

to 35.66 m/s and a liquid superficial velocity ranging from 0.019m/s to 0.094m/s 

with silicone oil. From Figure 6.2, the wall shear of air/silicone oil system 

increases with increasing gas and liquid superficial velocities. Figure 6.1 and 

Figure 6.2 showed that air/water and air/silicone oil systems have a similar trend 

in behaviour when the gas and liquid superficial velocity increases even with 

different fluid properties. The influence of the liquid properties (i.e viscosity and 

surface tension) on the wall shear stress will be discussed in Section 6.3. 

 

 

Figure 6.2: Effect of gas and liquid superficial velocity on the mean wall shear 

stress of air/silicone oil system. 
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6.2. Effect of viscosity and surface tension on wall shear 

stress 

In the current study, the mean wall shear stress of the air/silicone oil system is 

higher than the wall shear stress of the air/water system as shown in Figure 6.3. 

Figure 6.3 illustrates the results for gas superficial velocities ranging from 17.83 

m/s to 35.66 m/s and water superficial velocities (0.018, 0.054 and 0.089 m/s) 

and silicone oil superficial velocities (0.018, 0.056 and 0.094 m/s).The 

difference in the wall shear stress between air/water and air/silicone oil systems 

is small at low gas superficial velocity (17.83 m/s) and keeps increasing with 

increasing gas superficial velocity regardless to liquid superficial velocities. As 

shown in Section 6.1, the wall shear stress of air/water and air/silicone oil 

systems increases with increasing gas and liquid superficial velocities. The 

difference between them starts from 5% at low gas superficial velocity (17.83 

m/s) to a maximum of 25% at high gas superficial velocity (36.66 m/s). 

However, the increase in the difference between them (Figure 6.3), could be 

related to the difference in the viscosity and the surface tension.   
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Figure 6.3: Effect of viscosity and surface tension on the mean wall shear stress 

of air/water and air/silicone oil systems at different gas and liquid superficial 

velocities. 

As discussed in Section 2.4, the wall shear stress can be estimated by using the 

relationship between the wall shear stress (  ), liquid viscosity (  ) and film 

velocity gradient (
  

  
) that is given by equation (6.2): 

     
  

  
                       (6.1) 

This relationship is only true for all Newtonian fluid where the dynamic 

viscosity is constant at all velocity gradient which means the influence of the 

viscosity on wall shear stress is constant. In annular flow, the measurement of 

the velocity profile of the thin liquid film is difficult to be measured accurately 

using conventional instrumentation such as hot wire, Laser Doppler Velocimetry 

(LDV) and  Particle Image Velocimetry (PIV) close to the wall (Salari and 

Tabar, 2011). The film velocity profile is influenced by the liquid film velocity 
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and liquid film thickness due to the presence of the waves at the interface. As 

discussed in Chapter 4, the liquid film velocity is influenced by the momentum 

transfer due to the entrainment-deposition interchange which is influenced by 

viscosity and surface tension. The calculated entrainment rate in air/silicone oil 

system is higher than the air/water system and hence the entrainment-deposition 

interchange. Therefore, the momentum transfer on the silicone oil film is 

expected to be higher than the water film.  

Due to the higher in the viscosity and film velocity of air/silicone oil system 

compared to the air/water system, a high wall shear stress of air/silicone oil 

system is anticipated compared to air/water system. The increase in the 

difference of the wall shear stress between the air/water system and the 

air/silicone oil could be related to the gradual increase in the momentum transfer 

due to the increase in the entrainment-deposition interchange. 

6.3. Prediction of the wall shear stress 

There is no particular correlation to predict the wall shear stress in annular two-

phase flow similar to those correlations made for predicting interfacial friction 

factor as summarised by Aliyu et al. (2017), therefore interfacial shear stress. 

There is no satisfactory correlation for predicting the interfacial shear stress 

where all of the existing correlations assume the interface as wall roughness and 

the interface is smooth (Pan et al., 2015b). Pan et al. (2015b) showed that the 

interfacial shear stress is affected by the disturbance wave height and the 

entrainment-deposition interchange. For the thin liquid film, the wall shear stress 
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is assumed to be equal to the interfacial shear stress (Hewitt, 1982, Govan et al., 

1989). As shown in Chapter 4, this assumption is not always valid. 

In contrast, the wall shear stress is usually calculated from the knowledge of the 

total pressure drop. It is calculated from the frictional pressure drop based on the 

separated flow model or using triangular relationship. The wall shear stress (  ) 

calculation from the frictional pressure drop ( 
  

  
 
 
) is expressed by Equation 

(6.2): 

   
 

 
 
  

  
 
 
                        (6.2) 

where D is the internal pipe diameter. 

The triangular relationship relates three variables together which are pressure 

drop (or wall shear stress), film thickness, and film flowrate. Anyone of those 

parameters can be calculated when the other two of these variables are known. 

The triangular relationship consists of four steps as described by Owen (1986), 

Govan (1990) and Zangana (2011). The first step is performing a momentum 

balance on the gas core element for a circular tube (Figure 6.4) to calculate the 

interfacial shear stress. The second step is applying a momentum balance on the 

liquid film element to obtain shear stress distribution. In the first and second 

steps, the acceleration is assumed negligible, and the interface is smooth. The 

third step is calculating the velocity distribution using Equation (6.1). Then, the 

final step is calculating the film flowrate using the calculated shear stress and 

velocity distribution in step two and three. The triangular relationship also 

assumes that the wall shear stress is equal to the interfacial shear stress. In the 

current study, steps one and two were only applied to obtain the shear stress. 
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More details about it can be found in Hewitt and Hall-Taylor (1970), Owen 

(1986), Govan (1990) and Zangana (2011). 

The momentum balance equation on the gas core element is given by Equation 

(6.3): 

    
  

 
     

  

  
                                 (6.3) 

The momentum balance equation on the liquid film element is given by Equation 

(6.4): 

       
  

 
 

 

 
     

  

  
  

  
    

 
                     (6.4) 

where    is the interfacial radius (    ),    is the pipe radius,   is film 

thickness,   is given by               ,    is the gas core density,    is the 

liquid density, g is gravitational acceleration,    is the interfacial shear stress, 

     is the shear stress at radius ( ) and 
  

  
 is the total measured pressure drop. 
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(a) Gas core Force Balance 

 

(b) Liquid Film Force Balance 

Figure 6.4: Force balance on control element for gas and liquid film (Owen, 

1986). 
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As shown and discussed in Chapter4, the pressure drop was better predicted by 

using characteristic shear stress and the interfacial shear stress calculated using 

the correlation proposed by Pan et al. (2015b). Hence, the shear stress calculated 

using the frictional pressure drop (Equation 6.2) is the characteristic shear stress 

(  ) rather than the wall shear stress (  ). Therefore, the wall shear stress was 

back calculated using the characteristic shear stress equation (4.5).  

   
 

 
   

 

 
                                               (4.5) 

Both methods of calculating the wall shear stress have to be compared using the 

same set of data. Therefore, the interfacial shear stress was calculated using the 

Pan et al. (2015b) correlation and the one derived from momentum balance on 

the gas core (Equation 6.3). 

The wall shear stress calculated from the frictional pressure drop and triangular 

relationship using the interfacial shear stress based on the Pan et al. (2015b) 

correlation are shown in Figure 6.5 and 6.6 for air/water and air/silicone oil 

systems respectively.  
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Figure 6.5: The wall shear stress calculated from the frictional pressure drop and 

triangular relationship using the interfacial shear stress based on the Pan et al. 

(2015b) correlation for an air/water system. 

 

Figure 6.6: The wall shear stress calculated from the frictional pressure drop and 

triangular relationship using the interfacial shear stress based on the Pan et al. 

(2015b) correlation for an air/silicone oil system. 



Chapter 6                                                        Wall Shear Stress Measurements 

 

179 

From Figure 6.5 and 6.6, it is clear that the frictional pressure drop was able to 

predict the measured wall shear stress for both air/water system and air/silicone 

oil system. The frictional pressure drop predicted the measured wall shear stress 

with a relative error of ±15% for the air/water system and ±25% for the 

air/silicone oil system. However, the triangular relationship predicted the 

measured wall shear stress of air/water system better than the frictional pressure 

drop. The triangular relationship predicted the measured wall shear stress with a 

relative error of ±10% for the air/water system and under predicted the measured 

shear stress by a maximum relative error of -42% for the air/silicone oil system. 

The variation was calculated using relative error: 

                    
            

    
                         (6.5) 

The wall shear stresses calculated from the frictional pressure drop and 

triangular relationship using the interfacial shear stress calculated from the 

momentum balance on the gas core are shown in Figure 6.7 and 6.8 for air/water 

and air/silicone oil systems respectively.  
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Figure 6.7: The wall shear stress calculated from the frictional pressure drop 

(DPf) and triangular relationship (Triangular) using the interfacial shear stress 

calculated from the momentum balance on the gas core for an air/water system. 

 

Figure 6.8: The wall shear stress calculated from the frictional pressure drop 

(DPf) and triangular relationship (Triangular) using the interfacial shear stress 

calculated from the momentum balance on the gas core for an air/silicone oil 

system. 
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It is clear from Figure 6.7 that the predicted wall shear stress for air/water 

system by the frictional pressure drop was better than the triangular relationship. 

The frictional pressure drop predicted the measured wall shear stress with a 

relative error of +/-35% compared to ±48% by the triangular relationship for the 

air/water system. In contrast, the triangular relationship predicted the measured 

wall shear stress of air/silicone oil system better than the frictional pressure drop 

as shown in Figure 6.8. The triangular relationship predicted the measured wall 

shear stress with a relative error of ±36% compared to ±55% by the frictional 

pressure drop for the air/silicone oil system. The difference between the two 

models to predict the wall shear stress could be related to different factors, for 

instance, the triangular relationship assumes the liquid film is smooth and the 

wall shear stress is equal to the interfacial shear stress. In addition, the accuracy 

of the triangular relationship depends on the accuracy of entrainment calculation 

and pressure drop and film thickness measurements. On the other hand, the 

frictional pressure drop accuracy depends on the accuracy of the void fraction 

and the pressure drop measurements. The accuracy of the measured wall shear 

stress is also contributed where Govan et al. (1989) showed that the difference 

between single phase calibration and two-phase calibration is ±10%.   

In general, the prediction of the wall shear stress by the frictional pressure drop 

and triangular relationship using the interfacial shear stress calculated based on 

Pan et al. (2015b) was better compared to those using the interfacial shear stress 

calculated from momentum balance on the gas core. The triangular relationship 

shows a better prediction for the wall shear stress of the air/water system when 

the Pan et al. (2015b) correlation was used for the interfacial shear stress 

calculation. However, it shows a better prediction for the wall shear stress of the 
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air/silicone oil system when using the interfacial shear stress calculated from 

momentum balance on the gas core. Owen (1986) used the triangular 

relationship to calculate the wall shear stress using the experimental pressure 

drop and film flowrate results of Martin (1983). He found that the calculated 

wall shear stress is higher than Martin’s experimental wall shear stress by 50%. 

6.4. Relationship between pressure drop, film thickness 

and wall shear stress 

The measurements of pressure drop, film thickness, and wall shear stress were 

recorded simultaneously which enabled comparative analysis between them for 

both air/water and air/silicone oil systems. From the average (mean) results of 

these three measurements, both pressure drop and wall shear stress increase with 

increasing gas superficial velocity where the film thickness decreases. The film 

thickness is associated with the disturbance waves which affect the interfacial 

shear stress and wall shear stress and hence the pressure drop. The relationship 

of disturbance wave height with the interfacial shear stress and pressure drop is 

inversely proportional where the decrease in the disturbance wave height leads 

to an increase the interfacial shear stress and pressure drop (Pan et al., 2015b). 

As shown in Chapter 5, the disturbance wave’s height reduced with increasing 

the gas superficial velocity.  
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Film thickness and pressure drop relationship could be related to the liquid 

entrainment.  The entrainment rate is contributing to the pressure drop by 20% 

according to Fore and Dukler (1995) and 14.5% as per Pan et al. (2015b). On the 

other hand, the reduction of the film thickness is related to the increase of 

entrainment rate (Sawant et al., 2008, Al-Sarkhi et al., 2012). Also, the 

gravitational pressure drop contributes to the total pressure drop where the film 

thickness influences the gravitational pressure drop by affecting the gas void 

fraction as per the momentum force balance. The gas void fraction is calculated 

based on the measured liquid film thickness. Figure 6.9 and 6.10 show the 

influence of film thickness on the pressure drop for an air/water system and an 

air/silicone oil system respectively. In both systems, the pressure drop decreases 

with increasing film thickness. Both film thickness and pressure drop were 

obtained between gas superficial velocities ranging from 17.83 m/s to 35.66 m/s 

and liquid superficial velocities ranging from 0.018 m/s to 0.089 m/s with water 

and from 0.018 m/s to 0.094 m/s with silicone oil. 
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Figure 6.9: Influence of film thickness on pressure drop for air/water system at 

gas superficial velocities (Usg) ranging from 17.83 m/s to 35.66 m/s and liquid 

superficial velocities (   ) ranging from 0.018 m/s to 0.089 m/s. 

 

Figure 6.10: Influence of film thickness on pressure drop for air/silicone oil 

system at gas superficial velocities (   ) ranging from 17.83 m/s to 35.66 m/s 

and liquid superficial velocities (   ) ranging from 0.018 m/s to 0.094 m/s. 
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The wall shear stress has a direct impact on the pressure drop through the 

frictional pressure drop (Equation 6.2) based on the momentum force balance. 

The relationship between them is directly proportional where the increase in the 

wall shear stress will lead to an increase in the frictional pressure drop. The 

influence of wall shear stress on pressure drop is illustrated in Figure 6.11 and 

6.12 for air/water and air/silicone oil systems respectively. In both systems, the 

pressure drop increases with increasing wall shear stress.  

 

 

Figure 6.11: Influence of wall shear stress on pressure drop for air/water system 

at different gas (   ) and liquid (   ) superficial velocities. 
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Figure 6.12: Influence of wall shear stress on pressure drop for air/silicone oil 

system at different gas (   ) and liquid (   ) superficial velocities. 

Martin (1983) showed that the presence of large disturbance wave peak in the 

film thickness is reflected a large peak in the wall shear stress. Martin used the 

hot-film probe for measuring instantaneous shear stress and pin conductance 

probes for film thickness measurement. However, Martin measured the film 

thickness and wall shear stress at the same vertical position with small 

circumferential separation between them. Owen (1986) and Govan et al. (1989) 

used the time series data of the wall shear stress to determine disturbance wave 

frequencies. In the current study, the film thickness probe (Ultrasonic sensor) 

and the wall shear stress probe (Hot film probe) are separated by 140 mm in 

vertical (axial) direction. An example of the time series data of film thickness 

and wall shear stress for air/water system and air/silicone oil systems are shown 

in Figure 6.13 and 6.14 respectively.  
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(a) Film Thickness 

 

(b) Wall shear stress 

Figure 6.13: Time series data of film thickness (a) and wall shear stress (b) for 

air/water system at gas superficial velocity (   ) of 17.83 m/s and liquid 

superficial velocity (   ) of 0.089 m/s. 
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(a) Film Thickness 

 

(b) Wall shear stress 

Figure 6.14: Time series data of film thickness (a) and wall shear stress (b) for 

air/silicone oil system at gas superficial velocity (   ) of 17.83 m/s and liquid 

superficial velocity (   ) of 0.094 m/s. 
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Disturbance wave frequency can be measured by counting the number of peaks 

in the time series or using Power Spectral Density function available in 

MATLAB software as described in Chapter 5. The counting method could be 

done manually which is very subjective and depends on personal judgment. It 

can also be done by setting a threshold level and counting the number of peaks 

above the threshold using a built-in function in MATLAB software. However, 

there is no set of rules to define the threshold level which again depends on 

personal judgment. For example, Zhao et al. (2013) used a threshold level of 1.6 

times the mean film thickness and Alekseenko et al. (2014) used 1.5 times the 

base film thickness. In contrast, Power Spectral Density was a preferable method 

by most of the researchers in the literature such as Martin (1983), Owen (1986) 

and Wolf (1995). In the current study, Power Spectral Density was preferred and 

used to determine the frequency of the film thickness and wall shear stress data. 

Figure 6.15 shows the frequency of film thickness and wall shear stress for an 

air/water system between gas superficial velocities ranging from 17.83 m/s to 

35.66 m/s and liquid superficial velocities of 0.054 m/s and 0.089 m/s. The 

frequency of film thickness and wall shear stress increases with increasing gas 

and liquid superficial velocities. These results agree with the findings by Martin 

(1983) and Wolf (1995). However, the frequency is not identical as stated by 

Martin (1983). This could be attributed to the separation distance between the 

two sensors compared to Martin (1983) setup as discussed above. In addition, 

the accuracy of both measurement techniques contributes to the discrepancy 

between the two measurements. 
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Figure 6.15: Frequency of film thickness and wall shear stress for an air/water 

system between different gas superficial velocities (   ) and liquid superficial 

velocities (   ) of 0.054 m/s and 0.089 m/s. 

 

The frequency of film thickness and wall shear stress for air/silicone oil system 

between gas superficial velocities ranging from 17.83 m/s to 35.66 m/s and 

liquid superficial velocities of 0.056 m/s and 0.094 m/s are illustrated in Figure 

6.16. The frequency of both film thickness and wall shear stress are low and not 

affected by increasing gas and liquid superficial velocity. These low frequencies 

are attributed to the effect of viscosity and surface tension. 
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Figure 6.16: Frequency of film thickness and wall shear stress for an air/silicone 

oil system between different gas superficial velocities (   ) and liquid 

superficial velocities (   ) of 0.056 m/s and 0.094 m/s. 

6.5. Summary 

The wall shear stress data were analysed for air/water system and air/silicone oil 

system at gas superficial velocities ranging from 17.83 m/s to 35.66 m/s, and 

liquid superficial velocities ranging from 0.018 m/s to 0.089 m/s with water, and 

from 0.018 m/s to 0.094 m/s with silicone oil. From the results and discussion, 

the following could be summarised: 

 The wall shear stress of the air/silicone oil system shows a similar trend 

behaviour to the one obtained for the air/water system regardless of the 

physical properties of the liquid. The average (mean) wall shear stress 

increases with increasing the gas and liquid superficial velocities for both 

air/water and air/silicone oil systems. 
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 The wall shear stress is affected by the viscosity and the surface tension 

of the liquid where there is a difference between the wall shear stress of 

the air/water system and the wall shear stress of the air/silicone oil 

system. The difference keeps increasing with increasing the gas 

superficial velocity regardless of liquid superficial velocity. 

 The prediction of the wall shear stress was checked using the frictional 

pressure drop and the triangular relationship.  It was well predicted using 

the frictional pressure drop by considering the characteristic shear stress 

for both air/water and air/silicone oil system. 

 The interfacial shear stress was calculated by using the Pan et al. (2015b) 

correlation and the momentum balance on the gas core. The use of 

interfacial shear stress using the Pan et al. (2015b) correlation to 

calculate the wall shear stress shows a better prediction for both air/water 

and air/silicone oil system. 

 The relationship between the wall shear stress, the pressure drop and the 

film thickness was evaluated. Both wall shear stress and pressure drop 

increase with increasing the gas superficial velocities where the liquid 

film decreases. The pressure drop decreases with increasing the liquid 

film thickness and increases with increasing the wall shear stress. 

 The disturbance waves affect the wall shear stress where the large 

disturbance wave peak is associated with a large wall shear stress peak. It 

was confirmed by comparing the frequency of film thickness and wall 

shear stress using Power Spectral Density analysis.  
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CHAPTER 7  

CONCLUSION AND FUTURE WORK 

7.1. Conclusion 

The two-phase upward annular flow regime, which is the most frequently 

observed flow regime in industrial applications, was studied. Understanding 

about its characteristics has led to the development of correlations to predict its 

parameters such as pressure drop, liquid film thickness and wall shear stress. 

However, most of the previous studies were conducted using air as the gas phase 

and water as the liquid phase. In the current study, the aim was to understand the 

annular flow regime behaviour and the relationship between its parameters using 

air as the gas phase and silicone oil as the liquid phase. Following this, the 

suitability of existing correlations developed for an air/water systems were 

assessed against the new experimental data obtained from an air/silicone oil 

system. 

The total pressure drop, film thickness and wall shear stress were first studied 

using the air/water system and the experimental results were compared with the 

existing correlations for each one. Then, the experiments were conducted using 

the air/silicone oil system where the results were compared with the results using 

the air/water system. Also, the experimental results using the air/silicone oil 

system were compared with the existing correlations developed using the 

air/water system. The experiments were conducted on a vertical test facility with 
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a 34.5mm inner diameter (ID) and a test section made of acrylic resin 

(Perspex™). The experiment conditions were identified by defining the point 

where the annular flow exists and meets Wallis parameter (  
 ) and Kutateladze 

number (   ) criteria as shown in Chapter 4. The experiments were conducted 

for air/water and air/silicone oil systems between gas superficial velocity ranging 

from 17.83 m/s to 35.66 m/s, and liquid superficial velocity ranging from 0.018 

m/s to 0.089 m/s with water, and from 0.018 m/s to 0.094 m/s with silicone oil.  

The measurement of liquid film thickness was the most challenging where the 

widely and preferable measurement techniques are based on conductance 

measurement as per evaluation in Chapter 2. However, silicone oil is a non- 

conducting medium. Therefore, development of a measurement technique that is 

not depending on the liquid properties was necessary. An ultrasonic pulse echo 

technique was utilised to measure the liquid film thickness which was evaluated 

using static and dynamic conditions as presented in Chapter 5. The total pressure 

drop was measured using a remote seal differential pressure transducer and the 

wall shear stress was measured using a glue-on hot film sensor. 
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The experimental work carried out in this research has yielded the following 

important findings and conclusions: 

1. The behaviour of total pressure drop, liquid film thickness and wall shear 

stress using an air/silicone oil follow similar trend behaviour of an 

air/water system with increasing gas and liquid superficial velocities even 

though there is a difference in fluid properties between both systems.  

2. In both air/water and air/silicone oil systems, the total pressure drop and 

wall shear stress increase with increasing gas and liquid superficial 

velocities where the liquid film thickness decreases. These results in 

annular flow agree with the published work using an air/water system.   

3. In both air/water and air/silicone oil systems, the total pressure drop 

increases with increasing wall shear stress and decrease with increasing 

the liquid film thickness. 

4. The difference in fluid properties (viscosity and surface tension) between 

air/water and air/silicone oil systems influenced the total pressure, film 

thickness and wall shear stress. However, the influence on the total 

pressure drop and wall shear stress is significant compared to the liquid 

film thickness. The total pressure drop of air/silicone oil system is lower 

than the total pressure of air/water system at low gas superficial velocity. 

Then, it keeps increase with increasing gas superficial velocity until it 

becomes greater than the total pressure drop of air/water system. The 

liquid film thickness has been affected slightly where this effect is almost 

negligible at high gas superficial velocity regardless of liquid superficial 
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velocity. In other hand, the difference in fluid properties has much impact 

on the wall shear stress where there is a difference between the wall shear 

stress of the air/water system and the wall shear stress of the air/silicone 

oil system. The difference keeps increasing with increasing the gas 

superficial velocity regardless of liquid superficial velocity. 

5. Most of the available correlations could predict the total pressure drop, 

liquid film thickness and wall shear stress with relative deviation of 

±50% or even higher in some cases. This large deviation margin was 

attributed to many factors such as pipe diameter, gas and liquid 

superficial velocities, liquid viscosity and surface tension. In addition, the 

gas/liquid injection method and the inherent inaccuracy of the data used 

for making the correlations are also contributed according to Hewitt 

(1982) and Owen (1986). Liquid film thickness correlations contain 

constants that were based on the experimental data used to develop them. 

These constants might be the cause of the variation. 

6. The ultrasonic measurement technique was developed and tested for 

measuring liquid film thickness using static and dynamic conditions as 

discussed in Chapter 5. It was demonstrated to be able to measure the 

film thickness on dynamic condition with relative deviation of ± 5% 

when compared against well-known conductance measurement 

techniques (Multi-Pin Film Sensor and concentric probe). 
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7. A new processing method called Baseline removal method was 

developed for ultrasonic measurement. The method is simple and easy to 

implement assuming the system is not vibrating and the temperature is 

constant during measurement recording time. 

7.2. Future Work 

From the current study, it was noted that there is a room for further 

experimental studies.  The following recommendations are suggested for future 

work: 

1. The characteristics of annular flow and the relationship between 

total pressure drop, liquid film thickness and wall shear stress can 

be further tested using liquid with different surface tensions and 

viscosities such as silicone oil with higher viscosities. However, it 

is better to use a liquid which doesn't consist of water to alter its 

surface tension and viscosity in order to avoid the influence of 

water properties on the measurement. 

2. The entrainment fraction was calculated using a correlation 

derived based on experimental data using an air/water system. 

Therefore, the entrainment fraction needs to be measured to 

assess the uncertainty of the entrainment correlations with 

different surface tension and viscosity using the same entrainment 

measurement technique like sampling probe method or liquid film 

removal method. Hence, developing a correlation suitable with 

liquid different than water. 
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3. The injection method has an impact on the measurement 

according to Hewitt (1982) and Owen (1986). Therefore, further 

experiments are required using different injection methods such 

as porous wall injector and axial jet injector. The experiments 

have to be conducted under the same experimental condition and 

different fluids properties to assess the effect of the injection 

method.  

4. Investigate the possibility of developing a correlation for 

predicting liquid film thickness that can fit any experimental data 

with less dependency on physical constants derived from the 

experimental data and can be used with different liquid 

properties.  
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APPENDIX   

7.3. Appendix A:  

Operating Instruction of MiniCTA Anemometer 54T42 
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Appendix B:  

Experiment Results 

1. Pressure drop, liquid film thickness and wall shear stress of an 

air/water system 

 

Liquid superficial 
velocity, m/s 

Gas superficial 
velocity, m/s 

DP, Pa/m 
Liquid film 

thickness, mm 
Wall shear 
stress, Pa 

0.018 17.829 894.393 0.160 5.931 

0.018 19.612 981.178 0.142 7.046 

0.018 21.394 1052.298 0.134 7.820 

0.018 23.177 1131.680 0.123 8.438 

0.018 24.960 1212.437 0.116 9.078 

0.036 17.829 1111.390 0.191 7.441 

0.036 19.612 1218.500 0.173 8.182 

0.036 21.394 1304.528 0.156 9.131 

0.036 23.177 1367.412 0.148 9.925 

0.036 24.960 1465.672 0.136 10.797 

0.036 26.743 1543.139 0.128 11.525 

0.036 28.526 1652.139 0.116 12.385 

0.054 17.829 1328.792 0.219 8.799 

0.054 19.612 1402.329 0.199 9.581 

0.054 21.394 1478.223 0.186 10.476 

0.054 23.177 1586.092 0.171 11.350 

0.054 24.960 1692.919 0.154 12.169 

0.054 26.743 1777.549 0.144 13.012 

0.054 28.526 1893.394 0.133 13.666 

0.054 30.309 2003.101 0.125 14.439 

0.054 32.092 2133.411 0.118 15.151 

0.071 17.829 1532.849 0.252 9.533 

0.071 19.612 1614.919 0.230 10.443 

0.071 21.394 1733.983 0.208 11.355 

0.071 23.177 1810.408 0.195 12.357 

0.071 24.960 1956.362 0.175 13.209 

0.071 26.743 2045.247 0.161 13.959 

0.071 28.526 2152.993 0.151 14.762 

0.071 30.309 2267.009 0.141 15.626 

0.071 32.092 2421.906 0.130 16.401 

0.071 33.875 2578.556 0.119 17.127 

0.071 35.657 2657.534 0.115 17.873 

0.089 17.829 1700.852 0.289 10.885 
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0.089 19.612 1806.638 0.264 11.720 

0.089 21.394 1904.904 0.238 12.663 

0.089 23.177 2044.163 0.214 13.519 

0.089 24.960 2142.932 0.197 14.359 

0.089 26.743 2255.702 0.183 15.280 

0.089 28.526 2409.383 0.166 16.114 

0.089 30.309 2521.938 0.155 16.919 

0.089 32.092 2656.715 0.146 17.769 

0.089 33.875 2776.160 0.136 18.595 

0.089 35.657 2944.783 0.127 19.478 

 

2. Pressure drop, liquid film thickness and wall shear stress of an 

air/silicone oil system 

 

Liquid superficial 
velocity, m/s 

Gas superficial 
velocity, m/s 

DP, Pa/m 
Liquid film 

thickness, mm 
Wall shear 
stress, Pa 

0.018 17.829 962.607 0.168 6.595 

0.018 19.612 1047.170 0.151 7.622 

0.018 21.394 1139.766 0.141 8.515 

0.018 23.177 1275.533 0.131 9.755 

0.018 24.960 1408.092 0.123 10.833 

0.037 17.829 1087.184 0.198 7.451 

0.037 19.612 1197.919 0.182 8.642 

0.037 21.394 1309.756 0.162 9.957 

0.037 23.177 1426.285 0.155 11.174 

0.037 24.960 1559.974 0.142 12.437 

0.037 26.743 1703.318 0.132 13.654 

0.037 28.526 1878.011 0.118 15.049 

0.056 17.829 1220.365 0.229 9.164 

0.056 19.612 1316.449 0.209 10.388 

0.056 21.394 1446.465 0.194 11.791 

0.056 23.177 1547.384 0.180 12.870 

0.056 24.960 1675.978 0.162 14.134 

0.056 26.743 1819.828 0.152 15.445 

0.056 28.526 1961.305 0.140 16.589 

0.056 30.309 2147.135 0.131 17.663 

0.056 32.092 2292.378 0.123 18.668 

0.075 17.829 1309.227 0.261 9.886 

0.075 19.612 1416.499 0.237 11.347 

0.075 21.394 1531.127 0.216 12.740 

0.075 23.177 1664.013 0.200 14.189 
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0.075 24.960 1842.634 0.180 15.741 

0.075 26.743 1991.622 0.167 16.902 

0.075 28.526 2130.946 0.157 18.041 

0.075 30.309 2283.352 0.146 19.664 

0.075 32.092 2466.751 0.134 20.332 

0.075 33.875 2588.077 0.123 21.713 

0.075 35.657 2728.690 0.117 22.421 

0.094 17.829 1491.378 0.298 11.459 

0.094 19.612 1618.623 0.275 13.196 

0.094 21.394 1705.191 0.247 14.464 

0.094 23.177 1837.686 0.223 15.580 

0.094 24.960 1992.495 0.207 17.356 

0.094 26.743 2158.020 0.190 18.814 

0.094 28.526 2305.455 0.173 19.923 

0.094 30.309 2495.540 0.162 21.169 

0.094 32.092 2659.801 0.151 22.385 

0.094 33.875 2840.632 0.141 23.426 

0.094 35.657 3033.200 0.130 24.406 

 


