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ABSTRACT 

Onset and Subsequent Transient Phenomena of Liquid Loading in Gas Wells: 

Experimental Investigation Using a Large Scale Flow Loop. (August 2012) 

Paulo Jose Waltrich, B.S., Federal University of Santa Catarina; 

M.S., Federal University of Santa Catarina 

Co-Chairs of Advisory Committee: Dr. Maria Barrufet 

Dr. Gioia Falcone 

 

Liquid loading in gas wells is generally described as the inability of the well to 

lift the co-produced liquids up the tubing, which may ultimately kill the well. There is a 

lack of dedicated models that can mimic the transient features that are typical of liquid 

loading. Improved characterization of liquid loading in gas wells and enhanced 

prediction of future well performance can be achieved from the measurements and 

analyses resulting from this project.  

An experimental investigation was carried out to study the onset of liquid loading 

and the subsequent transient phenomena, using a large scale flow loop to visualize two-

phase flow regimes, and to measure pressure and liquid holdup along a 42-m long 

vertical tube. 

From this investigation, it is possible to conclude that liquid loading should not 

be characterized based on onset criteria alone, and that it may not be a wellbore-only 

problem, as it would seem that the reservoir also plays a key role in determining 

if/when/how liquid loading manifests itself.  

Additionally, the results from the experimental campaign were used to compare 

the performance of different wellbore flow simulators. State-of-the-art simulators do not 

seem to fully capture the nature of liquid loading in vertical tubes. A simplified model is 
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proposed here to evaluate the liquid transport during the transition from one flow regime 

to another, during the loading sequence.   
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NOMENCLATURE  

dT tube diameter, m 

dp/dz pressure gradient, kPa/m 

ef liquid entrained fraction 

G acceleration of gravity, m/s
2
 

hl liquid holdup 

L/D length over tube diameter ratio 

mg gas mass flux, kg/m
2
-s 

mw water mass flux, kg/m
2
-s 

P pressure, kPa 

PDF probability density function 

Q volumetric flow rate, m
3
/h 

T time, s 

T temperature, K 

Ugs superficial gas velocity, m/s 

Ugs*  dimensionless gas velocity 

Uls superficial liquid velocity, m/s 

UC Turner critical velocity, m/s 

vf liquid front velocity, m/s 

Greek symbols  

ȷ void fraction 

ŭf liquid film thickness, mm 

ȹh height difference, m 

ȹp pressure difference, kPa 

ɟc core density, kg/m
3
 

ɟg gas density, kg/m
3
 

ɟl liquid density, kg/m
3
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1.  INTRODUCTION  

1.1.  Liquid Loading  

Liquid loading is a very common problem in mature gas fields, which is 

estimated to occur in at least 90% of the producing gas wells in the USA (Veeken, Kees 

et al. 2003). During gas production, liquid (condensate or water) can accumulate at the 

bottom of the wellbore, increasing downhole pressure and therefore significantly 

decreasing (or even ending) gas flow. Thus, a fundamental understanding of this 

phenomenon is extremely important towards the design and optimization of gas wells. 

A simplified overview of liquid loading phenomenon during the life of a gas well 

is illustrated in Figure 1.1.  

 

 

 

Figure 1.1 ï Liquid build up process in a gas well as the gas rate declines (Lea et al. 2003). 
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In the early stages, the well gas rate is generally high, with low liquid content in 

the wellbore. Due to natural reservoir depletion, the gas production rate decreases over 

time. The associated lower gas velocity reduces the interfacial friction between the gas 

and the liquid phases, which in turn slows down the liquid. To honor the liquid mass 

conservation principle (for a fixed liquid production rate), the cross-sectional area 

occupied by the liquid must increase with decreasing liquid velocity. The increase in 

liquid content in the wellbore requires a greater bottomhole pressure to keep the well 

flowing (due to the associated increase in hydrostatic pressure). This can decrease the 

gas rate even further, thus initiating a cascade effect which can ultimately kill the well. 

1.2.  Need for Further Investigation on Liquid Loading  

Associated with the liquid build up in the wellbore are common symptoms 

observed in the field such as liquid slugs arriving at surface, accompanied by erratic and 

sudden drop in gas production. These symptoms are often used by field operators to 

recognize wells experiencing liquid loading problems. Such recognition can not only be 

highly subjective, but may also happen when it is too late to implement remedial 

solutions. Understanding liquid loading can help develop techniques and tools to predict 

if/when liquid loading may occur, optimize wells design accordingly, and alleviate its 

detrimental effects once liquid loading starts manifesting itself. 

A considerable amount of studies on liquid loading in gas wells have been carried 

out over the past 40 years. Many of these studies have relied on surface measurements 

from the field, with the associated uncertainty that this entails, considering that several 

key flow parameters cannot be measured in the field, or not with sufficient accuracy. 

This is perhaps one of the reasons why currently available models cannot predict liquid 

loading over a wide range of conditions. Additionally, most of the work presented to 

date is based on the assumption of steady-state or pseudo-steady state flowing 

conditions, although liquid loading is transient in nature, particularly when considering 

the time scale for the changes in multiphase flow behavior in the wellbore, which is in 

the order of magnitude of milliseconds. Thus, transient flow approach to evaluating 

liquid loading in gas wells appears to be essential. 
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A more fundamental understanding of the mechanisms behind liquid loading also 

seems to be required. There is still some inconsistency in the literature regarding the 

description of the root mechanisms behind liquid loading, including some specific flow 

regimes (e.g. churn flow) and regime-to-regime transitions, which can possibly be 

related to the onset of liquid loading. 

The evolution of the flow phenomena associated to liquid loading along the 

wellbore is also poorly understood, due to the limited number of experimental facilities 

that allow the axial characterization of two-phase flows in long vertical tubes (L/D > 

500). In the oil and gas industry, typical wells are in the order of thousand of pipe 

diameters in length. Pressure varies considerably over the length of a vertical wellbore, 

leading to varying axial gas velocity, which is in turn associated with varying liquid 

content along the well. The latter is in essence the liquid loading problem. Thus, being 

able to characterize the axial variation of pressure, gas velocity and liquid content along 

the well is essential towards a better understanding of liquid loading. 

A better understanding of the physics of liquid loading, together with more 

reliable models, can lead to enhanced design of deliquification tools which can 

significantly extend the life of the well, and consequently, increase recovery. 

1.3.  Objectives 

Based on the needs for research presented above, the following objectives were 

established for the present project: 

- Design and build a dedicated large scale flow loop: there are a limited 

number of flow loops around the world which can be used to experimentally 

characterize the axial behavior of two-phase flows. Since liquid loading is 

directly related to the liquid build up along the well, the use of a long test 

section (L/D > 500) is essential to properly investigate liquid loading 

fundamentals.  

- Axial investigation of flow regimes: Since flow regime transitions should be 

related to liquid loading, more studies should be carried out regarding flow 

development in two-phase flows along vertical tubes. There is a lack of 
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studies about some flow regimes, particularly for churn flow. Axial flow 

characterization is extremely important in gas wells because the wellbores are 

usually long (more than one or two kilometers) and many times local 

information/models are not comprehensive enough to describe the behavior 

along the entire pipeline. 

- Experimental investigation of the onset of liquid loading: the most widely 

used model to predict the onset of liquid loading cannot accurately evaluate 

liquid loading over a wide range of conditions. Additionally, some 

researchers suggest that the onset is directly related to the liquid film flow 

reversal, which is a feature of particular flow regime transitions. 

Nevertheless, few experiments have been carried out to investigate this 

relationship. Thus, an experimental investigation is carried out here to obtain 

more data and correlate the two-phase flow parameters with the onset criteria 

models. 

- Experimental investigation of transient flow regime transitions: only a few 

works could be found about transient behavior of flow regime transitions. 

Since the onset of liquid loading can be related to these transitions, 

understanding the transient behavior of specific flow regimes and their 

transitions seems to be one of the keys to better understanding liquid loading 

phenomena. 

- Verification of the performance of state-of-the-art wellbore simulators when 

predicting two-phase flows under liquid loading conditions: most times 

engineers use commercial packages or research codes to predict and evaluate 

liquid loading. Therefore, a comparison of these models is carried out here to 

evaluate the results of such simulators when compared to experimental data, 

and then verify the simulatorsô accuracy. 

1.4.  Structure of the Dissertation 

Section 2 includes a brief description of flow regimes in vertical tubes, focusing 

on more details of annular and churn flow patterns and their relations with liquid loading 
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phenomena. It also discusses the models and correlations generally used for prediction of 

the onset of liquid loading. Additionally, modeling techniques for evaluation of liquid 

loading conditions considering both well and reservoir are also included in section 2. 

Section 3 discusses the design, instrumentation and capabilities of the large scale 

flow loop deployed here during the experimental investigations. 

Section 4 presents the results for the axial characterization of annular, churn and 

slug flows. These results are extremely important to understanding how churn flow 

parameters, such as liquid holdup, behave axially in a long vertical tube. As will be 

described in section 2, churn flow regime is believed to be directly related to liquid 

loading. Thus, the conclusions from this experimental investigation can clarify how 

some flow parameters (pressure and flow rates, for instance) are correlated with the 

liquid build up along the vertical tube.  

Section 5 describes the experimental investigation of the onset of liquid loading. 

It will present how the liquid accumulation in the vertical test section is related with the 

associated flow regimes, liquid holdup, pressure, gas and liquid flow rates. The results 

are then used to evaluate the accuracy of the currently available models to predict the 

onset of liquid loading. 

Section 6 presents a comparison of experimental data with the state-of-the-art 

commercial simulator for multiphase flow and two research codes. The capabilities of 

such simulators are verified and suggestions for further improvements in these codes are 

discussed. 

Section 7 gives a summary of the conclusions from this work and suggests future 

work towards liquid loading studies.   
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2.  LITERATURE REVIEW  

Several works have been carried out about liquid loading in the oil and gas 

industry. However, the understanding and prediction of this phenomenon is still 

considered weak. A better comprehension of liquid loading fundamentals can lead to 

more effective production forecasts, design of flowlines and completions, and 

remediation of wells under liquid loading conditions. 

In order to understand the fundamentals of liquid loading we first have to 

investigate with more details the basic mechanisms that occur during the liquid loading 

process. Since this process is strongly related to two-phase flows, the objective of this 

section is first to introduce the basic concepts regarding two-phase flows. Besides these 

concepts, a review of the techniques available for experimental characterization of two-

phase flows is also presented. This section also includes a discussion of the criteria used 

to predict the onset of liquid loading and its relationship with the two-phase parameters. 

A brief review of the modeling techniques generally used to evaluate liquid loading are 

also discussed. 

In the end of the section, a summary of the conclusion obtained from this 

literature review is presented. 

2.1.  Flow Regimes 

Flow regimes (or flow patterns) are defined based on the configuration of the 

phases (topology) for a given flow. The mechanisms which define the flow regime 

depend on the force balance in the interior of each phase and its interfaces. The 

prediction of flow regimes in a given location in a wellbore is extremely important. For 

instance, correlations and mechanistic models rely on the prediction of flow regimes to 

properly evaluate the behavior of two-phase flows. Figure 2.1 illustrates the flow 

regimes which are generally encountered in gas-liquid flows in vertical tubes. These 

flow regimes can be described as follows (Hewitt 1982): 
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Figure 2.1 ï Flow regimes in gas-liquid flow in vertical tubes (Hewitt 1982). 

- Bubble flow: Dispersed bubbles flow in a continuous phase of liquid. The 

size and shape of these bubbles depend on how the gas phase is injected in 

the liquid phase. This flow regime occurs for high liquid velocities and low 

gas velocities. 

- Slug flow: As the relative gas content is increased, bubble coalescence 

occurs, and elongated bubbles (Taylor bubbles) are created. The Taylor 

bubbles flow upward with a liquid film flowing downward around the Taylor 

bubbles. Separating the Taylor bubbles, liquid slugs flow upwards with 

dispersed bubbles. Although there is a falling film, the net liquid flow is 

upward. 

- Churn flow: The gas phase flows upward, and the liquid phase presents a 

chaotic (oscillatory) flow. The gas velocity for this flow regime is not high 

enough to carry the liquid continuously upward. The liquid is transported 

upward through large waves. The liquid generally exhibits several gas 

bubbles entrained in the liquid film. More details about this flow regime are 

presented later in this section. 
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- Annular flow: The liquid flows continuously upward as a thin liquid film on 

the wall of the tube, and the gas flows in the core together with entrained 

liquid droplets. The gas-liquid interface exhibit disturbance waves, which 

usually travels faster the liquid substrate. These waves are described in the 

literature to be one of the sources for the formation of the liquid entrainment 

as droplets in the gas core, where small droplets are created by the shear 

process on the tip of the waves. Gas bubbles can also be found trapped in the 

liquid film, but they are usually in lower levels than encounter in churn flows. 

More details about this flow regime will also be discussed later in this 

section.  

- Wispy annular flow: As the liquid velocity increases, the liquid film becomes 

thicker and the droplet coalescence of liquid leads to large lumps or streaks 

(wispy) of liquid in the gas core. 

The occurrence of flow regimes in two-phase flows can be charted in a flow 

regime map. The flow regimes are represented in the chart as regions, where the 

coordinates are very often the superficial velocities (meaning the velocity of each phase 

if they are flowing alone in the tube) or combined parameters which include these 

velocities. An example of this type of flow regime map was developed by Hewitt and 

Roberts (1969), as illustrated in Figure 2.2. This map was created with experimental data 

for air and water at low pressures and for air and steam at high pressures. 

It is important to mention here that the flow regime maps are merely a guide to 

indicate approximate boundaries for the transition between the flow regimes described. 

The transitions depend upon more complex physical interactions between the phases and 

thus, specific models have to be developed to determine each transition boundary. These 

maps should be generally used within the range of pressure and phases velocities in 

which they were developed.  

The flow regimes that can be encountered before and just after the onset of liquid 

loading are believed in this work to be strongly related to annular and churn flow 

regimes (as it will be described later in this section). Therefore, an adequate description 

of both flow regimes should be the first step to develop proper understanding to 
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investigate liquid loading problems. Barbosa (2001) presented a review of the studies 

about these regimes and their transitions. In order to point out the major features of 

annular and churn flows in the literature, a review of the main studies which characterize 

both flow regimes are presented next. 

 

 

 

Figure 2.2 ï Flow regimes map obtained by Hewitt and Roberts (1969) for vertical upward two-phase 

flows. 
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2.2.  Annular F low 

Annular flow is described as a gas phase flowing in the core of the pipe, with the 

liquid phase travelling as droplets within the gas core and a thin liquid film flowing on 

the wall. A more precise schematic representation of the distribution and interaction 

mechanisms between the phases in co-current upward annular flow is presented in 

Figure 2.3. 

As can be seen in the figure, the gas phase flows mainly in the core but it is also 

present in form of bubbles in the liquid film. The entrained gas bubbles are formed from 

the break-up of the waves of the liquid film and liquid droplet deposition. These trapped 

gas bubbles can be easily observed in the work of Schubring et al. (2010). 

The liquid film can be briefly described as a rough liquid layer next to the pipe 

wall. The film present waves of different lengths and amplitudes (Azzopardi 1997). The 

waves are related to the gas core velocity, which act on the interface between the gas 

core and liquid film through the interfacial shear stress. 

In the liquid droplet field, we can identify three main mechanisms: 

- Droplet entrainment mechanism: liquid droplets are created from the wall 

film. The action of the gas core can break-up the tip of the waves, creating 

small droplets. 

- Coalescence: droplets travelling in the gas core at faster velocities collide 

with the slower droplets just created from the wall film. The droplets then 

merge and form bigger droplets. 

- Deposition: droplets travelling in core can be deposited in the liquid film, 

once these droplets can have random travel directions and often hit the wall 

film. 

Azzopardi (1997) has done an extensive study regarding drops in annular two-

phase flow. 
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Figure 2.3 ï Schematic representation of distribution and mass transfer mechanisms between the phases in 

annular flow. 

2.3.  Churn Flow 

There is still a considerable disagreement in the literature about the physics and 

the transition to/from churn flow regime. One of the reasons for this confusion is the 

similarities in the phaseôs distribution between churn and annular flow. In churn flow, 

the distribution of phases is the same as in Figure 2.3 (which is for annular flow). 

However, the characteristics of the mechanisms in churn flow are considerably different 

when compared to annular flow. The main differences between these two flow regimes 

are as follows (Barbosa 2001): 

- Hewitt et al. (1985) carried out an experimental investigation for annular 

flow for the region of minimum pressure drop gradient for the Figure 2.4. 

From their visualizations, using a dye tracing was possible to establish the 

mechanisms of churn flow, as shown in Figure 2.5. Liquid is transported 
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upwards in the film on the wall by large waves. However, behind these 

waves, there is a thin film that flow downwards. Part of the downward film 

flow is then picked up by the following large wave. According to the authors, 

this downward flow (called flow reversal) begins to occur in churn/annular 

region for Ugs*  Ғ 1. The dimensionless gas velocity presented in the figure is 

given by, 
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- A breakdown of the slugs occurs between the transition from slug to churn 

flow, which intensifies the interfacial friction, increasing consequently the 

pressure gradient, as shown in Figure 2.4.  

After the dimensionless gas velocity reaches Ugs*  = 0.4, the pressure gradient 

starts to decrease, due to the decreasing intensity of gas-liquid interaction. 

The pressure gradient then begins to increase again as annular flow is 

approached, due to higher levels of friction as consequence of elevated gas 

velocities. 
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Figure 2.4 ï Experimental results for dimensionless pressure gradient as a function of dimensionless air 

flow rate for different flow regimes (Owen 1986). 
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Figure 2.5 ï Churn flow mechanism proposed by Hewitt et al. (1985). 

- As described earlier, the main droplets creation mechanism is the action of 

the gas core on the liquid film waves. As large waves are formed in churn 

flow, higher levels of entrainment are expected to be found in this flow than 

in annular regime. Therefore, as can be seen in Figure 2.6, the liquid 

entrainment fraction decreases with the increase of the dimensionless gas 

velocity (0.6 < Ugs*  < 1 ï churn flow). For Ugs*  Ó 1 (e.g., annular flow) the 

liquid entrainment fraction starts to increase again, but this effect is due to 

change in mechanism of droplets creation as described by Azzopardi (1997), 

from óbag break-upô to óligament tearingô of the film waves. 

A relatively large amount of work has been done about annular flow but only a 

few can be found about churn flow mechanisms and modeling (Hewitt et al. (1985); 

Govan (1990); Barbosa (2001); Da Riva and Del Col (2009)). Once liquid loading may 

occur within churn flow due to the flow reversal, further studies in this area seems to be 

needed to a better understanding of liquid loading phenomena. 
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Figure 2.6 ï Liquid entrainment fraction as a function of dimensionless gas velocity (Barbosa et al. 2002). 

2.4.  Experimental Characterization of Annular and Churn  Flows 

Modeling of annular and churn flows requires prediction of many mechanisms, 

such as interfacial phase interactions (liquid film velocities and gas entrainment), droplet 

deposition and entrainment. Very often techniques have to be specifically design to 

capture the unique features of these two flow regimes. Therefore, the next sections 

present some of the studies that have been carried out which designed experimental 

techniques to measure liquid film thickness and liquid entrainment in churn and annular 

flows.  
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2.4.1.  Liquid film thickness 

Most of the mechanisms in annular and churn flow are related to gas-liquid 

interfacial structure changing with time and space. Therefore, an accurate method to 

predict and measure liquid film thickness as function of time and space it is crucial for 

understanding the basic behavior of these flow regimes.  

Belt (2007) developed a time and spatially resolved measurement technique of 

the film thickness in two-phase annular flows. The basic concept of this technique is to 

measure the electrical potential between two electrodes in contact with a liquid film. As 

the conductivity changes with the thickness of the liquid film, it is possible to correlate 

the potential change with the film thickness. This technique has been extensively used in 

the past (Coney 1973). However, Belt improved the application using a radial and axial 

distribution of the electrodes. The concept consists of having a series of electrodes 

flushed to the pipe wall (see Figure 2.7). Using this type of electrodes distribution, an 

image of the film thickness can be generated, as shown in Figure 2.8. 

 

 

 
 

Figure 2.7 ï Conductivity probe used by Belt (2007). 
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(a) 

 

 
(b) 

Figure 2.8 ï (a) Three dimensional representation of the liquid film. (b) Consecutives snapshots of the 

liquid thickness measurement, obtained by Belt (2007). The film is flowing from left to right, and the pipe 

is open (the top and bottom are in contact) for easy visualization. 

Although this technique can be used for fast transient and small thickness of the 

liquid film (200 ˃ m), there is one main disadvantage: the maximum film thickness that 

can be measured corresponds to the distance between two consecutives electrodes 

(Coney 1973). Therefore, in order to measure higher levels of film thickness, the 

electrodes have to be more spaced, hence losing spatial resolution for the measurement. 

In other words, a single geometry sensor cannot cover wide ranges of gas and liquid 

flow rates. However, many sensors with different electrodes spacing can be placed in the 
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pipe to overcome this problem, since this type of sensor does not impose any kind of 

flow disturbance neither upstream nor downstream to the sensor. 

The other problem that may interfere with this technique is the presence of 

bubbles in the liquid film. According to Belt (2007), the bubbles in the liquid film only 

become big enough to interfere in the measurement at superficial gas velocities smaller 

than those at which flow reversal starts. 

Nevertheless, some methods which can account for the presence of bubbles in the 

liquid film measurements can be applied. Schubring et al. (2010) presented an optical 

technique to measure liquid film thickness in annular flow using Planar Laser-Induced 

Fluorescence (PLIF). A schematic of the test section used by these authors is presented 

in Figure 2.9. The authors used a Nd:YAG Laser to generate a sheet of light (allowing 

investigation of small portion of the flow), and a CCD camera perpendicular to the laser 

plane to capture the images of the liquid film. A fluorescent material was added to the 

liquid phase to enhance the contrast between the gas and liquid phases, improving the 

identification of the gas/liquid interface. In addition, they developed an imaging 

procedure algorithm to process the images and produce film height distributions. 

 

 

 

 

(a) (b) 

Figure 2.9 ï (a) Test section set up for liquid film measurement using PLIF, and (b) images and film 

thickness distribution. The red lines show the processed film height by a imaging MATLAB code 

(Schubring et al. 2010). 
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As can be seen from Figure 2.9b, the images obtained by this technique generate 

a reasonable picture of the film thickness distribution (red lines in the figure). Also, we 

can easily see the presence of several bubbles entrained in the liquid film. This technique 

takes into account the presence of these bubbles in the film thickness measurement. 

Although using an optical approach can consider entrained bubbles (which is not 

possible for conductivity probes), the identification of the gas/liquid interface by PLIF 

also presents some disadvantages related to the presence of large bubbles in the film. As 

can be seen in the last two pictures of Figure 2.9b, some blurred bubbles that are 

probably out of the laser plane make the identification of the interface more difficult. 

However, the authors carried out an uncertainty analysis and concluded that the total 

uncertainty for the average film thickness is between 15-25 m˃ (e.g., around 10-25% 

relative to the measurements). 

To measure the bubbles entrained in the liquid film, Rodríguez and Shedd (2004) 

used a backlight imaging technique for adiabatic air-water horizontal annular flow. The 

set up consists of a CCD camera, a light source with a diffuser, and a digital image 

processing algorithm (NI IMAQ Vision Builder V6.0) to isolate the bubbles in the 

images, as presented in Figure 2.10. 

 

 

 

 
 

(a) (b) 

Figure 2.10 ï (a) Backlight technique set up, and (b) images processing steps for bubbles identification 

(Rodríguez and Shedd 2004). 
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The main disadvantage of this technique is the presence of disturbance waves 

that are intermittently present in annular flow. When these waves pass through the 

section being recorded, the images do not provide enough contrast between the liquid 

film and the bubbles, as shown in Figure 2.11. Therefore, this technique can only 

evaluate the entrained bubbles for flow conditions that do not have the presence of 

waves. 

 

 

 

Figure 2.11 ï Bubbles being ñobscuredò by disturbance waves when using backlight technique (Rodríguez 

and Shedd 2004). 

Farias et al. (2012) proposed some enhancements of the technique described by 

Rodríguez and Shedd (2004). Their technique could obtain longitudinal and cross-

sectional measurements of the liquid film. The optical set up for the cross-sectional 

measurements is shown in Figure 2.12. 

 

 



21 

 

Figure 2.12 ï Optical set up developed by Farias et al. (2012) for the cross-sectional measurement of the 

liquid film in horizontal annular flow. 

2.4.2.  Liquid entrainment 

A considerable amount (up to 40% - see Figure 2.6) of liquid mass flux can be 

found as entrainment in the gas core in churn and annular flows. The entrainment can 

play an important role in the study and evaluation of two-phase flows. For instance, 

some mathematical models rely on correlations for the entrained fraction as closure 

relationship. Neglecting the entrainment on churn and annular flows can imply, for 

instance, in considerable errors in the pressure drop calculations for these types of flows 

(Bendiksen et al. 1991). Therefore, investigations regarding the entrained liquid are an 

essential part in the description of churn and annular flows. 

Barbosa et al. (2002) presented an experimental investigation for the liquid 

entrainment fraction for the transition region between churn and annular flow. The 

authors used an isokinetic probe to measure the local distribution of gas and liquid mass 

fluxes. A schematic diagram of this probe is illustrated in Figure 2.13. An empirical 

correlation was proposed from the experimental results for the fraction of liquid 

entrainment (in %), which is given by, 
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where ά  and ά  are the liquid and gas mass fluxes, and dT is the tube diameter. Eq. 

(2.2) is valid for 0.9 < Ugs*  < 1.3, 11 < ά  < 334 (in kg m
-2

 s 
-1

), 1.33 < p < 5.2 (in bara) 

and 0.0127 < dT < 0.0508 (in m). 

 

 

 

Figure 2.13 ï Schematic diagram of the isokinetic probe used by Barbosa et al. (2002) to measure the 

entrained liquid fraction in churn and annular flow. 

Their results also show that the pressure gradient and the liquid entrained fraction 

exhibit a minimum near Ugs*  å 1. They concluded that this behavior should be related to 

the process of creation of the droplet entrainment (from the break-up of the waves 

present in churn and annular flows). 

Westende et al. (2007) used a Phase Doppler Anemometry (PDA) technique to 

measure the entrained droplet-size and droplet-velocity at 15 locations in the tube-cross-

section for churn and annular flow conditions. The main conclusion from their results 

was that for churn-to-annular flow conditions, only 0.4% of the droplet were moving at 

low velocities (< 3 m/s), and the droplet sizes were much smaller than predicted by the 

Turner et al. (1969) criterion (which is the most widely used model to predict the onset 
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of liquid loading in the oil and gas industry). According to Turner et al. (1969), at these 

conditions, most of the droplets would be expected to move to velocities close to zero. 

Thus, more experimental studies seem to be needed in this area to clarify this 

inconsistency.  

2.5.  Phase Fraction Measurement Techniques in Two-Phase Flows 

Phase fraction is a dimensionless quantity relating the volume of one of the 

phases to the total volume occupied by all phases. Commonly, void fraction is the term 

used to refer to the gas phase, and holdup is the one to refer to the liquid phase. The sum 

of void fraction and liquid holdup must be equal to unity, hence, if one of these 

parameters is known the other one can be directly calculated. 

The measurement of void fraction is essential in multiphase flow systems. This 

quantity is the key to determine numerous parameters such as mixture density, effective 

two-phase flow viscosity, in-situ velocities, prediction of flow regimes, and others. 

Falcone (2009) presented an extensive review of multiphase flow metering, which 

includes void fraction transducers. Silva (2008) carried out an extensive review of many 

types of impedance void fraction measurement techniques applied in  multiphase flow 

systems. 

A description of the main type of sensors presented by Falcone (2009) and Silva 

(2008) are given next.  

2.5.1.  Conductivity and capacitance probes 

A common technique to measure void fraction, especially in research because of 

its low cost and simplicity, are the so-called electrical conductivity and capacitance 

probes. The basic idea behind both types of probes is to place electrodes in the perimeter 

of the pipe and measure the impedance between the electrodes, which can be related to 

the void fraction inside the pipe. For conductivity probes, electrodes are flushed in the 

inner wall of the pipe (Figure 2.14a) in order to measure the conductivity of the media 

inside the pipe. Hence, this technique requires a continuous phase which conducts 
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electricity and is in contact with the wall. The dispersed phase cannot conduct electricity. 

The capacitance probes do not require conducting phases, then they can be placed in the 

outer perimeter of the pipe (Figure 2.14b), and be applied, for example, for oil/gas flows. 

The capacitance probes measure the capacitance between the electrodes, which makes 

possible to deduce the void fraction in the pipe. 

 

 

 
(a) 

 

(b) 

Figure 2.14 ï (a) Conductivity and (b) capacitance probes (Silva 2008). 

The two techniques described above are relatively easy to implement and have 

been widely used in research. As shown by Chun and Sung (1986), the accuracy for 

capacitance transducers technique is within the range of ±10% for different flow 

regimes. However, as can be shown in Figure 2.15, these authors did not test high levels 

of void fraction (95% or more). In their experiment the highest tested value for void 

fraction, Ŭ, did not exceed 80%.  

The main disadvantage of impedance probes shown in Figure 2.14 is that these 

sensors can only provide measurements of average void fraction for the cross section 

area of the pipe, not providing the cross sectional distribution of the phases. 
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Figure 2.15 ï True value against measured value using a capacitance probe for void fraction for different 

flow regimes and electrode position (Chun and Sung 1986). 

The review made by Silva (2008) also included some types of impedance sensors 

to measure local distribution of void fraction through the cross sectional area of the pipe. 

More specifically, Silva has paid a special attention to one of them: the so-called wire-

mesh sensors. 

2.5.2.  Wire-mesh sensors 

Wire-mesh sensors are flow imaging devices that allow flow visualization of 

multiphase flows with high temporal and spatial resolution. A recent review about these 

type of sensors have also been carried out by Prasser (2008). The concept and results 
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examples of this type of sensor are presented in Figure 2.16 and Figure 2.17. Wire-mesh 

sensors basically consist of two sets of wires spaced axially, which measures the 

conductivity of the conducting phase. One set is composed by the parallel transmitter 

electrodes and the other one have parallel receiver electrodes. The sets are placed 

perpendicular to each other and their planes are also perpendicular to the flow main 

direction. The sensors electronics measures the local conductivity in the gaps of the 

crossing points of all transmitter and receiver wires at a high repetition rate. Considering 

a two-phase flow using air and water, the later is considered the conducting phase and 

air the non-conducting phase. Hence, the measurement of low conductivity between the 

transmitter and the receiver grid indicates the presence of the gas phase, which can then 

give a void fraction distribution along the cross sectional area of the pipe. A more 

detailed description of wire-mesh sensors principles and measuring techniques can be 

found in Silva (2008). 

 

 

 
 

Figure 2.16 ï Wire-mesh sensor concept (Silva 2008). 

Gas Bubbles

Pipe

Transmitter 

electrodes

Receiver 

electrodes



27 

 

Figure 2.17 ï Wire-mesh sensor measurement result example (Silva 2008). 

The main advantages of wire-mesh sensors are the low cost and easy installation 

when compared with other techniques capable of measuring void fraction distributed 

along the cross section area of the pipe (tomographic flow imaging), such as X-ray and 

Magnetic resonant imaging (MRI). 

The disadvantages of wire-mesh sensors are its intrusiveness, non-tolerance to 

presence of solid particles in the flow and difficulties to be deployed in flows with high 

void fraction (for instance, annular flows). The intrusiveness effect was investigated 

(Silva 2008) and the results have shown that the mesh only affects the flow downstream 

to the sensors. For industry applications this is a small drawback, once engineers are 

usually interested in measuring the void fraction, regardless of the disturbance 

downstream (unless there is an excessive pressure drop, which is not the case). On the 

other hand, for research purposes, the intrusiveness of wire-mesh sensors can be a 

considerable disadvantage. Many researches (especially in the present work) are 

interested to carry out investigations of void fractions in various different locations of 

the pipe simultaneously. Therefore, once we place one wire-mesh sensor; the flow will 

be disturbed downstream to the first sensor. This would not be a considerable issue if the 

investigators could work with only one measurement for each experimental run. 
































































































































































































































































































































