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ABSTRACT 

In this research, both experimental and numerical investigations are 

conducted to study the mechanism behind slug flow in a capillary tube. A 1.2 mm 

inner diameter capillary model is employed to represent the pore structure of 

porous media. A single oil slug is trapped in the tube and mobilized from a 

stationary condition by water injection. During the flow process, the flow behavior, 

the maximum driven pressure to mobilize the oil slug and the flow time to reach 

the maximum pressure are recorded and analyzed. The results show that the 

generation of a thin water film between the oil slug and the tube wall is essential 

in order to mobilize the oil slug from a stationary condition. During the process of 

water film generation, four different flow phenomena are observed: (1) Water film 

developing forward; (2) water film developing backward; (3) the leakage 

phenomenon; and (4) the oil slug breaking up. The appearance of these four 

phenomena is determined by both the oil slug length and the water injection 

velocity. 

Two models are created in the software package FLUENT. Based on the 

experimental settings, the flow behavior of the oil slug is simulated. The results 

indicate that both of these two models perform well in simulating oil slug shape 

variation. The impacts of diameter variation along the tube, water injection 

velocity and oil slug length are also simulated and analyzed. It can be 

summarized from the results that the maximum driven pressure magnitude is 

proportional to the water injection velocity and the oil slug length, and the flow 
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time is inversely proportional to the water injection velocity. Quantitatively, the 

numerical results are consistent with the experimental results. 

This research imparts a better understanding of the mechanism behind oil 

slug flow. Moreover, it is a practical element for the further study of EOR 

technology.  
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CHAPTER 1 INTRODUCTION 

1.1  Background 

Oil production is one of the most important industries all over the world; 

however, the petroleum industry currently face great challenges in obtaining the 

residual oil after primary oil recovery and secondary oil recovery. This portion of 

oil, which exists in droplet form, is trapped underground due to interfacial tension; 

it is very difficult to recover using existing technology. It is essential to study the 

flow behavior and mechanism of the mobilization of the oil slug stuck in porous 

media in order to develop an effective method to improve EOR efficiency. 

In this research, a capillary model is employed to study the mobilization of an 

oil slug in porous media. A capillary tube is utilized to simulate a simplified form 

of the pore structure in porous media; inside the model, an oil slug is mobilized 

by water injection from a stationary condition to simulate the process of 

waterflooding in enhanced oil recovery. During the experiment, three aspects are 

studied in detail: 1) the flow behavior of the oil slug during the water injection, 2) 

the pressure drop in the test section, and 3) the flow time to reach the maximum 

driven pressure. Two numerical models are developed to simulate the 

experiment process, the effects of diameter variation along the tube, water 

injection velocity and oil slug length on the oil slug mobilization are tested and 

results are analyzed. It is expected that this research can be an effective 

reference in the future development of EOR technology. 
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1.2  Organization of the thesis 

This thesis has been divided into six chapters. In Chapter 1, a general 

introduction of this research is provided, and a detailed literature review is 

presented in Chapter 2. In Chapter 3, the experimental setup and procedures are 

described in detail. Chapter 4 contains results and discussion regarding the oil 

slug mobilization in the capillary tube. In Chapter 5, the numerical models are 

introduced and the simulation results are reported. Finally, Chapter 6 contains 

the conclusions and recommendations of this research. 
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CHAPTER 2 LITERATURE REVIEW 

As one of the most prominent research areas, two-phase flow in capillary or 

micro tubes has been carried out in a great number of research projects, and 

many aspects, such as flow patterns, pressure drop, and phase velocity have 

been studied and reported under many different possible conditions. All of these 

have significant effects on the development of engineering technologies. 

2.1  Flow patterns 

Flow pattern is the basic flow characteristic, and it has been studied and 

reported in detail. Fundamental knowledge of two-phase flow patterns and their 

application was introduced by Cheng’s group [1]. In this work, existing two-phase 

flow studies were reviewed, and the following conclusions were drawn: 

understanding the flow patterns in microchannel is still in the early stages of 

development; visual-only methods, which always lead to great errors in 

observation, are the main methods used to study flow regimes in most of the 

projects; physical properties of flow phases and channel shapes studies are 

needed to obtain a better systematic understanding of these areas. Coleman and 

Garimella [2] investigated a study of two phase flow in a small hydraulic diameter 

tube, and from the results, they divided the flow regimes into four classifications: 

stratified, intermittent, annular and dispersed. These flow regimes were further 

divided into flow patterns: slug flow, bubble flow, annular flow and so forth, which 

are commonly described in much of the literature. Figure 2.1 briefly shows these 

flow patterns recorded from a 5.5 mm diameter tube. According to Coleman’s 
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illustration, similar patterns have been observed for smaller tubes, since they 

were also studying the effect of tube inner diameter. Similar flow patterns have 

been observed by Waelchli [3]; a 0.5 mm inner diameter, T-shape microchannel 

was employed in his research, and intermittent flow, annular flow and bubbly flow 

were observed. A paper published by Zhang’s group [4] presented an 

experimental study that mainly focuses on the effects of different physical liquid 

properties and channel size. The flow channels they tested are smaller than 1 

mm. According to their test, typical flow patterns, such as slug flow and annular 

flow appeared in all the tests, while dispersed flow was not observed; channel 

size and physical liquid properties have significant influences on two-phase flow 

pattern.  

Understanding the flow patterns of two-phase flow is very helpful in the 

present research, where a specific flow pattern, slug flow has been employed to 

represent oil droplets trapped underground. The liquid film formed surrounding 

the oil slug, the pressure drop across the tube and the flow time of the oil slug to 

reach the maximum driven pressure have been analyzed in this study in order to 

get better a understanding of the slug flow mechanism and, furthermore, to 

applying it to the petroleum industry to improve EOR efficiency. 
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Figure 2.1 Description of flow regimes and patterns [2] 
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2.2  Liquid film in micro tube slug flow 

It has been well recognized that the liquid film formed between the tube wall 

and the flowing slug has important effects on many aspects, such as flow velocity, 

pressure drop and heat transfer [5]. Thus it is essential to study the mechanism 

of how the liquid film surrounding the slug formed; furthermore, the measurement 

of liquid film thickness has also been considered in many research projects [5-11]. 

In 1963, Suo [12] studied two-phase flow in a capillary tube where gas 

bubbles were set to be symmetrical long bubbles, in his research, he mentioned 

that the gas bubbles and the tube wall were separated by a liquid film. He also 

introduced the relationship between film thickness and fluid velocity. Although the 

existence of liquid film has been realized for a long time, the research in this field 

is still in its infancy due to the limitation of available technology. Most of the 

research about this aspect was conducted in this century. In 2001, Serizawa [13] 

published a paper about micro-channel two-phase flow; results indicated that the 

thickness of the thin liquid film formed surround the gas slug has a direct 

relationship with liquid flow rate, that is at high velocities and under clean surface 

conditions, a stable thin liquid film could form between the tube wall and gas slug, 

whereas if the velocities were too low, the liquid film cannot exist between the 

tube wall and gas slug due to the surface tension of the gas slug. This result is 

very important in the present study, in which we are trying to observe the 

development of liquid film and the parameters that will affect liquid film 

developing. He also mentioned that this phenomenon is related to channel 
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wettability. Hazuku’s group [11] introduced an experiment research on liquid film 

measurement in microchannels; a new method was discussed, and a laser focus 

displacement meter (LFD) was employed to measure the interfacial displacement 

of a liquid film. Theoretical analysis was also developed. The calculation result 

agreed well with the displacement in the experiment. A similar method was used 

by Han’s group [5]; after measuring the liquid film thickness in five tubes of 

different diameters, the results showed that the capillary number has direct 

influence on the thickness of liquid film, especially when capillary number is 

relatively large and the inertial force needs to be taken into consideration. The 

thickness also varied at different measuring positions due to the effect of gravity, 

Take 1.3 mm inner diameter tube as an example, the liquid film is thicker at the 

bottom of the tube and thinner on the top, and this is because the density of 

water is much greater than that of gas. Other parameters such as slug length did 

not have a significant effect on liquid film thickness. Tibirica’s group [8] 

summarized the methods used to measure liquid film thickness. The 

measurement methods were divided into four groups by physical principles: 

acoustic, electrical, optical and nucleonic techniques. In his paper, the difficulties 

of using these methods in micro systems were analysed and it was found that the 

optical methods including: interface detection and total internal reflection of light 

(Figure 2.2) are suitable for annular flow. LFD, which has been mentioned before 

can also measure thin films and should be considered in future studies.  In 

Kawahara’s study [14], different kinds of liquid film have been obtained in the 

experiment, and they concluded that the relationship between flow velocity and 
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liquid film thickness can be categorized into three conditions as shown in Figure 

2.3: (1) both liquid and gas are at low flow rate, the liquid film is generally smooth 

and thin, (2) liquid flow rate is low and gas flow rate is high, it is more likely that a 

ring-shaped liquid film is generated during the flow procedure, and (3) liquid flow 

rate is high, a thick liquid film often appeared and sometimes a deformed liquid 

film also occurred.  
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Figure 2.2 Internal reflection of light phenomenon [15] 

 

Figure 2.3 Images of two-hase flow in a microchannel, left: at itermediate liquid 

and high gas flow rates; right: at high liquid and gas rates [14] 
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2.3  Pressure drop 

Pressure drop is an important parameter in fluid dynamics and is caused by 

fluid flow resistance; it is influenced by flow velocity, physical fluid properties, 

tube surface roughness, wettability and so forth. Several experimental studies 

and theoretical calculations have been created to measure the pressure drop in 

slug flow [14, 16-25].  

Niu [22] experimentally studied the pressure drop of gas-liquid flow. From his 

description, the pressure is the sum of three parts: static pressure, momentum 

pressure, and frictional pressure. He also compared the results with the 

predictions from a homogeneous and separated model. Results showed that a 

proper calculation model is the most important aspect, in matching experimental 

results and theoretical results. Similar research has been done by Pehlivan [23]; 

his group measured two-phase frictional pressure drop in tubes with different 

inner diameters and compared the experimental data with the calculation results 

from a homogeneous model. They summarized that the standard calculation 

errors increased when the tube diameter decreased. In 2007, Cavallini [26] 

presented a numerical model to calculate the influence of microchannels’ surface 

roughness on frictional pressure gradient. Both single-phase and two-phase flow 

were considered and the conclusion was that the motion of liquid film is affected 

by the surface roughness of the tube, whereas when liquid film thickness is equal 

to the height of surface’s peaks, the liquid entrainment is also influenced by 

surface roughness. In addition to these parameters, surface tension and shear 
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stress should be taken into consideration. The latest research conducted by 

Rapolu [27] considered the effects of surface wettability and geometry. A 0.7 mm 

inner diameter channel is employed in the experiment, slug flow is established in 

a microchannel and flow visualization is used to characterize surface wettability 

and pressure drop. He found that surface wettability is closed related to capillary 

resistance, which is the main factor in pressure drop calculation. While the 

influence of capillary resistance on hydrophilic channel flow pressure drop is not 

that obvious because the liquid film formation between gas bubble and tube wall. 

Meanwhile, the capillary resistance is inversely proportional to the thickness of 

the liquid film. In 2008 Saisorn [20] reported that comparing with the flow 

phenomena in ordinary size channels, the flow behaviour in micro channels 

dependents more on the surface tension effects than the viscosity and inertia 

forces. 

The above literature is all about gas-liquid two-phase flow. There is also 

some research on liquid-liquid two-phase flow. Beretta [19] studied oil-water 

horizontal in a 3 mm inner diameter pipe flow both experimentally and 

theoretically. The relationship between pressure loss and oil viscosity was 

presented, and the calculation data has been compared with experimental data. 

Results indicated that: (1) at higher oil viscosity, the pressure loss reductions are 

higher; the pressure loss reduction increased as oil to water viscosity ratio 

increased, (2) during the flow procedure, the viscous fluid (oil in this case) 

occupies the central flow region and the less viscous fluid (water) always flows 

around the oil, and (3) Brauner’s model is the proper model to use for calculation 
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the experimental model in Bruaner’s research. Furthermore, the author proposed 

an empirical coefficient and estimated the pressure drop more accurately. 

Another liquid-liquid horizontal flow is developed by Angeli’s group in the UK [28]. 

They considered a model with low viscosity oil and water flow in two 1-in 

horizontal test sections. The two sections of the flow region are made of stainless 

steel and acrylic resin. Pressure gradients were measured as in former research, 

and great differences were found between the results from the two types of tube, 

Angeli concluded that the pressure drop gradient of two-phase flow is strongly 

affected by the material of tube wall, which was proved by the fact that the 

pressure gradients were always higher in the steel than in the acrylic tube. On 

the other hand, the experimental data did not agree well with common theoretical 

models such as the separated flow model and homogeneous model, and this 

was also due to the tube material. 

As one of the most important parameters in describing two-phase flow 

phenomena, the number of studies about pressure drop greatly exceeds those 

included above. Different channel sizes, varieties of channel shape, and different 

materials and external conditions have been considered by researchers all over 

the world.  

2.4  Liquid velocity study in two-phase flow 

Besides pressure drop, liquid velocity distribution is another parameter that 

can describe the flow phenomena of two-phase flow [29-35].  In 1973, Sato [32]  

established a momentum equation for two-phase bubble flow, which created a 
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relationship between liquid velocity and void fraction, and the experimental 

results were used to test the theoretical assumption. Comparison of the results 

showed that the theory worked well in the core of the flow region, while the errors 

were relatively large when the flow phenomena close to the wall were considered. 

This theory is applicable to microchannels, but it is not applicable to 

microchannels that have inner diameters smaller than 3 mm. Waelchli’s studies 

[3] showed that the velocity distribution inside the liquid plug of two-phase flow 

has a great influence on the reaction rate of a chemical gas-liquid reaction. In 

2005, a new instrument: a birectional flow tube (BDFT) was introduced by Yun 

[36] to measure the flow rate in two-phase flows. It was shown that this flow tube 

can be used under low flow conditions; single-phase flow was performed to 

correlate the average velocity errors, which makes the function suitable for 

extremely low Reynolds number regions. Besides BDFT, another method, 

ultrasonic velocity profile (UVP), was also employed by researchers to study the 

velocity distributions of two-phase flow. Biddinika [29] considered an 

experimental study and measured the velocity profile by using two types of multi-

wave sensors, the results showed that 8 MHz sensor achieve results that show 

good agreement in measuring both liquid and gas phase velocity. Fukano [37] 

studied the characteristics of gas-liquid flow in capillary tubes. Both vertical and 

horizontal experiments were conducted in this research, and the results showed 

that when the tube diameter was small, the surface tension was more important 

compared to the flow direction. The velocity of larger gas bubbles relative to 

liquid slugs is slow.  
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2.5  Former research in our group 

As former researchers in our group, Fan [38, 39] and Cheng [40] conducted 

a series of experimental studies on oil-water two-phase flow in capillary tubes. An 

experimental model of mobilizing a trapped oil slug in a uniform capillary tube 

was used to represent residual oil in a reservoir, and different water injection 

velocities were examined. Fan studied the pressure tendency during the flow 

procedure and divided the pressure changing into three stages. He also 

described the optimal injection velocity as the relationship between oil slug length 

and steady differential pressure. Meanwhile the effects of mechanical vibrations 

on mobilizing a trapped oil slug were tested, and the results showed that proper 

vibration can reduce the gradient of initial pressure during the oil slug 

mobilization and improve oil recovery efficiency. Based on Fan’s research, 

Cheng further studied the mechanism of mobilization of residual oil trapped in 

pore structures. Differing from Fan’s work, Cheng investigated the relationship 

between the driven pressure and drainage time, during which the water film that 

formed surrounding the slug drained out gradually and made the oil mobilization 

difficult. A proportional relationship was generated between drainage time and 

driven pressure after analyzing the experimental data gained from different sizes 

oil slugs. In addition to the experimental study, a numerical simulation was also 

developed in Cheng’s work to study the flow behaviour of an oil slug trapped in a 

capillary tube. The numerical model is based on the experimental model and the 

results agreed well with the experimental observations.  
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CHAPTER 3 EXPERIMENTAL SETUP OF OIL SLUG 

FLOW IN A CAPILLARY TUBE 

This research mainly focused on three aspects of two-phase flow 

phenomena: 1) The development of a water film surrounding the oil slug during 

the experimental process; 2) The change tendency of the pressure difference 

across the capillary tube during the oil slug mobilization; and 3) The time taken 

for the oil slug to reach stable flow conditions. 

In order to obtain the above data, an experimental model was established to 

simulate the conditions of an oil slug trapped in a pore structure. Figure 3.1 

shows the experimental set-up and Figure 3.2 is a sketch of the experimental 

model. The main body of this model was developed by Fan [38], a former 

researcher in our group. In this research, an image acquisition system was added 

to the existing model to record and observe the flow behavior of the oil slug.  
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Figure 3.1 Photograph of the experimental setup 

 

Figure 3.2 Sketch of experimental setup 
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3.1  Experimental setup 

3.1.1 Model used in this study 

The experimental model used in this research can be divided into three parts: 

the test section, the data acquisition system, and the image acquisition system, 

which are shown in Figure 3.3, Figure 3.4 and Figure 3.5 respectively.  

Test section: a single capillary tube (PYREX Brand Glass Tubing) was used 

to represent the pore structure in a porous media. The parameters of the tube are 

the Inner diameter of 1.2 mm and the length of 400 mm. Two ends of this tube 

were connected with two Plexiglas chambers, marked as Chamber A (left) and 

Chamber B (right). Chamber B was fitted with a syringe to enable injection water 

into the test section. The syringe was operated by a pulse-free constant syringe 

pump (Model 341A, Sage Instruments), which generated a constant bulk flow rate 

into the test tube. Also, there was a tiny channel on Chamber B used to inject oil 

slugs into the test section. When running the experiments; the channel was plugged 

by a needle. Chamber A was connected to a water reservoir to maintain pressure 

balance in the system. 

Data acquisition system: As shown in Figure 3.4, a data acquisition system 

was used to obtain the pressure difference value between the two ends of the tube 

during the experiment. The core instrument in this system was a highly sensitive 

pressure transducer (DP103, Validyne Engineering) which was applied to collect the 

pressure difference across the tube. The transducer was connected to the two ends 

of the test tube through Chambers A and B. Meanwhile, a carrier demodulator (CD15, 
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Validyne Engineering) was used to link the transducer and a data acquisition board 

(CIO-MINI37, National Instruments) was used to convert the voltage signals 

(generated by the transducer) to digital signals, and these data were saved on the 

computer.  

The working principle of this data acquisition system was that: when water 

flowed through the tube, the pressure difference generated at the two ends of the 

tube would bend the sensitive diaphragm inside the transducer into a different shape, 

which would create voltage signals. The signals would then be amplified by the 

carrier demodulator. After that, the data acquisition board would transform the 

amplified voltage signals into digital signals, which would then be read by the 

data processing software (DASYLab V8.0, National Instruments) installed on the 

computer.  

Image acquisition system: As mentioned in an earlier section, one of the 

main purposes of this research was to observe and collect data on the flow 

phenomena during the mobilization of an oil slug. To reach this goal, an image 

acquisition system was added to the existing experimental setup to observe the 

shape variation of the oil slug and the development of the water film during the 

process of oil slug mobilization. As shown in Figure 3.5, a long arm stereo 

microscope (XV436B54P30) combined with a 9.0MP (3488×2616) camera was 

set on the top of the test tube in which the oil slug was mobilized, images of the 

slug over time were photographed. This stereo microscope offers a maximum 

180x zoom lenses that is sufficient for the observations required in this tests. Also 

a 54 LED controllable ring light that came with the microscope provided a flexible 
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light source for the experiment under varying conditions. Additionally, the long 

arm of this microscope is a very good design that especially fit this test, because 

the liquid interface between the oil-water and oil-tube wall is very thin, so, in order 

a better observe these interfaces, large magnification was needed. When the 

magnification is closed to 180x, the area that can be viewed is very small, 

although the actual velocity of the oil slug was very small in this test, it was very 

fast when observed under this level of magnification, which means it was very 

easy for the interface to quickly move past the observation area shown by the 

microscope. The long arm setting, however, gave a flexible way to control the 

observation area, so as the oil slug moved forward, the focal point of the 

microscope was always able to be adjusted to follow the boundary by simply 

adjusting the position of the arm. On the other side, a video camera was set up to 

record visual field of the microscope. A ruler was placed background of the test 

section to provide a scale by which the length and position of the oil slug could 

be during the experiment, and the measurements were then used to calculate the 

interface velocities of the oil slug under different water injection velocities.  
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Figure 3.3 Test section 

 

Figure 3.4 Data acquisition system 
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Figure 3.5 Image acquisition system  
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3.1.2 Experimental procedure 

The main experimental procedures are described as follows:   

1. Connect the clean capillary tube with the two chambers, making sure that the 

system is airtight and the capillary tube is horizontal. 

2. Fill the system with DI water. It should be notice that in order to obtain reliable 

pressure data, it is necessary to run the water cycle several times during this 

procedure and make sure that there are no air bubbles in the flow system. 

3. Inject an oil slug of desired length into the tube. The oil slug is manually 

injected into the test section from Chamber B using a syringe; careful 

operation is needed to ensure the desired amount of oil is injected and the oil 

slug is not broken. 

4. Drain out the water film between the tube wall and oil slug. There is water film 

right after the oil slug is injected into the test section; while the residual 

underground oil is difficult to extract because it is in tight contact with the rock 

and sand. To better simulate reality, the oil slug is left in the tube for a certain 

time period, which is called drainage time.  During the drainage time, the 

water film will be drained out due to the surface tension of the oil slug, and the 

slug will touch the tube wall directly. 

5. Stabilize the pressure transducer. Due to the performance of the transducer, it 

is essential to stabilize the transducer before starting the test. In this step, the 

data obtained from the transducer is initially adjusted to zero, and monitored 
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until the readings are stable. Normally it will take half an hour to forty minutes 

to let the transducer reach a stable condition. 

6. Start the test. Inject DI water to the test section with a desired flow rate 

controlled by the syringe pump, at the same time, the pressure transducer will 

record the changing pressure across the tube and the flow phenomena can 

be observed using the image acquisition system. 

7. Finish recording and shut down the experiment. After running the experiment 

for a certain period, the oil slug is fully surrounded by water film and moving 

forward with a constant velocity, meanwhile the pressure data monitored on 

the screen is stable, a whole test circle is finished, and the syringe pump can 

be shut down and ready for the next round. 

3.2  Considerations and material properties 

3.2.1 Experimental considerations 

The ideal experimental model maximizes its fit to reality, so that real 

conditions can be properly predicted from the experimental results. Several 

things needed to be considered to reach this goal: 

1. The capillary tube employed in this test had a suitable wettability and the 

inner diameter of the tube was 1.2 mm. The tube was made of glass, after 

testing using the capillary-rise method, the wettability of the tube was 

classified as intermediate [40], which matched well with the wettability of 

some reservoirs [41]. In addition to that, the tube’s inner diameter was small 
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enough to ignore the effect of gravity. This is important because residual 

underground oil is usually sparse, and capillary force is the main factor that 

affects the mobilization of an oil slug. 

2. Varsol and Acetone were used to clean the tube. Due to the properties of oil, 

there was left over oil on the tube after running the test. It was necessary to 

clean the tube in order to get reliable result. In this experiment, the glass tube 

was first cleaned using Varsol and Acetone, then immersed in DI water for 2-3 

minutes, and finally blown with air for 1 hour to make sure the inner surface 

was clean and dry. 

3. The capillary tube was set at a horizontal level in the experiment in order to 

avoid the influence of buoyancy force due to the density difference between 

DI water and the oil slug. 

4. After injecting the oil slug, the needle was pulled out slowly and carefully. The 

reasons for this are: 1) preventing the oil slug from breakage: the oil slug will 

break into several oil bubbles due to the large pressure unbalance if the 

needle is pulled out too fast, 2) reducing inner surface scratching caused by 

the needle. The point of needle should always face the observer in case 

some tiny oil bubbles slip from the needle during the procedure. 

5. The oil slug was always mobilized from the same initial position. As 

mentioned before, it is unavoidable that the tube inner surface is scratched by 

needle after injecting the oil slug, which makes the inner surface closed to 

Chamber B coarser than the average level of the entire tube, and influences 

the pressure magnitude when the oil slug flows past this area. To avoid the 
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above test error, an initial position was chosen and marked on the tube, which 

was 150 mm away from the connection point with Chamber B. This initial 

position was determined by the needle length; the needle employed here was 

150 mm long, and since there was approximately 20 mm of space in the 

Chamber, the chosen initial position was suitable for avoiding scratch 

influence. 

6. The transducer had a suitable span. In this test, the pressure magnitude was 

usually no higher than 50 mmH O  , the DP103-26 (Validyne Engineering) 

used in the experiment was a highly sensitive pressure transducer and the 

selected diaphragm maintained the measure span within a maximum of 350 

mmH O . The accuracy of this transducer is 0.014  mmH O  which was 

sufficient for this research. The pressure file was plotted in both data and 

figure form, which makes the results visual and easy to analysis.  

7. Drainage time significantly affects the mobilization of an oil slug in a capillary 

tube [40]. In the current research, the drainage time was set to be different for 

different oil slug lengths, the purpose of this is to maximize the drainage of the 

water film between the oil slug and tube wall. The relationship between oil 

length and drainage time is shown in Figure 3.6. Generally speaking, the 

longer the oil slug is, the longer the time it needed to drain out the water film. 

The determination of whether the water film is completely drained out is listed 

in section 4.1  
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3.2.2 Material properties and experimental conditions 

The main contents of this test were oil slug and deionized (DI) water. There 

were two types of oil sample involved in this research: (1) standard oil S60 

(Cannon Instrument Company), which is transparent and has a viscosity of 148.0 

cp and density of 0.87 ⁄ , (2) a field oil sample, which is black and has a 

viscosity of 122.3 cp and density of 0.896 ⁄ , DI water is transparent and has 

a viscosity of 1.0 cp and density of 1.00 ⁄ . All the above properties were 

measured at room temperature (22 ± 0.5˚C). 
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Figure 3.6 The relationship between oil length and drainage time [40]
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CHAPTER 4 EXPERIMENTAL RESULTS OF OIL SLUG 

FLOW IN A CAPILLARY TUBE 

Numerous experimental investigations were performed for examining the 

mobilization of an oil slug trapped in a capillary tube. Above all, the effects of the 

drainage time on the flow of the oil slug were examined.  

4.1  Drainage of water film 

Figure 4.1 shows the flow phenomenon of mobilizing a 10 mm oil slug, after 

a drainage time of 24 hours. As can be seen from the figure, there was a thin 

yellow oil film stuck on the wall of the tube and following the flowing path of the oil 

slug. The thin oil film resulted from the high adherence and viscosity of the oil.  

It has also been observed that a faster injection velocity corresponds to an 

increased amount of residual oil. This observation proves that the oil slug has 

been in close contacted with the tube wall. There might have been small water 

patches between the tube wall and the oil slug; however, these were disregarded. 

In contrast, Figure 4.2 illustrates the flow condition right after the oil slug was 

injected, i.e. zero drainage time. Apparently, after the oil slug was mobilized by 

the water injection, there was none leftover on the tube wall, and the changing of 

the oil slug shape was not significant, which prove the existence of a thin water 

film between the oil slug and the tube wall. 
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The pressure difference for mobilizing the same length of oil slug after 

different drainage times has been measured by Cheng [40]. As illustrated in 

Figure 4.3, the pressure required to mobilize the oil slug is proportional to the 

drainage time, however, after a critical point, the pressure remains at equilibrium. 

Therefore, there is a maximum drainage time for a given length of oil slug.  Within 

this time, the pressure required to move the oil slug is proportional to the 

drainage time. After reaching the maximum drainage time, the linear relationship 

between pressure and drainage time does not exist, which means the resistance 

between the oil slug and the tube wall has reached a maximum and will no longer 

increase. 

Another noticeable phenomenon is found during the drainage of the water 

film. In the case of a large oil slug, the water might not necessarily be drained out 

completely no matter how long the drainage time is. For a long oil slug, the water 

film at the two ends of the slug will drain out first, and once this portion of water is 

gone, part of the oil slug is directly contact with the tube wall, which blocks the 

water film in the middle section of the oil slug from draining out. 

It is accepted the water film is a lubricant between the tube wall and the oil 

slug in the mobilization stage. The maximum resistance between the oil slug and 

the tube wall appears when there is no longer an existing water film. 
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Figure 4.1 Residual oil left on the tube wall  
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Figure 4.2 Flow phenomenon under zero drainage time 

 

Figure 4.3 Comparison of maximum driven pressure vs drainage time [40]
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4.2  Phenomena of the water film development 

At the initial stage of oil slug mobilization, the pressure difference between 

the two ends of the oil slug is zero, where the oil slug is in a cylindrical shape with 

two identical hemispherical heads at the two ends as shown in Figure 4.4. 

In general, the oil slug in the tube can be mobilized under the pressure 

generated by the injected water. However, based on the experiments performed, 

different phenomena of oil slug motion and mobilization are found corresponding 

to different experimental conditions. The phenomena observed in the 

experiments are summarized in four categories, namely: 1) Water film developing 

forward; 2) Water film developing backward; 3) The leakage phenomenon; and 4) 

The oil slug breaking up phenomenon. Detailed descriptions for the four 

phenomena are presented as the following. 

 

Figure 4.4 The initial shape of the oil slug  
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(1) Water film developing forward 

When water is injected into the tube, the pressure generated across the tube 

pushes the oil slug away from the original position. During the mobilization of the 

oil slug, it is observed that a thin water film is generated from the frontal end of 

the oil slug, which separates the oil slug from the tube wall. Figure 4.5 shows a 

typical example to demonstrate this phenomenon [42]. From these pictures it is 

clear that after drainage for 24 hours, the oil slug is in an ideal shape. When 

water is injected to the right end, the oil’s shape starts to change. With the 

external pressure, the front of the oil slug becomes sharp and the back side 

shrinks; meanwhile, the oil slug starts to move forward slowly. At this time, the 

main body of the oil slug is still in close contact with the tube wall and the 

resistance is very significant. As the frontal end of the oil slug becomes sharper, 

the diameter of the oil slug becomes smaller whereas the inner diameter of tube 

does not change. The whole system is filled with DI water; there is some water 

between the tube and the frontal part of the oil. The oil slug moves slowly and the 

sharp end gradually becomes longer, resulting in more of the oil slug being 

surrounded by a thin water film. As this procedure is continued, the entire slug 

eventually flows on the water film and at this point the resistance between the oil 

and the tube reduces to zero and the oil slug moves forward in the tube with a 

stable velocity. It should be noticed in reading the figures in Figure 4.5, the oil 

slug may travel a considerably long distance in completing the water film 

development, in comparing with the length of the oil slug.  
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Figure 4.6 illustrates the relationships among the external pressure on the oil 

slug and the oil slug traveling distance against time. For the sake of clear 

comparison, Figure 4.6 consists of two figures: the upper figure quantifies 

variation of external pressure corresponding to the increase of time and the lower 

figure describes traveling distance of the oil slug corresponding to the increase of 

time. “Zero” time is set at the time where water injection starts and the point 

corresponding to the “maximum pressure” is the time where the pressure 

difference measured between the two ends of the oil slug becomes maximum or 

becomes the maximum the first time. The “traveling distance” of the oil slug is the 

measure of the distance that the front head of the oil slug travelled. Based on the 

observation of the experiments, the tip of the oil slug front head starts to move 

forward almost at the very time that the water is injected from the right side of the 

tube. As can be seen from Figure 4.6, the oil slug moves lowly at the first stage of 

its motion, whereas the pressure difference between the two ends of the oil slug 

increases almost linearly until it reaches the maximum pressure as exhibited in 

the figure. It is also noted in the experiments, as shown in Figure 4.6, the speed 

of the oil slug’s motion increases gradually though the speed is relatively low; 

during the period of time from starting the water injection to the time when the 

pressure reaches the maximum.  

Once the maximum pressure is reached, as measured in the experiments 

and shown in Figure 4.6, the pressure becomes unstable and the corresponding 

speed of the oil slug further increases in average. As water continuously injected 

from the right side of the tube with increasing time, at certain time, the pressure 
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drops considerably in a very short time as shown in Figure 4.6 and then becomes 

stable with this lower pressure value. Accordingly, at the time that the pressure 

drops, the speed of the oil slug’s motion further increases and maintains nearly 

constant forming almost a straight line as shown in the figure. 

In the experiments, it is found that the speed of the oil slug increases 

nonlinearly following a curve nearly quadratic before the pressure reaches the 

maximum value. During the unstable and final stable periods, the oil slug moves 

almost linearly though the speed in the unstable period is relatively slower.  
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Figure 4.5 Water film development  
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Figure 4.6 The relationships among the external pressure on the oil slug and the 

oil slug traveling distance  
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(2) Water film developing backward 

In the experiments, the flow characteristics of the oil slug may vary with 

respect to the water injection velocity. As illustrated in Figure 4.7Error! 

Reference source not found., for an oil slug of given length, the water film 

develops backward as the water injection velocity is relatively high. When the 

water is injected into the test section of the tube, as observed in the experiments, 

a water film generates noticeably from the rear end of the oil slug. During the 

time of the water film development at the rear end of the oil slug, the oil slug 

moves forward slowly and the size of the water film increases in the flow process. 

At the same time, the water film at the front end of the oil slug is also developed 

in the flow process. Eventually, the water films of front and rear ends are joining 

together and the oil slug is covered entirely by a water film, allowing for a smooth 

flow of the oil slug, as shown in Error! Reference source not found. (d). At this 

time, the water film is distributed evenly and the flow of the oil slug is stable and 

faster.  

The backward water film development is due to the increased water injection 

velocity that leads to an increased pressure difference across the oil slug. When 

the pressure difference is large enough, water patches first invade into the space 

between the tube wall and the oil slug from the tail end. For the same reason, the 

water film formed at the tail is thicker than the film generated at the front head of 

the oil slug. Furthermore, the oil slug shape is nearly symmetric and does not 
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noticeably change in this case, in comparing with the previous case in which the 

water film is developed at the front head of the oil slug. 

 

(3) The water leakage phenomenon 

When the water film is developing from the rear end of the oil slug, in many 

cases, another phenomenon of water leakage may occur. This is a case that the 

water injected may find a path in between the oil slug and the tube wall and flows 

around the oil slug without mobilizing the oil slug as shown in Figure 4.8. Once 

the water passing path is developed, the water will flow easily through the path 

therefore the oil slug will gradually stop moving. In turn, the pressure difference 

between the two ends of the oil slug may become considerably smaller than that 

in the cases of which the water film develops either from the front head or the 

rear end of the oil slug.  

It should be noted that the thickness of this water passing path is much 

larger than the water film. The water film actually consists of many tiny water 

patches, and is difficult to observe by the naked eyes. The path, however, is 

usually easy to distinguish as shown in Figure 4.8. Also, the position of the path 

development is random: it could be at any point around the inner surface of the 

tube.  

This leakage phenomenon is likely to occur for the oil slug of shorter length. 

The shorter is the oil slug length, the easier for the water film developed at the tail 
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of the oil slug to be connected to the water or water film at the front head of the 

oil slug to form a path for water to pass by.   
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(4) The oil slug break up 

When the water injection velocity further increases, another stage of flow 

phenomenon will commence. For a shorter oil slug, it is easy for the water to 

pass through without mobilizing the oil slug. However, for a longer oil slug, high 

velocity water injection usually leads to oil slug breaking up. In this case, the 

whole procedure is completed in a very short time. Once the water of high 

velocity is injected into the tube, the oil slug quickly loses its initial shape with part 

of the slug sticking on the wall and the rest becoming small individual oil bubbles 

that flow away with the water. In this case, although part of the oil is mobilized as 

small bubbles, the oil left on the tube wall becomes even more difficult to retrieve.  

It is noticed in the experiments, the water in this case may be pushed through 

from the center of the oil slug when the water injection velocity is high. This is 

also true for the oil slug with smaller length.  
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Figure 4.7 Water film developing backward  

 

Figure 4.8 Water leakage   
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4.3  Theoretical analysis 

In the previous section, four different flow phenomena were discussed. In 

order to obtain a better understanding of the reason that the flow phenomena are 

so different, it is necessary to explain the mechanisms of oil slug mobilization. 

The main factors that affect the flow phenomena are external pressure and the 

resistance between the tube wall and the oil slug. 

The external pressure can be considered as the pressure drop from the back 

(right) end of the tube to the front (left) due to the water injection, which can be 

expressed by Hagen-Poiseuille Law as follows: 

 
∆

8
 

(4.1)

where   is the viscosity of water,  is the injection velocity of the flow 

system,  is the length of the water in the test section which is equal to the tube 

length, and  is the radius of the tube. From this equation we can conclude that 

the pressure drop is determined by the water injection velocity because the water 

viscosity, tube length and tube radius are all constants. 

The resistance between tube wall and oil slug is: 

 1
2

 
(4.2)

In this equation,  is the effective friction factor, which is considered to be 

the friction factor of the oil slug in the current study, and can be calculated by 



44 
 

Reynolds number as shown below;  is the density of the oil slug and  is the 

flow velocity of the oil slug.   

 24
 

(4.3)

When the flow is laminar, the Reynolds number is expressed as: 

 
 

(4.4)

The hydraulic diameter  can be determined by: 

 
4  

(4.5)

where A is the cross sectional area of the oil slug and  is the oil-wetted 

parameter, which is two times the oil length. Figure 4.9 is a sketch of these 

parameters. It can be easily observed from the Figure that: 

 2  

2  

(4.6)

 

Figure 4.9 Sketch of parameters 
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The above equations can be combined and the following relationship is 

gained: 

 
6

2
 

(4.7)

 

In equation (4.7), the viscosity of the oil sample and the capillary tube inner 

diameter are constants. Another main concern of this research is the movement 

procedure of an oil slug from static to dynamic, during which the velocity change 

of the oil slug is slightly and the effect of this change is negligible. Thus, it can be 

shown that the resistance increases as the oil length increases. 

The former description indicates that the ratio of external pressure to the 

resistance can be presented by the ratio of water injection velocity to oil slug 

length.  

Figure 4.10 and Figure 4.11 show the relationship between flow phenomena 

and the ratio of injection velocity to oil length [43]. The data was obtained from 

the experiments. The four flow phenomena can be divided into three stages: 

(1) 0≤ ⁄  ≤ 0.0713: water film developing forward.  

When ⁄  is in the range from 0 to 0.0713, the oil slug flows as 

phenomenon one where the water film develops forward. The following results 

can be obtained from the experiment where data in Figure 4.12 and Figure 4.13 
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are the average pressure drop and flow time for different oil lengths and injecting 

velocities which are compiled from at least 3 data sets for each point. 

(a) For an oil slug, the maximum driven pressure is related to the resistance 

between the tube wall and the slug. In other words, the maximum pressure is 

determined by the oil length and this value is generally not affected by the 

injection velocity. This is illustrated in Figure 4.12.  

(b) When the oil slug length is fixed, the time to reach the maximum driven 

pressure is inversely proportional to the injection velocity (Figure 4.13).  

(c) For the same injection velocity, the longer the oil slug is, the less time it needs 

to reach the maximum driven pressure. In addition, the longer the oil slug, the 

longer the maximum driven pressure will persist during the injection process 

in order to develop the water film surrounding the oil slug. 

(d) The test velocity in this research was as low as 0.057 ml/hr and the longest oil 

slug was 10 mm. In this study, the water film formed at even the lowest 

velocity as long as the flow time was long enough. By contrast, in a similar 

study substituting gas for oil, Serizawa [13] reported that when the velocity is 

too low, a liquid film cannot form between the tube wall and a gas slug due to 

the surface tension of the gas slug. 

(e) For an oil slug of a certain length, the distance it travels in order to generate 

the entire water film is constant.  
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(2) 0.0713≤ ⁄  ≤ 0.0924: critical area. 

 The flow process is at a critical point when the external pressure is too large 

for the oil slug to maintain the general flow phenomenon, resulting in the liquid 

film generating backward and the possibility of water leakage phenomenon 

occurring. Due to the limitations of experimental conditions, at this stage it is 

difficult to distinguish these two resulting phenomena by numerical value. The 

phenomena can be described as the fact that the backward generation of liquid 

film is more likely to occur when the oil slug is relatively long, whereas there is a 

greater chance for the leakage phenomenon when the oil slug is short. 

(3) 0.0924≤ ⁄ : the oil slug breakup.  

When the ratio of injection velocity and oil length is larger than 0.0924, the oil 

slug quickly breaks up after water injection.  

Stages (2) and (3) are not the main concern in this study; therefore, these 

parts have not been described in detail. However, these aspects may be further 

studied in later research. 
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Figure 4.10 Critical velocity 

 

Figure 4.11 Breakup velocity 
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Figure 4.12 Relationship between maximum pressure and injection velocity 

 

Figure 4.13 Relationship between time to reach maximum pressure and injection 

velocity  
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CHAPTER 5 NUMERICAL SIMULATION OF THE OIL 

SLUG FLOW IN CAPILLARY TUBE 

5.1  Introduction 

The slug flow phenomena have been discovered and discussed in the 

previous chapters, and the pressure tendency during the flow process was 

recorded during the experiments. In this chapter, a computational fluid dynamics 

(CFD) software package FLUENT was applied to numerically simulate the flow 

process. Comparison results show that the simulation results quantitatively 

matched well with the experiment results. As is commonly recognized, a 

numerical research is very helpful in predicting the flow behaviour of two-phase 

slug flow, as it can simplify the research process by changing settings on the 

computer, rather than changing experimental setups. This is especially 

meaningful for real industry applications, as it can reduce the cost and shorten 

the require testing time. The objective of this chapter is to improve the accuracy 

of the numerical results for this type of simulation. 

5.1.1 Literature review 

Several studies have been conducted to simulate two-phase flow by applying 

numerical methods [44-49]. In 2002, Yang [48] studied the effects of body force, 

surface tension and bubble size on two-phase flow by Lattice Boltzmann Method 

(LBM), and his results illustrate that the body force and the bubble size have 

significant impacts on bubble mobilization and flow regime transition, respectively. 
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Kreutzer [18] investigated Taylor slug flow in a capillary by using a CFD code 

commercial package FIDAP; he reported that viscous losses obviously affect the 

Laplace pressures in a slug. Meanwhile, in variance with other researchers, he 

considered the inertial and interfacial forces as well as the geometry of the 

bubble train flow, which are proved to have effect on friction factor when studying 

the pressure drop of the slug flow in the capillary channel. A vertical tube model 

was created in FLUENT by Taha [50] to study the rise of Taylor bubbles in both 

stationary and flowing liquid; the simulation results showed that liquid viscosity 

and surface tension have great an influence on the bubble shape, the bubble 

rising velocity, and the film thickness between the tube and the gas bubbles, 

while the length of the bubble has limited effect on these parameters. FLUENT 

was also applied in Qian’s research [44] in which the effects of both flow 

parameters and fluid properties on Talyor slug flow behaviour were considered. 

The results showed that the velocities of gas and liquid greatly influence the slug 

length, and surface tension and that wall adhesion also made some contributions 

to the slug length. However, the effects of gravity, liquid density and viscosity can 

be ignored. In 2007, LBM was employed by Zhao [51] to simulate a gas-liquid 

flow, and the conclusions of this research were that  the flow regimes and bubble 

shapes depend on the capillary number of the flow; for those with small capillary 

numbers, the pressure difference causes the breakup of the slug. This result 

agreed well with his experimental work. Recently, Desai [45] presented a gas-

liquid flow in a T-junction mini-channel by FLUENT. Several parameters were 

considered in this simulation work, and the results show that surface tension and 
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the contact angle between the liquid and the channel wall are the main factors 

that affect the slug properties and the slug shape; the velocities of gas and liquid 

also contribute to the slug length, but there is no significant impact on slug size 

when the fluid viscosity is changed. 

In this research, two numerical models were created to study the impact of 

three major parameters (the diameter variation along the tube, the water injection 

velocity and the oil slug length) on the oil slug shape changing, the development 

of water film, pressure drop magnitude, and flow time during the flow process of a 

single oil slug mobilization. 

5.1.2 Calculation method 

In order to get reliable results, it is important to choose a suitable software 

package for the numerical simulation. Currently, many computational fluid 

dynamics (CFD) software packages are available to simulate liquid flow 

phenomena, such as ARIA, FIDAP, FLUENT and PHOENICS. Among these 

packages FLUENT is widely used in CFD applications. FLUENT is a powerful 

CFD software that provides diverse CFD algorithms for fluid dynamics 

applications, such as laminar, turbulence, and multiphase flow. It also offers 

different kinds of physical properties and user-defined functions, all of which 

make the software package powerful and work well for many different flow 

conditions. This software has been widely employed to simulate two-phase flow 

behaviour recent years. 
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As demonstrated by previous researchers [40, 52], FLUENT is a proper tool 

to simulate the experimental model in this research. The volume of fluid (VOF) 

method post-processed in this package was employed in the simulation. The 

VOF model is an Euler-Euler multiphase model. It is a surface-tracking technique 

applied to a fixed Eulerian mesh. This model is suitable for immiscible fluids 

studies. The VOF algorithm is a technique for tracking the interface of fluids. It 

should be noted that when the property differences of multiple fluid phases are 

very large, the accuracy of this VOF model is relatively lower compare with 

multiphase flow with similar fluid properties. In this study, since the properties of 

DI water and oil are quite closed to each other, the calculation error in this 

respect can be ignored under most conditions. 

In the VOF model, the surface position is determined by fraction function (Eq. 

5.2, 5.3, 5.4).This method considers the average density and viscosity of the fluid 

phases in each calculating cell. Then the Navier-Stokes equation (Eq. 5.1) is 

applied based on the results of this fraction function. The velocity and pressure 

for primary phase are the same as those for secondary phase in this calculation. 

 + ·(ρ )=0 (5.1) 

 · µ u f (5.2) 

 1  (5.3) 

 1
1

 (5.4) 
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where  ,  and  are the average density, density of phase 1 and density 

of phase 2, respectively. , and  are the average viscosity, viscosity of phase 

1 and viscosity of phase 2, respectively, p is the pressure, u is the velocity, f is 

the body force per unit volume and  is the volume fraction of phase. 

5.2  Effects of diameter variation along the tube 

5.2.1 Model development 

In numerical studies, creating a proper model is the most important and basic 

step, as it will crucially affect the simulation results. In the course of testing the 

effects of the diameter variation along the tube [53], the following aspects were 

considered during the modeling process: 

1. To simplify the modeling, an axial-symmetric property was assumed and a 

two-dimensional model was established based on this assumption instead of 

a three-dimensional one.  

2. The inner diameter of the capillary tube should be small enough to neglect the 

effect of gravity on the oil slug. 

The inner surface of the tube used in the experiments was not perfectly 

smooth. A sample capillary tube was cut into pieces of 20mm in length 

(Figure 5.1). Both sides of each piece were measured four times in 

different positions and the average for each piece is listed in  
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Figure 5.1 Measurement of capillary tube inner diameter 

Table 5.1. Figure 5.2 shows the real shape variation of the tube. Evidently, 

the uneven shape of the tube inner surface needs to be taken into 

consideration due to the tiny inner diameter of the tube. 

3. The calculation time is related to the complexity of the model; thus the test 

model should be simple. 

Based on the above considerations, a horizontal capillary tube (Figure 5.3) 

with a length of 20 mm and an inner diameter of 2 mm is created in the software 

Gambit. This model satisfied the conditions in seven aspects: 

1. The inner diameter of the tube was 2 mm, which is small enough to neglect 

the oil slug gravity. 

2. The length of the tube was 20 mm, and the mesh size for this model was 

20000 (200*100) grids, which keeps the model in a proper meshing condition 

(coarse meshing leads to inaccurate solutions and excessively fine meshing 

could result in cumulative calculation errors and increasing computation time). 
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3. To present the tube shape variation, a sine curve was employed to create the 

tube wall; as shown in Figure 5.4. The formula is as follows: 

 y Asin  (5.5)

 
2

 (5.6)

where y is the shape curve of the tube’s inner surface, A is the amplitude of 

the shape variation,  is the period length of the shape variation(the inner 

surface changing wavelength is presented by λ), and x represents the 

horizontal position of the tube. In this study, different A and were simulated 

to obtain the effect of capillary tube shape variation. 

4. Boundary conditions are shown in Figure 5.3, where the velocity inlet is on the 

left end of the tube to control the water injection velocity and the pressure 

outlet is on the right end to record the pressure profile. The top and bottom 

tube surfaces are defined as walls.   

5. The initial condition of this two-phase flow is that a 4mm oil slug is trapped in 

the tube and the rest of the tube is filled with water.  

6. As temperature is not the main concern of this research, it was set to be 

constant at room temperature (22˚C). 

7. The fluids in this setting are immiscible; meanwhile, there is a distance 

between the oil slug and the left end of the tube to make sure the oil slug is 

flowing under even pressure. Table 5.2 shows the fluid properties. 
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Figure 5.1 Measurement of capillary tube inner diameter 

Table 5.1 The inner diameter of the capillary tube 

Piece 
length/mm  

 

 

#1   #2   #3   #4     average  

16.26     1.24   1.24   1.28   1.25     1.2525  

18.38     1.20   1.24   1.20   1.20     1.21  

19.05     1.26   1.24   1.21   1.23     1.235  

18.08     1.27   1.23   1.25   1.24     1.2475  

19.24     1.21   1.21   1.21   1.21     1.21  

21.34     1.18   1.19   1.20   1.21     1.195  

22.34     1.18   1.22   1.20   1.19     1.1975  

19.38     1.22   1.22   1.21   1.21     1.215  

20.38     1.24   1.21   1.21   1.23     1.2225  

25.71     1.23   1.21   1.24   1.22     1.225  

22.14     1.21   1.23   1.22   1.22     1.22  

21.79     1.27   1.25   1.24   1.26     1.255  

23.23     1.23   1.21   1.24   1.22     1.225  

19.64     1.23   1.24   1.25   1.25     1.2425  
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Figure 5.2 The Shape of the capillary tube inner surface 

 

Figure 5.3 Numerical model for testing the effects of the diameter variation along 

the tube 
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Figure 5.4 Sine curved tube shape 

Table 5.2 Liquid properties [52] 

 
Density  ρ 

(kg/m3) 

Viscosity  μ 

(Pa s) 

Surface tension 

γ (N/m) 

Water  990  0.001   

Oil   880  0.148  0.05 
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5.2.2 Oil slug shape change and the development of water film 

In the numerical simulation, the change of the oil slug shape from the initial 

station to the stable flow condition has been recorded. Figure 5.5 illustrates the 

shape change process of an oil slug flows in a capillary tube with a tube 

wavelength of 0.2 mm. 

From the figure, it is obvious that at the initial condition when the oil slug is 

trapped in the capillary tube, it closely contacts the tube wall and the two ends of 

the slug are hemispherical. Then water is injected from the left ends of the tube, 

after a short while, the oil slug starts to move forward (to the right) due to the 

pressure difference generated by water injection across the tube. In the 

meantime, at the right end of the oil slug which is considered as the head of the 

slug, a thin water film appears gradually. As more water is injected into the test 

section, the oil slug keeps moving forward and the water film becomes longer. 

Finally, after the entire oil slug is surrounded by the water film, the oil slug flows 

forward stably, and the process of mobilizing the oil slug is completed. 

Figure 5.5 shows the variation of the oil slug shape during the simulation of 

flow process. 
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Figure 5.5 The oil slug shape variation during the flow process 
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5.2.3 The effect of the diameter variation along the tube 

To examine the impact of the diameter variation along the tube on the oil 

slug shape variation, pressure drop and flow time, five wavelengths and three 

amplitudes are simulated in this study, and the results are as follows. 

(1) The Effect of Tube Wavelength  

In this section, five different wavelengths (λ) of the capillary tube are simulated 

with three different water injecting velocities, and the relationship between the 

wavelength and the maximum driven pressure across the tube is illustrated in 

Figure 5.6.  

Apparently, the maximum driven pressure is inversely proportional to the 

wavelength of the capillary tube; when the other conditions (the properties of the 

oil slug, the length of the oil slug and the roughness of the tube) are fixed, the 

maximum driven pressure to mobilize the oil slug is proportional to the water 

injection velocity; moreover, the influence of wavelength is more obvious when 

the water injection velocity is high.  

(2) The Effect of Tube Shape Amplitude 

In addition to the tube wavelength, the impact of amplitude (A) variation of the 

tube inner surface is also simulated. In this study, the oil slug is fixed at 

4mm.Three amplitudes and two different water injection velocities have been 

tested. Figure 5.7 and Figure 5.8 illustrate the relationship between the diameter 

variation along the tube and the maximum driven pressure to mobilize the oil slug. 

Both of these figures show that when the wavelength of the tube is smaller than 
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0.6 mm, higher pressure is needed to mobilize an oil slug in a tube with higher 

inner surface amplitude; if the tube wavelength is larger than 0.6 mm, the 

amplitude variation does not have a significant influence on the maximum driven 

pressure.  

  



64 
 

 

Figure 5.6 The relationship between the maximum driven pressure and the 

wavelength of the capillary tube 

 

Figure 5.7 The relationship between the wavelength of the capillary tube and the 

maximum driven pressure (v=0.005m/s) 
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Figure 5.8 The relationship between the wavelength of the capillary tube and the 

maximum driven pressure (v=0.008m/s)  
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5.3  The effects of water injection velocity and oil length 

5.3.1 Model development 

In the above section (5.2), a simplified model was used to study the effects 

of the diameter variation along the tube; in this section, the numerical model that 

best matched the tube used in the experiment was created, and the effects of 

water injection velocity and oil slug length were simulated. Figure 5.9 illustrates 

the test model. 

The considerations of this model are: 

1. The dimension of the tube is the same as the capillary tube employed in 

Chapter 2, which had a 400 mm length and 1.2 mm inner diameter. 

2. The influence of the thick tube wall has been considered; so in this model, a 

2mm thick tube wall was created, and the material was set to be glass. 

3. As mentioned in section 5.2, although the diameter variation along the tube is 

proved to have impacts on capillary flow, the numerical result was not 

sufficiently stable. Thus, a smooth tube inner surface was used in this section. 

4. An oil slug was settled closed to the water inlet end, and five different oil slug 

lengths were simulated under different flow velocities. 

5. The properties of the liquids were the same as the liquids’ in section 5.2. 

6. The meshing in this model was separated to two parts: for the flow region, a 

finer mesh (100*4000=400000) is applied to maintain the accuracy of the 

calculation results; then, a coarser mesh (40*4000=160000) was applied for 
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the glass wall, because only the inner surface is involved in the flow 

calculation. 

7. In order to match the experimental conditions described in Chapter 3, the 

temperature in this simulation is set to be room temperature (22˚C). 

5.3.2 The oil slug shape variation and the development of water film 

During the flow process, the oil slug shape variation was obtained in 

numerical simulation. Figure 5.10 describes the shape variation of a 4 mm oil 

slug flows. The water injection velocity of this test was 0.01 m/s.  

The initial condition is an oil slug trapped in the capillary tube, and it is in 

close contact with the tube wall. The water is injected into the tube from the left 

end, and a thin water film is observed at the head of the oil slug (the right end). 

The tail of the oil slug (the left end) shrinks due to the pressure difference 

generated by the water injection. Meanwhile, the oil slug is pushed to move 

forward slowly (from the left side to the right side) along the tube. As the water 

injection process continues, more and more water gets between the tube wall 

and the oil slug, and the shape of the oil begins to return to a semicircle at the 

two ends of the slug. Finally, the entire oil slug is surrounded by the water film 

and flows stably. The flow process is then considered to be completed. 

When the water injection velocity is high, the oil slug will break up due to the 

high pressure difference across the tube. Figure 5.11 is an example of the oil 

slug break up phenomenon in simulation.  The oil slug shape changes quickly in 

this situation. After injecting the water for a short while, the oil slug quickly lose its 
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original shape: the centerline area of the oil slug moves forward immediately 

while a large amount of the oil sticks to the tube wall. As more water is injected 

into the tube, the oil slug breaks into two parts and flows forward separately.  The 

oil slug in Figure 5.11 is 4 mm and the water injection velocity is 0.02 m/s. In 

numerical simulation, the oil slug might break into several pieces, depending on 

the oil slug length and the water injection velocity. 
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Figure 5.9 Numerical model for testing the effects of water injection rates and oil 

lengths 
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Figure 5.10 The oil slug shape variation during the flow process 
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Figure 5.11 The oil slug breaks up 
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5.3.3 The effect of water injection velocity 

As being discussed in section 4.4, water injection velocity is one of the most 

important parameters that affect both the flow phenomena and the pressure drop 

during the oil slug flow process. In this section, five different velocities are applied 

to mobilize oil slugs with five different lengths. The pressure drop and flow time 

are recorded during the flow process, and the results of comparison are given 

below. 

Figure 5.12 illustrates the relationship between the water injection velocity 

and the maximum driven pressure to mobilize the oil slug. The maximum driven 

pressure is proportional to the water injection velocity, and the relationship 

between these two parameters is generally linear. Comparing to a shorter oil slug, 

a longer oil slug needs a higher pressure to be mobilized. In addition, changing of 

the water injection velocity has a greater impact on a longer oil slug.  

Figure 5.13 explains how the water injection velocity affects the oil slug flow 

time with different oil lengths. For an oil slug, a longer time is required to reach 

stable flow conditions when the water injection velocity is low. This is especially 

true when the water injection velocity is lower than 0.006 m/s, but the impact of 

the water injection velocity is not as significant when it is higher than 0.008 m/s. 

When the water injection velocity is fixed, the flow time is proportional to the oil 

slug length.  
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Figure 5.12 The relationship between water injection velocity and the maximum 

driven pressure 

 

Figure 5.13 The relationship between water injection velocity and time required 

for the oil slug to reach stable flowing conditions 
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5.3.4 The effect of oil length 

The oil slug length is another major parameter considered in this research. 

Figure 5.14 illustrates the relationship between the oil slug length and the 

maximum driven pressure to mobilize the oil slug under four different water 

injection velocities. Apparently, when the water injection velocity is constant, the 

longer an oil slug is, the larger the maximum drive pressure it needs to mobilize 

the oil slug from stationary condition. Meanwhile, the pressure variation trend is 

smoother when the injection velocity is low (0.003 m/s and 0.005 m/s), and it 

fluctuates when the water injection velocity rises to 0.01 m/s. 

Other than the maximum driven pressure, the relationship between the oil 

slug length and the flow time to reach the stable flow conditions was also studied. 

As shown in Figure 5.15, when the water injection velocity is fixed, the flow time 

is proportional to the oil slug length; because a longer oil slug results in greater 

viscous force between the oil slug and the tube wall. The influence of the oil slug 

length is more sensitive when the water injection velocity is low. When the 

velocity is 0.003 m/s, the ratio of the curve is much higher than the curves for 

larger injection velocities. 
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Figure 5.14 The relationship between the oil length and the maximum driven 

pressure 

 

Figure 5.15 The relationship between the oil length and flow time required for the 

oil slug to reach stable flow condition 
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5.4  Comparison of the two numerical models 

Modeling oil-water two-phase flow in a capillary tube has been numerically 

investigated in this chapter. Two numerical models were created based on the 

experiments, and the influence of three major parameters to the flow phenomena, 

maximum driven pressure and flow time have been examines.  

Results from section 5.2 show that the maximum driven pressure is affected 

by the diameter variation along the tube, which is presented from two aspects: 1) 

the smaller the wavelength of the tube inner surface, the larger the maximum 

driven pressure needed to mobilize an oil slug; 2) the larger the amplitude of the 

tube inner surface, the higher the maximum driven pressure needed to mobilize 

an oil slug.  

Results from section 5.3 show that both the water injection velocity and the 

oil slug length have significant impacts on the maximum driven pressure and the 

flow time during the flow process. Apparently, the maximum driven pressure is 

proportional to both the water injection velocity and the oil slug length; while the 

flow time for the oil slug to reach stable flow conditions increases with the 

increase of the oil slug length. However, when the water injection velocity 

increases, the flow time to reach the stable flow conditions becomes shorter. 

The following conclusions can be drawn from comparison of the two 

simulation models: 
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1. Calculation time: when the water injection velocity and oil length are fixed, the 

calculation time of model applied in section 5.2  is much shorter than that of 

model employed in section 5.3  because the mesh of the second model 

contains significantly more grids than the model for testing the effects of the 

diameter variation along the tube. 

2. Flow phenomenon: both of the two models describe the development of the 

water film during the flow process. However, model from section 5.3  

illustrates the shrinking phenomenon of the tail end of the oil slug (the left end) 

at the beginning of the flow process, which was also observed in the physical 

experiment. 

3. Data stability: In Appendix A, examples are given of the pressure trend curves 

for these two models. The curves of both models illustrate two noteworthy 

facts: to mobilize an oil slug from a stationary condition, the pressure 

difference between the two ends of the tube needs to increase to a certain 

value, and after the oil slug reaches stable flow conditions, the pressure 

magnitude will decrease rapidly. However, the curve of model from section 

5.2 fluctuates, and the magnitude of the pressure is lower comparing with the 

experimental result; on the other hand, the curve of model from section 5.3 is 

smooth and the stability is reliable. 

To summarize, the model from section 5.3 performs better in both the flow 

phenomenon and the pressure data stability; although more calculation time is 

needed during the simulation.  
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK 

6.1  Conclusions 

In this research, both experiments and numerical simulations are conducted 

to study the mechanism of oil-water two-phase flow in porous media. 

In the experimental study, a capillary tube is used to represent the pore 

structure of a porous media, and a single oil slug is mobilized from static 

conditions under different external pressure. During the flow process, the flow 

behaviour of the oil slug is recorded, and the pressure drop across the tube and 

the flow time to reach the maximum driven pressure are measured and analyzed.   

In numerical simulation, two numerical models are created in the software 

package FLUENT to simulate the experimental model. The influences of the tube 

inner surface roughness, the water injection velocity and the oil slug length are 

considered and numerical results are obtained and analyzed. 

Based on the experimental and numerical results obtained in this research, 

the following conclusions can be drawn: 

1. During the experimental research, an oil slug is initially placed into the tube 

for a period of time to drain out the water layer between the oil slug and the 

tube wall, and then water is injected to mobilize the slug from a stationary 

condition. During the flow process it is found that the development of a thin 

water film between the oil slug and the tube wall is essential to the 

mobilization of the oil slug. The flow behaviour of the oil slug can be divided 
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into four different phenomena: (1) water film developing forward; (2) water film 

developing backward; (3) the leakage phenomenon; and (4) the oil slug 

breaking up. 

2.  The characteristics of these phenomena are determined by both the oil slug 

length and the water injection velocity. The ratio of the water injection velocity 

and the oil slug length is studied and the relationship between the change of 

this ratio and the oil slug flow behaviour is obtained corresponding to the 

examination conditions: (1) when the ratio is lower than 0.0713, the water film 

develops forward; (2) when the ratio is between 0.0713 and 0.0924, the water 

film either develops backward or the water leakage phenomenon occurs, but 

the former phenomenon is more likely to occur with a longer oil slug and the 

latter phenomenon is likely to occur with a shorter oil slug; (3) when the ratio 

is greater than 0.0924, the oil slug loses its original shape and breaks up into 

two or more pieces due to the high pressure difference generated by the 

water injection. 

3. As the main concern of this research, the water film developing forward 

phenomenon is studied in detail. It is found that under this type of flow 

condition, the maximum driven pressure to mobilize the oil slug is proportional 

to the oil slug length and the flow time to reach the maximum driven pressure 

is inversely proportional to the water injection velocity. Additionally, the water 

film can always be obtained no matter how slow the water injection rate is. 
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4. In numerical simulation, the effect of the diameter variation along the tube is 

firstly studied. The results show that the maximum driven pressure to mobilize 

an oil slug is considerably affected by the diameter variation along the tube. 

5. The effects of the oil slug length and the water injection velocity are 

considered. In summary, the maximum driven pressure to mobilize the oil slug 

increases linearly along with the water injection velocity, while the velocities 

have inverse relationships with corresponding flow times to reach stable flow 

conditions. In considering the impact of the oil slug length, both the maximum 

driven pressure and the flow time increase with the oil slug length. 

6. The flow behavior of the oil slug is also recorded during the simulation. The 

development of the water film can be observed in both numerical models. 

Specifically, the oil slug shape variation in the second model describes the 

shrinking phenomenon of the slug’s tail end, which coincides with the 

phenomenon seen in the experiment. 

6.2  Recommendations for future work 

6.2.1 Experimental study 

In the current study, the development of a thin water film during the slug flow 

process has been observed and described quantitatively; however, due to the 

limitation of the equipment, there are some meaningful parameters that could not 

be studied at this stage such as:1) determining the amount of water that remains 

between the tube wall and the oil slug after the drainage time (this measurement 

is practical when studying relatively longer oil slugs); 2) the relationship between 
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the water film thickness and the water injection. More advanced equipment such 

as a Laser Focus Displacement Meter (LFD) might be applied in further research 

to improve understanding of the mechanism of single oil slug flow in a capillary 

tube. Moreover, vibration stimulation has been shown experimentally by Cheng 

[40] to have a positive effect on oil slug mobilization. By employing the LFDM, the 

exact flow behaviour of an oil slug mobilization with vibration can be obtained. 

6.2.2 Numerical study 

For the numerical simulation, FLUENT performed well. The results matched 

well in term of the slug flow behavior and the maximum driven pressure value. 

However, there is a gap between the experiment and the simulation results in 

terms the flow time to reach the maximum flow pressure and stable flow 

conditions. To better simulate the experiment, a 3D model should be used and 

more parameters need to be taken into consideration. Furthermore, customized 

settings could be used in future research.  
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APPENDIX A 

 

Figure 1 Pressure trend during the oil slug flow process (numerical model for 

testing the effects of the diameter variation along the tube, injection 

velocity=0.005 m/s, oil length=4mm) 
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Figure 2 Pressure trend during the oil slug flow process (numerical model for 

testing the effects of injection velocity and oil slug length, injection velocity=0.005 

m/s, oil length=6mm) 
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APPENDIX B 

Table 1 List of experimental research with field oil (each test has been performed 

three times to reach statistical satisfaction) 

Injection 
velocity (ml/hr) 

Oil slug  
length (mm) 

0.1 0.15 0.2 0.34 0.49 0.51 0.74 1 

2 √ √ √    

3 √ √ √    

4  √ √ √ √   

5   √ √ √ √  

6   √ √ √ √  

8   √ √ √ √ √ √ 

10   √ √ √ √ √ √ 

 

Table 2 List of experimental research with Oil S60 and with other primary phase 

liquid (each test has been performed three times to reach statistical satisfaction) 

Injection velocity (ml/hr) 
Oil slug  
length (mm) 

0.34 0.49 0.51 0.74 

6 (S60, DI water) √ √ √  

8 (S60, DI water) √ √ √  

10 (S60 DI water)  √ √  

10 (S60, Green color)  √ √ √ 

5 (Field Oil, Red color) √ √ √ √ 

8 (Field Oil, CuSO4 solution)  √ √ √ 

10 (Field Oil, CuSO4 solution)  √ √ √ 

 


