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ABSTRACT 

The research of this dissertation experimentally investigates the impacts of external 

vibratory excitation on the mobilization and motion of multiphase liquid in capillary and 

microcell models, aiming for understanding the mechanism of oil-water mobilization and 

flow in pore structures subjected to external excitations.  

Experiments with capillary models are first conducted; in which both straight capillary 

and curved capillary models are employed as an analogue of the pore structures. The 

mobilization and motion of an oil slug trapped in the capillary models with capillary forces 

are studied in the research. The models considered are subjected to both external pressures 

created by water injection and vibratory excitations. The focuses of the experimental 

investigations are on the variation of the pressure drop across the capillary model, the oil 

slug travel distance in the model in a fixed time duration, and the flow phenomena during 

the period of mobilization and flow of the oil slug. It is found in the investigations, in 

comparing the situations of with and without external excitations, proper vibratory 

excitations may positively affect the mobilization and flow of the oil slug in the capillary 

models, in terms of reducing the external pressure needed for mobilizing the oil slug, 

stabilizing the flow of the oil slug and increasing the oil slug travel distance in a fixed 

duration. The joint effects of the external pressure and vibratory excitation on the 

mobilization and flow of the oil slug are measured and quantified in the research. The 

optimal conditions in terms of external pressure and vibration frequency and amplitude for 

promoting the oil slug mobilization and stable flow are also searched and determined via 

the experiments of the research.  
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Two-dimensional micro model are more close to the pore structures of the reservoir 

in oil field. To study the motion of oil-water liquid in a two-dimensional manner, an etched 

glass micro model is designed and employed in the research to study the liquid mobilization 

and flow in a network pore structure. The intention of this study is to understand the 

mechanism of the external water pressure and vibratory excitation on oil recovery from 

liquid saturated porous media of a reservoir. Experiments without vibratory excitation are 

first conducted on the model and various phenomena are observed in the experiments, 

including the development of water film and water patches surrounding the oil droplets and oil 

patches, and the variations of the contact angles of the oil droplets. The experimental 

investigations with application of vibration excitation fall in two categories:  oil displacement 

by applying vibration excitation after waterflooding and oil displacement by applying vibration 

excitation with waterflooding. The oil-displacing rate, oil-water distribution, and pressure drop 

are measured during the oil displacement. The fractional flow is calculated and analyzed. From 

the experimental results, it can be concluded that applying vibration excitation has positive 

effects on the oil displacement in terms of increasing the total oil-displacing rate in the micro 

model flow. The effect is much more noticeable when the oil-water ratio is high. Also, the 

efficiency of the oil recovery is found sensitive to the acceleration amplitude of the vibration 

excitation. By comparing the final oil-displacing rate, it is found that applying vibration 

excitation after waterflooding is more effective in comparing with that applying vibration 

excitation together with waterflooding.  
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CHAPTER 1 Introduction and literature review  

1.1  Introduction and organization of the thesis 

1.1.1 Introduction 

Enhanced oil recovery (EOR) is an important process in the oil industry, which can 

improve oil production rates after Primary and Secondary oil recovery. Conventional EOR 

techniques include: thermal recovery and solvent recovery; where thermal recovery mainly 

refers to steam injection, by which the oil temperature underground is increased, thus 

reduces the viscosity and increase the mobility; it has been reported that the typical 

recovery rate by steam injection is about 20%-25% (Butler, 1991), however, the cost is 

quite significant. Solvent recovery, on the other hand, means gas or chemical injection to 

the oil well, which can improve the fluid mobility underground by reducing interfacial 

tension and/or oil-water viscosity ratio; however, the injected chemical may bring 

environmental problem. Based on the above considerations, environmental friendly and 

cost effective EOR techniques are in need. The application of wave and vibration on the 

oil recovery process is recognized as one of these techniques. 

People first discovered the positive effect of vibration on oil production after an 

earthquake that caused the production rate in the oil field to change dramatically (Olav 

Ellingsen, 2002); in some cases, even dead wells would start producing oil again.  

Vibrations from the earthquake also influenced the production of the wells in the vicinity 

of operating machines, railroads, and highways. These discoveries motivate the theoretical 

and experimental investigations on vibratory stimulation for multiphase flow in porous 
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media (Beresnev and Johnson, 1994). Many vibration and seismic stimulation tests carried 

out in fields have provided encouraging results. The literature and field tests reported that 

the increase of oil production with vibration stimulation is ranged from 10% to 65% 

(Kouznetsov et al, 1998). It is empirically evident that vibratory stimulations increase the 

mobility of residual oil within the reservoir and therefore increase the oil production in the 

field. However, researchers and engineers still face great challenges in applying their 

findings or concepts to the field due to the lack of comprehensive understanding and to the 

complexity of the phenomena involved.  

In this research, experiments on both capillary models and micro model are conducted 

to study the effect of vibration excitation on the oil displacement. In the capillary model 

tests, a unique capillary (straight or curved) is used to present the pore structure 

underground; an oil slug trapped in the capillary is mobilized by both water injection and 

external excitation; results are compared with the static tests to test the influence of 

different kinds of vibration conditions (frequency, amplitude) on the oil slug mobilization 

in the capillary. 

After the capillary tests, an etched glass model with micro pores is designed to 

simulate a network flow condition. The oil displacement by water injection is firstly 

performed as a contrast group; after which, two types of experiments are conducted to find 

out the effect of external excitation on the oil displacement in the micro model. In the first 

group of tests, waterflooding is firstly performed, and then vibration excitation combined 

with water injection which is to simulate the process of enhanced oil recovery (EOR), is 

applied to the flow system to test the influence of vibration excitation on the residual oil 
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mobilization. In the second group of tests, vibration excitation and water injection are 

applied together to displace oil from the micro model at the beginning of the test to 

simulated secondary oil displacement; results are compared with the results of water 

injection only to examine if vibration excitation can promote the water injection efficiency.  

Both of these groups are performed for two initial conditions: 1) the micro model is 

initially filled with oil (oil saturation >95%); 2) the micro model is first filled with water 

and then drained by oil, which generates an initial water saturation and initial oil saturation.  

1.1.2 Organization of this thesis  

There are seven chapters in this thesis. The introduction and literature reviews are 

given in the first chapter; followed by the description of the capillary model setup in chapter 

two; then in chapter three the experimental results from the capillary model tests are 

reported and analysed; chapter four provides the experimental setup of the micro model 

model; chapters five and six give the results and analysis from the micro model tests; and 

finally, in chapter seven, we have the conclusions and future work of this research. 

1.2  Literature review 

Multiphase flow in porous media has been widely studied in different fields especially 

in the petroleum industry. The porous media underground is complex, people propose 

many simplified concepts to analyze the underground situation more effectively, such as 

capillary flow and core flooding. Much experimental and numerical research has been 

conducted in these areas; in this section, some literatures regarding to capillary flow, micro 

model flow and application of vibration excitation on fluid flow are reviewed. 
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1.2.1 Multiphase flow in capillary and micro model studies 

It has been proven that fluid flow in porous media is affected by many factors, such 

as wettability of the porous media, size of the pore structures, interfacial tension and 

viscosity ratio among the fluids, contact angle, the generation of liquid film, and the 

appearance of phase trapping. Earlier research on these aspects can be found from the 

1950’s. Rose and Witherspoon (1956) analyzed the oil-water doublet model. Their results 

show that the recovery rate is higher when the pore sizes are close to each other, and that 

high water-oil viscosity ratio leads to less residual oil, which tends to trap in smaller pores. 

Later on, Taylor (1961) and Bretherton (1961) created experimental work and analytical 

models of two-phase flow in capillaries, respectively; from which they observed the 

existence of wetting phase liquid film during the flow, from which, the liquid film thickness 

has been calculated.  

In 1986, Morrow et al. conducted both core and micro model tests of heavy oil 

recovery. Their results showed that the wettability of the porous media may alter from 

strong water wet to weak water wet after the heavy oil recovery, which may improve the 

recovery rate in the later oil recovery process. Also, the wettability changing caused some 

other parameters to change, such as contact angle and capillary number. Tayal and Narayan 

(1990) conducted experiments of oil displacement by applying surfactants to both 

homogeneous and non-homogeneous sand packs. They suggested that surfactants reduce 

the interfacial tension, and thus reduce the capillary force and increase the oil recovery rate. 

Also noted was the ultimate oil recovery rate being less for the non-homogeneous sand 

pack at water breakthrough, comparing the homogeneous material. 
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Bennion et al (1994) reported the basic mechanism of phase trapping, which may 

cause significant production rate deduction, and be greatly affected by the initial water and 

irreducible saturations. They suggested that, to avoid phase trapping in an oil-wet reservoir, 

one needs to apply fluid that can be miscible with the crude oil instead of water based 

drilling. The common ways to remove trapping include CO2 injection and solvent injection. 

They also analyzed the possible factors causing the abnormal low water saturation. Tavana 

and Neumann (2007) examined contact angles for different liquids and discovered that for 

the same solid surface the contact angles of different liquids could be considered as a 

function of surface tension; contact angles are mostly depending on the material properties 

instead of experimental procedures. Li et al (2013) performed experimental research on the 

dynamic contact angle measurement during the fluids flow in capillaries. They reported 

that surface tension and viscosity have great influence on the contact angle and they 

provided an empirical correlation to predict the contact angle. In 2015, the same group 

conducted experiments to compare the contact angles of different liquids in both capillary 

tubes and flat surface. Results show that for some liquid the contact angles are quite 

different in these two conditions. At the contact angles, is is  also observed to be quite 

different in capillary sizes. They do provide some possible reasons for these differences. 

Han et al (2015) used a LCDM (laser confocal displacement meter) to measure the liquid 

film thickness in micro tube flow. They observed different flow patterns and classified 

them by Reynolds numbers and found the dimensionless to mean film thickness is 

influenced by mass flux, tube diameter, shear stresses between the wall and liquid.  

The application of the pore scale model on fluid displacement research can be found 

since the 1960s (Mattax and Kyte 1961). The fact that people can observe the fluid 
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interfaces during the displacement process provides a lot of convenience in studying 

different fluid behaviours that may happen in porous media. The design of the micro model 

can also be varied. The commonly used ones include: regular pattern micro model, irregular 

pattern micro model, and sandstone micro model. Donaldson and Thomas (1971) 

performed the waterflooding test with micro models that have different wettabilities. The 

observation showed that wettability is one of the most important parameters in determining 

the oil recovery. Chen and Koplik (1985) developed an etched resin network and then 

performed air-liquid flow in the network with different flow rates. They found the 

development of thin liquid film in imbibition, and followed by either the piston-like 

displacement or displaced-phase trapped, depending on the flow rates. Hornbrook et al 

(1991) used a sandstone micro model to study the oil displacement. Their results showed 

that slug injection of a surfactant is an efficient way to displace oil from the micro model. 

However, foam injection shows to be very inefficient in their tests. A low capillary, number 

three-phase flow was been conducted by Keller et al (1996) in a micro model etched with 

a sandstone pattern. They observed that between the water and gas, there exists layers of 

oil even with negative spreading coefficients. Double displacements were also found in the 

flow system.    

George et al (2004) tested the influence of the oil viscosity on the oil production in 

both micro model and capillary tubes. They concluded that the drainage time is linearly 

proportional to the liquid viscosity and the oil relative permeability is the main factor that 

affects the relatively oil recovery. Sohrabi et al (2004) conducted both waterflooding and 

WAG (water-alternating-gas) injection in micro models, and concluded that 1) 

waterflooding is strongly affected by the wettability of the porous media; 2) injection of 
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WAG can improve the oil displacement.  In 2005, Romero and Kantzas studied the effect 

of foamed gel in displacing oil in an etched glass micro model, they reported that the 

foamed gel increases the mobility of the liquid especially the mobility of the residual oil 

that exists in the micro model. After injecting foamed gel, the oil recovery rate can reach 

as high as 95%. Cheng (2004) and Chen (2007) conducted Drainage and Imbibition 

experiments in micro models with high porosities. In their research, the interfacial area per 

volume between wetting and non-wetting fluid has been considered as a parameter, and the 

relationship between the capillary pressure, water saturation and the interfacial area has 

been constructed. Chen also reported that the surfaces are different for different micro 

models. Later the same group (Niasar, 2009) developed a simulation of the same model 

and results agreed with their experimental work.  

Jamaloei et al (2010a, 2010b and 2011) employed a micro model and conducted tests 

on influences of interfacial tension and wettability. They discussed different phenomena 

that influence the flow during the primary, secondary and tertiary imbibition as well as in 

drainage procedures. They also proved the existence of the wetting phase liquid film on the 

solid structure, and pointed out that the surface film flow is one of the reasons for the non-

wetting phase re-trapping. In 2015, the same group used numerical methods to evaluate the 

phase trapping by the change in capillary numbers. Their results show that the capillary 

number increases when the pore throat size decreases and that the non-wetting phase 

trapping has significant impact on the capillary number reduction.  

Hematpour et al (2012) conducted research on the surfactant flooding for low viscosity 

crude oil in micro models with different patterns. The results proved that surfactant 
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flooding is not only effective to high viscosity oils, it can improve the oil recovery rate for 

low viscosity oils as well. A comparison was also made between two types of surfactants 

and it was determined that LABS is better than the PNX in terms of recovering low 

viscosity oil. By using a water-wet micro model, Mei et al (2012) from University of 

Calgary studied the effects of water imbibition mechanisms, viscosity ratio, and water 

injection rate on heavy oil recovery. As mentioned in this paper, after water breakthrough, 

one crucial point of increasing the oil recovery rate is to mobilize the oil that remains 

continuous. In the same year, Dong et al (2012) performed chemical flooding in micro 

model and reported that alkaline flooding may affect the wettability of the glass model. 

They also reported that it may solve some heavy oil into the water, after which oil can be 

flushed out with water. Both of these properties are helpful in improving heavy oil recovery 

rates. Recently, Gong et al (2015) confirmed the alternation of the wettability caused by 

chemical injection when they observed the contact angle changing by applying alkaline 

flooding. 

Karambeigi et al (2013) investigated experimental research on using Microorganisms to 

improve oil recovery rates in heterogeneity micro models. They considered both glass 

bearing models and etched glass models. Results show microbial treatment increased the 

oil production rate in both models and it should be considered as a potential EOR technic 

in the future. Mohajeri et al (2014) experimentally applied nanosurfactant in a micro model 

flow, which is to present the EOR process of heavy oil. Their results show that the 

nanosurfactant flooding can change the wettability of the porous media, reduce the 

interfacial tension between the fluids, and significantly increase the oil recovery. More 

recently, Amani (2015) performed oil recovery tests in micro model with rhamnolipid. His 
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results indicated that after waterflooding, 5% more oil could be recovered by adding 

rhamnolipid into the flow system. Tsai et al (2015) conducted air-water-diesel three-phase 

flow in micro model and found that the existence of fluid layers has great impacts on the 

fluid displacement and that the water relative permeability is influenced by the distribution 

of all three phases flowing in the model.   Shokrlu and Babadagli (2015) studied a three-

phase flow in micro model, which contains both miscible and immiscible flow. As they 

reported, solvent injection can improve the oil recovery rate by reducing the oil viscosity. 

However, the effect of solvent is limited if the porous media is water-wet, and the oil 

mobility is greatly impacted by the initial water saturation. Marciales and Babadagli (2016) 

conduct research about solvent retrieval after oil recovery research in a micro model. They 

proved that the solvent retrieval is temperature sensitive and high temperature is preferable; 

also, the flow behavior is related to the wettability of the model. Wu et al (2016) considered 

experimental research of oil-water flow in etched glass micro model. During the tests, they 

observed the generation of different kinds of residual oil; by testifying different water 

injection velocities, they concluded that higher injection velocity leads to higher oil 

production rate; also, it is reported that in the micro model, some places have better 

permeability and there exists some area that the recovery efficiency is closed to zero. 

1.2.2 Existing research on the effect of vibration excitation on multiphase flow 

Effect of seismic vibration and waves on multiphase flow has been considered for 

decades. Both lab experiments and field-work have been conducted, and it has been proved 

to be an efficient method to improve the mobility of the liquid in pore structures. William 

et al (1981) conducted a series of tests of gas-oil flow with low frequency vibration. He 
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reported that the vibration might improve the oil movement. However, the oil recovery rate 

is not ensured as the gas in the well was excited by the vibration and broke through the 

well easily. Ashchepkov (1989) considered an experiment in studying the relationship 

between the fluid infiltration rate and the vibration intensity as well as the initial rock 

permeability. His results showed that there is no linear relationship between the vibration 

intensity and rock permeability. In order to control the fluid infiltration rate in the oil field, 

it is necessary to create different vibration sources. More recently, Nikolaevskiy et al (1996) 

studied the effect of vibration on the oil-water flow in porous media. He suggested that for 

porous media with different fluid saturation or reservoir lithology, the effective vibration 

frequency to increase the oil production rate is different. He also reported that the additional 

acoustic noise has considerable effects on increasing oil production rate. Kouznetsov et al 

(1998) investigated both lab and field work of applying surface-based vibro-energy to 

porous media containing oil. The results showed vibration can increase the oil displacement 

rate and decrease the non-recoverable residual oil percentage. In 1999, Kurlenya and 

Serdyukov (19991, 19992) used low energy seismic in the field and detected the resonance 

nature of the rocks. Westermark et al (2001) reported the use of down-hole vibration 

stimulation to enhance oil recovery, lab results illustrated various effects of vibration on 

multi-phase flow through porous media, however, the mechanism of which fluid and rock 

parameters are affected by vibration is still not clear.  

In addition to experimental research, numerical research has also been conducted in 

this area. As one of the experts in this field, Graham’s group considered a series of droplets 

flowing in straight tube with oscillatory body force (Graham and Higdon, 20001). Results 

showed the bulk flow rate enhancement is associated with increasing droplet deformation. 
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They also calculated the influences of vibration frequency, amplitude and waveform on the 

flow enhancement. The motion of droplets in constricted tubes was then investigated 

(Graham and Higdon, 20002). It has been found that in constricted tubes, in order to 

mobilize the droplets, the oscillatory forcing level must exceed a certain level and the 

frequency has to below a critical value. Later, they also studied the effect of oscillation on 

one-phase flow through porous media (Graham and Higdon, 20021, 20022) 

Iassonov and Beresnev have done a lot of research in enhanced fluid flow with 

vibration excitation. A test of low-frequency elastic waves was first performed (Iassonov, 

2003). Results indicated that low-frequency elastic waves with low intensity could 

significantly improve the flow rate and reduce the maximum pressure drop needed to 

mobilize the fluid. Their second model was established on a 2-D etched glass micro model 

with a 5050 square lattice of circular “pores” connected by straight channel “throats” 

(Beresnev, 2005). Initially the micro model was filled with trichloroethylene (TCE). Water 

was then injected into the micro model to mobilize the entrapped TCE fluid. Vibratory 

stimulations at different frequencies and acceleration amplitudes were applied to the micro 

model. The experimental results demonstrated that for fixed acceleration amplitude, TCE 

was displaced faster by water injection as the frequency decreased from 60 to 10Hz. For 

fixed vibration frequency, the TCE mobilization was enhanced as the acceleration 

amplitude increased from 0.5 to 5.0m/s2. Although the experimental results were 

systematic and promising, it was still insufficient to explain the mechanism of how 

vibratory stimulation improves TCE mobilization efficiency. Their latest results described 

a sinusoidally constricted capillary model to simulate pore-throat in porous median and 

studied the impact of vibration excitation on oil slug mobilization (Beresnev and Deng, 
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2010; Beresnev et al, 2011). Their results showed that vibration has positive effects on the 

process of oil slug overcome pore-throat, and the lower frequency of vibration works better 

compared with higher frequency ones. 

Guo et al (2004) tested the impact of high frequency vibration in the heavy oil field 

and concluded that high frequency vibration increases the oil production and it can reduce 

the crude oil viscosity accordingly. It should be noted that the viscosity reduction is 

temporary, as, after the vibration stopped, the oil viscosity would recover to its original 

level. 

Pride et al (2008) numerically simulated the influence of seismic stimulation on oil 

recovery in a 2D network pattern. They found that longer oil slugs are easier to be affected 

by the application of vibration, and they have higher chance to get over the capillary force 

compared with the shorter ones. They also proved that vibration excitation has optimal 

performance to certain type of reservoirs, which needs to be figure out later on. Jeong et al 

(2014) used the finite element method to simulate the fluid flow in porous media subject 

to a series of low frequency vibration excitations. Their results showed that vibration can 

improve the oil production rate, and there exists optimal frequencies for different reservoir 

properties. 

Recently, research has been focusing on more detailed aspects. Mettu and Chaudhury 

(2011) studied a liquid drop’s motion on a solid surface subjected to horizontal vibration 

excitation. Contact angle Hysteresis has been observed experimentally, however, these 

tests showed that asymmetric vibration may not have a significant effect on the liquid drop 
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mobilization. On the other hand, it may have higher affection on a larger drop, which can 

hold a higher vibration amplitude. 

Besides the mechanical vibration, ultrasound wave has been discovered to be a 

potential EOR method. Recently, lab work and field tests are both conducted by researchers. 

Results are positive that applying ultrasound may increase the oil production rate after 

waterflooding. Hamida and Babadagli (2008) measured the interfacial force changing 

between oil and water by applying ultrasound waves. During the tests, they observed a 

significant reduction of the interfacial tension. This may contribute to increasing the 

generation of wetting phase film on the solid wall, which can improve the fluid mobility. 

Alhomadhi et al. (2013) performed core-flooding tests with the application of an ultrasound 

wave where they considered both horizontal and vertical flow. Results indicated that the 

ultrasound wave can increase the oil recovery and that it works better for the horizontal 

flooding. Since the vertical test is also affected by the gravity, they suggested that the wave 

stimulation might not be so efficient for unconsolidated structures. Mullakaev et al (2015) 

further developed the existing ultrasonic module for enhanced oil recovery. Their 

development has been successfully applied to some oil fields and results are positive in 

terms of increasing oil production rate and decreasing water cute.   

Many field tests have been conducted to test the effect of vibration stimulation on oil 

recovery including the field-work of Zhu et al. (2005) in China. In-situ vibration was 

performed in Liaohe field in 1997 where 23 out of the 26 oil wells provided effective 

feedback, and the oil production rate increased by 1/3 compared to wells without vibration 

stimulation; Figure 1-1 shows the oil production and the water cut before and after applying 



14 

 

vibration stimulation. As can be seen, the production rate increased significantly during the 

vibration period and a reduction in water cut was observed. In 1999, the same technique 

was applied to an Huabei oil field, and it was reported that applying vibration improved 

the oil recovery rate by 27%. 

Kostrov and Wooden (2005) also reported field tests of applying seismic stimulation 

in oil recovery.  Their results also showed when the total fluid production remains at the 

same level, the application of vibration can increase the oil cut, decrease the water cut, and 

thus improved the total oil production. The contrast of oil cut, and oil production before 

and after applying seismic stimulation is shown in Figure 1-2. 

Allahverdiyev (2012) summarized oil recovery field works conducted with the 

application of seismic excitation in his literature review, among which the oil production 

improvement has been obtained for all cases. For most cases, the increasing rate is quite 

significant. He also points out that the cost of applying vibration excitation needs to be 

carefully considered before wide application of the technique. 
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Figure 1-1 Effect of Seismic on Production in the range 300-400m (Zhu et al, 2005) 

 

Figure 1-2 Oil cut and Oil production before and after seismic stimulation (Kostrov and 

Wooden, 2005) 
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1.2.3 Previous work in our group 

Dr. Dai’s research group has been working in this field for a decade. Fan (2006) first 

investigated the experimental study on the trapped oil slug mobilization by water injection 

and vibration excitation in capillary model. He reported the pressure tendency during the 

oil slug mobilization and divided the pressure change into three stages. By analysing the 

relationship between the oil slug length and steady differential pressure, he generated the 

optimal water injection velocity. Fan also tested the effects of vibration excitation on the 

oil slug mobilization, and his results proved that adding proper vibration to the flow system 

could reduce the pressure that needs to mobilize the oil slug. This is considered as an 

improvement of oil recovery efficiency. Cheng (Cheng, 2008, Cheng and Dai, 2009) 

enhanced the same research and found the proportional relationship between the magnitude 

of the driven pressure and drainage time. He also conducted numerical simulation of the 

drainage of water film. Continuing from their work, in my Master’s program (Zhang, 2013), 

different flow phenomena during the process of the oil slug mobilization has been observed, 

as well as the relationship among the oil slug length, the water injection rate, and the 

appearance of different flow phenomena. Numerical research was also conducted in our 

group. Wang (2008) simulated the oil slug flow by using Fluent 6.2. His results confirmed 

the existence of the water film between the oil slug and the tube wall. Later, Dai and Wang 

(2014) verified the results using the level set method and proved that the existence of water 

film reduces the external pressure required for mobilizing the oil slug. The effect of 

vibration on the mobilization of the oil slug was investigated as well (Cheng, 2009), where 

the flow system was placed under vibration excitation for a specific period of time. Then, 

external pressure (water injection) was applied and results were compared with the results 
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from statics tests. As found in the research, for an oil slug flowing in a capillary model 

under a constant driving pressure, there exists an optimal vibration frequency, under which 

the flow of the oil slug achieved its maximum speed.  

Although a lot work has been done in this field, the mechanism of how vibration 

excitation can effectively improve the oil slug mobilization and oil production is still not 

clear. This greatly limits the application of applying proper vibration excitation to practical 

methods. In current research, the effects of vibration excitation on the oil slug mobilization 

in a capillary model and the oil displacement in a micro model has been further developed 

experimentally based on the existing research. The capillary model tests explore the oil 

slug mobilization in a micro aspect where the generation of water film, the oil slug shape 

changing have been observed and analyzed; the micro model tests expand the research into 

a macro aspect where the oil displacement in a regular network structure is studied in detail. 

In both tests, positive effect of vibration has been observed in terms of increasing fluid 

mobility and improving the oil-displacing rate. The results of this research can provide 

guidance for applying proper vibration excitation in EOR with vibratory stimulations in 

industrial practices. 
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CHAPTER 2 Experimental setup for the capillary model  

2.1  Experimental setup 

In this research, a unique capillary is used to present a brunch of the pore structure of 

the porous media underground. A trapped oil slug is then mobilized from stationary 

condition by applying both water injection and vibration excitation at the same time. In the 

tests, two kinds of capillaries are employed to test the effect of vibration on the oil slug 

mobilization: straight capillary and curved capillary.  

Figure 2-1 shows the experimental setup of the oil slug mobilization in straight 

capillary with vibration excitation.  As can be seen, the core flow region is the capillary 

model (1, inner diameter 1.2mm), which is fixed by two chambers (9A and 9B) and 

screwed on a metal board. The chambers and the board are considered as the capillary 

holder and Chamber B is connected with a syringe pump (5, NE-300 Just Infusion Syringe 

Pump), which proves water injection during the tests. It should be noted that a small hole 

is created on Chamber B to allow oil injection in the tests. Chamber A is connected with 

the outlet liquid container (8). A differential pressure trandsducer (3, DP103, Validyne 

Engineering) is applied to keep track of the pressure difference across the capillary during 

the test, and a high resolution camera (4, Nikon D7200) is used to record the flow 

phenomena appearing during the oil slug mobilzation. On the left-hand side, a shaker (11, 

B&K 4808) is joined with the capillary model, which provides horizontal vibration 

excitation to the system. The shaker is controlled by a power amplifier (10, B&K 2706). 

Both the power amplifer and the pressure transducer are connected with a computer (5) for 

data recording. 
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Figure 2-2 shows the setup for curved capillary model, which is the same arrangement 

as the straight capillary model. 

A test bed is designed to ensure the application of vibration to the flow system. The 

main structure of the test bed is constructed with wood, for it meets the stable requirement 

of the test and is easy to manufacture. Instead of fixing the capillary and its holder to the 

board, a spring system is employed to help performing the vibration as shown in Figure 

2-3. Six springs are fixed with the test bed on one end, and the other end is connected with 

the capillary holder. A metal bar is installed under the holder to support it and reduce the 

effect of gravity (the contact area is very small, thus, the frictional force is eliminated). 

This ensures sure the system is only influenced by horizontal vibration force. 

Figure 2-4 and Figure 2-5 show how it arranges in the lab. 
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Figure 2-1 Experimental setup of the oil slug mobilization in straight capillary  

 

Figure 2-2 Experimental setup of the oil slug mobilization in curved capillary  
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Figure 2-3 Setup of the vibration test bed 

 

Figure 2-4 Experimental setup for the straight capillary test 
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Figure 2-5 Experimental setup for the curved capillary 
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2.2  Experimental procedures 

The purpose of this research is to test the effects of low frequency vibration on the 

mobilization of an oil slug trapped in the capillary model. The following experimental 

procedures are carefully considered to reach the above goal. 

1) The capillary is first cleaned by varsol and acetone orderly for 1 minute each, after 

which it is rinsed through with DI water for 2-3 minutes, and then air-dried for at least 

30 minutes. 

2)  The clean capillary is fixed by Chamber A and B onto the testing bed. DI water is then 

injected from Chamber B. At this step, it is important to make sure the entire flow 

system is air free, which means all connections are sealed without leakage, and there is 

no air bubble present.  

3) An oil slug is injected into the capillary model through Chamber B, and then pushed 

by water injection to the initial position. The initial point of the oil slug mobilization is 

fixed, to ensure the data is comparable.  It should be noticed that after the oil slug is 

injected into the capillary model, the needle connected to the syringe must be pulled 

out of the tube very slowly and steadily so that the oil slug does not break due to the 

motion of the needle. Such a slow motion of the needle also prevents the inner surface 

of the capillary model from being scratched by the sharp point of the needle.  

4) The flow system is then standing without any external pressure and waiting for 24 hours, 

which is called drainage time. The drainage time is defined as the duration of time for 

which the oil slug stays still inside the capillary model. During the drainage time, the 

water film exists between the oil slug and tube wall drain out due to the interfacial 

tension between oil and water, such that the oil slug contact is with the tube wall directly.  
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5) When the oil slug is set ready, after desired hours of drainage, the capillary model is 

subjected to both the stimulation of horizontal external vibration and water injection at 

the same time. During which, the oil slug flow phenomena and the maximum pressure 

drop across the tube is recorded for further analysis. 

a. The oscillating signal of the vibration is sinusoidal wave. 

b. Testing the influence of vibration frequency:  low frequencies are considered in 

this research as they contain more energy and can spread further comparing 

with the high frequencies vibration. In the test, a vibratory stimulation with 

frequencies ranging from 0 to 20 Hz is applied to the capillary model, the 

acceleration amplitude is fixed at 3.5 m/s2. 

c. Testing the influence of acceleration amplitude: a vibratory stimulation with the 

acceleration amplitude ranging from 0 to 6.0 m/s2 is applied to the capillary 

model, the frequency is fixed at 5 Hz.  

6) When the oil slug is observed to flow in a stable condition and the pressure drop file is 

smooth, both the external pressure and vibration excitation are stopped, which is 

considered an entire cycle of experiment. 

2.3  Material properties and experimental considerations 

To be comparable with the previous research, the same oil S60 is used here, as well as 

DI water. The properties of the oil and DI water under room temperature, and air pressure 

are listed in Table 2-1 

Table 2-1 Material properties 

 Viscosity (cp) Density (g/cm3) 
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S60 Oil 148.0 0.87 

DI water 1.0 1.00 

 

Table 2-2 Pressure transducer calibration 

Injection     

rate (ml/hr) 

Calculation  

ΔP(mmH2O) 

Test Average  

ΔP (mmH2O) 

Error 

rate 

Test 1 ΔP  

(mmH2O) 

Test 2 ΔP 

(mmH2O) 

Test 3 ΔP 

(mmH2O) 

30 5.204 5.217 0.25% 5.214 5.249 5.189 

45 7.650 7.683 0.43% 7.705 7.725 7.620 

60 10.398 10.453 0.53% 10.306 10.610 10.453 

90 15.289 15.396 0.69% 15.323 15.509 15.352 
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To ensure the results are reliable and comparable, the following pre-tests have been 

conducted, which include: transducer calibration test, repeatability test and gravity effects 

test. 

2.3.1 Calibration of transducer 

The pressure difference across the tube is one of the most important parameters to 

reflect the efficiency of oil slug mobilization. In this research, it is measured by a high 

sensitive pressure transducer (DP103, Validyne Engineering). The accuracy of the pressure 

transducer is 0.014 𝑚𝑚𝐻2𝑂, and the measure range is from 0 to 56 𝑚𝑚𝐻2𝑂.  

Also in this experiment, one-phase flow (pure DI water flow) is chosen as a standard 

to calibrate the pressure transducer. One-phase flow in a capillary has an analytical solution 

by Hagen-Poiseuille Law as follow: 

 
∆𝑃 =

8𝜇𝑤𝑉𝐿𝑤

𝑅𝑐
2

 
Eq. 1 

where 𝜇𝑤 is the viscosity of the water, 𝑉 is the water injection rate, 𝐿𝑤 is the length 

of the water in the test section which is equal to the tube length in the present research, and 

𝑅𝑐 is the radius of the tube. In this equation, the water viscosity, tube length and tube radius 

are all constants in these experiments, therefore it can be concluded that the pressure drop 

is determined by the water injection rate alone. 

To test the transducer, four injection rates are applied here. Table 2-2 lists the 

calculation results of the one-phase flow and the measurement results from the transducer 

after calibration. The average of the test results and error rates are also calculated and listed. 
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As can be seen from Table 2-2, after calibration, the error rate is less than 1% and it 

decreases when the injection rate reduces. The injection rates used in the oil-water flow is 

from 0.1 to 0.4 ml/hr, which are much lower than the injection rates used in calibration. 

We therefore infer that during the experiment the error generated by the pressure transducer 

is less than 1%. 

2.3.2 Repeatability  

The curved tubes employed are specifically processed for this research. To ensure the 

tubes are replaceable with each other, and the test results are not limited by one specified 

capillary, a series of repeatability tests are conducted in this section. 

Three curved capillaries are randomly chosen from the 40 available tubes. They are 

marked as tube 1, 2, and 3 respectively. The head and tail of each tube is also distinguished 

and marked. Six groups of tests are then conducted for tubes 1, 2 and 3, for two directions: 

both from head to tail and from tail to head. Each group contains three repeated tests to 

ensure data reliability. 

Experimental conditions are considered to test the repeatability of the experiment. The 

water injection rate is fixed at 0.15 ml/hr, oil slug length is 15 mm, and the drainage time 

is 24 hours. The pressure drop across the tube is used as a presenter.  Table 2-3 lists the 

maximum pressure drop across the tube and the stable pressure drop across the tube during 

the oil slug mobilization. The total average of these tests is listed at the bottom of the table; 

the data is then compared with the total average. The difference rate is marked next to the 

pressure value. As we can see, the pressure drop difference caused by the tube is less than 

5%.  
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Table 2-3 Curved capillary calibration 
 

ΔPmax(mmH2O) ΔPstable(mmH2O) 

Average  Difference rate 

from total average 

Average  Difference rate 

from total average 

Tube 1 head to tail 30.487 0.16% 28.711 1.23% 

Tube 2 head to tail 29.725 2.46% 27.573 2.65% 

Tube 3 head to tail 30.907 1.48% 28.723 1.23% 

Tube 1 tail to head 29.874 1.81% 28.206 0.53% 

Tube 2 tail to head 30.768 1.15% 28.177 1.23% 

Tube 3 tail to head 30.931 2.48% 28.861 1.94% 

Average 30.452 0 28.354 0 
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2.3.3 Effect of gravity  

The effect of gravity is tested in this section during the oil-water flow in a curved 

capillary. 

In the straight tube, the entire oil flow process occurs at the same elevation. Also, as 

the oil slug is small, the effect of gravity is ignored.  While for a curved tube, there are 

different ways to assemble it to the chambers, and the liquid may flow at different elevation 

in the tube. It is therefore important to test if gravity of the oil slug has influence on the oil 

slug mobilization in the capillary. 

The designed tests are shown as Figure 2-5, where the curved area of the tube remains 

at the same elevation as the straight part of the tube.  

To test if gravity force will influence the result, the curved tube is then installed as 

shown in Figure 2-6, where the curved area is perpendicular to the horizontal level. In this 

case, when the oil slug flows through the curved area, the effect of gravity will be displayed. 

The pressure drop across the tube is listed in Table 2-4.  

Comparing Table 2-3 to Table 2-4, the difference between two tests is less than 1%, 

which means the gravity effect under this setup is minor and can be ignored in future testing; 

it should be mentioned that the dominating force in the experiments implementing straight 

and curved tubes is capillary force (the calculation of capillary number is shown in Chapter 

3), due to the geometric dimensions of the tubes. 
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Figure 2-6 Curved tube installed with the curved area vertically 

Table 2-4 Effect of gravity 
 

ΔPmax(mmH2O) ΔPstable(mmH2O) 

Average  Difference from 

total average 

Average  Difference from total 

average 

Tube 1 head to tail 30.723 1.65% 0.82% 28.648 0.58% 0.88% 

Tube 2 head to tail 29.508 2.31% 3.12% 27.914 1.87% 1.58% 

Tube 3 head to tail 30.061 0.33% 1.15% 28.442 0.12% 0.17% 

Tube 1 tail to head 30.790 0.99% 0.16% 28.870 1.99% 2.29% 

Tube 2 tail to head 29.828 1.32% 2.13% 27.828 2.23% 1.94% 

Tube 3 tail to head 30.714 1.32% 0.49% 28.884 1.64% 1.94% 

Average 30.244 0 0.82% 28.432 0 0.29% 
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CHAPTER 3 Oil slug mobilization in a capillary model under 

dynamics condition 

The oil slug flow in a capillary model under static conditions has been studied 

previously in detail [18]. In this research, horizontal vibration excitation is applied to the 

test model at the same time as water injection; the influences of vibration frequency, 

acceleration amplitude are studied carefully. 

3.1  Influence of vibration frequency on oil slug mobilization 

The impact of vibration frequency is tested first. Different vibration frequencies have 

been applied to the flow system with the water injection rate from 0.25 ml/hr to 0.45 ml/hr. 

The corresponding capillary number can be calculated by Eq. 2, where 𝛾 is the interfacial 

tension between water and air, it is measured in the previous research by capillary rise 

method and it equals to 72 mN/M. Thus, capillary number Ca is calculated and it is ranging 

from 1.229×10-6 to 2.213×10-6. As shown, the capillary number is less than 10-5 and the 

flow in this experiment is dominated by capillary force. The acceleration vibration 

amplitude is fixed at 3.5 m/s2. Both the oil slug travel distance and the pressure drop across 

the tube are recorded during the experiment as indicators of the efficiency of the oil slug 

mobilization.  

𝐶𝑎 =
𝜇𝑣

𝛾
 

Eq. 2 

3.1.1 Pressure drop across the capillary tube during oil slug mobilization 
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Pressure drop is an important parameter to evaluate the oil slug mobilization in a 

capillary. As reported in Dong and Fan’s previous work (2009), during the oil slug 

mobilization, the pressure drop trend experiences three stages: build-up, hold-up and steady 

stages. Figure 3-1 is a typical pressure drop profile obtained in our test. The blue curve 

represents the pressure drop file by water injection only, and the red curve is the pressure 

drop with both water injection and vibration excitation. As shown, the basic trend for these 

two curves is very similar. The pressure drop value continues to increase as water is 

injected, until it reaches the maximum value. This maximum value remains steady for a 

while. It then drops down slightly and reaches a stable value. The pressure drop value 

remains the same after that. A similar pressure trend has been found by Srinivasan (2015), 

where they performed a water-air flow test in a capillary tube.  

The maximum pressure drop is mainly determined by the oil slug length (Dai and 

Zhang, 2013). The stable pressure drop is a signal to show that the flow is stabilized, which 

is indicated by a constant oil flow rate and exists of water film surrounding the oil slug. 

The following equation is used to determine the starting point of stabilizing the flow. 

∆𝑃𝑛 − ∆𝑃𝑛+1

∆𝑡
≤ 0.1 

Eq. 3 

Where the pressure file is first sectional linearized by the least square method, and 

when the slope of the pressure change is less than 0.1, it shows that the oil slug reaches a 

stable flow stage. The number 0.1 is calculated from the existing pressure files. 

The magnitude of these two pressure values reflect the energy that needs to mobilize 

the oil slug, and the time it takes to reach the stable pressure drop indicates the stabilization 
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of the oil slug flow in the capillary model. It is meaningful to record and compare the 

maximum pressure drop, the stable pressure and stabilizing time. 

In this research, it is found that after applying vibration excitation into the flow system, 

the trend of pressure drop during the oil slug mobilization remains the same as it is in a 

static condition. However, the magnitude of both maximum pressure drop and stable 

pressure drop has reduced due to the vibration. The pressure drop ratio is introduced to 

measure the changing: 

∆𝑃𝑟𝑎𝑡𝑖𝑜 =  
∆𝑃𝑑𝑦𝑛𝑎𝑚𝑖𝑐𝑠

∆𝑃𝑠𝑡𝑎𝑡𝑖𝑐𝑠
 

Where ∆𝑃𝑠𝑡𝑎𝑡𝑖𝑐𝑠  is the pressure drop value measured under static conditions, and 

∆𝑃𝑑𝑦𝑛𝑎𝑚𝑖𝑐𝑠 is the pressure drop value with the application of vibration excitation.  

Figure 3-2 and Figure 3-3 are the ∆𝑃𝑟𝑎𝑡𝑖𝑜 of maximum ∆𝑃 and stable ∆𝑃 respectively. 

The solid line appears as a baseline, which shows the pressure drop without applying 

vibration excitation. The points are the ∆𝑃𝑟𝑎𝑡𝑖𝑜 obtained at different vibration frequencies 

with different water injection rates. As shown in the figure, by applying vibration excitation, 

the maximum pressure drop generally reduces around 10% to mobilize the oil slug. In one 

extreme case, the dropping rate reaches 15%. Similar result can be obtained from the stable 

pressure ratio. From the pressure drop view, we can conclude that the application of 

vibration excitation has a positive effect on the oil slug mobilization, as a lower pressure 

drop means lower energy is required from water injection. 

Figure 3-4 shows the time duration needed for the oil slug mobilization to reach a 

stable flow condition in the above cases. As can be seen, the blue curve is the time duration 
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for each injection rate without using vibration. By applying vibration, the time duration is 

reduced. Past research reports that after reaching a stable condition, water film exists 

between the oil slug and the solid wall. This can significantly improve the mobility of the 

oil slug (Dai and Zhang, 2013). A reduction in stabilizing time means less  time for the oil 

slug to reach a high mobility mode, which is important in oil slug mobilization. 
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Figure 3-1 Typical pressure profile during the oil slug mobilization 

 

Figure 3-2 Maximum pressure drop ratio at different vibration frequency 
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Figure 3-3 Stable pressure drop at different vibration frequency  

 

Figure 3-4 Oil slug stabilizing time 

  

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

0.2 0.25 0.3 0.35 0.4 0.45 0.5

St
ab

le
 p

re
ss

u
re

 d
ro

p
 r

at
io

Water injection rate (ml/hr)

baseline

5 Hz

10 Hz

12 Hz

15 Hz

20 Hz

0

100

200

300

400

500

600

0.2 0.25 0.3 0.35 0.4 0.45 0.5

St
ab

liz
in

g 
ti

m
e

 (
s)

Water injection rate (ml/hr)

no vib

5 Hz

10 Hz

12 Hz

15 Hz

20 Hz



37 

 

3.1.2  The oil slug travel distance during the oil slug mobilization 

The oil travel distance is another important parameter to measure the efficiency of 

vibration excitation oil slug mobilization. The oil travel distance ratio is used as follow: 

𝐿𝑟𝑎𝑡𝑖𝑜 =  
𝐿𝑑𝑦𝑛𝑎𝑚𝑖𝑐𝑠

𝐿𝑠𝑡𝑎𝑡𝑖𝑐𝑠
 

Where 𝐿𝑠𝑡𝑎𝑡𝑖𝑐𝑠  is the oil slug travel distance measured under static conditions, and 

𝐿𝑑𝑦𝑛𝑎𝑚𝑖𝑐𝑠 is the oil slug travel distance with the application of vibration excitation.  

Figure 3-5 and Figure 3-6 are the 𝐿𝑟𝑎𝑡𝑖𝑜 of the oil slug travel in 10 minutes and 15 

minutes intervals, respectively. The solid line appears as a baseline where the oil slug is 

only mobilized by water injection, and the rest points are 𝐿𝑟𝑎𝑡𝑖𝑜  measured with the 

application of vibration. From both figures we can see that the oil travel distance increases 

after applying vibration to the flow system. We also see that vibration has more impact 

when the injection rate is relatively low (it is the most efficient when injection rate equals 

to 0.30 ml/hr, Ca equals to 1.475×10-6), at which point the increasing rate is higher than 

40%, which would be very significant in application. On the other hand, when the water 

injection rate increases to 0.45 ml/hr, the increasing rate is less than 14%. Same as the 

pressure, for most cases, the variation frequency in the testing range does not show a 

significant difference in terms of increasing the oil travel distance. 

The comparison of the increasing rate shows that for a low water injection rate, it takes 

a longer time for the external pressure to reach the magnitude that can mobilize the oil slug, 

which leaves sufficient time for the vibration excitation to affect the entire flow condition. 

Alternatively, when the water injection rate is high, the external pressure provided by the 
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injection would dominate the flow and the vibration excitation would have less influence 

on the flow. 
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Figure 3-5 Oil slug travel distance ratio (10 minutes) 

 

Figure 3-6 Oil slug travel distance ratio (15 minutes) 
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3.2  Influence of acceleration amplitude on oil slug mobilization 

In addition to vibration frequency, the effect of acceleration amplitude is also studied. 

In this section, the injection rate, oil slug length, and vibration frequency have been fixed 

at 0.4 ml/hr, 10 mm and 5 Hz, respectively to test the effect of amplitude on the oil slug 

mobilization. Nine different acceleration amplitudes have been performed in this research 

and similar to the previous section, the pressure drop and the oil slug travel distance across 

the tube have been recorded and compared.  

3.2.1  Pressure drop across the tube during oil slug mobilization 

Figure 3-7 presents the maximum ∆𝑃  ratio and stable ∆𝑃  ratio during the oil slug 

mobilization with different acceleration amplitudes applied. Different from the effect of 

vibration frequency, the variation of amplitude leads to different results for the pressure 

drop during the test. As shown, when acceleration amplitude is in the range of 3-4.5 m/s2, 

the dropping rate of both the maximum ∆𝑃 and stable ∆𝑃 are more significant than they 

are at other amplitudes. The pressure drop ratio reaches its highest when the acceleration 

amplitude equals to 2.5 m/s2, at which point, the vibration has a negative effect in terms of 

reducing pressure drop. It should also be noted that when the amplitude further increases 

to 6.0 m/s2, the force generated by the vibration is too large, and the oil slug quickly loses 

its original shape and break into pieces. The flow pattern changes from piston like to snap 

off, therefore there is no data generated for that. 
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Figure 3-7 Pressure drop across the tube during the oil slug mobilization under different 

acceleration amplitude  

 

Figure 3-8 The oil slug travel distance versus acceleration amplitude 
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3.2.2 Oil slug travel distance 

Figure 3-8 shows the oil slug travel distance ratio in 10 and 15 minute intervals under 

different acceleration amplitudes. When the acceleration amplitude is less than 3.0 m/s2 

mm, the application of vibration does not have an obvious positive effect on the oil slug 

mobilization. When vibration amplitude equals 2.5 m/s2, it may even generate resistance 

and reduce the oil slug travel distance. While the acceleration amplitude is in the range of 

3.0 to 4.5 m/s2, it significantly promotes the oil slug mobilization, and the oil travel distance 

increases 10% after 15 minutes.  

These results indicate that the variation of the vibration amplitude has great influence 

in mobilizing the oil slug in the capillary model. Also, there exists optimal vibration 

amplitude in terms of mobilizing the oil slug more efficiently. Alternatively, improperly 

choosing the amplitude may reduce the oil slug mobilization efficiency. 

3.2.3 Flow phenomena and analysis 

Flow behavior is an important indicator in analyzing the oil slug mobilization. The 

flow phenomena of an oil slug mobilized by water injection in a static condition has been 

illustrated by Dai and Zhang (2013), where the water film development is observed during 

the oil slug flow and the phenomena has been cataloged. The importance of liquid film in 

slug flow is also reported by Rapolu (2011), who addressed an air-water flow in a 

microchannel and discovered that the formation of liquid film during the slug flow can 

significantly reduce the capillary resistance. 
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Decker and Garoff (1996) conducted the measurement of capillary rise and contact 

angle of water on a solid surface by applying vibration excitation. They found that energy 

of vibration has great influence on the relaxation of the contact angle. The hysteresis 

phenomena can be mitigated when the vibration amplitude is high enough. Research also 

proves that vibration has influence on the contact line changing of a liquid drop on a 

horizontal solid plate, where high amplitude is reported to have a more significant effect 

on the contact line between water and air. In this study, the contact angle changing in a 

capillary model has also been observed by applying vibration to the flow system, as shown 

in Figure 3-9. Originally the contact angle between the oil slug and the solid wall is 

measured to be about 147°. After vibration, it decreases to 86° as illustrated in Figure 3-9-

b.  

Figure 3-10 shows the entire procedure of the oil slug shape changing with the effect 

of vibration excitation. At the beginning, the contact angle changed as described in the 

previous paragraph. After that, the flow phenomenon that follows it is under a static 

condition.  
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Figure 3-9 the oil slug shape changing at the beginning of the test 

 

Figure 3-10 Shape changing during the oil slug mobilization 
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In the capillary flow, the total pressure drop across the tube ∆𝑃𝑡 can be divided into three 

parts: the external pressure drop ∆𝑃𝑤𝑝  caused by water injection, the resistance ∆𝑃𝑜𝑝 

between the capillary wall and the oil slug, and the capillary pressure ∆𝑃𝑐.  

∆𝑃𝑡 = ∆𝑃𝑤𝑝 + ∆𝑃𝑜𝑝 + ∆𝑃𝑐 Eq. 4 

Detail of ∆𝑃𝑤𝑝 and ∆𝑃𝑜𝑝 in capillary flow have been analyzed in [18]. The capillary 

pressure between the oil-water interface 𝑃𝑐 can be expressed as follow: 

𝑃𝑐 =
2𝜎 cos 𝜃

𝑅𝑐
 

Eq. 5 

In which, 𝜎  is the interfacial tension of oil-water and 𝑅𝑐 is the radius of the capillary. 

According to Figure 10, the changing of contact angle 𝜃  from 33° to 86°, leads to 

lower  cos 𝜃 . The other two parameters are fixed, therefore, 𝑃𝑐  is reduced by adding 

vibration. The capillary pressure difference generated by the oil slug can be written as: 

∆𝑃𝑐 =
2𝜎(cos 𝜃𝑎𝑑𝑣𝑎𝑛𝑐𝑖𝑛𝑔 − cos 𝜃𝑟𝑒𝑐𝑒𝑑𝑖𝑛𝑔)

𝑅𝑐
 

Eq. 6 

It should be noted that the capillary force appears mainly at the beginning of the 

flow. ,After the water film is generated, the oil slug is mobilized on the water film. It is not 

considered to be a three-phase (oil-water-wall) contact surface; therefore the effect of 

capillary force becomes very limited after that. 

  



46 

 

3.3  Mobilization of the oil slug in curved capillary model 

3.3.1 Mobilization of the oil slug in curved capillary model without vibration 

excitation 

In the previous section, a straight capillary is employed to study the effect of vibration 

excitation to the oil slug mobilization. In reality, the pore structure is far more complex 

than a straight channel therefore a curved capillary is considered. In this research, four oil 

slug lengths (4 mm, 8 mm, 12 mm and 16 mm) are tested to reveal the oil slug mobilization 

in curved capillary. Static tests are performed first, in which three different flow 

phenomena are discovered. The corresponding pressure drop are recorded and analyzed.  

The flow phenomena of mobilizing an oil slug in a straight tube have been reported in 

previous research. This study focuses on how the oil slug flows through the curved area. 

The testing injection rate is from 0.1 ml/hr to 0.4 ml/hr. For each oil slug length, the test 

starts from the lowest injection rate (0.1 ml/hr), and then increases 0.05 ml/hr each time to 

test the effect of injection rate. During the experiment, three types of flow phenomena are 

observed by changing the water injection rate. 

Take a 12 mm oil slug flow as example: 

(1) The first phenomenon is when the water injection rate is lower than 0.15 ml/hr, the 

oil slug flows through the curved area smoothly as shown in Figure 3-11. The flow 

phenomenon of the oil slug mobilization is the same as it is flowing through a straight tube. 

The pressure drop profile in this case is shown in Figure 3-12, where we can observe the 

difference generated by the curved area of the tube.  
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The variation of the pressure drop across the tube can be divided into four sections: 1) 

the pressure drop increases as water is injected into the system, until it reaches the highest 

value (it is also considered the point where the oil slug starts to moving forward) 2) the 

pressure drop decreases and reaches a stable level in the straight area; 3) the pressure drop 

increases again due to the geometry changing of the tube and reaches a stable level at the 

curved area; 4) after flowing through the second curve and getting into the straight area, 

the pressure drop value decreases again and reaches a stable level.  
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Figure 3-11 Flow phenomenon one (for a 12 mm oil slug, water injection rate ≤ 0.15 

ml/hr) 
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Figure 3-12 Typical pressure drop file across the tube for phenomenon one 
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(2) When the water injection rate is higher than 0.15 ml/hr and lower than 0.25 ml/hr, 

a different phenomenon occurs when the oil slug flows through the curved area. The 

Schematic plot of this phenomenon looks the same as in the previous section, however, the 

flow process is quite different. After water injection begins, the oil slug first flows through 

the straight area smoothly until it reaches the curved area. There, 1/3 of the oil slug’s total 

length flows into the curved area. The rest of the slug passes through the curved area 

quickly instead of moving gradually as in the previous case. 

The pressure drop profile can also explain this phenomenon, as shown in Figure 3-13. 

There are three significant value drop areas in the pressure profile, and we can divide the 

entire pressure drop trend into six sections: 1) the pressure drop increases when the water 

injection starts and it reaches the maximum value; 2) after reaching the maximum value, 

the pressure drop decreases to a stable condition in the straight area; 3) in the third section 

the pressure drop value increases 20% after the oil slug flows into the curved area; 4) in a 

short while after the oil slug flows into the curved area, the pressure drop value decreases 

about 35%. It then increases again and reaches its previous magnitude in the curved area 

of the tube; 5) for the rest of the flow in the curved area, the pressure drop value remains 

at the same level; 6) after flowing through the second curve, the oil slug reaches the straight 

tube area where the pressure drop across the tube returns to the previous level and the oil 

slug flows smoothly ahead (tail end of the tube). 
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Figure 3-13 Typical pressure drop file across the tube for phenomenon two 

 

Figure 3-14 The relationship between the water injection rate and the appearance of 

phenomenon two 
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Comparing the previous two types of pressure drop files, we can see that the main 

trend is the same. The difference occurs when the oil slug flows in the curved area, as 

mentioned in the previous phenomena description. In the second case, instead of flowing 

through the curved area smoothly, there is a rapid change after the oil slug flows into the 

first curve, which causes the sudden drop in the pressure file at stage 4).  

Similar phenomenon has been observed for the other two testing oil slug lengths (4 

mm and 8 mm). However, when an oil slug length equals 16 mm, this phenomenon does 

not appear as other shorter slugs. Figure 3-14 shows the relationship between the water 

injection rate and the appearance of the second flow phenomena.  

 (3) When the water injection rate is higher than 0.25 ml/hr, the 12 mm oil slug would 

break when flowing through the curved area of the capillary. Figure 3-15 shows the flow 

phenomenon, where, as we can see, the oil slug flows through the straight area smoothly. 

When it reaches the curved area, the oil slug quickly lose its original shape and breaks into 

two pieces, after which the bigger piece continues to flow forward, while the smaller piece 

sticks to the capillary wall. It should be noted that during the experiment, the oil slug might 

not necessarily break into two pieces only. It could possibly become more slugs. Figure 

3-16 shows the pressure drop trend when the oil slug breaks up. As we can see, the previous 

three stages are the same as the previous two phenomena. However, the pressure-drop 

value decreases about 35% shortly after the third stage appears, after which it remains at 

the same level and does not change. The significant decrease of pressure drop value is 

associated with the oil slug break up. 
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Figure 3-15 Phenomenon three: oil slug break up 
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Figure 3-16 Typical pressure drop file across the tube for phenomenon three 

 

Figure 3-17 The relationship between the water injection rate and the appearance of 

phenomenon three 
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Figure 3-17 shows the relationship of the oil slug length, water injection rate and the 

oil slug break-up phenomenon. This phenomenon has been observed in longer oil slugs 

such as 8 mm and 16 mm, but did not occur to the 4 mm oil slug. As we can see from the 

figure, the longer the oil slug is, the higher water injection rate it needs to break-up the oil 

slug.  

3.3.2 Mobilization of oil slug in a curved capillary model with vibration excitation 

Numerous researchers have reported the application of external excitation on oil 

recovery in both lab experiment and field tests. In the previous section, it has been proven 

that vibration excitation has a positive effect on the oil slug mobilization in straight 

capillary. As well, optimal vibration frequency and duration has been discovered, which 

can maximize the efficiency of the oil slug mobilization in straight capillary. 

Here, vibration excitation is applied to the oil slug mobilization in the curved capillary. 

It should be noted that instead of adding vibration at the same time as the water injection, 

the external excitation is applied when the oil slug reaches the curved area. As explained 

earlier, during the oil slug mobilization in a curved tube, there are two critical stages that 

the oil slug flow phenomena changes significantly while the pressure drop across the tube 

reaches maximum value: 1) the oil slug starts mobilizing, 2) the oil slug reaches the curve 

area. The first stage is the same as in the straight capillary model, where it has been proven 

that the application of external excitation can reduce the value of the maximum pressure 

drop. It is therefore important to study how the vibration excitation affects the oil slug 

mobilization at the second critical stage. 
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The oil slug length and water injection rate are fixed at 8 mm and 0.25 ml/hr, 

respectively. The impacts of vibration frequency and vibration amplitude are tested. Table 

3-1 shows the pressure data under different vibration frequencies, where the amplitude is 

fixed at 3 m/s2. As shown in the table, after adding vibration into the system, the second 

critical pressure difference value dropped, where the maximum difference appears when 

the vibration frequency equals to 15 Hz. The pressure value dropped 10% compared to no 

vibration excitation.  

Table 3-2 lists the pressure data when vibration frequency is fixed at 15 Hz. Five 

different amplitudes are tested, where the optimal amplitude for the second critical pressure 

drop is 3 m/s2. It should be noted that when the vibration amplitude exceeds 6 m/s2, the oil 

slug will break due to the large displacement of the model. Where the vibration excitation 

plays an opposite role of improving the oil slug mobilization, it instead breaks the oil slug 

into small pieces, which are much more difficult to be mobilized by water injection.  

It can be concluded that applying proper external excitation to the curved capillary 

flow system has a positive effect in terms of the decreasing pressure drop value compared 

to without vibration excitation. On the other hand, vibration may cause the oil slug 

mobilization to be inefficient when the amplitude is too large. 
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Table 3-1 The pressure drop across the tube under different vibration frequencies 

Frequency (Hz) Max P Stable P Curved 

0 24.035 21.112 21.709 

5 22.476 20.965 22.004 

10 22.523 21.813 21.207 

15 23.644 20.143 19.135 

20 23.798 20.181 20.506 

25 23.321 20.534 20.821 

 

Table 3-2 The pressure drop across the tube under different acceleration amplitude 

Amplitude (m/s2) Max P Stable P Curved 

0 24.622 21.246 21.719 

1 22.431 20.083 20.529 

3 23.599 20.117 19.006 

5 24.046 20.809 21.215 

6 23.667 21.122 20.733 

7 24.544 20.875 20.507 
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3.4  Comparison of oil slug mobilization in straight capillary and curved 

capillary models 

In this section, a comparison is made among the oil slug flow in both straight capillary 

and curved capillary, where both static and dynamics conditions are considered. 

3.4.1 Pressure drop 

Figure 3-18 shows the typical pressure drop trend across the tube during the oil slug 

mobilization, where (a) and (b) show the pressure drop trend in straight capillary, and (c) 

and (d) show the pressure drop trend in curved capillary. As shown, external excitation has 

a positive effect on the oil slug mobilization in the capillary model. In the straight capillary 

model, the application of vibration reduces the pressure drop value compared to a static 

condition. In curved capillary, the application of vibration significantly influences the 

pressure drop across the tube when the oil slug flows though the curved area.   

 

Figure 3-18 Typical pressure drop files during the oil slug mobilization  
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3.4.2 Flow phenomena and the relationship with various experimental parameters 

In the straight tube tests, four different phenomena have been observed while critical 

ratio and break-up ratio have been obtained. In current research, break-up ratio is also 

obtained. Figure 3-19 shows the comparison of the break-up velocity in both straight tube 

and curved tube. As shown, the slope of the break-up ratio curve in the straight tube is 

much higher than it is in the curved tube, which means for the same oil slug length, the 

injection rate that will cause it to break is much lower in a curved tube than it is in a straight 

tube.  

 

Figure 3-19 Comparison of the oil slug break-up velocity in both straight tube and curved 

tube 

Besides the break-up ratio, the second phenomenon reported in the previous section 

also shows that in a curved tube, the oil slug flow is much more complex compared to the 

straight tube.   
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CHAPTER 4 Experimental setup for micro model tests 

The previous chapters describe the oil slug flow in the capillary model, which presents 

one of the pore structures underground. We know that the pore structure in porous media 

underground is far more complex than in the capillary. In this Chapter, a glass etched micro 

model setup is introduced to present the pore structure network. The micro model is 

considered as a layer of the porous media underground. The advantage of using a micro 

model is for the flow behavior to be observed and analyzed directly. Moreover, in 

comparing with that of the capillary models described in the previous chapter, the micro 

model designed for this research is a two dimensional capillary model and provides 

network connections of the capillaries. The micro model for this research is therefore more 

close to the situation of a porous media in the field. This cannot be obtained from porous 

media. The purposes of this research are: exam the positive effects of applying vibration 

excitation to oil displacement in the micro model; determine the effects of applying 

vibration excitation to oil displacement in micro models for different oil-water ratios; 

distinguish the most efficient way of applying vibration excitation. 

4.1  Experimental setup 

Figure 4-1 shows the experimental setup of the oil-water flow in the micro model. The 

main component is the etched glass micro model (1), which is fixed and supported by a 

self-design micro model holder. The flow region is composed by: a) liquid injection (6 and 

7, NE-300 Just Infusion Syringe Pump): two syringes motivated by syringe pumps, which 

provides a stable constant liquid injection to the flow system; and b) an outlet liquid 

collector (8). A differential pressure transducer (3, Omega, PX409) is installed to measure 
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and record the pressure difference between the inlet and outlet during the tests. A high-

resolution camera (4, Nikon D7200) is employed to record the phenomena during the tests. 

Also, on the left side of the setup, there is the vibration system, which contains the same 

components as described in Chapter three.  

Figure 4-2 shows the supporting table that allows the vibration to perform smoothly 

into the flow system. As shown, the micro model holder is placed on a height adjustable 

table. Four wheels are installed under the holder, which allows it to slide fluently on the 

table with very small frictional resistance. Figure 4-3 is the image from the lab, showing 

how things are arranged. 
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Figure 4-1 Experimental setup of the oil-water flow in micro model  

 

Figure 4-2 Setup for vibration excitation 
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Figure 4-3 Experimental setup for the micro model test 
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Figure 4-4 illustrates the pattern of the micro model. Section (a) shows the design of 

the micro model; and (b) is a photo of the micro model, where the fluorescent color 

represents the pore network that the fluid flows through and the dark parts are solid. As 

illustrated in the figure, this micro model has one injection spot and one outflow spot. Both 

of them are connected with the designed pore structures by a channel. In the experiment, 

the fluid is observed to fill the channel first and then flow into the pore structure. 

 The model is 40*40 mm. Figure 4-5 shows a unit of the pore structure with its 

dimension, and the entire model exists with 232 such units. The area of the pore structure 

can be calculated as follow: 

𝐴 = 232(3(𝐿𝑊 − 2𝑙𝑤) + 2𝜋𝑅 − 6 (
44𝜋𝑅2

360
−

1

2
𝑤ℎ)) 

Eq. 7 

The design porosity can then be obtained: 

𝜙 =
𝐴

40 ∗ 40
 

After calculation, the designed porosity equals 23.94%. 

The actual porosity of the micro model is obtained through image analysis. Figure 4-6 

shows the micro model filled with water.  The pixel of the entire model is detected as 

13220480 pixels, and the space occupied by water is 3126799 pixels. By doing division, 

we get that the real porosity equals to 23.65%. 

𝜙𝑟𝑒𝑎𝑙 =
3126799

13220480
= 23.65% 
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The difference between the design porosity and the actual porosity is less than 1%. 

Also, the depth of the pore is known as 30 μm. The volume of this micro model can then 

be calculated as: 

𝑉 = 0.03 × 40 × 40 × 23.65% = 11.352𝑚𝑚3 = 0.011352𝑚𝑙 

According to Karambeigi et al (2013), the permeability of the micro model can be 

calculated by the Kozeny-Carman equation as follow: 

𝐾 =
𝑑𝑚

2

180

𝜙3

(1 − 𝜙)2
 

Eq. 8  

where K is the permeability, dm  means the average pore diameter, 𝜙  is the porosity of the 

micro model. The permeability of this model can then be calculated and it equals to 

1.135×10-5 mm2. 
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Figure 4-4 Pattern of the micro model (a) designed pattern; (b) photo of the glass micro 

model 

 

Figure 4-5 Design and dimension of the unit pore structure 
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(a) 

 

(b) 

Figure 4-6 (a) Photo of pore structure fulfilled with water; (b) After image processing 
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4.2  Material properties and experimental considerations 

4.2.1 Material properties 

Four kinds of standard oils are employed to test the effect of vibration excitation on 

the oil displacement in a micro model. The reasons for using standard oil include: standard 

oil has stable chemical property and viscosity; it is transparent, thus easy to be observed in 

the micro model. By testing four types of oils, the impact of vibration excitation on the oil 

displacement for different viscosities can also be calculated. Table 4-1 lists the properties 

of the oils and DI water used in the experiments, under room temperature and atmospheric 

pressure. The viscosities of the oil samples used in the research implementing the micro 

model are lower than that used for the tube tests described previously, in considering that 

the complexity of the micro model used and the efficiency in measuring and analyzing the 

flow of the liquid in the model. 
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Table 4-1 Material properties  

Liquid type Density (g/cm3) Viscosity (cP) 
Viscosity ratio 

(Oil/Water) 

DI water 1.0000 1.00 N/A 

Oil S3 0.8303 3.66 3.66 

Oil S6 0.8292 8.52 8.52 

Oil N10 0.8431 17.05 17.05 

Oil S20 0.8800 42.42 42.42 
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4.2.2 Experimental considerations 

1. To distinguish DI water from oil, both of which are transparent, fluorescent dye 

(FT175, American gas & chemical CO LTD.) is used here. Figure 4-6 is an 

example where the micro model is occupied by both DI water and testing oil. The 

existence of water is easily detected by the fluorescent color, and the transparent 

color in the pore structure is the oil. 

2. The depth of all pores are considered to be constant, thus, the area of each phase 

determines the volume of each phase in the image. The saturation of each phase is 

calculated by the area percentage shown on the photo. 

3. As calculated previously, the volume of the micro model is very small. It is 

difficult to obtain the fractional flow through a traditional method, such as using a 

flow meter and two-phase separator. In this research, image analysis is used to 

obtain the oil-water distribution, calculate the oil saturation, and calculate the 

fractional flow.  

4. To perform the image analysis, the photo is plotted in ImageJ, and the fluorescent 

color is detected and transferred to red color as shown in Figure 4-6 (b), this step 

is essential for two reasons: 1) Although light source are provided, the photo taken 

from the test is not perfectly uniform, which may reduce the accuracy of the pixel 

calculation in the next step; 2) in the later experiment, the interface of oil-water 

needs to be distinguished clearly, which is hard by the original photos. After the 

transformation, the edge of the pore structure is detected and sketched as shown in 

the black lines. The water area can then be picked up and calculated by the pixels 

involved in. 
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5. Valves are connected with the pressure transducer, such that the pressure 

transducer would not be damaged from the high flow pressure when setting up the 

experiment and cleaning up the flow system. 

6. Wettability of the micro model can be determined by the contact angle. The two 

figures shown in Figure 4-7 illustrate the contact angles between the oil and water 

during the test, as typical cases. For both cases, the oil-solid contact angles are 

larger than 90 degrees, and the contact angles of water-solid are smaller than 90 

degrees. The wettability of this micro model is therefore water-wet to intermediate. 

7. The viscosity ratio has been reported to play an important role in intermediated 

wettability porous media (Willhite, 1986). It has been considered as one of the key 

parameters to be tested. 

8. There are many conditions to consider in finding the optimal vibration condition 

that can improve the oil mobility. In the capillary tests, different vibration 

frequencies and acceleration amplitudes are considered, it is found that the effect 

of frequency changing is not so obvious, but the variation of acceleration 

amplitude plays an important role in mobilizing the oil slug from the stationary 

condition. In the micro model tests, the acceleration amplitude is considered a 

testing variable, and the vibration frequency is fixed at 10 Hz. 

9. The application of vibration excitation to oil recovery must combine with water 

injection. In the existing research, vibration excitation is applied after 

waterflooding to simulate enhanced oil recovery, however, it could also make a 

difference if the vibration excitation is applied with water injection to simulate the 

secondary oil recovery. In this research, both conditions are considered and 
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performed, results are compared to find out the most efficient way of displacing 

oil from the micro model with the application of vibration excitation. 

10. Two kinds of initial conditions are considered: 1) the micro model is initially filled 

with the testing oil and the oil displacement starts from oil saturation >95%. This 

condition is relatively simple and it is straightforward to be analyzed; 2) the micro 

model is initially filled with DI water and then drained with the testing oil. The oil 

displacement is then conducted. This setup matches with the reality and it is a 

standard procedure for the oil recovery test. By doing this, we are able to get results 

closer to the practical scenario, thus having a better prediction of the application.    
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(a)

 

(b) 

Figure 4-7 Contact angle of oil-water in the micro model 

  



74 

 

CHAPTER 5 Oil displacement in a micro model filled with oil 

In this chapter, the oil displacement in the micro model is performed, where the micro 

model is initially filled with oil (95% or more of the pore structure is occupied by oil). The 

effects of both water injection and vibration excitation to different viscosity ratios are 

considered. Two groups of tests are performed, where vibration excitation is applied after 

waterflooding and applied combining with waterflooding, respectively, to displacing oil 

from the micro model. The experimental procedures, results and discussions are given as 

follow. 

In the capillary tests, it is determined that within the testing range, the changing of 

vibration frequency does not have significant influence on the oil slug mobilization. 

Acceleration amplitude plays a more important role in terms of mobilizing the oil slug more 

efficiently. In the following micro model tests, the vibration frequency has been fixed at 

10 Hz, and different acceleration amplitudes will be tested.  

5.1  Vibratory excitation implemented after waterflooding 

In the first group, the micro model is initially filled with oil, and then water is injected 

into the micro model from the liquid inlet to simulate the waterflooding process, while oil 

is displaced from the micro model. After it reaches irreducible oil saturation, vibration 

excitation combined with water injection is applied to the system after waterflooding, and 

the effect of using vibration excitation can then be obtained and analyzed. 

5.1.1 Experimental procedures 

 Preparation 
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 Clean micro model with ethanol, and then blow-dry for at least one hour. 

Perform visual check to ensure all pores are dry before setup. 

  Connect the clean micro model into the flow system. 

 Run testing oil through the system. When 95% or more of the pore structure in 

the micro model is filled with oil, stop oil injection. Check to make sure no air 

bubbles exist in the flow system.  

 Let the entire system stand for 12 hours to reach pressure balance condition (the 

balance condition can be determined by reading the pressure transducer). 

 Adjust camera to the proper focus, check the connections of pressure transducer, 

vibration system, and syringe pump. 

 Oil displacement by water injection (first time) 

 Inject the dyed DI water into the flow system with desired injection rate.  

 Record the oil-water distribution and pressure drop between the inlet and outlet 

of the micro model during the oil displacement. 

 After the entire flow situation reaches a stable condition (about 5 PV of water 

injection), stop water injection. 

 Oil displacement by both vibration excitation and water injection (second time) 

 Adjust the shaker to provide proper vibration excitation 

 At the same time as the vibration excitation, inject water into the flow system 

(the flow rate is set to be the same as it is in the previous step). 

 Record the oil-water distribution and pressure drop between the inlet and outlet 

of the micro model. 
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 After the entire flow situation reaches a stable condition, stop both vibration 

excitation and water injection. 

 Finish up 

 Stop water injection, vibration excitation and data collection equipment. 

 Disassemble the micro model from the flow system, clean up the micro model 

and get ready for the next test. 

5.1.2 Results and discussion 

In these tests, the main concern is how the vibration excitation affects oil displacement 

after waterflooding. Four acceleration amplitudes have been applied to four types of oils 

and results are listed and analyzed as follows. The main indicators include: the oil-water 

distribution, the oil displacement rate and pressure drop during the oil displacement. 

Oil displacement with water injection only is first performed as a contrast group for 

the rest of the tests. In the capillary test, the water injection rate is an important parameter 

that can affect the mobilization of the oil slug to be either piston like or snap off. In the 

micro model test, the water injection rate is also being considered. Four different injection 

rates are tested on four types of oils. Table 5-1 shows the ultimate oil saturation after 

waterflooding. As mentioned previously, the micro model is first filled with the testing oil, 

thus, the initial oil saturation is 95% or higher. Table 9 shows the oil-displacing rate (DRo) 

compared with the initial oil in place (IOIP). It is calculated by: 

𝐷𝑅𝑜 =
𝑆𝑜𝑖 − 𝑆𝑜𝑟

𝑆𝑜𝑖
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The changing of injection rate has significant influence on the oil saturation. When 

other experimental conditions are the same, the higher water injection rate leads to higher 

oil-displacing rate. Also, the effect of the water injection rate changing is more obvious in 

the oil-water viscosity ratio. In this case, when the injection rate increases 4 times, the oil 

saturation decreases over 13% when the viscosity ratio equals to 3.66. When the viscosity 

ratio equals to 42.42, the oil saturation decreases about 9%.  

Figure 5-1 shows the typical oil-water distribution changing during the water injecting 

process. The micro model is initially filled with testing oil. As water is injected into the 

model, more and more pore structure is invaded by water, and oil is displaced from the 

outlet. At this stage, the water saturation increases significantly versus time. However, after 

water breakthrough reaches, the increasing rate of the water saturation drops obviously, 

and the oil-water distribution tends to stabilize. Continuing to inject water provides a 

limited effect on the flow system; the oil-water distribution varies very little, and the 

production is mostly water. It is observed that the oil displacement is mostly piston like in 

this process. As shown in Figure 5-2, the branch is either invaded by water entirely or left 

alone. Other type of flow such as annular flow seldom appears in this test.  
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Table 5-1 Final oil saturation after water injection 

Water 

injection 

rate (ml/hr) 

S3 S6 N10 S20 

0.05 36.90% 41.61% 46.58% 52.31% 

0.1 32.25% 39.71% NA 50.11% 

0.15 NA 31.55% 39.79% NA 

0.2 13.86% 24.78% 35% 43.57% 

 

Table 5-2 Oil-displacing % IOIP 
 

S3 S6 N10 S20 

0.05 61.96% 57.10% 51.98% 46.07% 

0.1 66.75% 59.06% NA  48.34% 

0.15  NA 67.47% 58.98%  NA 

0.2 85.71% 74.45% 63.92% 55.08% 
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(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

 

(f) 

Figure 5-1 Typical oil-water distribution versus time during the oil displacement (initial 

oil saturation ≥ 95%) 
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Figure 5-2 Piston like oil displacement in the micro model 
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 Figure 5-3 shows some phenomena that occurred and observed during the tests. The 

main phenomena discussed here are the appearance of water film and the generation of oil 

slugs during the water injection. 

1) Appearance of water film 

Figure 5-3 (a) to (b) shows the development of the water film. Water has replaced 

some oil in the pores from the micro model next to the pores that are already 

occupied by water (yellow circled). There is a light green film developing along 

the solid surface first, and then in (b), these pores are occupied by water.  

It has been proven that the development of water film is crucial to the oil slug 

mobilization in a capillary model and vibration excitation helps in water film 

generation (Cheng, 2009; Dai and Zhang, 2013). The observation in this study 

proves that the existence of water film plays an important role in the oil 

displacement in the micro model.  

2) Generation of oil slugs 

From (b) to (c) we observed that during the water injection, not all the oil in the 

pores is replaced by water. The flow in the pores is not even and in some branches, 

oil is displaced piston-like and the entire space is invaded by water. In other 

branches, oil is stuck in the pore as droplets. They are isolated and are not 

connected with any movable oil.  Later in the test, most of these oil droplets 

remained in the same position without being displaced by water injection, and then 

became residual oil.  
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In practical conditions, residual oil widely exists after waterflooding. Later in this 

research, the goal of applying vibration is to provide motion to this portion of oil 

in the micro model and to increase the oil-displacing rate on top of waterflooding. 
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Figure 5-3 (a)-(b) Development of water film during the oil displacement; (b)-(c) 

Generation of oil slugs 
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Figure 5-4 shows the pressure drop profile during the oil displacement by water 

injection. For different viscosity ratios, the tendency is the same for all cases. The pressure 

drop grows to its maximum value after water injection, and then as the oil is displaced, the 

pressure drop continues decreasing until it reaches a stable level. It should be noted that 

there exists an alternate area, before which the pressure drop is rapid, and after which it 

tends to stay in the same level. This alternate area can be combined with the water 

breakthrough observation during the test. That is, before water breakthrough, the pressure 

drop magnitude continues to reduce significantly. After reaching breakthrough, the value 

is still dropping. However, the changing rate is much slower and eventually reaches a stable 

level, where very little oil is displaced from the micro model and most of the production is 

oil. Figure 5-5 lists the maximum pressure drop measured from tests with different water 

injection rates. From these two figures it can be concluded that the pressure drop magnitude 

is proportional to the viscosity ratios when the injection rate is fixed, and it is also 

proportional to the water injection rate for the same viscosity ratio. 
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Figure 5-4 Typical pressure drop versus PV of water injection (water injection rate = 0.05 

ml/hr) 

 

Figure 5-5 Maximum pressure drop at different flow rates   
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As mentioned previously, the purpose of this section is to test the effect of vibration 

excitation after waterflooding. After the micro model experiences water injection and 

reaches the stable condition mentioned above, where very little oil is produced and the 

pressure drop is very stable. In this section, the water injection rate has been fixed at 0.05 

ml/hr, and the effect of vibration excitation with four different acceleration amplitudes 

(0.75 m/s2, 1.5 m/s2, 2.75 m/s2, 4 m/s2) have been tested, respectively.  

Figure 5-6 shows the oil-displacing rate for tests under different acceleration 

amplitudes, and Table 5-3 lists the increasing rate (IR) of the oil displacement after 

applying vibration compared to before vibration, and is calculated as follows: 

𝐼𝑅 =
𝐷𝑅𝑜2 − 𝐷𝑅𝑜1

𝐷𝑅𝑜1
 

where 𝐷𝑅𝑜1 is the oil-displacing rate after waterflooding, and 𝐷𝑅𝑜2 is the oil-displacing 

rate after applying vibration. 

From the figure, the first conclusion we obtain is applying vibration as a positive effect 

on the oil displacement in the micro model. The light blue bars are the oil-displacing rate 

after waterflooding and before applying excitation, and the other four colours show the oil-

displacing rate after applying vibration with different acceleration amplitudes.  As shown, 

for all four cases after vibration, the oil-displacing rate increases compared with the results 

after waterflooding. Also, the effect of vibration is closely related to the acceleration 

amplitude. Within the testing range, there exists optimal acceleration amplitude for 

displacing each kind of oil from the micro model. Take N10 as an example, when Am=0.75 

m/s2, the improvement of the oil displacement is only 2% of the oil, which is not quite 
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effective. However, when Am increases to 2.75 m/s2, the oil-displacement rate is 12% 

higher than it is after waterflooding, which would be very significant in practical conditions.  

In general, when the Am is not sufficiently high, the effect of vibration is observed to 

be very limited in displacing the oil from the micro model. For the testing cases, the 

incensement of the oil displacement for Am = 0.75 m/s2 is less than 10%, most of which 

are around 5%. For S3 and S6, which have relatively low viscosity, the optimal Am is 1.5 

m/s2, while for N10 and S20, the optimal Am is observed to be 2.75 m/s2. Also noticed 

from the figure, the displacement rates of S20 are very close when Am is 2.75 and 4 m/s2, 

which we may infer that, for oil with higher viscosities than S20, even larger Am is required 

to reach the maximum oil-displacement rate by applying vibration. 
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(d) 

Figure 5-6 Oil-displacing% IOIP at different acceleration amplitudes 

Table 5-3 increasing rate of the oil displacement after applying vibration 

Acceleration 

amplitude  

( m/s2) 

S3 S6 N10 S20 

0.75 5.43% 9.03% 3.24% 6.93% 

1.5 10.30% 11.76% 11.36% 13.34% 

2.75 7.57% 9.18% 12.22% 15.60% 

4 4.31% 7.34% 7.15% 15.18% 
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Figure 5-7 compares the oil-water distribution before and after applying vibration 

excitation.  As shown, after water flooding, the oil-water in place reaches a balance, and 

no more oil can be motivated by water injection; the application of vibration excitation 

breaks the oil-water pressure balance in some area, after which, the oil displacement rate 

is improved. Figure 5-8 shows the detail of the changing in the pore after applying vibration. 

As marked, after waterflooding, at the oil-water interface, there exists: 

𝑃𝑤 + 𝑃𝑜 = 0 

After applying vibration, this relationship is changed to 𝑃𝑤 > 𝑃𝑜, and oil is forced to 

flow out and form a new balance: 

𝑃𝑤1 + 𝑃𝑜1 = 0 

It is also noticed that the oil displacement in the pore structure are mostly piston-like, 

although there are some oil slugs generated during the test, the majority of the pores are 

either invaded by water entirely or left alone, annular flow is not commonly seen in this 

group of tests.  

Figure 5-9 to Figure 5-12 show the oil-displacing rate versus pore volume water 

injection. The corresponding oil saturation measured from the experiments can be found in 

the Appendix. As shown, for the oil-displacing curve, the blue line is the oil-displacing rate 

caused by water injection. The oil-displacing rate increases rapidly at the beginning of the 

water injection. The critical point occurs at the water breakthrough, where the oil-

displacing rate slows down, and eventually reaches the stable stage where the out flow is 

mostly water and a very limited amount of oil is displaced from the micro model. It should 
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be emphasized that although the trend of the curves is the same, the residual oil saturation 

is highly related to the oil viscosity and the water injection rate. As listed in Table 5-1 when 

the injection rate is fixed, the lower viscosity ratio leads to lower residual oil saturation. 

After the flow reaches the stable stage, vibration excitation combined with the water 

injection is applied to the system as an enhanced oil displacement in the micro model. The 

relationship between the oil-displacing rate and the pore volume injection at this stage is 

shown in the red curve in the figures. As shown, by applying vibration excitation, the oil-

displacing rate is further increased, and eventually, the number reaches a stable level. The 

oil-water distribution reaches a new balance and remains, no matter how much longer the 

vibration and water injection is applied.   

Figure 5-13 is typical pressure drop profile, the pressure drop measured from the tests 

can be found in the Appendix. As known, the first part is the pressure drop during the water 

injection, which has the same trend as shown previously. After water injection starts, the 

pressure drop reaches its highest, and then continues to reduce as oil is displaced from the 

micro model. After reaching water breakthrough, the pressure drop stabilizes and 

eventually reaches a fluctuated stable state. In this test, vibration with different amplitudes 

intervenes the system, and it is observed that the pressure drop experiences a second 

increase, which is corresponds with the increment of the oil displacing. The pressure 

reaches a peak point briefly, and then drops back to the stabilized level again.  

It is also noticed that for flow systems with a higher oil-water viscosity ratio, it takes 

more PV of injection for the system to reach stable conditions again after applying vibration. 
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For the S3 and S6 tests, only 1 PV is needed to stabilize the flow. It almost doubles for the 

displacing tests with N10 and S20. 

 

 

 

(a) 

 



94 

 

 

(b) 

Figure 5-7 Oil-water displacement (a) before vibration excitation, (b) after vibration 

excitation 
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Figure 5-8 Oil displacement by applying vibration 
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Figure 5-9 Oil-displacing rate versus PV (S3, vibration excitation is applied after 

waterflooding) 

 

Figure 5-10 Oil-displacing rate versus PV (S6, vibration excitation is applied after 

waterflooding) 
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Figure 5-11 Oil-displacing rate versus PV (N10, vibration excitation is applied after 

waterflooding) 

 

Figure 5-12 Oil-displacing rate versus PV (S20, vibration excitation is applied after 

waterflooding) 
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Figure 5-13 Typical pressure drop file during the oil displacement, vibration excitation is 

applied after waterflooding 
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5.2  Vibration excitation implemented at the same time as waterflooding 

In this section, vibration excitation combining with water injection is applied to the 

micro model at the same time to simulate waterflooding, the effect of vibration excitation 

on the oil displacement of the micro model is summarized and compared with the results 

from waterflooding only, and applying vibration excitation after waterflooding. The 

experimental procedures are listed as follow. 

5.2.1 Experimental procedures 

 Preparation 

 Micro model is cleaned with ethanol and then blown dry with air for at least an 

hour. Visual check is performed to ensure all pores are dry before setup. 

  Connect the clean micro model into the flow system; the system needs to be air 

sealed. 

 Run testing oil through the system. When 95% or greater of the pore structure 

in the micro model is filled with oil, stop oil injection. Check to ensure there no 

air bubbles exist in the flow system.  

 Let the entire system stand for 12 hours to reach pressure balance condition (the 

balance condition can be determined by reading the pressure transducer). 

 Adjust camera to the proper focus, check the connections of pressure transducer, 

vibration system, and syringe pump. 

 Oil displacement by both vibration excitation and water injection 

 Adjust the shaker to provide vibration excitation to the flow system. 
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 At the same time as applying vibration, inject water to the flow system (same 

rate as in the previous test). 

 Record the oil-water distribution and pressure drop between the inlet and outlet 

of the micro model 

 After the entire flow situation reaches a stable condition, stop both vibration 

excitation and water injection. 

 Finish up 

 Disassemble the micro model from the flow system, clean up the micro model 

and get ready for the next test. 

5.2.2 Results and discussion 
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Figure 5-14 shows the final oil-displacing rate by applying vibration excitation 

together with waterflooding. The water injection results are shown in light blue bars as 

contrast. As shown, for each case, the application of vibration increases the oil-displacing 

rate. Table 5-4 lists the increasing rate for different cases, from which the oil-displacing 

rate can be improved more than 10%, in most cases. For displacing S20, which has a 

viscosity ratio of 42, the displacing rate increases 20% by applying vibration. It should also 

be noted that to reach a higher oil-displacing rate, the acceleration amplitude of the 

vibration has to be high enough. When the other conditions are the same, different Am can 

generate results that have as high as four times a difference (N10, Am=0.75 and Am=1.5). 

Among these cases, Am =1.5 m/s2 is optimal in terms of displacing S3, S6 and N10 from 

the micro model.  Am=4 m/s2 is more efficient for displacing S20. 
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(b) 
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(d) 

Figure 5-14 Oil-displacing rate at different acceleration amplitudes  

Table 5-4 Increasing rate of the oil-displacing  

Acceleration 

amplitude  

S3 S6 N10 S20 

0.75 3.21% 4.62% 4.88% 10.20% 

1.5 11.13% 14.33% 16.34% 19.89% 

2.75 8.10% 7.94% 12.42% 20.41% 

4 6.31% 9.93% 10.79% 20.90% 

 

The flow phenomena during the oil displacement is very similar to it is by 

waterflooding, thus, it is not repeated here. Figure 5-15 to Figure 5-18 show the oil-

displacing rate versus pore volume water injection. The trend of the oil-displacing curve is 
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very similar to the waterflooding curve. In both cases, the oil-displacing rate increases after 

water injection starts. When the flow reaches the water breakthrough, the oil production 

slows down and the oil-displacing rate remains at the same level. It is observed that by 

applying vibration excitation combining with waterflooding, the oil saturation at the water 

breakthrough point is lower. This means less oil has been displaced when reaching water 

breakthrough compared to water injection only. However, after the water breakthrough, the 

oil-displacing rate does not drop as rapidly. When the PV range is from 1 to 5 PV, the slope 

of the curve is higher than it is with water injection only. The oil-displacing rate is higher 

than the tests with water injection only.  

Figure 5-19 is a typical pressure drop profile during the oil displacement. As shown, 

the trend of the curve is the same as it is in the waterflooding process. The magnitude of 

the pressure drop is not significantly influenced by the application of vibration excitation. 

The main difference is the fluctuation of the curve is larger after applying vibration, and 

for most cases, it is proportional to the acceleration amplitude. 

  



105 

 

 

Figure 5-15 Oil saturation versus PV (S3, vibration excitation is applied combining with 

waterflooding) 

 

Figure 5-16 Oil saturation versus PV (S6, vibration excitation is applied combining with 

waterflooding) 
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Figure 5-17 Oil saturation versus PV (N10, vibration excitation is applied combining 

with waterflooding) 

 

Figure 5-18 Oil saturation versus PV (S20, vibration excitation is applied combining with 

waterflooding) 
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Figure 5-19 Typical pressure drop versus PV (vibration applies combining with 

waterflooding) 
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5.3  Summary 

5.3.1 Fractional flow 

In this chapter, the oil displacement in micro model has been conducted, where the 

micro model is initially filled with the testing oil. The influence of water injection is first 

performed, and then vibration excitation is applied as after waterflooding and combining 

with waterflooding, respectively. Results show that the intervention of vibration excitation 

has a positive effect on the oil-displacement in the micro model. In order to compare the 

efficiency of water injection and the two ways of applying vibration excitation, fractional 

flow has been plotted and discussed as follows. 

Fractional flow is an important indicator of the oil displacement rate. In this research, 

the relationship of water fractional flow and water saturation is measured and calculated 

from the experiment as shown in Figure 5-20 to Figure 5-23. The blue curve represents the 

fw with only water injection, the red curve is the fw with vibration applied after 

waterflooding, and the green line shows fw where the oil is displaced by applying vibration 

excitation combining with waterflooding..   

Where the viscosity ratio equals 3.66 (S3) by injecting water into the flow system, 

there is only oil flowing out of the system, and the fw equals zero until it reaches the water 

breakthrough. After this, the changing rate of fw continues to increase and soon the outflow 

is mostly water, as fw gets closer to 1. By applying vibration after water injection, the last 

part of the fw can be transferred slightly towards the right direction, which indicates after 

fw reaches the new balance, the water saturation increases compared to before vibration. 

By comparing the blue curve and the green curve, one can see that the water breakthrough 
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occurs much earlier if vibration is applied from the beginning of the test. However, the 

accumulated water saturation is higher than it is by water injection only, which means more 

oil has been displaced if considering the entire process. The efficiency of applying vibration 

combined with water injection is doubtable for this case, since it requires a lot more water 

injection, and the oil production rate is very slow after water breakthrough. 

The scenario of displacing S6 is very similar to S3, applying vibration excitation can 

improve the oil-displacing rate, however the improvement is very limited.  

When the viscosity ratio increases to 17.05 (N10), a different behaviour has been 

obtained. As shown in Figure 5-22, applying vibration excitation after water injection can 

improve the water saturation. For the test using vibration excitation combining with 

waterflooding, although the water breakthrough happens earlier than for the water injection 

test, there is a second oil displacement occurring after water saturation reaches 40%, where 

the increasing rate of fw slows down and allows more oil to be displaced from the micro 

model. Applying vibration excitation combining with waterflooding in the micro model 

also reduce the oil saturation by 8%, which is about 15% higher than the original oil 

displacement. 

For a viscosity ratio equal to 42 (S20), the effect of applying vibration excitation is 

more significant. Similar to the previous cases, water breakthrough happens earlier when 

vibration excitation is added. This is not ideal; however, after water breakthrough the oil 

production rate did not drop as rapidly in comparison to water injection only. When Sw is 

in the range of 3% to 40%, the total oil displacement is about the same for both cases. At 

this point, with a continual water injection into the system, it has been observed that for 
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water injection only, oil stops producing after Sw reaches 50%. By adding vibration, Sw 

has been further increased to 56%, which is a 19% increase from the original oil production. 

  



111 

 

 

 

Figure 5-20 Water fractional flow versus water saturation (S3), the micro model is 

initially filled with the testing oil 
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Figure 5-21 Water fractional flow versus water saturation (S6), the micro model is 

initially filled with the testing oil 
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Figure 5-22 Water fractional flow versus water saturation (N10), the micro model is 

initially filled with the testing oil 
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Figure 5-23 Water fractional flow versus water saturation (S20), the micro model is 

initially filled with the testing oil 
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5.3.2 Summarization  

In this chapter, the oil displacement in a micro model (initial oil saturation > 95%) has 

been experimentally studied and the results and discussions are given. The following can 

be concluded from the above discussions: 

1. Water injection rate plays an important role in oil displacement in micro model. 

For displacing the same type of oil, oil-displacing rate is proportional to the 

water injection rate.   

2. For the same type of oil, the pressure drop measured between the micro model 

inlet and outlet is also proportional to the water injection rate. 

3. When the other setup is the same, the oil-displacing rate by water injection is 

inverse proportional to the oil-water viscosity ratio. 

4. The application of vibration excitation after waterflooding has positive results 

in terms of increasing the oil-displacing rate. The effect is more significant 

when the oil-water viscosity ratio is high.  

5. The acceleration amplitude of the vibration excitation applied to the system 

plays an important role in oil displacement.  Optimal acceleration amplitude 

can be found for each case, and it is closely related with the oil-water viscosity 

ratio. 

6. The application of vibration excitation combined with waterflooding also 

shows a positive effect in increasing the final oil-displacing rate. 

7. Applying vibration excitation does not have significant influence on the 

magnitude of the maximum pressure drop generating by the oil displacement. 
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The pressure drop is determined by the oil-water ratio and the water injection 

rate. However, vibration may cause fluctuation of the stabilized pressure drop. 

8. The oil-water distribution changing is observed during the test. It is noticed that 

most of the oil displacement are piston-like, and there is rarely other kind of 

flow patterns occur.  

9. After waterflooding, there exists oil-water interface that reaches a pressure 

balance in the micro model, which reduces the mobility of the fluid in the micro 

model. By applying vibration excitation, the pressure balance is broken, and 

the liquids are forced to mobilize to form a new balance. 

10. Although the application of vibration shows a positive effect in the oil 

displacement, it is very limited when the oil-water viscosity ratio is low. 

Therefore, in the current setup, it may not be an efficient way to displace light 

oil. 
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CHAPTER 6 Oil displacement in the micro model filled with 

water then drained by oil 

In the previous chapter, the oil-displacing tests have been performed on the micro 

model, which is initially filled with oil. While in reality, the porous media underground is 

filled with both water and oil, thus, it is necessary for this research to consider the existence 

of connate water and examine the effect of vibration on the oil displacement when there is 

initial water saturation in the micro model flow. In this chapter, both drainage and 

imbibition processes are considered. The same experimental methods have been conducted 

to find out the effect of using vibration excitation after waterflooding, and combining with 

waterflooding, respectively. 

The effect of different acceleration amplitudes has been testified in the previous 

chapter. It is found that Am=1.5 m/s2 is the most efficient to displacing S3, S6 and N10, 

and Am=2.75 m/s2 gives the best oil-displacing S20. In this chapter, Am is fixed at 1.5 

m/s2. 

6.1  Vibration excitation implemented after waterflooding 

6.1.1 Experiment procedures 

The following experimental procedures have been carefully considered to reach the 

above goal. It should be noted that the liquid injection rate has been fixed at 0.05 ml/hr, 

such that the data from each group can be compared. 

 Model preparation 
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 The micro model is cleaned with ethanol and connected into the flow system, 

making sure the entire system is airtight. 

 DI water mix with dye is then injected into the micro model (injection rate 

equals to 0.5 ml/hr, injection duration is around 1 hours). When 95% or more 

of the micro model is filled with water, water injection is stopped and the system 

stands for 12 hours to reach a stable condition. 

 Check the connection of the pressure transducer, camera, and shaker.  

  Drainage 

 Inject desired testing oil into the micro model (injection rate equals 0.05 ml/hr), 

until no more water is displaced from the liquid outlet (generally 5 PV of the 

oil injected into the micro model is allowed). Record the oil-water distribution, 

and calculate the initial water saturation and oil saturation. 

 After oil injection, let the system stand for 12 hours to reach a stable condition. 

 Oil displacement by water injection (first time) 

 Inject DI water into the micro model. 

 Record the pressure drop change between the liquid inlet and outlet. 

 Capture the oil-water saturation altering. 

 After the entire flow reaches a stable condition (the oil-water distribution in the 

micro model remains in the same level for 2 pore volume of injection), stop 

water injection. 

 Oil displacement by both vibration excitation and water injection (second time) 

 Adjust the shaker to provide proper vibration frequency and acceleration 

amplitude to the flow system. 
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 At the same time inject water to the flow system at the same rate as it is in the 

previous step. 

 Record the oil-water distribution and pressure drop between the inlet and outlet 

of the micro model 

 Finish up 

 Stop water injection and data collection equipment. 

 Disassemble the micro model from the flow system, clean up the micro model 

and prepare for the next test. 

6.1.2 Results and discussion 

Figure 6-1 is an example of the oil-water distribution in the micro model before and 

after drainage. The model is originally filled with DI water as shown in (a) and the water 

saturation is over 95%. After flooded with oil, more than 75% of the pore space is occupied 

by oil, and the rest is considered as connate water. Most of the connate water exists close 

to the boundary of the model. There are also some small patches of water remaining in the 

center area of the model. Figure 6-2 shows the relationship between the final oil saturation 

and the oil-water viscosity ratio, from which the oil saturation after drainage is determined 

to be inverse proportional to the oil-water viscosity ratio. 

Figure 6-3 is an example of the oil saturation changing over PV of oil injection during 

the drainage process. As shown, after starting the oil injection, the oil saturation increases 

until oil breakthrough is reached, after which, the increasing rate of the oil saturation 

reduces significantly, and gradually arrives at a stable condition, where very little or no 

more water is produced. This means the oil saturation remains at the same level no matter 
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how much more oil is injected into the system. It is observed that for oil drainage with a 

high viscosity ratio (N10 and S20), the oil breakthrough is much easier to reach, and more 

than 15% of the water can be displaced after oil breakthrough. However, for low viscosity 

ratios (S3 and S6) the variation of oil saturation after breakthrough is very limited (around 

5%). 

After drainage, waterflooding is performed. Figure 6-4 shows the oil-water distribution 

changing during the water injection, and Figure 6-5 is a zoomed in example of the oil-

displacement in the micro model. it can be seen that for this group of test, varieties of flow 

pattern occur during the water injection; in some area, the displacement is piston like, also, 

there exists noticeable snap-off, where annular flow is generated. Figure 6-6 lists the oil-

displacing rate after water injection, oil displacing rate for S3, S6 and N10 are about 20%, 

and for S20 this number is slightly higher (27%). It should be noticed that the displacing 

rate is determined by the initial oil saturation, although the displacing rate for S20 is the 

highest, it does not mean that the oil production of S20 is the highest in the testing range.  
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(b) Before drainage 

Sw = 95.31% 

 

(b) After drainage 

Swi = 24.72% 

Figure 6-1 Oil-water distribution before and after drainage (N10) 
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Figure 6-2 Relationship between the viscosity ratio and the oil saturation after drainage 

 

Figure 6-3 Oil saturation versus PV, S3 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 6-4 Oil-water distribution during waterflooding (S3) 
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Figure 6-5 Annular flow observed during the test 
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Figure 6-6 Final oil displacing rate (after waterflooding) 
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After waterflooding, vibration excitation combined with water injection is applied to 

the system after waterflooding. Figure 6-7 is the final oil-displacing rate after the 

application of vibration excitation to the flow system. It can be seen that the oil-displacing 

rate increases 10% on average. For S20, which has the highest viscosity ratio, the 

increasing rate reaches 42%, which is a 54% of improvement of the oil displacement by 

water injection. S3 has the lowest viscosity ratio, where the oil-displacing rate increases 5% 

after vibration, which is a quarter improvement, based on the oil displacement by water 

injection. It is obvious that vibration have positive effect to the oil displacement, and it is 

more significant compare with it is in displacing oil from a micro model fill with oil, as 

discussed in the previous chapter. During the experiment, it is also found that the flow 

phenomenon is greatly related to the oil-water viscosity ratio. 

Figure 6-8 compares the oil-water distribution before and after applying vibration 

excitation for S3, which has a low viscosity ratio. As shown, applying vibration causing an 

extension of the water invaded region; Figure 6-9 is a zoomed in picture showing the oil-

water distribution before and after the vibration; as can be seen, after waterflooding, the 

fluids in the micro model reaches a pressure balance, and in some pores there exists thin 

water film, which flows besides the residual oil; after applying vibration excitation, those 

water film that are closer to the main water flowing region grows thicker and eventually 

some pores are taken over by water.  

The phenomenon is quite different when the oil-water viscosity ratio is high. As shown 

in Figure 6-10, where (a) is the oil-water distribution of displacing S20 after waterflooding 

and (b) is after applying vibration excitation. If we consider displacing S3 by applying 



127 

 

vibration excitation as an extension of the existing water flow region, displacing S20 can 

be concluded as developing new flow region. As shown in the yellow frame, there is a large 

portion of the pore structure stuck with the testing oil after waterflooding; by applying 

vibration excitation, half of this region is replaced by water. It is observed that in some 

areas, water invades the pore completely; in other area, the existing water patches along 

the solid wall grow bigger compare with it is before applying vibration excitation. The 

different phenomena observed from the test matches with the final oil-displacing rate 

calculated from the test, where the oil-displacing rate increases much more significant 

when the oil-water viscosity ratio is high. 

Figure 6-12 to Figure 6-15 are the oil-displacing rate changes during the tests. For the 

oil-displacing curve, the blue line represents the oil displacement by water injection, and 

the red line show the effect of vibration excitation. The trend of this curve is very similar 

to the test from the previous chapter. As water starts to flow into the micro model, the oil 

displacement starts gradually, the displacing increases rapidly at the beginning, and it slows 

down after water breakthrough is reached, after which the oil-displacing rate grows slightly 

for a while, and then remains at the same level. At this time, vibration excitation is added 

in, and oil starts to produce again with the effect of vibration excitation. 

Figure 6-16 shows the pressure drop measured during the oil displacement. The trend 

is the same as it is in the previous chapter, however, it should be noted that the magnitude 

of the pressure drop value is about 10% lower for this case compared to the oil displacement 

from the micro model saturated with 95% or higher of testing oil. 
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From the observation above, it can be concluded that applying vibration excitation to 

the displaced area, based on the water saturated area after waterflooding, residual oil that 

exists closer to the displacement has a better chance of being mobilized by vibration 

excitation. Also, the effect of waterflooding is not as efficient as it is to the micro model 

filled with oil. However, applying vibration excitation can improve the mobility of the 

residual oil more significantly compared with the case tests in the previous chapter.  
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Figure 6-7 Final oil-displacing rate (vibration excitation is applied after waterflooding) 
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Figure 6-8 Oil-water distribution: (a) after waterflooding; (b) after applying vibration 

excitation (S3) 
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Figure 6-9 Oil displacement by applying vibration excitation (S3) 
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Figure 6-10 Oil-water distribution: (a) after waterflooding; (b) after applying vibration 

excitation (S20) 
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Figure 6-11 Oil displacement by applying vibration excitation (S20) 
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Figure 6-12 Oil-displacing rate versus PV (S3, vibration excitation is applied after 

waterflooding) 

 

Figure 6-13 Oil-displacing rate versus PV (S6, vibration excitation is applied after 

waterflooding) 
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Figure 6-14 Oil-displacing rate versus PV (N10, vibration excitation is applied after 

waterflooding) 

 

Figure 6-15 Oil-displacing rate versus PV (S20, vibration excitation is applied after 

waterflooding) 
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Figure 6-16 Pressure drop versus PV (S3, vibration excitation is applied after 

waterflooding) 
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6.2  Vibration excitation implemented combining with waterflooding 

In the previous chapter, applying both vibration excitation and waterflooding at the 

same time to the flow system shows a positive effect on the oil displacement rate in the 

micro model. Here, the same test is performed, and the result will be compared with the 

results obtained in the previous section to determine which procedure can provide the 

optimal effect on the oil displacement in the micro model when connate water exists. 

6.2.1 Experimental procedures 

 Model preparation 

 The micro model is cleaned with ethanol and connected into the flow system, 

making sure the entire system is airtight. 

 DI water mixed with dye is then injected into the micro model (injection rate 

equals 0.5 ml/hr, and injection duration is around 1 hours). When 95% or more 

of the micro model is filled with water, stop water injection and allow the 

system to stand for 12 hours to reach a stable condition. 

 Check the connection of pressure transducer, camera, and shaker.  

  Drainage 

 Inject desired testing oil into the micro model until no more water is displaced 

from the liquid outlet (generally 5 PV of the oil is injected into the micro model). 

Record the oil-water distribution, and calculate the initial water saturation and 

oil saturation. 

 After oil injection, let the system stand for 12 hours to reach a stable condition. 

 Oil displacement by both vibration excitation and water injection 
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 Adjust the shaker to provide proper vibration frequency and acceleration 

amplitude to the flow system. 

 At the same time, water is injected into the system at the rate of 0.05 ml/hr. 

 Record the oil-water distribution and pressure drop between the inlet and outlet 

of the micro model. 

 Finish up 

 Stop water injection and data collection equipment. 

 Disassemble the micro model from the flow system, clean up the micro model 

and get ready for the next test. 

6.2.2 Results and discussion 

The drainage process is very similar to the previous test. Therefore, only the oil 

displacement will be discussed here. 

Figure 6-17 to Figure 6-20 show the oil-displacing rate versus pore volume water 

injection. Compared to applying vibration after waterflooding, the curve here is smoother, 

and it takes much less water injection to reach the stable condition. In terms of the final 

oil-displacing rate as shown in Figure 6-21, the number is higher than it is by waterflooding, 

but it is lower than it is by applying vibration excitation after waterflooding. Figure 6-21is 

the final-displacing rate by applying vibration combining with waterflooding, as can be 

seen, the oil-displacing rate increases 7%-10% comparing with it is by waterflooding. 

Figure 6-22 shows an example of the pressure drop measured in the test. The magnitude of 

the maximum pressure remains at the same level as in the previous section, and the 

stabilized pressure shows more fluctuation.  
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Figure 6-17 Oil-displacing rate versus PV (S3, vibration excitation is applied combining 

with waterflooding) 

 

Figure 6-18 Oil-displacing rate versus PV (S6, vibration excitation is applied combining 

with waterflooding) 
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Figure 6-19 Oil-displacing rate versus PV (N10, vibration excitation is applied combining 

with waterflooding) 

 

Figure 6-20 Oil-displacing rate versus PV (S20, vibration excitation is applied combining 

with waterflooding) 
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Figure 6-21 Final oil displacing rate (vibration applied combining with waterflooding) 

 

Figure 6-22 Pressure drop versus PV (S3, vibration excitation is applied combining with 

waterflooding) 
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6.3  Summary 

Figure 6-23 shows the water fractional flow of displacing S3. The blue curve 

represents the fw by water injection, and the red curve is fw affected by adding vibration 

excitation after waterflooding. The green curve is the fw where both water injection and 

vibration are applied from the beginning of the test.  

First, by considering the blue curve and the red curve, one can see that adding vibration 

increases the oil mobility after water flooding, by which the goal of displacing more oil 

can be achieved. 

By comparing the blue curve with the green one, it can be concluded that applying 

vibration excitation can slightly postpone the water breakthrough, and also, the oil 

displacement rate after breakthrough is higher compared to applying water injection only.  

The final water saturation is higher in this case, which means for displacing S3 from the 

micro model, the most efficient way is to apply both water injection and vibration 

excitation to the flow system starting from the beginning of the test. 

Figure 6-24 shows the fw of S6. Different from Figure 6-23, the impact of vibration 

is more obvious in this case. For the red curve, vibration increases the mobility of the liquid 

in the micro model and increases the oil-displacing from the micro model.  

For the green curve, the water breakthrough has been postponed noticeably compared 

with the blue. The entire ‘S’ curve of the fw has been translated to the right side, and the 

final water saturation is increased.  In this case, there is no significant difference between 

the two vibration methods, however, if the oil saturation VS pore volume is taken into 
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consideration, although the final results are similar, injecting water first then adding 

vibration requires significantly more amounts of water injection (6 PV) compared to 

applying vibration and water injection starting from the beginning (2 PV). Therefore, for 

displacing S6, the optimal method is to apply vibration and water injection from the 

beginning of the test. 

For displacing N10 (Figure 6-25), the red curve and the blue curve show that adding 

vibration after water injection has quite an obvious impact on the liquid mobility, and the 

final water saturation increases from 42% to 52%.  

Comparing with the previous two cases, the green curve is not as significant. The 

entire “S” shape has been translated to the right for 2-3%, and the final water saturation is 

about 47%, which is less than it is by adding vibration after water injection. Therefore, 

water flooding first and then adding vibration is the most effective way of obtaining a high 

oil-displacing rate. 

The situation for S20 is quite similar to N10. For a high viscosity ratio, vibration is 

more efficient when applying after waterflooding, though it will require high amounts of 

water injection. However, for low viscosity ratio cases, the vibration’s effect is more 

significant when treated as an assist of the waterflooding. This can result in a high oil-

displacing rate and requires a low volume of water injection. 
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Figure 6-23 Water fractional flow versus water saturation (S3), the micro model is initial 

filled with water, than drained by the testing oil 
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Figure 6-24 Water fractional flow versus water saturation (S6), the micro model is initial 

filled with water, than drained by the testing oil  
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Figure 6-25 Water fractional flow versus water saturation (N10), the micro model is 

initial filled with water, than drained by the testing oil   
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Figure 6-26 Water fractional flow versus water saturation (S20), the micro model is 

initial filled with water, than drained by the testing oil 
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Table 6-1 shows the final oil saturation after each test, Table 6-2 shows the displacing 

rate comparing the oil saturation after drainage, and Table 6-3 lists the increasing rate of 

the oil-displacement, comparing it with the oil saturation after water injection only.  

The following results can be obtained from these tables and the analysis above: 

1. After drainage, the final oil saturation is inverse proportional to the liquid 

viscosity ratio. The effect is more obvious when the viscosity ratio gets higher. 

2. Water injection only can displace 20-30% of the total amount of the oil that 

exists in the micro model, and the rest of the oil remains in the micro model as 

residual oil. 

3. Applying vibration excitation into the flow system has a positive effect in 

displacing more oil from the micro model, no matter what order it is applied 

and it is independent to the viscosity ratio as well. 

4. Annular flow is observed during the oil displacement in the micro model. It is 

found that applying vibration excitation can thicken the water film or water 

patches exist along the solid wall, which increases the percentage of water 

saturation; and also, in some cases water may invade the entire branch of the 

pore structure. 

5. For the tests applying vibration excitation after waterflooding, the positive 

effect of applying vibration excitation is more significant when the fluid 

viscosity ratio is high. Taking the extreme example, when the viscosity ratio 

is 42.42 (S20), the displacing rate increasing is 66% compared to the result 

from water injection only, which is very significant if applicable in the 
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industry. When the viscosity ratio is 3.66 (S3), the increasing rate is 24%, 

which is not bad, but because a significantly higher amount of water injection 

is needed as well, one may need to compare the investment with the production 

to decide if it is worthy. 

6. For the tests that apply vibration excitation combining with waterflooding, 

vibration improves the oil-displacing rate quite obviously compared to 

applying only water injection. Also, the effect of vibration on each case is very 

similar. That is, the displacing rate increases are all about 35%. It does not 

show a significant relationship with the fluid viscosity ratio. The advantage of 

applying vibration excitation combining with waterflooding is the amount of 

water required for injection drops dramatically. 
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Table 6-1 Final oil saturation 

 
s3 s6 n10 s20 

drainage 89.62% 84.10% 72.89% 65.76% 

waterflooding 71.65% 66.83% 57.58% 47.77% 

vib 67.21% 59.30% 48.90% 35.89% 

waterflooding+vib 65.14% 60.57% 52.34% 41.23% 

 

Table 6-2 Oil-displacing rate at different experimental conditions 

 
s3 s6 n10 s20 

drainage / / / / 

waterflooding 20.05% 20.54% 21.00% 27.36% 

vib 25.01% 29.49% 32.91% 45.42% 

waterflooding+vib 27.32% 27.98% 28.19% 37.30% 

 

Table 6-3 Increasing rate of the oil displacement 

  s3 s6 n10 s20 

drainage / / / / 

waterflooding / / / / 

vib 24.71% 43.60% 56.69% 66.04% 

waterflooding+vib 36.23% 36.25% 34.23% 36.35% 
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CHAPTER 7 Conclusions and future work 

7.1  Conclusions 

Understanding the mechanism for mobilizing the oil droplets entrapped in the 

capillaries of porous media has great significance in industrial applications such as 

Enhanced Oil Recovery (EOR) in oil productions. The first part of this research investigates 

the oil slug mobilization in a capillary model subjected to vibratory excitation and external 

pressure.  The flow phenomena and travel distance of the oil slug and the maximum 

pressure drop needed to mobilize the oil slug are studies and analyzed experimentally.  

In the second part of the research, an etched glass micro model is designed and an 

experiment setup has been developed. Four kinds of oils with different viscosities are 

examined to determine the influences of vibration excitations on the oil-water flow in the 

micro model. In these tests, vibration excitation is applied both for the cases of after 

waterflooding in the micro model and the cases combining with waterflooding, During 

these experiments, the oil-displacing rate, the pressure drop across the model and the oil-

water distribution are measured and analyzed. The results are compared with the oil 

displacing by waterflooding to find the influence of vibration excitation on the oil 

displacing in the micro model.  

With the results and findings of the present research, the following can be concluded. 
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7.1.1 Effects of vibration excitation on the oil slug mobilization in straight 

capillary 

1. The externally applied pressure jointed with the vibratory excitations positively 

affect the mobilization of the oil slug in capillaries and contributes to speeding 

up and stabilizing the flow of the oil slug after it is mobilized.  

2. Applying vibration excitations to the flow system noticeably shorten the time 

required to mobilize the oil slug, stabilize the oil slug flow, and increase the oil 

travel distance when the water injection rate is fixed. This is more obvious when 

the water injection rate is lower than 0.35 ml/hr. 

3. Vibratory excitation shows significant effects on reducing the pressure drops 

over the oil slug, compared to that without external excitations. Under the 

experimental conditions, after applying vibratory excitations for a fixed period 

of time, the values of both the maximum pressure drop and the stable pressure 

drop reduce by 7% to 9% respectively. 

4. However, the optimal frequency is significantly affected by the water injection 

rate of the water injected into the capillary model.  

5. Based on the experiments, there exists an optimal vibration frequency for 

mobilizing the oil slug and speeding up the flow of the oil slug. However, the 

optimal vibration frequency is related to the injection rate.  

6. There exists an optimal amplitude of the external vibratory excitation for 

reducing the pressure drops; mobilizing and speeding up the oil slug flow, 

without breaking the oil slug.  
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7. It is also found that improper vibration may cause a negative effect on the oil 

slug mobilization and flow, compared to that without external vibratory 

excitations.  

7.1.2 Effects of vibration excitation on the oil slug mobilization in curved capillary 

1. The impact of gravity is negligible in the curved tube test. The capillary force is the 

dominate force in the oil slug mobilization tests.  

2. During the oil slug mobilization process, three different flow phenomena have been 

observed and the related water injection rate, and pressure drop across the tube are 

obtained. 

3. Application of vibratory excitation has a positive effect in the oil slug mobilization 

in curved capillary, by reducing the pressure drop at around 15%. 

4. A comparison between the curved tube results and straight tube results has been 

made. It shows that in a curved tube, the oil slug flow is more complex and easier 

to break, which means the oil slug is more likely to stick in the capillary instead of 

being mobilized in a curved tube.  

7.1.3 Effect of vibration excitation on the oil displacement in micro model after 

waterflooding 

1. The oil displacement in micro model by water injection is first conducted, and four 

different water injection rates are performed. Results show that the oil-displacing 

rate is strongly related with the water injection rate. For the same type of testing oil, 

the oil-displacing rate is proportional to the water injection rate. When the water 

injection rate is fixed, the oil-displacing rate is inverse proportional to the oil-water 
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viscosity ratio. It is also observed that the water flooding efficiency is higher when 

the micro model is initially filled with the testing oil compared to after drainage. 

2. Vibration excitation is applied to the flow system after water flooding, where the 

micro model reaches irreducible oil saturation. It is obtained in all testing cases that 

the application of vibration excitation can increase the fluid mobility in the micro 

model, thus, improving the oil-displacing rate after waterflooding. The efficiency 

of the vibration excitation on the oil recovery is dependant on both the oil-water 

viscosity ratio and the vibration condition that has been applied.  

3. To obtain a noticeable and reasonable improvement on the oil displacement, the 

acceleration amplitude needs to be sufficiently high. For different types of oil, there 

exists optimal acceleration amplitude that can maximum the oil-displacing rate in 

the micro model.  The magnitude of optimal acceleration amplitude is proportional 

to the oil-water viscosity ratio in the testing range. 

4. The effect of vibration excitation is more obvious when the oil-water ratio is higher. 

Among all tests being conducted, the increasing rate of the oil displacement is most 

proportional to the oil-water ratio. This may not mean that the final oil saturation is 

lower for the high oil-water ratio cases. This increasing rate is the comparison 

between the oil-displacement after water flooding and the oil displacement after 

vibration excitation.  

5. Phenomenally, the oil displacement could be piston like or annular flow, the 

appearance of these phenomena is strongly depending on the initial fluid saturation 

condition of the micro model. In piston like flow, vibration excitation may break 

the pressure balance between the oil-water interface, and causing the fluid 
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mobilization. In annular flow, applying vibration excitation may thicken the water 

film or water patches exist on the solid wall and invade the pore structure. 

6. The pressure drop during the oil displacement has been measured and reported. The 

magnitude of pressure drop is mostly determined by the oil-water viscosity ratio. 

The variation of water injection is also found to have effect on the pressure drop 

value. The application of vibration excitation causes a second peak of the pressure 

drop during the oil displacement in the micro model, which is due to the 

mobilization of residual oil. 

7. The tests are conducted from two different initial conditions, and it is observed that 

the effect of vibration is more significant in the cases that the micro model is 

originally filled with water and then drained by the testing oil. This result can be 

referenced for future research on this topic. If the vibration method works for the 

micro model oil displacement filled with oil, one may infer that it could have a 

better performance for the oil displacement after oil drainage. 
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7.1.4 Effect of vibration excitation on the oil displacement in micro model by 

applying vibration excitation combining with waterflooding 

1. In most cases, adding vibration excitation to the waterflooding process shows 

positive feedback compared with the results from water injection only. The effect 

increases with the increasing of the testing oil-water viscosity ratio.  

2. The efficiency of the oil-displacing rate is sensitive to the acceleration amplitude 

of the vibration. In order to improve the oil-displacing rate, sufficient high 

amplitude is required.  

3. The application of vibration excitation does not have significant influence in the 

pressure drop magnitude; the trend of the pressure drop remains the same. 

However, vibration excitation causes the fluctuation of the pressure drop 

measurement during the tests. 

4. When the micro model is initially filled with testing oil, the oil-displacing rate 

using vibration excitation, after waterflooding or combining with waterflooding 

are very close to each other. 

5. When the micro model is initially filled with water and then drained by oil, the oil 

displacement by applying vibration excitation after waterflooding shows an 

obvious advantage compared with using vibration excitation combining with 

waterflooding. 

6. Applying vibration excitation after waterflooding requires more water injection in 

total. Further analysis is needed to determine if it is economically sound, which 

needs to be taken into consideration in practical terms. 
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7.2  Future work 

In current research, the effects of applying vibration excitation on the oil slug 

mobilization in capillary model and on the oil displacement in micro model are 

experimentally studied in detail. To further clarify the mechanism behind this, the 

following research needs to be considered in the future: 

1. It is found that the application of vibration excitation may change the contact angle 

of the fluids in the porous media. The effect of vibration excitation on the fluid 

viscosity alternate may need to be taken into consideration, as it is a crucial factor 

in the oil recovery process. 

2. The experimental tests are under the conditions of room temperature and 

atmospherically pressure. The underground situation in real reservoir is mainly 

high temperature and high pressure. This needs to be taken into consideration in 

the further research. 

3. Large scale of the testing model such as core sample, sand pack model should be 

taken into consideration. 

4. Field oil especially heavy oil needs to be investigated, as its composition is far 

more complex than the standard oil.  

5. The water injection applied in this research is constant, impulsive water injection 

needs to be taken into consideration in the following tests. 

6. Current research is focusing on the experimental work. Numerical simulation and 

theoretical analysis are needed to make the application of vibration excitation 

more practical.  
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APPENDIX 

 

Figure 0-1 Oil saturation versus PV (S3, Am=1.5 m/s2), micro model is initially filled 

with the testing oil 

 

Figure 0-2 Oil saturation versus PV (S6, Am=1.5 m/s2), micro model is initially filled 

with the testing oil 
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Figure 0-3 Oil saturation versus PV (N10, Am=1.5 m/s2), micro model is initially filled 

with the testing oil 

 

Figure 0-4 Oil saturation versus PV (S20, Am=1.5 m/s2), micro model is initially filled 

with the testing oil 
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Figure 0-5 Pressure drop versus PV (S3, vibration applied after waterflooding), micro 

model is initially filled with the testing oil 

 

Figure 0-6 Pressure drop versus PV (S6, vibration applied after waterflooding), micro 

model is initially filled with the testing oil  
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Figure 0-7 Pressure drop versus PV (N10, vibration applied after waterflooding), micro 

model is initially filled with the testing oil 

 

Figure 0-8 Pressure drop versus PV (S20, vibration applied after waterflooding), micro 

model is initially filled with the testing oil  
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Figure 0-9 Pressure drop versus PV (S3, vibration applied combining with 

waterflooding), micro model is initially filled with the testing oil 

 

Figure 0-10 Pressure drop versus PV (S6, vibration applied combining with 

waterflooding), micro model is initially filled with the testing oil 
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Figure 0-11 Pressure drop versus PV (N10, vibration applied combining with 

waterflooding), micro model is initially filled with the testing oil 

 

Figure 0-12 Pressure drop versus PV (S20, vibration applied combining with 

waterflooding), micro model is initially filled with the testing oil 
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Table  Final oil saturation by applying vibration excitation after waterflooding 

Acceleration 

amplitude 

S3 S6 N10 S20 

0.75 33.45% 36.11% 45% 48.98% 

1.5 30% 34.23% 40.12% 45.43% 

2.75 31.98% 36.01% 39.56% 44.05% 

4 34.19% 37.22% 42.70% 44.31% 

 

 

Table Final oil saturation by applying vibration excitation combinning with waterflooding 

Acceleration 

amplitude 

S3 S6 N10 S20 

0.75 34.97% 39.05% 44.12% 47.75% 

1.5 30.21% 33.67% 38.34% 43.42% 

2.75 32.03% 37.21% 40.32% 43.19% 

4 33.11% 36.11% 41.14% 42.97% 
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Figure 0-13 Oil saturation versus PV (S6, drainage) 

 

Figure 0-14 Oil saturation versus PV (N10, drainage) 
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Figure 0-15 Oil saturation versus PV (S20, drainage) 

 

 Figure 0-16 Oil saturation versus PV (S3); micro model is initially filled with water, then 

drained by the testing oil 

0.00%

10.00%

20.00%

30.00%

40.00%

50.00%

60.00%

70.00%

0 1 2 3 4 5 6 7

O
Il

 s
at

u
ra

ti
o

n

PV

Drainage

50.00%

55.00%

60.00%

65.00%

70.00%

75.00%

80.00%

85.00%

90.00%

95.00%

0 1 2 3 4 5 6 7

O
il 

sa
tu

ra
ti

o
n

PV

Water injection Adding vibration Water injection+vibration



180 

 

 

Figure 0-17 Oil saturation versus PV (S6); micro model is initially filled with water, then 

drained by the testing oil 

 

 

Figure 0-18 Oil saturation versus PV (N10); micro model is initially filled with water, 

then drained by the testing oil 
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Figure 0-19 Oil saturation versus PV (S20); micro model is initially filled with water, 

then drained by the testing oil 

 

Figure 0-20 Pressure drop versus PV (S6); micro model is initially filled with water, then 

drained by the testing oil 
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Figure 0-21 Pressure drop versus PV (N10); micro model is initially filled with water, 

then drained by the testing oil 

 

Figure 0-22 Pressure drop versus PV (S20); micro model is initially filled with water, 

then drained by the testing oil 
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