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Abstract: Some high-viscosity crude oils have the characteristics of high oil production, low gas 

production and slow pressure reduction speed during the pressure depletion production process, 

and the "foamy oil" phenomenon occurs. The coexistence time of the two phases of foamy oil is much 

longer than that of crude oil with ordinary dissolved gas. Its complex phase change process is an 

important reason for the high degree of primary oil recovery. In the past, most of the studies focused 

on the production performance of foamy oil, while there were relatively few studies on the regularity 

of the molecular phase behavior of microscopic foamy oil and its influencing factors. Taking the 

foamy oil in Venezuela as the research object, this paper uses an etched glass model with 

heterogeneous pore characteristics to simulate the pressure reduction process. It discovers an 

important phenomenon that the growth of bubbles mostly occurs during the migration process. It is 

speculated that the high content of heavy components in foamy oil leads to the stability of the 

interface between the oil phase and the gas phase, which is the main reason why foamy oil is not easy 

to degas and undergoes phase change slowly. And there is always a diffusion phenomenon between 

bubbles and the oil phase during the movement process. Combined with the experimental 

phenomena, molecular simulation was employed to calculate the diffusion process of components in 

the gas phase and oil phase. After taking the diffusion coefficient into account, the VOF (Volume of 

Fluid) method was adopted to simulate the growth process of bubbles in foamy oil by solving the 

individual momentum equations and handling the volume ratio of each fluid passing through the 

region. The influences of conditions such as the content of light components, oil phase viscosity and 

interfacial tension on the bubble growth process were analyzed. The simulation results show that the 

bubble growth process is affected by multiple conditions such as oil phase components, oil phase 

viscosity and interfacial tension. However, the degrees of influence of the above factors vary in 

different stages. In the initial stage of bubble formation, it is mainly influenced by the change in the 

content of light components. During the stage when the bubbles have relatively high stability, the oil 

phase viscosity is the main reason for slowing down the increase in the bubble growth rate. The slight 

influence of interfacial tension on the bubble growth rate is not a major influencing factor for foamy 

oil. Based on the above analysis, an empirical formula for bubble growth was obtained through data 

fitting means, and a reasonable explanation for the development characteristics of foamy oil was 

provided. 

Keywords: Foamy oil; Microscopic glass model; Bubble growth rate; Molecular simulation; VOF 
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Heavy oil accounts for a huge proportion in the world's petroleum resources, approximately 

50% of the total hydrocarbon reserves [1]. The main characteristic of conventional heavy oil is its high 

viscosity. However, some oil reservoirs exhibit abnormal production performance during the 

development process [2,3]. The oil samples collected at the wellhead are in a viscous, oil-phase 

continuous foamy state. This is a two-phase coexistence form presented by heavy oil and dissolved 

gas in the pore media of heavy oil reservoirs. The term "foamy oil" can be used to distinguish it from 

two-phase fluids in the usual sense [4,5]. 

Foamy oil is essentially different from the mixture of oil and gas two-phase fluids in 

conventional oil reservoirs, and the corresponding theories and development technologies are also 

quite abundant. Due to the high reserves of heavy oil in Canada and Venezuela and the obvious 

characteristics of foamy oil, relevant research was carried out relatively early, covering the physical 

property characteristics of foamy oil, generation and storage conditions, influencing factors for 

stability, development mechanism and methods for enhancing oil recovery, etc. [6–9]. In recent years, 

with the development of domestic complex oil reservoirs and the gradual expansion of overseas 

oilfield development business, certain achievements have also been made in the theoretical 

understanding and mechanism research of foamy oil [10–12]. The formation of bubbles in foamy oil 

is a continuous process. The supersaturation of gas components is the fundamental cause of bubble 

generation, and the degree of supersaturation determines the sensitivity to factors such as 

temperature and pressure conditions. The main factors for the formation (bubble formation) of foamy 

oil include asphaltene content [13–17], supersaturated state [18,19] and pressure reduction rate [20–

22]. 

The phase change process of high-viscosity crude oil is also the process of the initial generation 

of bubbles within high-viscosity crude oil (the formation of foamy oil) and the development of 

bubbles. Generally speaking, the generation of foamy oil mainly consists of the following stages: the 

initial supersaturated state, bubble nucleation, bubble growth, bubble migration, coalescence and 

rupture. According to Alshmakhy's [23] research, the formation of microbubbles starts at the critical 

supersaturated pressure (this pressure point is lower than the bubble point pressure of heavy oil), 

and there is a supersaturation threshold. Only when the gas saturation is greater than this value will 

bubbles nucleate. Due to the randomness of bubble nucleation, the critical supersaturation is not a 

definite value but depends on the time of nucleation. The supersaturation process is affected by the 

pressure depletion rate [24]. Under a high pressure depletion rate, the increase in supersaturation can 

shorten the time required for bubble nucleation. As the pressure depletes, bubble nuclei embryos on 

the molecular scale will be generated inside the liquid and gradually transform into bubble nuclei 

and microbubbles. Bubble nucleation can be classified into instantaneous nucleation and progressive 

nucleation according to the nucleation speed [25], and can also be divided into primary nucleation 

and secondary nucleation according to the nucleation process. Among them, primary nucleation 

includes homogeneous nucleation and heterogeneous nucleation [26]. Bubble growth is the main 

process that changes the seepage characteristics of foamy oil and is controlled by two factors: the 

diffusive effect in the early stage and the pressure-driven effect in the later stage. In the early stage, 

bubble formation and the migration of bubbles account for the major part, and the capillary force acts 

as a driving force in the movement process of bubbles. In the later stage, due to the far-reaching 

influence of pressure depletion, the bubble growth process is related to the pressure depletion rate 

and the volume expansion of the fluid. In addition, viscous force and capillary force, bubble mass 

and momentum, heat and mass transfer, interfacial tension, diffusivity and initial bubble radius, 

crude oil viscosity, components and quantity of dissolved gas in crude oil, temperature and pressure 

depletion rate also have certain influences on the bubble growth process [27,28]. Under normal 

circumstances, the migration and growth of bubbles occur simultaneously. Adjacent bubbles are 

affected by rock particles or other bubbles during their movement. After adjacent bubbles approach 

each other, the liquid film between them begins to thin slowly and eventually ruptures, and the 

adjacent bubbles merge into one [29]. Its influencing factors include dissolved gas, pressure depletion 
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rate and flow rate, pore structure and sand production, crude oil components and viscosity, small 

bubbles and interfacial tension, etc. [30–32]. 

Regarding the microscopic phase behavior of foamy oil, in addition to the research on 

experimental mechanisms [33–37], the research on mathematical models has also attracted 

increasingly extensive attention. It has been found through experiments that the formation and 

coalescence processes of bubbles in foamy oil have a power exponential function relationship with 

pressure and time. The model of the bubble growth index was adopted to characterize and describe 

the bubble growth process [26]. Ben Hamida et al.  [38] proposed equations for controlling the state 

of bubbles. Sheng et al.  [39] and Joseph et al.  [40] both established kinetic mechanism models 

describing the physical changes of gas dispersed in oil. Shen [41,42] put forward a general dynamic 

model based on the understanding of the escape process of dissolved gas and a gas lubrication model 

based on viscosity. Smith [43] established a dispersed microbubble model and used the mixture 

characteristic equation to describe the flow of oil-gas mixtures. Gennady et al.  [44] put forward the 

concept of pseudo-bubble point pressure and described the depletion production of heavy oil 

reservoirs. The established pseudo-bubble point model can calculate the properties of conventional 

experimental fluids, but it is difficult to simulate the time-related changes in the flow characteristics 

of foamy oil. 

The growth status of bubbles is the key in the "foamy oil flow" stage. Based on the current 

research status of the above experiments and numerical simulations, there is currently a lack of 

analytical models for studying the influencing factors of bubble growth from the perspective of 

physical chemistry. In this paper, according to the differences in physical property parameters 

between foamy oil and ordinary heavy oil, the influence degrees of crude oil components, viscosity, 

and interfacial tension on bubble growth are analyzed. By combining the microscopic experiment on 

the pressure drop of foamy oil with molecular simulation and the numerical simulation technology 

of the VOF (Volume of Fluid) method [45], a quantitative analysis is carried out on the main 

influencing stages and the contribution degrees of the effects of these three factors, and an empirical 

formula for bubble growth is obtained. Through the empirical formula, a deeper understanding of 

the phase change process of foamy oil and the seepage characteristics of bubbles in porous media is 

achieved, which provides theoretical guidance for the depletion production time of foamy oil and the 

application of subsequent production technologies. 

2. Methods 

2.1. Experimental Samples 

Foamy oil mainly includes the following stages: the initial supersaturated state, bubble 

nucleation, bubble growth, bubble migration, coalescence and rupture. This paper only focuses on 

the growth process of bubbles and its influencing factors. The microscopic etched glass model 

experiment is an effective means to observe the microscopic phase change characteristics of foamy 

oil in porous media. Therefore, it is used to conduct the foamy oil pressure drop experiment. With 

the aim of observing the bubble growth process, a microscopic etched model with the characteristics 

of the pores of real oil reservoir rocks is selected to conduct an in-depth study on the growth 

characteristics and influencing factors of bubbles in foamy oil. 

Figure 1 illustrates the appearance and dimensions of the microscopic glass etched model. Figure 

1(a) shows the blank model, with an effective area of 15 mm × 15 mm and an etched depth of 20 μm. 

The injection and production ends are located in the diagonal direction. Figure 1(b) presents the pore 

image after being saturated with oil, and as shown in the magnified view in Figure 1(c), the minimum 

pore diameter is 75 μm. 
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(a) Empty model         (b) Overall observation    (c) Local magnified 

observation 

Figure 1. Microscopic glass etched model 

In the experiment, the foamy oil from the Orinoco in Venezuela was selected as the research 

object. Among them, the viscosity of the formation oil was 5,873 mPa·s, and the viscosity of the 

degassed crude oil was 50 mPa·s. To avoid the pores from being blocked by heavy components 

during the experiment, the easily flowing simulated oil was prepared according to the component 

proportion for the experiment. The simulated oil and natural gas were mixed under a fixed pressure 

to prepare the simulated oil samples. The saturated foamy oil with a viscosity of 12 mPa·s (@ 50 °C, 

3.0 MPa) was prepared according to the oil-gas ratio of 7.1 m³/m³. The components of the degassed 

crude oil and natural gas are shown in Table 1 and Table 2 respectively. 

Table 1. Analysis of degassed crude oil components 

component 
Components for the preparation 

of simulated oil 

weight ratio 

% 

H2S、CO2、

N2 
/ 0.00 

C1~ C9 / 0.00 

C10~ C19 C10 17.05 

C20~ C29 C20 23.95 

C30+ C30 59.00 

合计 C10、C20、C30 100.00 

Table 2. Natural gas composition table 

component weight ratio % 

CH4 85 

C2～C3 10 

C4 5 

2.2. Experimental Setups 

The apparatus for the foamy oil pressure drop experiment uses a microscopic glass etched 

model, and the flow chart is shown in Figure 2. The experimental apparatus mainly includes: a micro-

pump (Quzix-5210; with a minimum controllable speed of 0.00001 ml/min and a maximum speed of 

10.0 ml/min), a visual high-pressure model (with a maximum pressure resistance of 20 MPa and a 

temperature of 90 °C), a glass model (with pores ranging from 100 to 1000 μm), a microscope (Carl 

Zeiss Discovery V8 stereomicroscope; with objective lenses of ×0.5 and ×1.0; adjustable magnification 

of ×1.0 - 12.0), a high-speed camera (Photron Fastcam-Mini ×100, with a shooting speed ranging from 

250 fps to 1000 fps), a back pressure valve (Coretest DBPR-5; with a maximum back pressure of 70 

MPa and an accuracy of ±0.01 MPa), and an image acquisition system (NI system). 
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Figure 2. Flow chart of the microscopic experiment on foamy oil pressure drop. 1.Micro pump ; 2.Constant 

temperature box ; 3.Intermediate container ; 4.vacuum pump ; 5.Valves ; 6.Light source ; 7.Visible high 

pressure model ; 8.Glass model ; 9.high-speed camera ; 10.Microscope ; 11. Back pressure valve ; 12. Export ; 13. 

Image acquisition and display system 

2.3. Experimental Process 

Connect the experimental equipment according to the process shown in Figure 2 to simulate the 

seepage process of foamy oil in porous media. Through pressure reduction, the light components in 

the foamy oil are precipitated in the form of bubbles, and the growth process of the bubbles is 

observed. 

①Experimental preparation. The temperature of the thermostatic chamber is stabilized at 50 °C; 

the back pressure valve is set at 3.0 MPa; the foamy oil prepared in the intermediate container is at 

3.0 MPa. Adjust the microscope, light source and image acquisition device to achieve a state where 

clear images can be collected. 

②Evacuate the glass model. Adjust the confining pressure of the visual high-pressure model to 

1.0 MPa; turn on the vacuum pump to evacuate, and keep the vacuum gauge at -0.1 MPa for a stable 

period of no less than 1 hour, and then turn off the vacuum pump. 

③Saturate the degassed crude oil. In order to prevent gas precipitation due to a large pressure 

difference when saturating the foamy oil, the degassed crude oil is saturated first before saturating 

the foamy oil. Due to the effect of vacuum, the degassed crude oil flows into the glass model. When 

the pressure is balanced, the degassed crude oil is then saturated at a rate of 0.01 ml/min. Monitor the 

inlet pressure of the glass model. When the pressure approaches the confining pressure, increase the 

confining pressure and maintain a pressure difference of 1.0 ± 0.2 MPa. When the inlet pressure of 

the glass model reaches 2.0 MPa and the confining pressure is 3.0 ± 0.2 MPa, stop the saturation 

process. 

④Saturate the foamy oil. Slowly open the valve. As the pressure of the foamy oil is high, the 

foamy oil flows into the glass model. Although there is a tendency for bubbles to precipitate, the 

pressure process is very short and the gas will not precipitate. After the pressure is balanced, continue 

to saturate the foamy oil at a rate of 0.01 ml/min, maintain the confining pressure at 4.0 ± 0.2 MPa. 

When foamy oil is produced at the outlet and the form and flow rate of the produced foamy oil 

become stable, stop the saturation process. 

⑤The process of the foamy oil phase change experiment. Adjust the microscope and the clarity 

of the imaging again. For example, use the objective lens ×1.0 and observe at a magnification of 2 

times. The image acquisition speed of the high-speed camera is set at 500 fps. Slowly adjust the back 

pressure valve and reduce the pressure from 3.0 MPa to 2.9 MPa within a period of no less than 10 

minutes. During the adjustment process, carefully observe the image monitoring system, 

purposefully select phenomena such as bubble formation and growth, and record and store them 
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using the high-speed camera. Similarly, the pressure reduction speed can be adjusted to achieve step-

by-step pressure reduction and observation. 

2.4. Numerical simulation method 

2.4.1. Molecular Dynamics Simulation Method 

The modeling process is divided into two parts: the establishment of the geometric model and 

the setting of molecular distribution within the model. As shown in Figure 3, the overall model is 

29.4×5.4×19.2 nm³. The wall of the geometric model is composed of SiO₂ unit cells cut along the (1 0 

0) orientation, and hydrogen atoms are added to hydroxylate the exposed oxygen atoms on the silica 

surface. A fixed rigid wall is constructed in the z-direction, with the upper wall being a plane and the 

lower wall having a blind-ended groove where heptane molecules are placed to make the diffusion 

phenomenon more distinct. According to the flow laws of macroscopic fluids, periodic boundaries 

are set in the x and y directions, and a non-periodic boundary is set in the z-direction. The 

temperature and pressure are set at 50°C and 30 MPa, the number of heptane molecules is 326, the 

number of water molecules is 26,902, the density of methane is 0.19 g/cm³, and the number of methane 

molecules is 2300. Water molecules are used to replace other components in the oil phase, which 

enables a clear display of the molecular interaction process between methane and heptane. The 

LAMMPS software is used to simulate this model. 

 

Figure 3. Fluid atom model of the SiO₂ channel 

2.4.2. Macro - fluid Simulation Method 

The volume change and migration process of bubbles are the main dynamic behaviors of bubbles 

when gas and liquid systems coexist in two phases. Generally, numerical and theoretical analyses of 

their morphological changes and migration behaviors are carried out through the continuity 

equation, momentum equation and interface advancement equation. 

For the calculation of multiphase flow, the continuity equation is usually used to track the gas-

liquid interface and determine the position of the interface by calculating the volume proportion of 

each phase. If q is used to represent the gas phase or the liquid phase, the continuity equation for this 

phase is shown as follows: 

 
qαq

q

q







+  =



S
u

t
 

（1） 

The right side of Equation (1) is the source term of the equation. Under normal circumstances, 

its magnitude is zero. In addition, in the initial state, the volume proportions of the gas and liquid 
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phases do not need to be obtained through Equation (1), but through the following constraint 

relationships: 

 =1q  
（2） 

It can be concluded from the constraint relationship (2) that for the mixed phase in each 

infinitesimal unit, the value of its overall physical property parameters is obtained by weighted 

averaging of each component dissolved in the liquid phase according to their respective volume 

proportions. It can thus be concluded that for a system with n-phase components, the weighted 

average density (weighted according to volume proportions) of any infinitesimal unit can be written 

as: 

 q q=    
（3） 

Since the bubble motion studied in this paper belongs to gas-liquid two-phase flow, the relevant 

physical property parameters of the gas phase and the liquid phase are now distinguished by 

subscript 1 and subscript 2 respectively. According to the constraint relationship of Equation (3), the 

weighted average density of any infinitesimal unit at this time is written as: 

 1 1 2 2= +    
 （4） 

Similarly, expressions for other parameters in the system can be obtained, and they will not be 

listed one by one here. 

In the VOF (Volume of Fluid) algorithm, the momentum equations of the gas phase and the 

liquid phase are solved within the same calculation region. That is to say, in the process of solving 

the velocity field for the gas phase and the liquid phase, the same momentum equation is used for 

the solution. However, the physical property parameters in the equation, such as ρ (density) and µ 

(viscosity), are reflected by the volume-proportion-weighted average physical property parameters, 

and their magnitudes vary at different spatial positions. The momentum equation is as follows: 

 s( )


+  = − + + +


u
u u p S F S

t  
（5） 

In Equation (5)：S—Viscous shear tensor，S = µ(∇u + ∇Tu)； Fs—Surface tension；S—Gravity 

term，S = ρg。 

For the motion of bubbles, the gas-liquid interface is a free surface, and the physical property 

parameters of the fluids on both sides of it differ greatly, with differences spanning multiple orders 

of magnitude numerically. Therefore, it is very difficult to calculate the exchange of momentum and 

energy of the fluids on both sides, and it is also very hard to capture the precise position of the free 

surface. This poses high requirements for numerical calculations. Generally speaking, accurately 

simulating the two-phase flow field must meet the following several conditions: ① conservation of 

fluid mass; ② high-resolution interface; ③ accurate calculation of surface tension; ④ adaptability 

to a large ratio of physical property parameters of the two phases. 

The VOF (Volume of Fluid) method is used to simulate two-phase flow through interface 

reconstruction, and the transport of physical quantities at the interface can adopt the Eulerian format 

or the Lagrangian convection format. Since this method is based on interface reconstruction, it can 

handle well the gas-liquid flow problems with large-deformation and complex interfaces, such as the 

problem of bubble coalescence. Moreover, by using the same set of equations to calculate the physical 

quantities related to the flow field, it can ensure mass conservation well, and the storage requirement 

during the calculation process is also relatively low. However, at the same time, when the VOF 

method uses the interface reconstruction method to calculate the gas-liquid two phases, there are 

problems such as discontinuity and intermittence in the reconstructed interface. Especially in three-

dimensional cases, it is very difficult to obtain calculation results with high-order accuracy. We use 

the VOF method to capture the gas-liquid two-phase interface and use Youngs' PLIC 3D algorithm 

(Piecewise Linear Interface Calculation) to reconstruct and transport the interface. We set the volume 
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fraction of the fluid inside the interface as α = 0, the volume fraction of the fluid outside the interface 

as α = 1, and at the interface, α ranges from 0 to 1. Therefore, the transport equation of the interface 

is： 

 ( ) 0u
t





+  =

  
（6） 

And for each computational grid, the physical property parameters at the center point of the 

grid, such as density and dynamic viscosity coefficient, can be obtained by volume-weighted 

averaging of each phase, that is, calculated through Equation (4). 

There is surface tension on the gas-liquid interface. In the actual processing of calculating the 

momentum equation, we use the Continuous Surface Force (CSF) model. The basic idea of this model 

is to equate the surface tension to a volume force source term and to equate the gas-liquid interface 

to a very thin transition zone in the flow field, where the huge differences in the physical property 

parameters of the gas and liquid phases are smoothed out in this region. Through such processing, 

when calculating the gas-liquid two-phase flow, the same set of equations is used to solve for the two 

fluids. The expression for its surface tension is as follows: 

 s s=F n
 （7） 

 =- ( / )n   = −  
 

（8） 

In order to simulate the influence of crude oil components, viscosity and interfacial tension on 

the growth rate of bubbles, a direct-current pipeline model shown in Figure 4 was designed. This 

model avoids the impact of the pressure difference caused by the pore structure on the morphological 

changes of bubbles. The geometric dimensions of the two-dimensional model are 0.6 × 2.5 mm, and 

the grid is a structured square grid. The outlet pressure is 3.0 MPa, which is consistent with the 

experimental conditions. The pressure difference between the inlet and the outlet is 0.1 MPa, and the 

remaining boundaries are walls. 

 

Figure 4. Schematic diagram of the geometric model 

Analyze the growth rate of bubbles through the change in the area of bubbles during the 

migration process. Calculate the area of bubbles according to the grid size and the number of grids. 

Use the ratio of the increased area to the migration time to represent the growth rate. The area of a 

single grid is 1.5 × 10⁻⁶ μm². 

3. Results and Discussion 

3.1. The variation Law of the Bubble Growth Rate in the Experiment 

Unlike a series of phenomena in conventional crude oil, such as rapid gas precipitation, rapid 

bubble growth and coalescence, the growth rate of bubbles in the depressurization experiment is 

relatively slow, and they grow while migrating within the pores. The bubbles indicated in Figure 5 

are analyzed. In Figure 5(a), the bubble diameter is 164 μm, which is much larger than the depth of 

the pores with a diameter of 20 μm, and the bubble is in a flattened state. The bubble shown in Figure 

5(a) passes through a narrow throat and migrates to the position shown in Figure 5(b) in 84 ms, with 

the bubble diameter increasing to 178 μm. During the process from (a) to (b), the growth rate of the 
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bubble is 0.17 μm/ms. At 408 ms, the bubble migrates to the position shown in Figure 5(c), with the 

bubble diameter increasing to 214 μm. During the process from (b) to (c), the growth rate of the bubble 

is 0.11 μm/ms. During this process, the fluid enters large pores from small pores. According to the 

relationship between the flow velocity and the diameter in pipe flow, under the condition of a certain 

flow rate, the square of the pipe diameter is inversely proportional to the flow velocity. That is, when 

the pore diameter suddenly increases, the fluid will suddenly slow down. The change in the flow 

velocity causes the bubble to undergo elastic deformation under the action of inertia. The bubble 

diameter in Figure 5(d) is 286 μm. During the process from (c) to (d), the growth rate of the bubble is 

0.50 μm/ms. The position of the bubble in Figure 5(d) is the limit position of the observation area. 

Based on the growth rate of the bubble at this moment, it can be judged that the bubble is still growing 

for a period of time after this moment. 

                               

(a)0ms,164μm                                     (b)84ms,178μm 

                               

(c)408ms,214μm                                    (d)552ms,286μm 

Figure 5. The growth process of bubbles during the migration process 

By tracking the bubbles in the observation area of Figure 5, it can be found that as the flow 

pressure difference decreases, the bubbles exhibit the phenomenon of simultaneous migration and 

growth. The growth rates of the bubbles in Figure 5 during various time periods are calculated, and 

the resulting regular curve is shown in Figure 6. According to the growth rate curve, the bubble 

growth can be divided into three stages: fast in the early stage, slowing down in the middle stage, 

and accelerating in the later stage. Based on the PV relationship, the bubble diameter is inversely 

proportional to the cube root of the pressure. As the migration distance increases, the growth rate of 

the bubbles gradually accelerates. However, according to the growth pattern in Figure 6, it indicates 
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that the growth of bubbles in foamy oil is clearly not only affected by the pressure difference, and the 

main influencing factors and the degree of their influence are different in different growth stages. 

 

Figure 6. Bubble growth rate curve 

The precipitation process of dissolved gas in conventional crude oil is continuous. Bubbles grow 

rapidly until they become stable, and the migration distance can be neglected. However, the bubble 

growth process in foamy oil presents three stages, and the bubble growth occurs simultaneously with 

the migration process. This phenomenon is significantly different from the conventional gas 

precipitation process. It is speculated that the high content of heavy components in foamy oil leads 

to the stability of the interface between the oil phase and the gas phase, resulting in the difficulty of 

degassing of foamy oil and a slow phase change process. The viscosity of foamy oil is higher than 

that of conventional crude oil, and the increase in viscosity will also slow down the growth and 

migration speed of bubbles. With different initial bubble diameters, under the action of the same 

pressure difference, the growth rates of bubbles will also be different. 

There is a gas diffusion phenomenon in foamy oil. However, considering that the gas diffusion 

coefficient is related to the ambient temperature and pressure and is a common phenomenon in all 

gas-oil two-phase fluids, it has no particularity in the process of bubble growth. Therefore, the bubble 

growth process takes into account the combined effects of these three factors: crude oil viscosity, 

component content, and initial bubble diameter. However, through experimental research, multiple 

sets of controlled experiments need to be carried out, and it is difficult to control the pressure 

difference in the pores inside the microscopic model. So, it is impossible to study and verify the 

simulation results through experimental means. In order to accurately study the influence of single-

factor parameters on bubble growth, numerical methods are adopted for simulation and analysis. 

3.2. The Interaction Process Between Methane Molecules and Alkanes 

In Figure 7, the pink ones are methane molecules, and the dark red ones are heptane molecules. 

For the convenience of analysis, when analyzing the diffusion process between methane molecules 

and heptane, other oil-phase molecules are hidden during the observation process so that the 

observation can be clearer. 

Figure 7 shows the intrusion process of methane molecules and the separation process of 

heptane molecules at 50 °C and 30 MPa. Figure 7(a) presents the molecular diffusion state at 0.03 ns. 

Methane molecules, carrying some heptane molecules, start to diffuse in the z direction. Figure 7(b) 

shows the moment at 0.035 ns, when methane molecules and a small number of heptane molecules 

are attached to the top wall surface of SiO2. In Figure 7(c)–(d), methane molecules and heptane 

molecules continue to diffuse along the z direction and basically reach a dynamic equilibrium state 

of diffusion. 
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(a)t = 0.03 ns                                      (b)t = 0.035 ns 

  

(c)t = 1.0 ns                                         (d)t = 2.0 ns 

Figure 7. The interaction process of methane molecules and heptane molecules 

The diffusion process is plotted as the curve shown in Figure 8. At the beginning of the 

simulation, the first 0.03 ns is the stage for the system to conduct the initial structural optimization. 

After the optimization, the molecular diffusion speed increases. Around 1 ns, the diffusion 

phenomenon begins to enter a dynamic equilibrium state. Therefore, the diffusion speed is analyzed 

through the process from 0.03 ns to 1 ns. The slope of this curve can reflect the diffusion coefficient. 

According to Equation (9), the calculated diffusion coefficient is 2.8 × 10⁻⁵ cm²/s. 

𝐷 =
𝑘

60000
                                               （9） 

In the formula: D represents the diffusion coefficient, with the unit of cm²/s; k represents the 

slope, and its value is 1.6581. 

  

(a)The overall diffusion process                   (b)Analysis of the diffusion 

coefficient 
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Figure 8. The diffusion degree of methane molecules in heptane molecules 

During the movement process of bubbles in foamy oil fluids, the diffusion with the oil phase is 

also an influencing factor for the growth rate of bubbles. Through the above molecular diffusion 

simulation of methane and heptane, the diffusion coefficient of methane bubbles and alkanes can be 

obtained. In the process of macroscopic flow simulation, considering the influence of molecular 

diffusion, the diffusion coefficient of fluid parameters is adjusted to conduct the simulation of the 

influencing factors such as the content of light components, viscosity and interfacial tension. 

3.3. Factor of the Content of Light Components 

The light components in foamy oil affect the bubble growth process, while the heavy 

components have a greater impact on parameters such as viscosity. The lower the content of light 

components is, the higher the corresponding content of heavy components will be. During the 

simulation, CH4 gas is taken as the representative of light components, and the simulation results are 

analyzed based on the differences in CH4 content. The content of CH4 in the foamy oil prepared in 

the experiment is 12%. Therefore, numerical models with CH4 contents of 1%, 5%, 12%, 16% and 20% 

in the fluid domain are established. When analyzing the bubble growth rate, the prerequisite is that 

the bubbles have already been generated. So a criterion for bubble generation is set. That is, under 

the current grid drawing conditions, if the number of clear bubble boundary layers that can be seen 

when magnified is greater than or equal to 5, it is considered that the bubbles have been generated, 

as shown in Figure 9. This paper focuses on the growth process of bubbles and does not consider the 

generation process of bubbles. The grid size affects the calculation accuracy of the bubble generation 

process, but it does not affect the growth process of bubbles. 

 

Figure 9. Illustration diagram of bubble generation size 

Figure 10 takes the simulation result with a CH4 content of 12% as an example to illustrate the 

growth rate of bubbles. In the figure, the red represents the oil phase, the blue represents the CH4 

gas phase, and the color in the middle is the bubble boundary. The bubbles have already formed in 

Figure 10 (a). When magnified, it is shown in Figure 10 (b). After 0.0671 ms, the bubbles grow, as 

shown in Figure 10 (c). When magnified, it is shown in Figure 10 (d). During this process, the growth 

rate of the bubbles is 8.7 × 10⁻⁵ μm²/ms. 

As the content of light components increases, the diameter of the generated bubbles becomes 

larger and the growth rate increases. Figure 11 shows the images of bubbles after growth when the 

CH4 content is 1%, 5%, 12%, 16%, and 20% respectively. The maximum diameters of the growing 

bubbles are 2 μm, 3 μm, 4 μm, 6 μm, and 13 μm respectively. The curve of the bubble growth rate is 

plotted as shown in Figure 12. When the CH4 content is less than 15%, the variation range of the 

growth rate is relatively small. After exceeding 15%, the growth rate increases exponentially. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 February 2025 doi:10.20944/preprints202502.0460.v1

https://doi.org/10.20944/preprints202502.0460.v1


 13 of 20 

 

      

(a)0.0242ms                               (b) The corresponding bubble local 

amplification in Fig.a 

    

(c)0.0671ms                                 (d) The corresponding bubble local 

amplification ( 4μm ) in Fig.c 

Figure 10. The bubble growth process when the CH4 content is 12%（@12 mPa·s） 

  

(a)1%                                               (b)5% 

  

(c)12%                                             (d)16% 

 

(e)20% 
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Figure 11. Comparative analysis of the bubble generation effects with different CH4 contents at the same time（

@12 mPa·s） 

 

Figure 12. The curve of bubble growth rate at different CH4 contents 

It can be known from the above results that when exploited at the same depletion rate, the lower 

the content of light components (that is, the higher the content of heavy components), the slower the 

bubble growth rate will be. This indicates that heavy components can play a key role in inhibiting 

bubble growth, prolonging the time for the oil reservoir to reach the bubble point pressure and 

extending the development stage of foamy oil flow. For the development of a specific oil reservoir, 

the component content of this oil reservoir is fixed, and it is impossible to extend the foamy flow time 

by controlling the component content. However, the foamy flow time in a specific oil reservoir can 

be predicted according to this curve so that the development strategy of the oil reservoir can be 

changed in a timely manner. 

3.4. Viscosity Factor 

The growth and migration processes of bubbles are always affected by the viscous resistance of 

the oil phase. The greater the viscosity is, the greater the viscous force acting on the bubble boundary 

will be. Therefore, the degree of bubble deformation under different viscosities is different, and the 

growth rate is also slower. Taking the viscosity of the experimental foamy oil, which is 12 mPa·s, as 

the standard, a total of 5 groups of numerical models with viscosities of 2 mPa·s, 12 mPa·s, 20 mPa·s, 

50 mPa·s and 100 mPa·s were established to obtain the law of the effect of viscosity. In Figure 13, the 

shapes of bubbles are different under different viscosities of the oil phase. As the viscosity increases, 

the shape of bubbles gradually changes from an oval shape to a spherical cap shape and then to a 

crescent shape. 

  

(a) 2 mPa·s                                          (b) 12 mPa·s 
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(c) 20 mPa·s                                         (d) 50 mPa·s 

 

(e) 100 mPa·s 

Figure 13. Comparison diagram of bubble shapes under different viscosities 

The influence of viscosity on bubble growth is shown in the curve in Figure 14. As the viscosity 

increases, the growth rate of bubbles drops sharply, the migration speed becomes slower and the 

time is prolonged. It can be seen from the above analysis that the viscosity of foamy oil is a key factor 

in inhibiting bubble expansion and can control the release speed of light components. Reasonably 

controlling the viscosity of foamy oil is beneficial to extending the foamy flow stage. 

 

Figure 14. The curve of bubble growth rate under different viscosities 

3.5. Interfacial Tension Factor 

Heavy components (such as asphaltenes and other high-molecular-weight organic substances) 

usually have relatively low interfacial activity, which may lead to the uneven formation of the 

interfacial film and instead increase the oil-water interfacial tension, especially at higher 

concentrations. These components may form a relatively thick film at the oil-water interface, 

increasing the interfacial tension and reducing the stability of the system. 

The interfacial tension between CH4 and the oil phase is 15 mN/m. Based on 15 mN/m, a total 

of 5 groups of numerical models with interfacial tensions of 5 mN/m, 15 mN/m, 50 mN/m, 200 mN/m 
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and 500 mN/m were established. Figure 15 shows the simulation results of the influence of the 

magnitude of interfacial tension on the migration morphology of bubbles and the growth rate of 

bubbles. The simulation results indicate that as the interfacial tension increases, it is easier for the 

bubbles to maintain a spherical or ellipsoidal shape during the migration process. 

  

(a)5 mN/m                                       (b)15 mN/m 

  

(c)50 mN/m                                     (d)200 mN/m 

 

(e)500 mN/m 

Figure 15. Comparison diagram of bubble shapes under different interfacial tensions 

The influence of interfacial tension on bubble growth is shown in the curve in Figure 16. 

Generally speaking, when the interfacial tension is large, the growth rate of bubbles is also fast. In 

the range of 0.3 to 33.3 times the interfacial tension between CH4 and the oil phase, although the 

magnitude of the bubble growth rate does not change much, it shows a certain regularity. It generally 

increases in a logarithmic form. As the interfacial tension increases, the degree of influence of the 

interfacial tension gradually weakens. 
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Figure 16. The curve of bubble growth rate under different interfacial tensions 

It can be known from the above simulation data that the variation coefficient of the bubble 

growth rate with the interfacial tension is close to 0. Therefore, from the perspective of oil reservoir 

exploitation, the influence of interfacial tension on the bubble growth rate can be neglected. 

Based on the above single-factor simulation results, the bubble growth rate curve can be fitted 

in sections: 

Effect of component content： 

𝑓2 = {
18.416 ln(𝐶) + 41.716   , 𝐶 ≤ 12

2.9982𝑒0.2621𝐶                   , 𝐶 > 12
                         （10） 

Effect of viscosity： 

𝑓3 = {
−0.9541𝜇 + 164.96         , 𝜇 ≤ 20

−65.08 ln(𝜇) + 342.66   , 𝜇 > 20
                         （11） 

Effect of interfacial tension： 

𝑓4 = 0.4666ln(σ)  +  80.152                             （12） 

In the formula: C represents the content of light components, in %; μ represents the viscosity of 

the oil phase, in mPa·s; and σ represents the interfacial tension, in mN/m. 

The sensitivity of the bubble growth rate to the factors of component content and viscosity is 

higher than that to the factor of interfacial tension. Light components have a strong dissolving effect 

on crude oil. When the content of light components is high and the viscosity of crude oil decreases, 

the bubble growth rate will increase slowly, which leads to an increase in the bubble diameter and, 

consequently, the growth rate continues to increase. In order to better exploit foamy oil, it is necessary 

to control the depletion rate of pressure during cold production to control the growth of bubbles. 

4 Conclusions 

Based on the pressure drop experiments on foamy oil, the growth process of the bubbles 

precipitated in the foamy oil was analyzed. Combining molecular simulation and Fluent numerical 

simulation methods, a quantitative analysis was conducted on factors such as the initial bubble 

diameter size, the component content of foamy oil and the viscosity of foamy oil, and the following 

understandings were formed: 

(1) The experiment found an important phenomenon that the growth of bubbles mostly occurs 

during the migration process. Under the condition of equal pressure difference reduction, the growth 

rate of bubbles presents a three-stage characteristic of being fast in the initial stage, slowing down in 

the middle stage and accelerating in the later stage. It is analyzed that this is related to the different 

intensities of the roles played by complex factors in each stage. The experiment shows that after the 
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bubble diameter reaches 200 μm, the growth rate increases exponentially. Therefore, during the 

development process, the bubble diameter of the precipitated bubbles should be controlled. A smaller 

bubble diameter is beneficial to improving the fluidity of foamy oil, while an overly large bubble 

diameter is likely to lead to an excessively fast growth rate of gas and reduce the utilization efficiency 

of gas energy. 

(2) The numerical model shows that as the content of light components in foamy oil increases, 

both the generation and growth rates of bubbles become larger. When the methane content is greater 

than 15%, the growth rate increases in an exponential trend. Combined with the slowly declining 

development characteristics of foamy oil, it is analyzed that the special fluid characteristics of foamy 

oil, which enable light components to be slowly precipitated, are the key to its long-term 

development. It has been verified that the high content of heavy components in foamy oil leads to 

the stability of the interface between the oil phase and the gas phase, which is the main reason why 

foamy oil is not easy to degas and undergoes phase change slowly. 

(3) The simulation results of the influence of viscosity on the bubble growth rate show that there 

is a logarithmic relationship between viscosity and growth rate. The greater the viscosity is, the 

slower the growth rate will be. It can be known from these simulation results that the viscosity of 

foamy oil is a key factor in inhibiting bubble expansion. It can control the release rate of light 

components, enabling foamy oil to exhibit the characteristics of a long development time and a high 

recovery degree in depletion-type development. 

(4) The interfacial tension has little impact on the bubble growth rate, and the influence of this 

factor can be neglected during the process of oil reservoir exploitation. 

The experimental phenomena and the analysis of the numerical simulation results of the growth 

rate have explored the reasons for the slow growth of bubbles in foamy oil. The research results on 

the three influencing factors, namely the content of light components, viscosity and interfacial 

tension, have provided the exploitation ideas for controlling the pressure drop rate. Meanwhile, the 

research results on the content of light components and viscosity factors can predict the exploitation 

status of foamy oil reservoirs and provide theoretical guidance for the timely adjustment of 

development strategies. 
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