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Abstract. It is of great significance to study the effective exploitation mechanism 

of the micro-pores of heavy oil and design the corresponding injection and pro-

duction pattern for enhanced oil recovery. Based on CT digital core technology, 

a lattice Boltzmann micropore simulation model was established to study the mi-

cropore displacement mechanism and oil displacement efficiency under different 

displacement pressure gradients. The results show that with the displacement 

pressure difference increasing from 0.3MPa to more than 0.8MPa, the medium 

and small pore crude oil with pore throat radius less than 80μm gradually begins 

to flow. As the viscosity of crude oil increases from 80mPa·s to 260mPa·s, the 

flow resistance of crude oil in medium and small pores increases sharply, and the 

displacement pressure gradient increases to more than 0.008MPa/m, which is 

conducive to improving the flow capacity of crude oil in medium and small pores, 

thus greatly improving the overall displacement efficiency. The above 

knowledge is applied to the development of QHD heavy oil field in Bohai Sea 

during the high water cut period. The strategy of large-scale utilization of hori-

zontal well joint directional well development adjustment is adopted, and the 

anti-nine-point well pattern is adjusted from the initial directional well to the five-

point well pattern of horizontal well joint directional well. The oil production rate 

is increased from 0.8% to 1.5% ~ 2.1%, and the water cut rise rate is controlled 

at about 0.6%. Water drive recovery rate increased from 24.5% to 39.3%, which 

greatly improved the development effect and provided experience for similar oil 

fields. 

Keywords: heavy oil, displacement characteristics, displacement pressure gra-

dien, horizontal wel, development strategy. 

1 Introduction 

The continental sandstone heavy oil field in Bohai Sea is dominated by delta and fluvial 

facies deposits. The reservoirs are characterized with an average porosity of 35% and 

an average permeability of 3600mD, and the formation oil viscosity is 50 ~ 450mPa·s. 

With the deepening of oilfield development, the high water cut stage presents the char 
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recovery. It is urgent to explore the characteristics of continental heavy oil displacement 

and carry out the corresponding injection and production pattern adjustment to improve 

the development effect in the high water cut stage. At present, the research on the mi-

cro-displacement characteristics of heavy oil mainly focuses on the micro-seepage 

mechanism, reservoir change characteristics and the distribution of remaining oil, but 

there are few studies on the formation mechanism and effective use of micro-pore re-

maining oil[1-2]. 

In view of the above situation, based on CT digital core technology, a lattice Boltz-

mann micro-pore simulation model for water flooding was established to study the mi-

cro-pore displacement mechanism, displacement rule and effective displacement pres-

sure gradient of different pore throat radii, so as to guide the adjustment of injection 

and production well pattern in high water cut period, in order to improve the oilfield 

development effect. 

2 Oil-water two-phase microscopic pore network model 

2.1 Micro-pore mesh modeling based on CT technology 

Firstly, the core plunger is de-oiling, de-salting, drying, volume rendering, mirror pro-

cessing, etc., and then the core is sliced. Nano-ct scanning and high-resolution micro-

scopic image processing technology are used to conduct scanning imaging with X-ray 

absorption characteristics, reflecting the fine characteristics of the target object, and a 

higher resolution core slice is obtained. In order to effectively reduce the impact of 

noise on skeleton boundary recognition during CT scan slicing, grayscale image de-

noising processing means of mean filter and median filter are used to obtain grayscale 

image stack, and threshold values are selected to binarize grayscale images, and pore 

connectivity is appropriately adjusted to reflect and describe core pore microstructure. 

Such as pore shape, size, distribution and connectivity. Finally, the pore and rock skel-

eton are extracted to obtain the effective pore spatial distribution that can reflect the 

characteristics of the actual reservoir, and thus a microscopic network model reflecting 

the real pore structure of the core is constructed (FIG. 1). 

 

Fig. 1. Pore grid modeling process 
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2.2 Lattice Boltzmann micro-simulation method for water flooding 

The lattice Boltzmann method can describe the microscopic fluid interaction and com-

plex geometric boundaries, and is widely used in digital core porous media flow simu-

lation. It is mainly composed of discrete velocity model, equilibrium distribution func-

tion and distribution function evolution equation. 

Using the lattice Boltzmann D2Q9 model, the discrete velocity model expression is 

as follows: 
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In formula (1), 𝑒𝑖is the velocity in direction i; i represents the discrete velocity di-

rection of the D2Q9 model, respectively 0,1,2, ... , 8 directions; c is the unit cell speed, 

that is, the ratio of the cell step to the time step. 

Bhatnagar et al. proposed a lattice Boltzmann equation [3-8] based on the simplified col-

lision term of Boltzmann equation. The model expression is as follows: 
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In equation (2),𝑓𝑖
σ

 is the density distribution function of the particle in the i  direction, 

r is the spatial position of the fluid particle, t is the time, τ is the relaxation time, δt is the 

time step. In equation (2), the expression of the external force term𝐹𝑖
𝜎̅̅̅̅ (𝑟, 𝑡) is: 
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In formula (3), Fσis the sum of the forces acting on the component σ, including the 

two-phase fluid force, the fluid-rock force, and the displacement pressure. 

The expression of equilibrium distribution function of particles𝑓𝑖
σ(𝑒𝑞) in each direction 

is as follows: 
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In formula (4), σ represents the oil phase or the water phase, and the weight coeffi-

cient is expressed as: 

 𝜔𝑖 = { 

4/9,   𝑖 = 0           
1/9,   𝑖 = 1,2,3,4
1/36, 𝑖 = 5,6,7,8

 (5) 

The expressions of the fluid macroscopic density ρσ and velocity uσ are respectively: 
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In this paper, from the microscopic perspective of molecular dynamics, the continu-

ous fluid is dispersed into a large number of continuous microscopic particle clusters, 

and the particle cluster movement is decomposed into collision steps and migration 

steps, and the particle clusters migrate to adjacent nodes after completing the collision 

step at a certain node, and then calculate the macroscopic physical quantities such as 

density and velocity according to the new particle distribution function, so as to realize 

the microscopic pore water flooding simulation. 

3 Mechanism and rule of effective displacement in 

microscopic pores 

3.1 Effective displacement mechanism of microscopic pores 

Firstly, a simulation study with a crude oil viscosity of 120mPa·s and a displacement 

pressure gradient of 0.008MPa/m was carried out to obtain the oil-water two-phase ve-

locity field (calculated with a time step of δt=54000), as shown in FIG. 2. It can be seen 

that in the initial state, the non-wetting phase (oil phase) filled the entire pore and dis-

tributed in a contiguous state. At the beginning of displacement, the wetting phase (wa-

ter phase) first rapidly flows to displace the oil phase along the macropores along the 

main stream line. Then, with the progress of displacement, the water phase gradually 

enters the middle pores connected with the macropores and some small pores, and the 

spread range of the water phase gradually expands, forming a large continuous distri-

bution, while the oil phase is gradually displaced out. At the end of displacement, the 

crude oil in the large pores on the main stream line was completely driven out by water, 

and the crude oil in the middle pores directly connected with the large pores and some 

small pores were also driven out by water phase. The water flooding swept in the pores 

far away from the main stream line was less, and most of the crude oil remained[9-10] .  

 

Fig. 2. Microscopic pore displacement process 
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3.2 Effective displacement rule of microscopic pores 

Further study on the relationship between oil displacement efficiency and displacement 

pressure gradient of crude oil with viscosity of 80mPa·s, 170mPa·s and 260mPa·s, as 

shown in FIG. 3, it can be seen that the displacement efficiency of crude oil with dif-

ferent viscosity increases to different degrees with the increase of displacement pres-

sure gradient. Low viscosity oil can achieve a higher displacement efficiency of 61.2% 

under a smaller displacement pressure gradient of 0.005MPa, medium viscosity oil can 

achieve a higher displacement efficiency of 60.3% only when the displacement pres-

sure gradient increases to 0.008MPa, and high viscosity oil can achieve a higher dis-

placement efficiency of 45.5% only when the displacement pressure gradient increases 

to 0.012MPa. This shows that with the increase of crude oil viscosity, the force between 

crude oil particles and rock particles in porous media increases rapidly, and the flow 

resistance of crude oil increases sharply. The smaller the pore radius is, the larger the 

seepage resistance will be with the increase of crude oil viscosity. In particular, the 

force between crude oil particles and rock particles in medium and small pores with 

pore throat radius less than 80nm increases more significantly.  

 

Fig. 3. Relationship between displacement efficiency and displacement pressure gradient 

4 Oilfield application 

QHD oilfield is the first large fluvial heavy oil field of 100 million tons in Bohai Sea. 

At the beginning, the directional well pattern was reversed and the injection-production 

well spacing was 350m. In the high water cut period, the strategy of stratified develop-

ment and adjustment of horizontal Wells combined with directional Wells was adopted, 

and 124 horizontal Wells were adjusted from the reverse nine-point pattern of direc-

tional Wells to the five-point pattern of horizontal Wells combined with directional 

Wells (FIG. 4, 5), and the injection-production well distance was adjusted from 350m 

to 220m. After the adjustment, the displacement pressure gradient is increased from 

0.004MPa/m to 0.085MPa/m, the displacement efficiency is increased from 35.6% to 

58.6%, the oil recovery rate is increased from 0.8% to 2.1%, the water drive recovery 

rate is increased from 24.5% to 35.6%. It has become a typical oil field for efficient 

development in ultra-high water cut period offshore. 
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Fig. 4. Initial development mode of QHD Oilfield 

    

Fig. 5. Development mode of QHD oilfield after well pattern adjustment 

5 Conclusion 

The micro-simulation method was used to reveal the displacement mechanism and rule 

of micro-pores. The flow resistance of crude oil in micro-pores increased with the de-

crease of pore throat radius and the increase of crude oil viscosity. The displacement 

pressure gradient increased to more than 0.008MPa/m, which was conducive to im-

proving the flow ability of medium and small pore oil with pore throat radius less than 

80nm. In the high water cut period of QHD oilfield in Bohai Sea, the development 

mode of horizontal well combined directional well stratified system is adopted to 

greatly improve the water drive recovery efficiency and further develop and enrich the 

theory of efficient development of continental heavy oil fields. 
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