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Abstract

Rock porous medium is a medium to store and migrate oil, gas, coalbed methane, etc. The study of
fluid flow laws in pore-scale porous medium has important theory significance and application value. The
paper adopts the method of combining fluid dynamics and seepage mechanics. It creates a finite element
calculation mesh of pore-scale porous medium on the basis of image processing technique, and simulates
the distribution law of porous medium pressure and flow velocity in water drive process on COMSOL
Multiphysics software platform, which is compared with the result of water displacing oil physical
simulation experiment and verifies the feasibility of the method. Therefore, the research findings are of
important theoretical significance in the development of reservoir fluid-solid coupling theory, oil-gas field
and ground water.
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1. Introduction

Seepage mechanics studies mainly focus on adopting macro research methods, i.e., taking rock or soil
samples as well as formation or soil as the study object [1,2]. These studies, which are undoubtedly
important and necessary, have reached a considerable degree not only in scale and but also in depth.
However, it is still hard to solve many other problems, especially those about seepage mechanism
methods if only by means of macroscopic research. The microscopic study of seepage mechanism and its
complementation with macro research will contribute to the satisfactory resolution of some relevant
issues.

Microscopic physical simulation experiment was started from two-dimensional study and mainly
observed the details, mechanics and laws within transparent two-dimensional models with the help of
microscopic video technology. Meanwhile, it measured the micro-flow synchronously through the use of
two-phase and three-phase micro determinator. Started earlier in China, the thought of “microscopic
measure” was proposed by CAS's Ingtitute of Porous Flow and Fluid Mechanics in 1967. In 1979, it
began the study and development of two-dimensional physical simulation technology to test technology
and equipment as well as two-dimensional micro-seepage experiment. They took the lead in publishing
their research findings on microscopic seepage nationally and internationally in 1984 and published
micro-flow monograph in 1990. They applied the simulation test technology to the study of multiphase
seepage, non-Newtonian fluid seepage, physical and chemical seepage and non-isothermal flow system,
by which some new seepage mechanisms and laws were found. Thus they could specify, improve and
systematize those unspecific and less systematic mechanisms and laws. There has been a number of
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achievements in recent years on microphysical simulation of three-dimensional porous media flow at
home and abroad with the help of computer micro-tomography technology [3-8].

However, microscopic physical simulation experiment has its own disadvantages such as higher cost,
more time consuming, fewer considerable factors and so on. By studying pore-scale percolation
mechanism, seepage field is controlled by many factors including pores boundary conditions, viscous
force, capillary force, gravity and complex physicochemical processes. Under such complicated
background[9-12], the better approach to solve the problem is to idealize the rock porous medium as
some kind of abstract lattice or mesh. This idea made people put forward severa kinds of methods in the
microscopic humerical simulation of porous medium in which there are mainly Lattice Boltzmann
method and pore scale network model. Originated from simulated calculation of Brownian motion,
L attice Boltzmann method has atinier simulation scale and more complex numerical calculation. The U.S.
national laboratory Los Alamos applied Lattice Boltzmann method to simulate two-dimensional flow in
rock pores and figured out the relative permeability curves and residual oil saturation. CAS's Institute of
Poromechanics and Mechanics applied this method [13-14] to the study of slippage effect of gas seepage
and relative permeability curves of oil-water two-phase seepage showing that the results were in good
agreement with the experimental values. Pore scale network model, which has a wider smulation scale
and is more practical in application, stemed from the study of gas seepage of porous carbon medium in
gas mask. Fatt was the first one to study the dynamic and static two-dimensional grid of porous medium
in the pore scale network model. Later other scholars improved and developed the model. For instance,
the University of Southern California combined network model with scanning electron microscopy
techniques and found the method to get pore parameters.

Petro China Research Institute of Petroleum Exploration and Development figured out oil-water
relative permeability curves on the use of irregular network model. Besides, they studied the effects of
pore radius, pore distribution and coordination number by percolation theory. Both Lattice Boltzmann
method and pore scale network model (i.e.percolation method) which have achieved certain development
used computers to simulate pore scale seepage.

The paper built a mathematical model of fluid flow in porous medium on the basis of hydrodynamics
theory [15-17] and finite calculation grid on the basis of image processing technology. The basic fluid
flow laws of porous medium was acquired by numerical simulation and compared with the result of
water-drive physical simulation experimental result, which finaly verified its feasibility.

2. Mathematical model of pore scale flow

Suppose it is compressible fluid in rock pores and laminar fluid flow, establish a pore scale flow
mathematical model based on hydromechanical N-S equations without regard to deformation of porous
medium.

2.1 One-phase incompressible liquid flow mathematical model in elastic porous medium
According to law of conservation of mass, continuous equation of fluid flow in porous medium can be
expressed as.

0
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As seepage process changes continuously and reservoir rock matirx is flexible, the mechanical
property of fluids within pores and the solid rock matrix will change along with the changing state. At the
moment, a state equation is a need to describe the change of mechanical properties aroused by the
flexibility.

If the fluid in poresis elagtic, then:

P=p0[1+cp(p_ Po)] @)
In the formula: Cp= elastic compressibility of density.
Plug (2) into (1):
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Formula (3) is the one-phase compressible liquid flow’ s mathematical model in porous medium.

2.2 Motion equation

Two-dimensional viscous compressible liquid flow’s differential equation of motion (N-S equation) is
as shown in formula (4):
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In the formula: # = dynamic viscosity of fluid.

Two-dimensional viscous incompressible liquid flow's differential equation of motion (N-S equation)
isasfollows:
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Inthe formula: # = kinematic viscosity of fluid, which can be directly replaced by U .

2.3 Boundary conditions

Boundary condition are classified as constant pressure boundary and fixed flow boundary. The
constant pressure boundary is defined as the pressure of each point on the boundary is known at every

moment or the bottom hole pressure of the well is known. If it isthe given function f 1(X’ y) , then:

pg = f 1(X7 ylt) (6)

In the formula: p9’=thepressureof (x,y) at the moment of L.

Fixed flow boundary is defined as the flow on the boundary is known. If it is the known function

f,(%y)

on the given boundary, then:
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Inthe formula: N = directional derivative of outer normal direction of the pressure on the boundary.

When 1= O, theinitia pressure and saturation distribution in oil layer can be showed as:
P(X,¥,0) = po(x,Y) ®

s(X,¥,0) =s,(x, y) 9

3. Rock pore structural modeling based on digital image

This paper processed the images processing with the use of the toolbox of MATLAB %9, Figurel (a)
isthe SEM image of arock, in which green areas represent the solid rock matrix and black areas represent
the pore structure. Firstly, turn Figurel (a) into grey-scale and get Figurel (b) by equalization and
binarization processing. Secondly, filter Figurel (b) and get Figurel (c). Finaly, process Figurel (c) by
erosion or dilation and get a new Figurel(d).

(@) Origina SEM image

.;'L

(b) Processed grey-scale image

~71~



International Journal of Civil Engineering and Environmental Science (ISSN 2333-5416)

(d) Dilation processed image
Fig. 1 MATLAB Image Processing

The images above are all bitmaps, which are needed to change into vectograms to generate finite
element mesh. After obtaining the vectograms with the help of Algolab Raster to Vector Conversion
Toolkit, a good finite element mesh model can be built with the use of COMSOL Multiphysics. Figure2
shows the finite element mesh model.
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(@) Pore scale model
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(b) Finite element mesh model
Fig.2 Diagram of Generation process of finite element mesh model

4. Numerical simulation of pore scale flow field
4.1 Numerical model

Do an experimental analysis of the core at 1000 meters below the reservoir rock and get core No.1's
SEM images . Choose one of them as shown in Figure3. Use the digital image processing method
mentioned above to obtain the numerical model of rock pore with a mesh number of 23430 as shown in
Figured. Use N-S equation as the governing equation of the fluid motion in pores and build a numerical
model of flow field of two dimensional pore scale.

Fig. 4 Numerical model of rock pore
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4.2 Calculating parameter and boundary conditions

The main direction of the fluid flow in pores is from left to right or from right to left, which is a
laminar flow type. It is the known flowing pressure of inlet and outlet without regard to volume force
caused by gravity. Suppose it is a symmetric flow for the upper and lower boundary, and there is a certain
fluid density and constant temperature, the fluid in pores can be described by the incompressible N-S
equation. The boundary setting is as shown in Table 1.

Table 1 Boundary setting
Boundary | Boundary .
] Value Mathematical model
type setting
pressure, - - -\
) n-n(Vu+(Vu) )
outlet viscous | p=p»
stress =0
pressure, - - A\
. ) n'n(Vu+(Vu) )
inlet viscous | p=p:
stress =0
wall, no N
grain walls _ - u=0
dip
n-u=0
symmetric
symmetry | -
boundary [ pl +77 Vu+ Vu) Hn
=0
rigidwall | nosdlip - -

In the calculations above, pressures on the boundary of inlet and outlet are known. The pressure on the

boundary of inlet is p1=7.15Pa, p2=0Pa. n=0.001 ke/(m-s), # =1000 ke/m?® ) =0.33, E=6.0X 109P4a,

with a corresponding macro pressure gradient of 0.013MPa/m.

5. Results and analysis

Figure5 is a calculated nephogram of pressure distribution where the inlet is on the right boundary and
outlet on the left boundary. The blue part stands for low pressure area while red part stands for high
pressure area. The analysis of it can draw the following conclusions %

(1) The pressure decreases constantly in the process of fluid flow.

(2) The pressure varies unobviously in the area of big pores and thick pore throats, while its
distribution varies obviously in the region where the throat radius changes visibly.
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Fig. 6 Velocity distribution nephogram of pore fluid

Figure 6 shows the velocity field of fluid within pores. Different colors stand for a different velocity
magnitudes, in which the red arrows indicate the moving direction of the fluid. Conclusions are
summarized as follows:

(1) As expected, the highest flow velocity occurs in the narrowest pores of the inlet. It decreases at a
slower pace in areas where there occurs a crossed extension and increasing flow. And it doesn’t change
obviously in narrow channels.

(2) The highest velocity nearly occurs in the same point for the two simulation results, with an
approximate velocity difference of 1.7720%. The position where it appears has nothing to do with the
symmetric boundary of inlet and outlet. It is the pore-throat ratio that is the determining factor of velocity.

Figure7 is a streamline chart of the flow field. The red lines show the fluid's motion tragjectory within
pores. Conclusions are summarized as follows:

(1) No matter whether the outlet is on the right or on the left boundary, the fluid’s motion trajectory is
amost the same;

(2) Thefluid in pores always flows aong the long and narrow throat that connects big pores.
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Fig. 7 Streamline chart of flow field

6. Results comparison

Use the rock core dlice model to do a water drive physical simulation experiment to verify the
correctness of the numerical simulations above, just as Figure8 showing the dynamic changes of water
displacement. In Figure8, white area represents solid rock matrix, brown area stands for rock pores. After
injecting waters, brown areas are gradually replaced by milk yellow areas indicating the fluid flow into
the pore' s throat path. (a)~(g) in Figure8 shows the fluid flow’s process at different time points, in which
the inlet is on the left boundary. The final result is displaced in (g) where residual brown aress, i.e. the
blind ends, show they are not flowed through by the fluids. (h) is the numerical ssimulation result-a
streamline chart of the velocity field.

(b) At thetime node of 1p.m.
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(e) At thetime node of 4p.m.
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(f) At the time node of 5p.m.
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(9) At thetime node of 6p.m.

(h) Numerical simulation result
Fig. 8 Results comparing

The flow path when injecting water can be found in displacement images at the different time nodes.
When the time node is at 2p.m., there is only a small amount of fluid flowing into the pore throat path at
the lower Ieft corner of the area while pores in the middle area are almost filled with water. When it is at
the time node of 4p.m., the lower left corner is full of water, and the streamline has arrived at the middle
area at the same time. It indicates that fluid velocity in the lower area of flow field is much more faster
than that in the upper, which matches the numerical simulation aswell.

Comparing the result of water drive physical simulation with the experiment result, we can find that
the flow trend after water injection is the same as that of numerica simulation. Therefore, it can be
concluded that the numerical simulation results of pore scale flow field are consistent with the experiment
results of the core No.1. Meanwhile it also proved the feasibility of the method of by pore structure
modeling based on digital image.

Conclusions

(1) Based on fluid dynamics theory, compressible liquid flow mathematical model in elastic porous
medium was built;

(2) Using digital image processing technology, a method of establishing two-dimension pore scale
numerical model of flow and deformation was given;
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(3) Through numerical simulation of fluid flow in pore scale, some results have been obtained, such as
the distribution nephogram of pressure and the velocity field, streamline chart, which have been
compared with the results of displacement of oil by water experiment. It proved that it was very effective.
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