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The coefficients of oil and water transfer resistance in porous media are the basis of
numerical study on the migration of contamination in the pipeline, soil cleaning,

oilfield water flooding, and oilfield water treatment. Based on the quartet structure
generation set, the porous media with random distribution are constructed. The lat-

tice Boltzmann method is used to simulate the mesoscopic migration of oil and wa-

ter in porous media. Then the distribution law of oil and water velocity and pressure
in porous media is analyzed, and the fitting equations of oil and water resistance

coefficients are obtained under different porosity. The results show that when the

oil and water migrate in porous media, the viscous resistance coefficient is larger
than the inertia resistance factor, and the viscosity resistance coefficient of water is

obviously higher than that of oil, while the coefficient of inertia resistance of oil and
water is nearly same.

Key words: porous media, mesoscopic migration, resistance coefficient,
lattice Boltzmann model

Introduction

The coefficients of viscous drag and inertia resistance are the key parameters for the
flow of liquid medium in porous media, such as leaking pollutant migration of oil pipeline in soil
[1], contaminated soil cleaning [2], oilfield flooding [3], and oilfield water treatment [4].

A large number of studies on the flow of fluid in porous media have been carried out,
and corresponding computational models have also been developed. For example, the resistance
characteristics of porous media were simulated by using glass ball [5]. The simulation of
two-phase flow in porous media was investigated by using the simulation method, based on the
porous media theory and the capillary hysteretic internal variable mode [6]. A channel model of
particle filled porous media was established, and the resistance characteristics of single-phase
water adiabatic flow were numerically simulated [7]. Boltzmann simulation method was more
suitable for the realization and research of micro-structure of porous structure [8-12]. For exam-
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ple, permeability of porous media was calculated using Boltzmann model [13], and a lattice
Boltzmann method was used to simulate the boundary between the porous structure of the solid
and the fluid [ 14]. The stated studies show that the resistance coefficient of porous media is very
important for the study of the flow of spheres in porous media, however, there are few literatures
about the relationship between the coefficients of oil and water migration resistance in porous
media.

In this paper, the flow resistance characteristics of oil and water in porous media were
studied, and porous media were constructed by Quartet Structure Generation Set. Based on the
Boltzmann method, mesoscopic simulation of oil and water medium flow in porous media with
different porosity under different driving pressure was carried out. In the later stage, the resis-
tance coefficients of porous media with different porosity were obtained by fitting the driving
pressure with the flow average velocity. The curves of the viscous resistance coefficient and the
inertia resistance coefficient with the porosity were fitted, and the corresponding equations were
obtained. Finally, the variation law of the resistance coefficient was analyzed.

" Method
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A s 3":&%‘}11 K Physical and mathernatical models
A o A small area (0.002 mm x 0.002 mm) in a porous me-

dium is selected. The 2-D physical model of oil and wa-
t|  ter migration in porous media is shown in fig. 1. Among
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Figure 1. Physical model Where W is the width of the buffer, ¢ is the porous media
porosity was put in front of the direction of oil and water

migration is from left to right in porous media. Simulation conditions are shown in tab. 1.
The standard collision
Table 1. Simulation conditions migration rules and lattice
Ll 2 P B U units are employed in this
= simulation. At the same
200(200| 5 (1901.001/1.01/1.05/1.1| 1 {0.5/0.6/0.7/0.8/0.9]0.001 time, the time step and the
grid step length are both 1,
Ot= 0x = 0y =1.Ascanbe

out

seen from the conditions, the density of the grid is equal to 1.

Simulation conditions of regional boundary setting are: upper boundar « = 0, lower
boundary u = 0, left boundary U= 0.001, P = P, , right boundary P= P, solid boundary of po-
rous media ou/on = 0.

Lattice Boltzmann model

The lattice Boltzmann model is employed in the D2G9 model [15]. The evolution
equation of the density distribution function is:

Jfi(r+eAtt+At) = fi(r, 1) = —L[f,»(r, 1= f5(r1)] (1)
Ty
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where e; applies the discrete velocity model of D2Q9, 7,— the dimensionless time, and f°4—the
density equilibrium distribution function. The calculation parameters are given:

—4d, L+ S,(w) =0
C2

=1 4, L; +S,(u)  i=123,4 2)
C

d, CL; +8.(u) i=5678

. )2 2
Si(u)=a){ﬂ+(e’i—u—} i=1,2,3,4,5,6,7,8 (3)

2 4 2
c: 2c; 2¢?

where c is the lattice velocity, « — the fluid velocity, P — the pressure, and d,, d,, d, must meet
d,+d,=dyand d, +2d,=1/2. Assumed d, = 5/12, d,=1/3, d, = 1/12.

(0,0) i=0
e = (cos[(i —Dr / 2,sin[(i — 1) / 2])c i=123,4 4)
N2(cos[(i—5)m /2 +m/ 4],sin[(i=5)m / 2+ 7/ 4])c i=5,6,7.8
where ¢, is the discrete velocity, the weight coefficients are w,=4/9, 0, ,=1/9,ws5=1/36,c? =

= c%3.
The velocity and pressure of a fluid are calculated:

u=3ef; (5)
c2
P=py—I[Zis0fi +5 )] (6)
The macroscopic governing equations of fluid can be derived as

Vu=0 (7
%+V(uu):—E+vV2u (8)

Ju Po

1
v=c 1, —— |0 9
( ! 2) ’ ®

The model's four boundaries are treated with the non-equilibrium extrapolation scheme
and two order accuracy proposed by [16]. Then the boundary of solid particles in porous media re-
gion adopts the rebound scheme proposed by [17]. The convergence criterion is given:

= Jzi,j {[ux (iajn t+ 5t ) - ux (iyj’ t)]z + [uy (i’j’ t+ 5! ) - uy (i’j’ t)]Z}
error \/Zi,j[ux (i jt + 87 +[u, (i jit + 68,

where 77 is a small amount which is 107°.

u <n  (10)

Resistance coefficient acquisition model

For the limit in high velocity flow, it is necessary to extend Darcy's law. The viscous
resistance and the inertia resistance should be considered in the expansion. The coefficient of re-
sistance is obtained by using the binomial law of seepage.
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AP =a,v+a,v? (11)
AP
= -8 12
o i (12)
1_o (13)
a uvn
¢, =2 (14
pVn

where AP is the pressure drop for a fluid passing through a porous medium, v —the flow velocity,
a, and a, are the fitting coefficient, An — the thickness of the porous medium, 1/o — the coeffi-
cient of viscous resistance, and C, — the coefficient of inertia resistance.

Results and discussion

Random distribution porous media with porosity 0.5/0.6/0.7/0.8/0.9 are constructed.
The simulation is carried out when the pressure difference is 0.001/0.01/0.05/0.1. The oil and
water density are 838.8 and 998.2 kg/m’, respectively. The viscosity of oil and water is
0.008832 and 0.001003, kgm/s, respectively.

Porous medium

The porous media are generated by the random Quartet Structure Generation Set [18].
The growth rate of solid growth nucleation is selected 0.01, and growth kernel distribution is
0.01. Figure 2 shows porous media structure diagram with porosity of 0.5/0.6/0.7/0.8/0.9.
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Figure 2. Porous media structure diagram; A — 0.5, B- 0.6, C-0.7,D-0.8, E - 0.9
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Mesoscopic migration characteristics of oil and water

Porous media porosity 0.5/0.6/0.7/0.8/0.9 and the simulated drive pressure difference
0.001/0.01/0.05/0.1 are selected. Through the transformation between the grid unit and the physi-
cal unit, water migration physical pressure is 0.362801797/3.628017971/18.14008986/
36.28017971, Pa, and oil migration physical pressure is 33.47686864/334.7686864/
1673.843432/3347.686864, Pa. In this paper, the velocity profiles and pressure profiles of porous
media and streamline profiles are used to compare the results of oil and water.

Figure 3 shows the velocity profiles of oil and water migration in porous media, when
the pressure difference is 0.001/0.01/0.05/0.1 and the porosity is 0.6. The blue region is the solid
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Figure 3. Water and oil velocity profiles at different pressure difference

structure of porous medium. As can be seen that the oil and water migration in porous media has
many main stream from left boundary to right boundary, and the main distribution of different
pressure difference of porous media is the same. The position (x =152, y = 109) of the maximum
velocity point of oil and water migration in porous media is consistent. In porous media, velocity
does not change from large to small along the direction of flow. It is larger in smaller pores, but
smaller in larger pores. The velocity of some pore area in the porous medium is 0 when the pres-
sure is small, which indicates that it is necessary to have a critical pressure of oil and water
movement in porous medium when the fluid filled with all voids. The distribution of oil and wa-
ter at different pressure gradients, and the overall distribution of the velocity are approximately
similar, but the velocity increases with the increase of pressure, which shows that the distribu-
tion of oil and water migration velocity is determined by the structure and pressure of the porous
medium. The average velocity, the maximum velocity and the average velocity of the outlet face
are obtained from the simulation in figs. 4-6.

As shown in velocity curves 4-6 at differential pressure difference of the oil and water,
it can be seen that the average velocity and maximum velocity of export terminal increase, with
the increase of pressure.

Figure 7 shows the pressure profiles of oil and water migration in porous media when
the pressure difference is 0.001/0.01/0.05/0.1 and the porosity is 0.6, and the blue region is the
solid structure of porous medium. From the distribution of pressure nephogram, as the oil and
water flow in the porous medium, the pressure of enclosed pore (light blue part) does not change
with the pressure between the two sides. The pressure in porous media decreases along the di-
rection of fluid-flow, and the pressure distribution is related to the pore structure of porous me-
dia. Under different pressure gradient, the pressure distribution of oil and water in porous media
is similar. In the porous medium, the solid structure is randomly distributed, and the porous cav-
ity with different shapes can be formed, and the entrance and exit of many cavities are connected
with each other, thus forming the whole structure of the porous medium. For a single cavity, the
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Figure 4. Average velocity variation of water/oil at different pressure difference
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Figure 6. Maximum velocity variation of water/oil at different pressure difference
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Figure 7. Pressure distribution contour for water/oil migration at different pressure difference
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Figure 8. Pressure reduction rate curve at the Figure 9. Pressure reduction rate curve at the inlet
inlet to maximum velocity point of water at  to maximum velocity point of oil at different
different pressure difference pressure difference

main control point of the pressure is the inlet and outlet of the cavity. From the pressure
nephogram, the pressure values of the maximum velocity point at different pressure are ob-
tained, and the pressure reduction rate is shown in figs. 8 and 9.

As can be seen from figs. 8 and 9, as the pressure gradient increases, the pressure re-
duction rate increases gradually, but the change is smaller. The pressure reduction rate of water
is about 76.48%, and the pressure reduction rate of oil is about 76.3%.

Oil and water resistance coefficient fitting

The porous medium at porosity 0.6 is chosen to obtain the drag coefficient. When the
driving pressure difference is 0.001, 0.01, 0.05, and 0.1 (lattice unit), the average velocity (lat-



Qi, H.-B., et al.: Lattice Boltzmann Simulation of Resistance Coefficient of the Oil ...

S554 THERMAL SCIENCE: Year 2018, Vol. 22, Suppl. 2, pp. S547-S556
X1011 4
5 —_—
) ~ 351 v_65578e + 08 x>~ 8.878e + 08 x + 3.398¢ + 08]
- ¥ = 60563 + 11X~ 1.011e + 12 x + 3.863e + 11 8 4
g4 1 o 3
= =
£ 225
[=] [$]
e 3 g 2 ——8&—— Analog values
5 ——— Analog values % . b Fitted values
b 2 Fitted values @
o o 4t
w
w
2 1 305
: g
2 ol
0
05t
- I i I I - i 1 i i - i A A A 1 A 1 b L
0O 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Porosity Porosity
Figure 10. Distribution curve of water viscous Figure 11. Distribution curve of oil viscous
resistance coefficient with porosity resistance coefficient with porosity

g r—r—T——————————— N
T 5l Y=4171e+05'%-9.903e + 05'x + 4.985¢ + 05 T 5f Y=4171e+05x°~9.903 + 05 x + 4.985¢ + 05 -
s £
8 4 T 4
] —— Analog values § ——&—— Analog values
g 4 —— Fitted values g 3t Fitted values
@ =
@ B
o g 2|
g 2 ©
5 £
£ g 1L
1 £
Water 0
0
0 01 02 03 04 05 06 07 08 09 1 "0 01 02 03 04 05 06 07 08 09 1
oGty Porosity
Figure 12. Distribution curve of water inertia Figure 13. Distribution curve of oil inertia
resistance coefficient with porosity resistance coefficient with porosity

tice unit) of fluid in porous media is obtained. Then the lattice units are transformed into macro-
scopic physical units. According to the resistance coefficient acquisition model, taking the mean
velocity of fluid in porous medium (macroscopic physical unit) as abscissa, the pressure (macro-
scopic physical unit) of unit length in left and right direction as ordinate, two time curves and
equations are fitted. According to egs. (13) and (14), the coefficients of viscous resistance and
inertia resistance of porous medium are obtained.

When the fluid is water in porous medium, and a1, a2 are the coefficients of equation ob-
tained by two time curve fitting method, and al is 0.24-107, a2 is 5.88-107. According to eqgs. (13)
and (14), the viscous resistance coefficient and the inertia resistance coefficient of porous me-
dium are obtained, and the viscous resistance coefficient is 2406779661, the inertia resistance
coefficient is 117810.06. When the fluid is oil, and a; is 0.0023-107, a> is 4.94-107, and the vis-
cous resistance coefficient is 2604166.67, the inertia resistance coefficientis 117811.16.

The resistance coefficients of porous media with different porosity are obtained according to
the method of obtaining the resistance coefficient. Taking the porosity as the abscissa, and the
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viscous resistance coefficient and the inertia resistance coefficient as the ordinate, the two curve
fitting methods are used to obtain the change curve of the drag coefficient with the porosity of
the porous medium. The viscous resistance coefficients of oil and water are shown in figs. 10
and 11, and the inertia resistance coefficients are shown in figs. 12 and 13.

Comparing coefficients of oil and water resistance coefficient equations, it is obvious
that the coefficient of viscous resistance is greater than the coefficient of inertia resistance. And
the viscous resistance coefficient of water is greater than that of oil viscous resistance coeffi-
cient, and the coefficient of inertia resistance of oil and water is nearly same.

Conclusion

Through the simulation of oil and water migration in porous media, the equation of re-
sistance coefficient of porous structure with different porosity was obtained. The conclusions
are given as follows.

e When the same fluid passes through the porous medium, the coefficient of viscous resistance
is greater than the coefficient of inertia resistance.

e When the different fluid passes through the porous medium, the viscous resistance
coefficient of water is greater than that of oil, and the coefficient of inertia resistance of oil
and water is nearly same.
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