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Abstract: 2

2. To get an insight into 
2 2 miscible 

2

2 and crude, and formation damages caused 

2 

processes. Two examples of one-dimensional (1D) regular and three-dimensional (3D) rectangle and 
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1 Introduction
2 concentration in the atmosphere has 

increased from 280 ppm to 368 ppm in 2000, and 388 ppm in 
2 emission was 5.1 

billion tonnes at 2005, and it will reach 8.6 billion tonnes at 
2020 (Wang et al, 2011). 

2

2 with 

2 in porous and permeable 

2 exists as a 

2

2 flooding is capable of mixing 
2 and oil phases, 

2 2 and oil phases 
2 

2 as it 

2

et al, 2008). 
2

the main mechanism includes 1) miscible displacement, 2) 

Song (2008) studied the main factors that influence 
2 miscible displacement using numerical simulation. 

and no mathematical model was presented in his work. 

2 2 

this model, and the oil is treated as one component. Therefore, 
the model is not a compositional model. 
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2

simulation samples are designed to demonstrate the functions 

2

2 Mathematical model and governing 
equations

2.1 Assumption and consideration in the model 

2 flow and transport in porous media are simulated 

2  

mathematical model is based the following assumptions:

are considered.

3) Flow and transport mechanisms include multiphase 

adsorption and precipitation.
2 2O, and oil with some 

pseudo-oil components.

2 adsorption on pore walls of the oil formation is 
considered.

pore walls is considered.

2.2 Governing equations

2, oil, and 

of partial differential or integral equations. We assume that 
these processes can be described using a continuum approach 

medium. 
2.2.1 Mass conservation equations

equation of mass components in the porous media can be 
written as follows:

(1)
k

k kA F q
t

where superscript k is the index for the components, k = 1, 2, 
3, … Nc, with Nc 

Ak is the accumulation term of component k, kg/m3 qk is an 
external source/sink term for mass component k, kg/(s·m3

and Fk

mass transport, kg/(s·m3).
The accumulation terms in Eq. (1) for component k is 

written as

(2)s c( 1, 2, 3, , )k k kA S X R k N

where subscript  = g for gas 

 is the 
, kg/m3

and S  is the saturation of phase XK
  is the mole fraction 

of component k in fluid Rs
k is the adsorption term of 

component k on rock solids, kg/m3.

2

using a Kd approach, 

s d o c
0 0

d ( 1, 2, 3, , )
t tk

k k kR v X t k N
t

(3)
where k

d  is a capture rate constant of component k at pore 
vo

k is 
k deposited on the pore surfaces per 

which leads to formation damage.

a component k

c( 1, 2, 3, , )

kk k kF X v D X

k N  
(4)

where v

'
rv P g z

                          
  (5)

where P (Pa), (Pa·s), and g (m/s2

z is the 

m2

(4), kD
for both molecular diffusion and mechanical dispersion 
for component k in phase , m2

dispersion model (Scheidegger, 1961) to include multiphase 
effects (Wu and Pruess, 2000) as,   

(6)

c( 1, 2, 3, , )

k k
T i j i j

v v
D v S d

v

k N  

where T  and L

dK  is the molecular 
k , m2

ij is the Kronecker delta function ( ij = 1 for i = j, and = 0 
for i j), with i and j being coordinate indices.
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2.2.2 Energy conservation equations

conduction and radiation in a multiphase, multicomponent, 

s s

T

1 T

k kk

k

S U U q
t

h v D Xh

C T

                  

(7)

where s 
3 U  and Us are 

qT are external source/sink terms for component k and 
3 h  and hk

 are specific enthalpies of fluid 
phase  and of component k CT 

T is the 

2.2.3 Constitutive relationships 
To complete the mathematical description of multiphase 

balance equation needs to be supplemented with a number 

expressed as follows.

(8)1S

 is written as

(9)1k

k
X

2.2.4 Description of formation damage

of the oil formation (Ju et al, 2009). The instantaneous 

(10)  

(11)  k

literature (Ju et al, 2007), the expression for instantaneous 

(12)0 0[(1 ) / ]n
ff f  

in which 0 and 0 
2) and 

 and  
2) 

f is a constant for fluid 
n 

is from 2.5 to 3.5. f

3 Numerical solution scheme

3.1 Selection of primary variables and variable 
switching

There are a total of Nc

Nc+1 equations to 
 

Table 1

1 2 3 4 … m … Nc Nc Nc+1

Parameters PO X 3
O X 4

O X 5
O … … … XO

N Sw T

Variables in the 
Jacobian matrix x1 x2 x3 x4 … xm … xN -1 xN xN +1

XO
k

 is the mole fraction of component k in the oil phase. 

3.2 Discretization and numerical solution procedure

and heat of component k at node i can be written in a general 
form:  

(13), 1 , , 1 , 1k n k n k n k ni
i i ij i

j

VA A flow Q
t

where k = 1, 2, 3, …, Nc, Nc+1 (Nc

equation), and i =1, 2, 3,…, N.
There are a number of numerical solution techniques 

(13)) can be written in a residual form:

, 1 , 1 , , 1 , 1 0k n k n k n k n k ni
i i i ij i

j

VR A A flow Q
t

 (14)

(Eq. (14)) at node i
i, but also at all its direct 

neighboring nodes j
to:
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(15)
, 1

, , 1
, 1 ,

k n
i m p k n

m p i m p
m m

R x
x R x

x
 

where xm m with m = 1, 2, 3, …, Nc+1, 
i p is the 

i =1, 2, 3, …, N
Eq. (15) need to be updated after each iteration:

                                   (16), 1 , , 1m p m p m px x x  

The Newton iteration process continues until the residuals 
Ri

k,n+1
m,p+1

4 Numerical results and discussion
This section will demonstrate the functions of the 

2

4.1 The comparison between simulation and slim 
tube experimental data

The simulation result of one-dimensional miscible 

The main parameters used in numerical simulation are shown 
in Table 2. The minimum miscible pressure (MMP) of the 

2

2 flooding experiments was sampled from 

cm3

(the 30th grid) were set at 32.50 MPa and 31.90 MPa, which 

such as pressure and temperature were kept the same in the 
numerical run and experiments. 

2 until 0.90 pore 
2

2 breakthrough 

model. 
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Table 2 Main parameters of the example

Parameters Value

The length of the slim tube, m 18.30

The node numbers 30

x, m 0.61

108.30

32.50

Number of pseudo-components of crude oil 5

-5 m2 1.169

0.77

0.23

0

0.39

2 3.20

2
-8 kg/s 2.5

31.90
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Fig. 3 Distributions of each component in the oil phase 
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Table 3 Main parameters of the two demonstrations

Parameters Value Parameters Value

The length of the geological model X, m 220 0.449

The width of the geological mode Y, m 220 0.551

The thickness of the geological mode Z, m 20 0.185

99 -3 μm2 90

30.18 2 0.08

Numbers of pseudo-components of oil 5 30.01

2 

2

2 in the 
oil formation reach a maximum in the X and Y directions, 
which demonstrates a numerical pseudo-phenomenon for 

2 mole fractions 

model are more accurate than that in the regular cuboidal grid 
model.

4.2 Three dimensional sample

2 distribution in the oil phase. Due to 
the application of the integral finite difference technique in 

2 

production wells. The geological and other parameters such 

Fig. 4
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