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ARTICLE INFO ABSTRACT
Keywords: The oil volume expansion and CO, diffusion are one of the main mechanism of COz-enhanced oil recovery (CO»-
CO-light oil system EOR). This paper established a series of experiments, numerical simulations, and molecular dynamics (MD)

Diffusion coefficient
Swelling factor
Molecular dynamics simulation

simulations to describe mass transfer behaviors between oil-gas phases. Expressly, the CO, diffusion coefficient
and light oil swelling factor are signification parameters to quantify and analyze these behaviors. In detail, the
CO;, diffusion coefficient and the oil swelling factor were obtained from the traditional pressure decay method
and the advanced MD simulation. Synthetically, the pressure decay method and MD simulation results were
mutually verified. The results showed that the equilibrium pressure was proportional to the mole fraction of CO2
and inversely proportional to the mole fraction of light oil. The equilibrium time was proportional to the mole
fraction of CO5 and light oil. At the temperature of 333.15 K and the initial pressure of 7.5 MPa, the CO5 diffusion
coefficient in light oil was positively correlated with the relative molar proportion of CO,, while the light oil
swelling factor was vice versa. In addition, the closer to the CO»-light oil interface, the greater the light oil’s
potential energy and self-diffusion coefficient, and the stronger the transport ability.

established a mutual diffusion model by combining diffusion equation
and material balance equations for better results. Whereas, the fitting
results of most studies focus on the pressure decay process and ignore
the pressure equilibrium period. For crude oil volume expansion, Sun
et al. [14] manifested this phenomenon based on the modified Peng
Robinson (PR) equation. To make the simulation results more accurate,
Liu et al. [15] introduced a moving mesh technique with constant mesh
number and variable mesh size into the mass transfer model of the CO,-
oil system. However, the researchers only adopted the simulation
method without verifying the model’s accuracy.

In recent years, molecular dynamics (MD) simulation has gradually
become another new way to obtain the above parameters due to its low
cost and simulability of complex systems. In addition, the MD simulation
has been widely accepted to discern mass transfer in CO2-0il systems at
the microscopic level. In bulk phase condition, Liu et al. [16] andMe-
hana et al. [17] used MD simulation to analyze volume expansion and
diffusion mechanism in COj-alkanes (hexane, cyclohexane, octane,
decane, aromatics, and asphaltenes, etc.) system. Furthermore, using
MD simulation, Li et al. [18] investigated the effect of carbon chain

1. Introduction

In recent years, the tight oil has become the main development
resource as the energy solution [1-3]. CO3 has been broadly applied in
tight oil reservoirs as a gas injection medium to enhance oil recovery
(EOR) [4-6]. The CO2-EOR mechanism is mainly realized through oil
volume expansion and CO, diffusion [7,8]. Expressly, the CO2 diffusion
coefficient and oil swelling factor are significant parameters to analyze
and quantify these mechanisms.

The CO,, diffusion coefficient and oil swelling factor are universally
obtained by matching the curves of pressure and the oil-gas interface
position over time from traditional pressure decay test [9]. In particular,
the simulation considering oil-gas interface position variation is
optional for heavy oil system [10], but crucial for light oil system.
Inheriting this method, Tharanivasan et al. [11] optimized the diffusion
coefficient calculation process through the minimum objective function
determined by the minimum average difference between laboratory
pressure and theoretical pressure. Guo et al. [12] and Ahmadi et al. [13]
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Nomenclature

a attraction parameter in the PR EOS model, kPaem®/kmol

ac factor in correlation of attraction parameter in the PREOS
model

b van der Waals volume, m®/kmol

Cco, concentration of CO, in light oil, mol/m?

Ceq Equilibrium concentration of CO5 in light oil, mol/m?®

Dco, diffusion coefficient of CO, in oil phase, m?/s

h coordinate direction of liquid phase, m

Hg o(t) the time-dependent position of gas-oil interface, m

my, my  dimensionless parameter
Mw MWmolar weight

OF objective function
P pressure, kPa
P., P critical pressure and critical pressure of ith component,

respectively, kPa
P, pe®  measured pressure and calculated pressure, respectively,

kPa
R universal gas constant, kPaem®/(K ekmol)
SF swelling factor
SG specific gravity
t time, s
to, t time of 0 and total time, respectively, s
T temperature, K

T. critical temperature, K
T, Tej, Tex critical temperature of component ith, jth and kth
component, respectively, K

T, T, reduced temperature and reduced temperature calculated
at 288.7 K, respectively, K

\% molar volume, m®/kmol

Vo molar volume of light oil at test temperature and initial
pressure, m>/kmol

Vm, V. molar volume and critical molar volume, respectively, m3/

kmol

Vei» Vej, Vi critical molar volume of ith, jth and kth component,
respectively, m3/kmol

Vi molar volume correction of the jth component

Xiy X mole fraction of the ith and jth component, respectively,
mole fraction

Zey Zei compression factor of pseudo components and ith
component, respectively

Zpa Rackett parameter

Greek symbols

a alpha function in PR EOS model

[0} acentric factor

0, O acentric factor of ith and jth component, respectively

i BIP of ith and jth

Ah space interval

length, pressure and temperature on CO; solubility and oil swelling
coefficient in a series of COy-n-alkane systems. Zhang et al. [19], Omrani
et al. [20] and Zhao et al. [21] used molecular dynamics simulations to
calculate the CO; self-diffusion coefficient in different liquids. However,
in most MD simulations, the oil phase was only constructed by one class
of alkane molecules, which could not fairly represent a multi-component
crude oil system. Given this situation, according to Baken oilfield data,
Li et al. [22] established a multi-component oil system to study mass
transfer behaviors in MD simulation. Defectively, C1-C4 molecules
remarkably contained in crude oil were ignored in the model, which also
significantly influenced on the oil properties. Besides, the results of
existing MD simulations still need experimental validation.

In this paper, we investigated the mass transfer behaviors of the CO2-
light oil system via a series of experiments, numerical simulations, and
molecular dynamics simulations. Explore different diffusion processes
and simulate the neglected equilibrium diffusion stage. The CO, diffu-
sion coefficient in the light oil system was calculated by fitting the
pressure-time variation curve of the light oil-gas system by the
gas-liquid mass transfer equation. The modified PR-EOS equation was
used to characterize the light oil phase swelling effect. At the same time,
the MD simulation method was used to calculate the CO2 molecular
diffusion coefficient and light oil swelling coefficient, considering the
light molecules C1-C4 ignored by predecessors. The experimental, PR-
EOS, and molecular dynamics results were compared in oil swelling
factor, CO4 diffusion coefficient and CO5 concentration distribution. In
addition, after CO5 diffusion in light oil, the potential energy and self-
diffusion coefficient of light oil at different positions were calculated.
Synthetically, the experiment, numerical, and MD simulation results
were mutually verified, which could provide a reliable theoretical basis
for exploiting of light oil.

2. Experimental materials and procedure
2.1. Materials

The light oil is the crude oil with large amounts of C; ~ C14 and small
amounts of asphaltene [23,24]. Laboratorial oil was the light oil

received from the Chang?7 oilfield, China, which belonged to light oil
[25]. The density of light oil was 0.8230 g/cm? at the ground condition
and 0.7428 g/cm® at formation condition. Fig. 1 shows the hydrocarbon
component distribution in light oil. Besides, laboratory gas was 99.9 mol
% COs.

In this study, the 5 sets of tests were conducted according to the
molar ratio of experimental materials. The initial light oil volume and
CO; volume are listed in Table 1. In addition, we normalized the molar
ratio of light oil to calculate the relative molar amount of CO».

2.2. Experimental equipment

As demonstrated in Fig. 2, all CO diffusion processes were tested in
the Pressure/Volume/Temperature (PVT) setup. Therein, the PVT-cell
with variable volume was the workplace for the diffusion process. It
had an inner diameter of 3.0 cm and a maximum volume of 270 mL. At
the bottom of the PVT-cell was a transparent glass, which could observe
the scene in the PVT-cell through the camera placed outside the PVT-
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L 1 Inital oil (Without degassed)
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Fig. 1. Mole ratio distribution of oil components.
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Table 1
Initial Test sample compositions.

EN  MRCO30il RM of CO, (Oil = COy VofOil T/°C
1) P/ V/mL /mL
MPa
#1  0.30:0.10 3.0 5.0 134.31  23.77 59.95
#2  0.30:0.20 1.5 5.0 13431 47.54 60.01
#3  0.30:0.25 1.2 5.0 13431  59.42 60.00
#4  0.40:0.10 4.0 5.0 179.08  23.77 60.01
#5  0.40:0.15 2.667 5.0 179.08  35.65 59.95

Note: EN-Experiment number; MR CO-:0il-Molar ratio of CO,:0il; RM-Relative
moles; P-Pressure; V-Volume; T- Temperature.

cell. Additionally, the captured images could monitor the liquid volume
in real-time. Moreover, the pressure and temperature measurement ac-
curacy was 0.01 MPa and 0.01°C, respectively.

2.3. Experimental procedure
The pressure-decay test steps of PVT equipment were as follows:

(1) Clean and dry the PVT equipment, and raise the temperature of
the experimental test system to 60 °C (£0.1 °C) (maintain for 24 h
to ensure constant temperature).

(2) Inject CO; into the PVT cylinder and fix the volume of the PVT
cylinder. Then, keep the temperature of the test system at 60 °C
(£0.1 °C) for 2 h and adjust the amount of CO; until the pressure
remains constant at 5 MPa.
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(3) Quickly inject the light oil preheated to 60 °C into the PVT cyl-
inder from the bottom. Then, increase the pressure to the
experimental design value (7.5Mpa) and keep the volume of PVT
cylinder constant. Immediately, record the changes of experi-
mental parameters such as pressure with time until the end of the
test.

3. Mathematical formulations

The actual CO, diffusion process in the CO,-light oil system was
simplified to the physical model described in Fig. 3, where the height of
the CO,-light oil interface was h(t). Notably, h(t) would increase grad-
ually since the light oil volume phase expanded during CO» diffusion
process. The mass transfer simulation process of CO»-light oil system
was shown in Fig. 4.

3.1. Assumptions

In order to accurately simulate the CO. diffusion behavior, the
following assumptions were established in the mass transfer model:

(1) The temperature was constant in the CO»-light oil system during
the diffusion process.

(2) Mass transfer resistance did not exist near the vicinity of the
gas-liquid interface, where the concentrations of different com-
ponents were invariably set as equilibrium concentrations
[26-29].

(3) z-factor was assumed as a constant in each individual time step,
which would be updated in the following time step. Distinctively,

Photo  Pressure

'
'
1
1

[ == | Data Collector :
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1
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Fig. 2. Schematic of PVT experiment device.
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Fig. 3. The schematic of CO, diffusion process in CO,-light oil system.
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Assume Dcoz

PR-EOS, Flash calculation

Calculate Ci(h, t)

=1+Ar

!

Calculate SF(t), 2(t)

Calculate F(t-At), V(t)

Update /A(t)

!

Calculate P(t)

Update Do,

I

Auto optimization

Output /(t), P(t), Cco, (h, t), Dcoz

Fig. 4. Flowchart for determining diffusion coefficients and swelling factor in CO,-light oil system.

CO, diffusion coefficient was fixed as a constant (Dgo,)
throughout the entire simulation process.
(4) The natural convection was negligible in the CO»-light oil system.

3.2. Light oil characterization

The light oil components were relatively heterogeneous from pre-
vious analysis results, with carbon atoms at 1 to 36. Thus, it was sig-
nificant to artificially merge several original oil components into a single
pseudo-component before simulation to minimize the computational
cost. Applying Key’s addition rule to calculate the critical pressure of
fresh pseudo-components frequently resulted in obvious errors [30].
Therefore, the pseudo-components’ critical properties were decided
using rules of Lee and Kesler in this paper [30].

_ ZciRT(‘i

Vi
P

@

Z; = 0.2905 — 0.085w; )

3
v, = éZZx,-x,- (v, + vfk) ®)
7

o= Zx./a’./ ®)
j

Z,RT, RT,
=== (02905~ 0.085) =< (6)

c c

P(‘

Based on the pseudo-component samples proposed by Hawthorne
et al. [31], the hydrocarbon components in oil were grouped into 5
pseudo-components, whose correlative properties were shown in
Table 2. Moreover, as for the binary interaction parameter (BIP) be-
tween different components, the modified Chueh-Prausnitz(7) [32]
correlation was found to accurately estimate BIPs of the solvent-
enriched oil systems [33,34], The BIPs applied in simulation were lis-
ted in Table 3.

B 2(V“_Vq_) 1/6 my
& = my {1 - |:—(V”-)]/3 N (ij)1/3 @)

3.3. Molecular diffusion

Based on Fick’s second law, the one-dimensional molecular diffusion
model of CO,-light oil system was described as eq. (8) [35,36]:

3
1 1 1 a(,cg (h,l) 0 Cco. (h l’)
— 3 3 2 2 i
T, = S_WZ:XA,:X’X’ (v] + v£k> o /T, T 4) o = Deom— 570 <h <Hyo(t)ig <1< ®
Table 2
Physical properties of pseudo components (PC).
Component Merge content Molar fraction Pc, kPa Tc, K Ve Z Acentric
/% factor
CO, CO, 100.00 7376.46 304.21 0.0940 0.2736 0.2250
PGy C ~Cy 5.656 4068.84 388.98 0.2217 0.2752 0.1631
PC, Cs ~ Gy 26.019 3272.68 505.16 0.3425 0.2699 0.2723
PC3 Cg ~ Ci3 32.734 2449.89 625.29 0.5287 0.2596 0.4437
PC4 Ci4 ~ Cp4 23.704 1611.74 757.08 0.9129 0.2482 0.7460
PCs Cas ~ Cze 11.887 1173.42 902.93 1.3052 0.2339 1.0241
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Table 3
BIP matrix for CO,-light oil systems.
Component CO, PC, PCs3 PCy PCs
CO 0 0.04369 0.09607 0.16402 0.26463 0.33537
PC; 0.04369 0 0.01144 0.04479 0.11382 0.17189
PC, 0.09607 0.01144 0.01140 0.05659 0.10244
PC3 0.16402 0.04479 0.01140 0 0.01798 0.04833
PCy 0.26463 0.11382 0.05659 0.01798 0 0.00775
PCs 0.33537 0.17189 0.10244 0.04833 0.00775 0
Initial and Boundary Conditions: "
Initial conditions, b= Z x;b; (15)
i=1

cco,(h,1) =0,0 <h < H,_,(t),t =1, =0,
Boundary conditions,

66502 (h7 t)

7 =0,h=H, ,(t),t > 1,

cco, (M, 1) = Cogh = Hy_,(t)tg <t < 1y

3.4. Volume-translated PR EOS

Peng Robinson equation of state (PR EOS), eq. (9) is one of the most
established and broadly applied flash calculation methods. As an illus-
tration, Sun et al. [14] and Zheng et al. [34] studied the mass transfer of
C3Hg—CO2 mixture in heavy oil system by PR EOS equation. Similarly,
Dong et al. [36] and Zheng et al. [33] used PR EOS equation to describe
the mass transfer behavior of CO2-N3 mixture in light oil system.
Therefore, in this paper, PR EOS was selected to research phase be-
haviors in this paper due to its simplicity and accuracy.

PR EOS was expressed as [37,38]:

p— RT a ©)
" Vu—b Vu(V,+b)+b(V, —b)
a=a.o(T,,») (10)
0.457235R*T?
a=—"p—* an

, _ 0-0777969RT,

P. (12

Alpha function was related to whether the phase behaviors could be
accurately simulated. Li et al. [39] found that the following alpha
function could suitably describe the phase behaviors of two pure sub-
stances. Meanwhile, this alpha function had also been applied to multi-
pseudo-components system with promising results [14,33,40,41].
Hence, the above alpha function continued to be applied in this paper.

(0.13280 — 0.05052 + 0.25948w%) (1 — T,)
a(T,,0) = exp

For a mixture system, the parameters a and b of the PR equation
could be acquired from van der Waals mixing rule [14,33].

nc nc

a= Z} le,-xj(l - 5,-]-)‘ /a;a; 14)
=1 j=

3.5. Dynamic swelling factor and volume translation

CO; can effectively dissolve into oil and then cause it to expand,
which is an essential mechanism of CO; EOR [42-46]. Campos et al.
[47] and Lashkarbolooki et al. [48] pointed out that the swelling factor
of oil mainly depended on the oil compositions and the CO2 content.
Forming CO,-oil systems with 9 types of crude oil, Simon and Graue [49]
plotted the swelling factor plate for mixture system. Since CO5 diffusion
in oil was a dynamic process approaching equilibrium, swelling factor
(eq. (16)) was adopted to quantify the dynamic volume variation of oil
phase.

VCOP'V 1
VO neg H(r) )
| ﬁ o Adxdx
ne H(r) !
ZI ( j“) Adxidx )

SF(f) = (16)

Veorr, the corrected molar volume, was consistent with the modification
method proposed by peneloux et al. [38].

Veorr = Vo — inci a7)
RT,
C = 0.40768( P )(0.29441 —Zra) (18)

The Rackett Parameter could be estimated by the following formula
[36,50]:

1
MW-P, 1+(|—T*)2’7
Zia = : 1
” (SG,R.T() 19

3.6. Numerical solution and calculation procedure

The partial differential equations (eq. (21)) of the Fick’s second law
(eq. (20)) were solved with the finite volume method (FVM) in this study
[14,36].

+0.817690n |1 -+ (031355 + 1.867450 — 0.526040) (1 - /T, ) ]2 } 13)

ocy(h,t) ¢, (h,1)
Fra D, o 0<h<H,,(ty<t<t (20)
co(h,t)  Co(h+ Ah,t) —2C,(h,t) + C,(h — Ah,1)
= - 21
oh? (Ah)

For the solution of the PR EOS, it was transformed into a univariate
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cubic equation about the compressibility coefficient Z.

_ ZRT

Vn=— (22)
Z2+(B-1)2"+ (A-3B>-2B)Z— (AB—B*—B’) =0 (23)
aP bP
A=——B=— 2
RT¥" RT @4

Particle Swarm Optimization (PSO) proposed by Eberhart and Ken-
nedy in 1995 is an essential representative of swarm intelligence tech-
nology [51]. The values of CO, diffusion coefficient were tuned with the
PSO algorithm for each set of fitting processes to achieve the minimum
deviation between experimental and theoretical pressures. The objective
function can be expressed as:

N, e p\ 2

1 exp. P§al _ P’{’W

New Z ( P ) @3
€x] 1

i

OF =

4. Molecular simulation

4.1. Self-diffusion, Maxwell-Stefan (MS) diffusion and Fick diffusion
coefficient

Diffusion mass transfer is a phenomenon in which a component in a
system migrates due to the concentration gradient, which controls the
mixing rate of oil and gas [52]. It is a crucial development parameter for
oil and gas reservoirs, especially for tight unconventional reservoirs with
low permeability [53]. Therefore, it is necessary to predict the molecular
diffusion rate. + At present, self-diffusion, Maxwell-Stefan (MS) Diffu-
sion, and Fick diffusion are frequently used for diffusion coefficients.
Among them, the self-diffusion is derived from the random Brownian
motion generated by collisions in the mixture [54,55]. In contrast, MS
diffusion is the equilibrium result of molecular friction and intermo-
lecular interactions [56,57]. Fick’s diffusion is an intuitive definition of
net mass transport. In industry, the Fick diffusion coefficient is widely
used due to its experimental validity on the concentration gradient of
mixtures [58]. Both Fick and MS diffusion coefficients are common or
mutual, which can be related by thermodynamic factors [59-61].

4.1.1. Self-diffusion coefficient

In order to precisely obtain the CO; self-diffusion coefficient (Ds), the
mean square displacement (MSD) [22,62] analytical method was
adopted in this paper, which was a technique for determining particle
displacement over time [63]. Based on the linear Einstein relation be-
tween MSD and diffusion time, the diffusion coefficient can be calcu-
lated according to the slope of linear equation (eq. (27)).

MSD(Ar) = —v /OF [ [r(t — A1) — r(0)dt = ([r(t — AL — r(®)]?)  (26)
Dis = L 1im? QN: =) =7 O0)P) @7
’ 6Nl —oodt

i=1

Where 7 was the total simulation time, s; MSD was the mean square
displacement, m?; r(t), r(t —At) were the position at t time and the po-
sition at t —At, m; 7; was the displacement vector of the i-th molecule at
time t, m; D; s was self-diffusion coefficient of particle i, m?/s; N; was the
number of diffusion molecules.

4.1.2. Maxwell-Stefan diffusion coefficient

At constant temperature and pressure, the MS diffusion coefficient
indicates that the driving force of the diffusion process is the chemical
potential gradient, which is in equilibrium with the frictional force. The
definition of Maxwell-Stefan diffusion coefficient is as follows
[56,57,61].
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N;
1 N ox(u — )
-V = A P 28
=V, ,.:,% Do (28)

where R is the universal gas constant, T is temperature in Kelvin. Vy; is
the chemical potential gradient. x; is the mole fraction of species j. (u;-u;)
is the difference of average velocity of species i and j. Dys is the M—S
diffusivity of the i-j pair in the mixture. MS diffusion coefficient is in-
dependent of reference frame (Dyms = Djims)-

In molecular dynamics simulations, MS diffusion coefficients cannot
be calculated directly. There are three methods that can be used to
calculate the MS diffusion coefficient indirectly.

Firstly, the MS diffusion coefficients can be obtained from the Ons-
ager coefficients Aij, and their relationship is shown in eq. 29 and eq. 30
[59,61].

Ay = —}i@{#((ﬁ:{ﬁj(ﬂ - 7’1.1-(0)} ) . < y {7%([)

1 k=1

- 7&/(0)} ) > } 29)

X X
Diys = x_zAll +x—l/\22 —2Apn (30)
1 2

Secondly, the MS diffusivity can be obtained from the Darken rela-
tion [64,65].

Dijms = xiDis +x.D; s (31)
Thirdly, the Vignes-type equation is another way to describe the MS
diffusion coefficient in terms of concentration [65,66].

|
(D ij.MS)

Xi Xj

Dyjus = (Dyfyig) (32)
4.1.3. Fick diffusion coefficient

The Fick diffusion coefficient is defined according to the gas con-
centration gradient in the medium. That is, the diffusion flux is nega-
tively related to the concentration gradient of the diffusion process, as
expressed by eq. (33) [59,60,61].

T = —DreVe (33)

Where Dy is Fick diffusion coefficient, m/s; c is concentration, mol/m?.
From the perspective of thermodynamics, Fick’s first law can be
expressed as [60,67]:
L(c)

7:—]{7-W:—Dm-w (34)

The thermodynamic correction factor I" [59,65]

r=s4x (‘)’”“) 35)
ox; oz

Vu=TIVc (36)

DF = DMS o (37)

4.2. Models and methods

Fig. 5(a) expressed the molecules and conceptual light oil used in the
simulation. Wherein, molecules Cg, C19, C19, C3¢ respectively repre-
sented the previous pseudo-components PCy, PC3, PCy4, PCs. A quater-
nary system (Cg + Cy9 + C19 + Cgp) to represent the light oil has been
successfully used for estimating the minimum miscible pressure (MMP)
of the COy-Bakken oil system [68]. And Li et al. [22] used the crude oil
model to calculate the CO, solubility, the CO, diffusion coefficient and
the crude oil swelling factor. The number of various molecules in light
oil was formulated according to the molar composition of light oil in
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Fig. 5. Schematic diagram of crude oil molecular model: (a) CO,, crude oil and its components models, (b) CO, and light oil simulation system.

Fig. 6, the number of molecules of CO5 was calculated according to the
mole ratio in experiment #1. As illustrated in Fig. 5(b), the CO-light oil
system was prepared to diffuse in a rectangular lattice of 60 x 60 x
400A. In addition to increasing the system pressure, three He nanoplates
were used as baffles for CO5 and light oil molecules.

For the choice of force field, CO, was modeled using the EPM2 [69]
force field, and the force field for CH4 was taken from TraPPE-UA [70],

Mole fraction / %

< (O G G,

Cs~C; CyCyy CiyoCyy Cos~Cyge

Component

(a)

while the NERD force field [71] was used for all other alkanes [22]. The
nonbonded interactions between atoms were described by the pairwise
additive Lennard-Jones 12-6 potentials and the Coulombic interactions.

4.3. Simulation details

In order to be consistent with the conditions of the previous diffusion

480 -
440
400
360 |

5
z 320
5 280

4

5240

£ 200

2

=]
160

=

120 ~
80

Component

(b)

Fig. 6. (a) Chang-7 oil composition, (b) Crude oil model in MD simulations.
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experiments, the molecular model of CO5-light oil system was calculated
with constant total volume and temperature. Particularly, the temper-
ature was commanded by Nose-Hoover [72], and the pressure was
controlled by applying pressure through He nanoplates. For systems
containing COs, the particle-particle particle-mesh (PPPM) method was
selected to calculate long-range electrostatic interactions with an accu-
racy of 107, Periodic boundary conditions were considered in all sim-
ulations, where the cutoff radius was set to 12.0 A and the time step was
set to 1 fs. Notably, all molecular simulations were calculated using the
Lammps software package, and the images were rendered using Ovito
software.

The simulation process was summarized as follows. Firstly, CO5 and
light oil were needed to reach equilibrium state in the independent He
compartments. Then, at 333.15 K, the initial pressure of the CO5-light oil
system was pressurized to 7.5 MPa by applying force to each atom on the
He nanoplate at the top and bottom. Subsequently, the He nanoplate in
the middle was removed to make CO, begin to diffuse into light oil.
Meanwhile, the He nanoplates at the top and bottom were fixed to
ensure the constant volume of the COs-light oil system during the
diffusion process. At last, the relevant data in the diffusion process are
collected until the end of the simulation.
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5. Results and discussion
5.1. Dynamic volume analysis from experiment

5.1.1. Equilibrium pressure and equilibrium time

In all diffusion experiments, the system pressure gradually decreased
with time until the dissolution of CO, in light oil reached equilibrium.
This phenomenon had also been observed through experiments and
numerical simulations by Zhou et al. [73], Song et al. [74], and Etminan
et al. [75]. With a constant PVT-cell volume, an initial pressure of 7.5
MPa and a constant temperature of 60°C, all measured pressure decay
datum was plotted in part a-b of Fig. 7.

From Fig. 7(a) and (b), three obvious sections (rapid diffusion, stable
diffusion, and dynamic equilibrium) could be recognized in all the
pressure-decay processes [76]. For example, in the case of test #4, the
system pressure dropped sharply in the rapid diffusion stage (0-10 min).
Then, the pressure dropped gently in the stable diffusion stage (10-45
min). Finally, the pressure signally remained stable with small fluctua-
tions in the dynamic equilibrium stage (45-200 min). Moreover, the
duration of the above diffusion stages was closely related to the CO»-
light oil ratio. Comparing test #4 and test #5, the system with relatively
low oil content had a relatively short time in the rapid diffusion stage
(0-8 min) and stable diffusion stage (8-35 min).
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According to Fig. 7(c), in all CO»-light oil systems, when the COy
mole number was the same, the light oil mole number was positively
proportional to the equilibrium time and inversely proportional to the
equilibrium pressure. Contrastively, when the light oil mole number was
the same, the relationships between CO, mole number, equilibrium time
and equilibrium pressure were opposite to the above situation. In
conclusion, the larger the volume of light oil phase, the more CO2 could
be dissolved, which led to lower system pressure. However, the light oil
near the light oil-gas interface was limited in volume and had tended to
be saturated by CO,, so more time was needed to transfer these CO».

5.1.2. COg diffusion coefficient

Diffusion is an essential EOR mechanism for tight unconventional
reservoirs, which controls the mixing rate of oil and gas [77]. In gas-oil
system, diffusion coefficient is the most intuitive indicator of the speed
of diffusion process. Generally, the molecular diffusion coefficient can
be measured by direct [46,78] or indirect methods [10,11,36,79-81].
Although the direct method can directly gauge the spatial concentration
distribution, it has obvious disadvantages, such as expensive experi-
mental equipment, long laboratory time, and large measurement error.
Unlike the direct method, the indirect method is recommended to obtain
the diffusion coefficient with simpler experimental procedures and
better measurement results. So far, numerous scholars have studied the
CO,, diffusion coefficient in light oil by indirect method. The corre-
sponding research results are presented in Table 4.

The pressure-decay method is a typical indirect method. Via the
pressure-decay experiment, the pressure versus time data in COs-light
oil system was recorded and then fitted to calculate the diffusion coef-
ficient by numerical simulation. As shown in Fig. 8(a-b), the simulation
results were fairly consistent with the pressure-decay data under
different CO5-light oil systems. At the constant temperature of 333.15 K
and initial pressure of 7.5 MPa, the CO5 diffusion coefficients in various
COq9-light oil systems were shown in Fig. 8(c). From Fig. 8(c), The
diffusion coefficient of CO, decreased with the increase of the relative
molar ratio of CO,. The main reason was that when the molar proportion
of CO, was relatively large, more CO5 molecules were incorporated into
light oil, and the movement space of molecules was relatively small. So,
the diffusion coefficient of CO, was small.

Notably, the CO diffusion coefficients measured in this paper was
larger than that in Table 1 for the following 3 reasons. Firstly, the
temperature of this test was relatively high. Usually, the higher tem-
perature leads to higher CO, diffusion coefficient in oil phase [81,82],
which is mainly due to the increase of kinetic energy of molecules and
the decrease of viscosity both in oil and gas phases [26]. Secondly, the
pressure in this experiment was much higher than that in Table 1. At the
same temperature, the pressure increase of pressure will aggravate the
molecular velocity, resulting in the augment of diffusion coefficient
[80-82]. Thirdly, the oil used in this paper was light oil, which was
easier to be miscible with CO5 [83-85]. In conclusion, it was reasonable
that the CO; diffusion coefficient studied in this paper was relatively
high.

Table 4
CO,, Diffusion coefficient in crude oil/simulated oil.
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5.1.3. Swelling factor

In addition to replenishing the formation elastic energy, the oil
volume expansion is conducive to turning irreducible oil into movable
oil again, thereby increasing oil production. Campos et al. [47] and
Lashkarbolooki et al. [48] clarified that the dissolution of CO, would
cause various degrees of oil volume expansion, which could be charac-
terized by swelling factor. The swelling factor mainly depends on the oil
composition and CO5 content. Normally, this coefficient decreases lin-
early with the carbon number of alkanes, while increases rapidly with
CO4, content. At present, methods with fixed volume [86,87] or variable
volume [88,89] of PVT-cell are primarily selected to survey the oil
swelling factor. Table 5 showed the oil swelling factor in different CO5-
light oil systems obtained by these two methods.

In accordance with the previous experiments, the method with fixed
PVT-cell volume was adopted to measure the swelling factor in CO»-light
oil system. Fig. 9 provided the comparison of light oil volume at 0 min
and 200 min in the previous 5 groups of pressure-decay tests. From the
Fig. 9, the light oil volume expansion was more obvious in the system
with large oil proportion (#2, #3), while smaller in the system with
small oil proportion (#1, #4, #5). Meanwhile, Fig. 10 expressed the
comparison of the swelling factors from experiment and simulation,
respectively. As shown in the figure, the expansion factor distribution of
light oil increased with the increase of the relative molar ratio of CO3. At
the end of the stable diffusion stage, the difference between the fitted
values of the experimental values and the simulated values was small,
both less than 0.014. The simulated value of the light oil swelling factor
was lower than the experimental value. It was because the residual light
oil droplets on the inner wall of the PVT bucket at the beginning of CO4
diffusion are not included in the initial volume (Fig. 9), resulting in a
higher coefficient measured by the experimental value. Therefore, the
simulated value was used as a reference in MD simulation results. It
could be considered that the dynamic swelling factor from simulation
could indicate the oil expansion process during the CO, diffusion period.
Moreover, changing profile of dynamic swelling factor followed syn-
chronous pattern with pressure, which increased rapidly in the rapid
diffusion stage, slowly in the stable diffusion stage, and immovably in
the dynamic equilibrium stage.

5.1.4. Concentration profile

According to the certain CO, diffusion coefficient, the variation of
CO; concentration in light oil phase with time can be calculated, as
shown in Fig. 10(a). In the beginning, CO, mostly accumulated on the
top of the light oil. Finally, the CO; diffusion process was completed at
200 min, where the concentration at the bottom (842.77 mol/m?) was
similar to that at the top (874.30 mol/ms). Furthermore, there was a
significant difference between the CO5 concentration at the top and
bottom as a function of time. The CO5 concentration at the top gradually
transited to the equilibrium concentration, while the CO at the bottom
fleetly reached the equilibrium concentration. Hence, in this paper, the
second-order decay exponential functions (eq. (26) and eq. (28) were
first applied to match the CO, concentration curves, and then their de-
rivative functions (eq. (27) and eq. (29) were solved.

Author T/K P/MPa 0il sample M D/(10°m?s™1)
Renner® [79] 311.00 1.44 ~ 5.83 Decane PD 0.73 ~1.26
Dong et al. [36] 336.15 2.17 Light oil PD 1.287
Unatrakarn et al. [80] 303.15 ~ 328.15 2.6 ~3.2 Crude oil PD 1.8 ~6.8
Zhang et al. [10] 294.15 3.471 Crude oil PD 0.48
Tharanivasan et al. [11] 297.05 3.5~42 Heavy oil PD 0.046 ~ 0.072
Kavousi et al. [81] 295.15 ~ 305.15 1.73 ~ 4.48 Heavy oil PD 0.036 ~ 0.090
Behzadfar et al. [78] 295.15 2.42 ~ 4.79 Heavy oil R 0.049 ~ 0.116
Yang et al. [45] 297.05 2.0 ~ 6.0 Heavy oil HD 0.020 ~ 0.055

Note: D-diffusion coefficient; M—test method; P-test pressure; PD-pressure decay; T-test temperature; R-rheometry; HD-dynamic hanging drop volume analysis -

apparent diffusion coefficient in porous media.
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Table 5
Swelling factor of CO,-crude oil system.
Author T/K P/MPa 0il sample M D/(107m?s~1)
Welker et al. [88] 27 0.5~ 5.0 Crude oil FV 1.00 ~ 1.20
Jha et al. [89] 28 33~76 Crude oil FV 1.0580 ~ 1.1564
Li et al. [86] 7 ~119 1.0 ~ 41.0 Crude oil A% 1.0~19
Graue et al. [87] 71 0.7 ~ 10.3 Crude oil \'A% 1.00 ~ 1.34
Note: SF-swelling factor; FV- fixed volume; VV- variable volume.
C (1) = 864.43 4 331.88¢ 7% + 472.04¢ 5009 (38) Fig. 11(a) also plotted the corresponding derivative curves in 0-200
min. According to derivative curves, the decline rate of CO5 concen-
dc, (1) - - tration at the top was obviously less than the growth rate at the bottom,
= —39.0934¢ 5mm — 8.4886¢ 6087 (39) . . . . .
dt which was mainly caused by the dissolution of CO; from gas phase to oil
phase at the light oil-gas interface. Fig. 11(b) showed the distribution
Cy(1) = 843.60 — 498.56¢ 91075 — 486.75¢ ™ 506t (40) profiles of CO3 in the light oil system at different times. The gas-liquid
interface gradually increased over time due to the gradual dissolution of
dG, (1) — 54.6023¢ T + 53.3095¢ oTiwm 41) CO; into the light oil system. Thus, the swelling properties of the light oil

10

system were also reflected.
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Fig. 9. Cross-sectional view of PVT at different times: #1, #2, #3, #4 and #5.

5.2. Molecular simulation

5.2.1. Density profiles

Fig. 12 showed the entire process from CO5 equilibrium to diffusion.
At the beginning of CO, diffusion, it was obvious that the diffusion could
be divided into three processes: rapid diffusion, stable diffusion, and
dynamic equilibrium. This was consistent with the experimental pro-
cess. Please refer to the Supplementary material for details of the
balancing process. Fig. 13(a) revealed the density distribution of CO»-
light oil system before diffusion process. In the Fig. 13(a), the red curve
displayed the light oil density distribution, with an average density of
0.7137 g/cm®. This density of light oil, which was consisted of various
types of molecules, fairly approached the density of real light oil
(0.7428 g/cm®). Similarly, the purple curve showed the CO, density
distribution, with an average density of 0.1792 g/cm®. It was only
0.0064 g/cm® different from the density (0.1728 g/cm®) of CO, at
333.15 K and 7.5 MPa on the National Institute of Standards and
Technology (NIST), indicating that the selection of molecular model of
CO4 was rational. Therefore, the diffusion of CO; to light oil could be
effectively reflected by the CO»-light oil molecular system.

Fig. 13(b) expressed the density distribution of light oil (red curve)
and CO; (purple curve) in the CO2-light oil system after CO, diffusion.
From Fig. 13, the light oil average density decreased from 0.7137 g/cm®
t0 0.6701 g/cm?>, where the density of light oil at the intersection of light
oil-gas interface dropped obviously. Contrastively, the CO2 density
evenly distributed in the gas phase, peaked at the CO»-light oil interface,
then gradually descended in the light oil phase. CO3 would accumulate

11

at the COy-light oil interface due to the adsorption layer of carbon di-
oxide molecules at the liquid/gas interface [90,91], which facilitated the
diffusion of CO; into the Light oil system.

5.2.2. CO, diffusion coefficient

This paper calculated the self-diffusion coefficient, MS diffusion co-
efficient and Fick diffusion coefficient of CO.

Fig. 14 showed the self-diffusion coefficient, MS diffusion coefficient,
and Fick diffusion coefficient of CO5 under different CO5-light oil molar
ratios. The self-diffusion coefficient of CO was calculated by the slope of
the MSD and time of CO; dissolved in light oil. MS diffusion coefficient
was calculated by eq. (31), that self-diffusivities were more easily
accessible than mutual diffusivities. Combining MS diffusion coefficient
with thermodynamic factor, Fick diffusion coefficient was calculated
using eq. (37). As seen from the figure, the self-diffusion coefficient and
Fick diffusion coefficient gradually decreased with the increase of the
molar ratio of CO,. This is the same as the experimental results. The
difference between the fitted values of the experimental values and the
simulated values of the CO-, diffusivity was slight, both less than 1.96 x
10"® m?/s. The diffusion coefficient of CO; in light oil can be predicted
by molecular simulation to a certain extent.

5.2.3. Swelling factor

In previous pressure-decay experiments, the oil swelling factor was
defined as the ratio of the saturated oil volume to the initial oil volume
[22,92]. At constant mass, the volume is inversely proportional to the
density. Thus, the oil swelling factor was characterized by the ratio of oil
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density before and after CO, diffusion process.

Fig. 15 showed the comparison between the light oil swelling factor
calculated from the average density of oil before CO;, diffusion (6 ns) and
that after CO; diffusion (18 ns), the experimental and simulated values.
According to the figure, the swelling factor of light oil gradually
increased with the increase of the relative molar ratio of CO,. The error
between the fitted value of the swelling factor calculated by MD and that
calculated by Dynamic Volume Analysis (DVA) was relatively small, and
the difference was less than 0.006. The results of MD calculation can
predict the swelling factor of light oil well and can be used to predict the
swelling factor of crude oil.

5.2.4. Oil Self-diffusion coefficient and potential energy

The potential energy can reflect the stability of the substance. The
lower the potential energy, the more stable the state of the substance.
For the potential energy calculation, we used the conventional potential
energy calculation method. The total potential energy of the system as a
function of the N atom coordinates:

E(ri, 12, 1w) :ZEpair(rivrj) +ZEbwzd(ri7 )+ ZEangle (riyryme)
7 e 7

+ E Eiinearat (Fis 17, T, 1)

i

where the first term is the sum of all non-bonded pairwise interactions,
including long-range Coulombic interactions, the second through fifth
terms are bond, angle, and dihedral, respectively.

In this paper, the potential energy of the light oil system after COy
diffusion was calculated by layers (Fig. 16), where the thickness of each
layer was 2 nm. From the Fig. 16, Z = 20 nm was approximately the
interface between CO5 and light oil. Using median value to represent the
average atomic potential energy of each light oil layer. The average
atomic potential energy variation characteristics were conformed to the
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Poisson distribution within 16.0-18.0 ns. Moreover, the potential en-
ergy was the largest in the vicinity of the interface (18-20 nm) and
gradually decreased as it moved away from the CO; interface. The
average atomic potential energy was positively correlated with the
amount of dissolved COs. This shows that the greater the amount of CO4
dissolved in the crude oil during the process of CO; flooding, the more
unstable the crude oil is, and the easier the crude oil is to be extracted.
This was conducive to improving CO5 EOR. In addition, the light oil self-
diffusion coefficient of each layer could also reflect the oil stability. It
could be seen that the self-diffusion coefficient of the light oil closer to
the interface was larger, indicating that the movement of the light oil
was stronger in the interface region.

6. Conclusion

This paper selected the light oil of Chang 7 in the Ordos Basin as the
research object. The physical simulation experiment of COs-light oil
two-phase system diffusion was conducted by PVT. Based on Fick’s
second law of diffusion, PR EOS and material balance method, the CO,
diffusion process in light oil system was described. The diffusion
behavior of CO5 in light oil and the expansion behavior of light oil were
studied. In addition, the behavior of mass transfer between CO3 and light
oil was also studied by molecular dynamics simulation method to verify
the results from above-mentioned experiments. The main conclusions
were as follows:

1. The pressure decay process of CO»-light oil was fitted by the revised
equation calculation. Specially, the equilibrium period of pressure
decay process was emphatically matched, which was different from
studies of previous scholars. Furthermore, the equilibrium pressure
and equilibrium time of the system were related to the ratio of CO»-
light oil.
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2. The CO2 concentration distribution and the dynamic expansion

factor of light oil were consistent with the pressure decay process.
Generally, the change rate was relatively fast in the initial stage, and
then gradually tended to balance.

. Synthetically, the results from experiment, numerical simulation and
molecular dynamics simulation were fairly verified with each other.
Under the condition of temperature of 333.15 K and initial pressure
of 7.5 MPa, the diffusion coefficient of CO5 decreased with the in-
crease of the relative molar ratio of CO,, the difference between the
fitted values of the experimental values and the simulated values of
the CO, diffusivity was small, both less than 1.96 x 10 m2/s. The
swelling factor of light oil gradually increased with the increase of
the relative molar ratio of CO,. The error between the fitted value of
the swelling factor calculated by MD and that calculated by Dynamic

Volume Analysis was relatively small, and the difference was less
than 0.006. Therefore, the CO, Fick diffusion coefficient in light oil
can be obtained from the more readily available self-diffusion
coefficient.

. CO5 would aggregate at the CO»-light oil interface, and the density of

CO, would have a peak at the COp-light oil interface, which
increased the mass transfer rate between COy and light oil at the
interface. Therefore, in light oil phase, the change rate of CO, con-
centration at the interface was faster than that at the bottom.

. After CO; is dissolved in light oil, the closer to the CO»-light oil

interface, the greater the potential energy and self-diffusion coeffi-
cient of the light oil. It shows that CO, can increase the mobility of
light oil.
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