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Abstract 

This paper presents the results of experimental studies on diffusion coefficient of CO2 and CH4 in bulk oil and 
porous media. A series of tests were performed and diffusion coefficients were estimated from pressure profile as a 
function of time coupled with semi-analytical solution of the one-dimensional diffusion equation. The pressure-time 
profiles were measured from experiments. For each run, the gas diffusion coefficient was used as adjustable 
parameter to fit the pressure-time profile predicted by semi-analytical model to the experimentally measured profile. 
The diffusion coefficient resulting from the best-fit curve was considered as the average diffusion coefficient. Three 
main conclusions were obtained from these experiments: (i) diffusion coefficients for both solvents, CO2 and CH4, 
increase linearly with temperature; (ii) diffusion coefficients of CO2 are higher than those of CH4, and (iii) the 
effective diffusion coefficients of CO2 in porous media have lower values when compared to bulk oil. The 
importance of this study is linked to a better understanding of the molecular diffusion coefficient, which is 
significant in several oil recovery and CO2 storage processes since it is often considered as the rate controlling 
mechanism. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 

Molecular diffusion is an essential mechanism controlling the performance of many solvent-based processes for oil 
recovery.  These methods involve the injection of gaseous solvents to dilute reservoir oil. The role of molecular 
diffusion is to help gas dissolve in the crude oil, reduce the effect of viscous fingering, decelerate gas breakthrough, 
and finally increase the oil production rate (Zhang, Hyndman & Maini 2000). The rate of mass transfer caused by 
molecular diffusion is determined by the diffusion coefficient, D, of gas into crude oil, also called gas diffusivity. 

In 1996, Mohammad Raizi developed a pressure decay technique to estimate the diffusion coefficients of gases in 
liquids using closed diffusion cells (Riazi 1996).  In Raizi’s technique, the pressure-time profile is obtained as the 
gas phase diffused into the liquid phase and the pressure of the system changes. Once the liquid phase is saturated 
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with the gas phase, the diffusion coefficient can be calculated using suitable mathematical models. This 
experimental method was modified by Y.P. Zhang (Zhang, Hyndman & Maini 2000). The diffusion coefficient was 
used as an adjustable parameter to obtain best-fit curve of measured pressure decay data with the calculated pressure 
decay profile. Later, Tharanivasan took into account three different boundary conditions (BCs): equilibrium, quasi-
equilibrium, and non-equilibrium, by using a technique similar to that used by Zhang (Tharanivasan, Yang & Gu 
2004) 

The knowledge of the diffusivity of solvents into heavy oil in porous media is of great significance in petroleum 
engineering. In porous media, fluids move along the tortuous path, which causes a longer effective fluid flow path 
than the apparent length. The molecular diffusion coefficient in porous rock is called the effective diffusion 
coefficient, De. Many experimental studied have also compared the value of effective diffusivity and molecular 
diffusivity to observe the influence of the tortuosity of porous rock (Luo, Kantzas 2008, Afsahi, B. and Kantzas, A. 
2007, Salama, Kantzas 2005). Although the diffusion coefficients of gases in liquids have been reported by a 
number of researchers, the accurate measurement of both types of diffusion coefficient under the reservoir pressure 
is of great importance because of the relative lack of available data for the solvent-heavy oil systems of interest, 
especially for the experiments conducted in porous media. 

In this study, the diffusion coefficients of solvents in both bulk oil and porous systems are examined by using the 
history matching technique at temperature range from 30 ºC to 55 ºC. Viscosities of two oil sample are 21,285 cP 
(Sample#1) and 8,154 cP (Sample#2). According to the above-mentioned three BCs (Tharanivasan, Yang & Gu 
2004), the most appropriate interfacial BCs for each solvent-oil system is found by the minimum objective function. 

2. Experimental Measurements 

2.1. Diffusion coefficient measurement for solvent-heavy oil systems 
Experiments were carried out at six different temperatures: 30ºC, 35ºC, 40ºC, 45ºC, 50ºC, and 55ºC for each 
solvent-heavy oil system.  Solvents used for diffusivity measurement in bulk oil are CO2 and CH4. For the bulk oil 
setup, the following assumptions were taken into account: (i) negligible effect of oil swelling; (ii) non-volatile heavy 
oil components; (iii) constant gas diffusion coefficient. Solvent was injected into diffusion cells filled with heavy oil 
samples. These diffusion cells were placed in an air bath to maintain the temperature at the desired temperature as 
shown in Figure 1. The initial pressure was 2,665.5 kPa and 2,415.3 kPa for CO2-heavy oil sample#1 and CO2-
heavy oil sample#2, respectively. For measuring diffusivity of CH4 in heavy oil, the initial pressure was 1,341.4 kPa 
for the CH4-heavy oil sample#1 and 1,326.2 kPa for the CH4-heavy oil sample#2. The variation of pressure for each 
experiment was recorded as a function of time while gas phase diffused into the liquid phase. A significant change 
of pressure in the gas phase at the beginning of the experiment was observed. It indicated that the mass transfer rate 
of gas is initially high. The experiments were continued until the gas phase pressure approached an asymptotic 
value, also known as equilibrium pressure (Peq). The diffusion coefficient of solvent gas into heavy oil is used as an 
adjustable parameter to obtain best match between the experimental pressure data and pressure-time profile 
predicted by the semi-analytical model. 

2.2. Effective diffusion coefficient measurement for solvent-heavy oil saturated sand systems 
For the experiments conducted in the presence of porous media, the effective diffusion coefficient of CO2 in heavy 
oil sample#1 saturated-sand was measured. The operating temperatures were at 30°C, 35°C, 40°C, 45°C, 50°C and 
55°C.  For calculating effective diffusion coefficient, four assumptions were taken into account, (i) homogeneous 
porous sand, (ii) negligible effect of oil swelling, (iii) non-volatile heavy oil components, and (iv) constant gas 
effective diffusion coefficient.  Coarse sand was selected to represent the unconsolidated porous media system. The 
aforementioned procedure for calculating gas diffusivity into bulk heavy oil was also applied. The diffusion cell was 
filled with the oil-sand mixture and solvent was injected into the diffusion cell. The initial operating pressure was 
2,855 kPa. The pressure-time data were measured as solvent was dissolved into the oil phase until the pressure in the 
gas phase approached an equilibrium pressure. 
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Figure 1 A block diagram of experimental set-up 

3. Mathematical Analysis 

The general form of the one-dimensional diffusion equation is shown in Equation (1), where ),( txc is the molar 

concentration in heavy oil, “ x ” is the distance from the bottom of the pressure cell to the interface, t  is time, and 

D is the average diffusion coefficient of solvent in heavy oil. 
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The mathematical analysis in this study is based on the diffusion equation, subject to initial boundary conditions at 
the bottom of the cell, and three interface mass transfer models (Zhang, Hyndman & Maini 2000). The initial gas 
concentration in the oil phase is equal to zero throughout the cell since there are no solvent molecules in the oil 
phase at the beginning of the test. The mass transfer flux at the bottom of the pressure cell is equal to zero at all 
times because of the rigid boundary at the bottom of the cell. With respect to three different interfacial BCs, the 
mathematical analysis for each BC was developed by Tharanivasan. In the equilibrium BC, the solvent-oil interface 
is assumed to be saturated with the solvent at all times. The second type of BC is the quasi-equilibrium BC. In this 
case, it is assumed that the solvent-oil interface is saturated with the solvent under the existing pressure in the 
solvent phase.  For non-equilibrium BC, the solvent-oil interface is assumed to be proportional to the difference 
between the solvent saturation concentration under the equilibrium pressure and the existing solvent concentration at 
the interface. In conjunction with the equilibrium, quasi-equilibrium and non-equilibrium boundary conditions, the 
analytical solution of Equation (1) can be expressed in dimensionless form as shown in Equation (2) – (4), 
respectively (Tharanivasan, Yang & Gu 2004). 

( ) ( )
( )

( ) e
nn

n n

X
n

XC
τπ

π

π

τ 4

)12(

0

22

2

12
2

12
cos

121,
+

−
∞

= +

⎥
⎦

⎤

⎢
⎣

⎡ +

−−= ∑
(2) 

Temperature Controller 

Solvent Cylinder 

Fan

Pressure Gauge

Electric Heater 

Fan

Diffusion Cell

Thermocouple

Heavy Oil

P, T 

Solvent 

Air Bath

2172 D. Unatrakarn et al. / Energy Procedia 4 (2011) 2170–2177



4 Unatrakarn, D.; Asghari, K; Condor, J. / Energy Procedia 00 (2010) 000–000 

( ) ( ) ( )
( )

( )
+⎥

⎦

⎤

⎢

⎣

⎡

−
⎩

⎨

⎧

−+⎥
⎦

⎤

⎢
⎣

⎡ ++−=
+

−−
∞

=
∑ ee

nn

n n
X

n
nXC

τπ
κ
τ

κπ
ακππτ 4

12

1
22

1

0

22

1

412

4

2

12
cos)12(1,

                    ( )
( )

( )
( )

⎪
⎭

⎪

⎬

⎫

⎥

⎦

⎤

⎢

⎣

⎡

−
+

+⎥
⎦

⎤

⎢

⎣

⎡

−
−+

+
+−+−−

eee
nn

nn

τπτπ
κ
τ

πκπ
βκ

4

12

22
4

12

2
22

2

2222

2 1
12

4

412

4

(3) 

( ) ( ) ( )∑

∞

=

−

+
−=

1

2

cos
cossin

sin
21,

n

n

n

nnn

n eXXC
τλ

λ
λλλ

λτ (4) 

The dimensionless parameters, ,1,, κβα and 2κ in Equation (3) can be estimated from best-fit curve analysis. In 

equation (4), ( ),...3,2,1=nnλ  represents the Eigen values and Dk is the mass-transfer Biot number. The upper and 

lower limits of the positive root of the equation (5) are ( )π1−n and ( ) 21 ππ +−n , respectively. 

n

D
n

k

λ
λ =tan (5) 

The total moles of solvent dissolved into the oil phase, )(tN diss , are calculated after the solvent concentration in the 

oil phase is obtained. As a consequence, the moles of solvent remaining in the gas phase at any given time, 
)(tN rem are determined by equation (6), where Ni is initial moles of solvent in gas phase. An equation of state for 

real gas is applied to calculate the pressure in gas phase as defined in Equation (7). The determination of Z-factor in 
equation (7) is calculated by Zhou & Zhou (Zhou, Zhou 2001). 
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Once a series of pressure decay curves are calculated as a function of time, a method called history matching 
technique is employed to minimize an objective function where the optimal value of gas diffusivity is obtained. The 
objective function can be written as: 
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4 Results and Discussion 

4.1. Diffusion coefficient measurement for solvent-heavy oil systems 
The diffusion coefficient for each solvent-heavy oil system can be obtained as the objective function is minimized. 
The diffusion coefficient of CO2 in oil sample#1 is in the range of 3.4×10-8 to 3.55×10-8 m2/s. At a temperature of 
30°C, the minimum objective function determined from the three BCs are relatively the same.  Consequently, all 
three BCs are applicable for the CO2-heavy oil sample#1 system at this operating temperature.  However, the non-
equilibrium BC gives the best matching curve between the measured and predicted pressure-time profile for the 
CO2-heavy oil sample#1 system at 35°C, 40°C, 45°C, 50°C and 55°C.  For the CO2- heavy oil sample#2 system, the 
diffusion coefficient falls in the range of 5.8×10-8 to 6.8×10-8 m2/s.  At all operating temperatures, the objective 
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function is minimized as the non-equilibrium BC is applied.  The determined diffusion coefficients for both CO2-
heavy oil systems are plotted as a function of temperature in Figure 2.  It indicates that the CO2 diffusivity in oil 
sample increases linearly with increasing temperature.  This was expected since diffusion is a viscosity dependent 
mechanism and oil viscosity reduces when temperature increases.  Hence, it facilitates the mass transfer for gas into 
oil phase. 

The diffusivities of CH4 in heavy oil samples are shown in Figure 3.  The range of diffusion coefficient of CH4-
heavy oil sample#1 system is from 1.1×10-8 to 1.5×10-8 m2/s, whereas the diffusion coefficients of CH4 in Sample#2 
are in the range of 3.1×10-8 to 4.1×10-8 m2/s.  For all gas-oil systems and all operating temperatures, non-equilibrium 
BC gives the best match between experimental and predicted pressure data.  As expected, the increase in 
temperature influences the reduction in oil viscosity. 

Other results were obtained when comparing diffusion coefficients of CO2 and CH4 in both oil samples, as shown in 
Figure 4 and 5.  It can be observed that the diffusivities of CO2 are approximately threefold higher than that of CH4

in oil sample#1, while the diffusion coefficients are twofold higher in oil sample#2 when CO2 was used as solvent.  
Such a higher rate of diffusion may motivate oil company to use CO2 based enhance oil recovery (EOR) techniques 
more than those using CH4 (i.e., vapour extraction, VAPEX, process) 

4.2. Effective diffusion coefficient measurement for solvent-heavy oil saturated-sand systems 
The effective diffusion coefficients of CO2 in oil sample#1 in porous media is in the range of 1.8×10-8 to 2.41×10-8

m2/s, which is about threefold less than its diffusivities in bulk oil. The minimum objective function is obtained 
when the non-equilibrium BC is applied. The comparison of the diffusion coefficient of gas in the same oil sample 
with and without the presence of sand is shown in Figure 6.  The lower molecular diffusion of gas in oil-saturated 
sand is explained due to the tortuosity path in the porous media.  In addition, similar to the diffusivity of gas in bulk 
oil, the increasing temperature results in the increasing diffusion coefficient, since the viscosity of oil phase decrease 
as the temperature increase. 

Table 1 Diffusion coefficient for solvent-heavy oil systems 

Oil Sample Solvent gas 
P 

(MPa) 
T 

(ºC) 
D 

(10-8m2/s) 
Boundary condition 

Sample#1 

(21,285cP) 

CO2 2.6-3.1 

30-55 

3.4-3.55 
Any BC at 30ºC 

Non-equilibrium BC 
at 35-55 ºC 

CH4 1.3-1.5 1.1-1.5 Non-equilibrium BC 

Sample#2 

(8,154cP) 

CO2 2.4-2.8 5.8-6.8 Non-equilibrium BC 

CH4 1.3-1.5 3.1-4.1 Non-equilibrium BC 

Table 2 Effective diffusion coefficient for solvent-heavy oil saturated sand system 

Oil Sample Solvent gas 
P 

(MPa) 
T 

(ºC) 
De 

(10-8m2/s) 
Boundary condition 

Sample#1 

(21,285cP) 
CO2 2.8-3.2 30-55 1.8-2.41 Non-equilibrium BC 
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Figure 2 Diffusivities of CO2 in heavy oil sample#1 and heavy oil sample#2 as a 
function of temperature 

Figure 3 Diffusivities of CH4 in heavy oil sample#1 and heavy oil sample#2 as a 
function of temperature 
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Figure 4 Comparison of diffusivities of CO2 and CH4 in heavy oil sample#1 as a 
function of temperature 

Figure 5 Comparison of diffusivities of CO2 and CH4 in heavy oil sample#2 as a 
function of temperature 
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Figure 6 Comparison between diffusivities of CO2 in bulk system and in porous system 

5. Conclusion 

In this study, the diffusion coefficients of CO2 and CH4 in heavy oil were determined experimentally.  The following 
conclusions can be drawn from this study: 

- The diffusivity of CO2 is higher than that of CH4 for a given heavy oil sample and operating temperature 

- The effective diffusion coefficients of CO2 in porous media are less than its diffusivities in bulk oil because 
of the tortuosity paths in the porous system 

- In both bulk and porous systems, increasing temperature results in increasing diffusion coefficient due to the 
reduction in oil viscosity 
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