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Abstract. In fractured reservoirs with relatively low matrix permeability, i.e. small
matrix block size with respect to capillary threshold height, di�usion becomes an important
recovery mechanism. In this work, we have attempted to model the mass transfer between
the matrix and fracture by considering a fractured porous media as a single matrix block
with an adjacent fracture. An appropriate model should be applicable in the case of the
matrix being saturated with both saturated and undersaturated oils. The proposed model
presents such versatility. The model is a modi�cation for the formulation of Jamili et
al. [Jamili, A., Whillhite, G.P. and Green, D.W., Modeling Gas-Phase Mass Transfer
Between Fracture and Matrix in Naturally Fractured Reservoir, SPE132622 (2011)], which
su�ered from several drawbacks such as the use of the classical Fick's law, and of Hua and
Whitson [Hua Hu, Whitson, C.H. and Yuanchang, Q.i., A Study of Recovery Mechanism
in a Nitrogen Di�usion Experiment, SPE21893 (1991)] to calculate di�usion mass transfer
coe�cients between the fracture and matrix, and the use of Darcy's law to model convection
mass transfer between the fracture and matrix. In this work, these drawbacks were
surveyed and amended. Subsequently, the improved model has been validated through
a gas injection experiment. Following model validation, the e�ects on the recovery rate
of matrix permeability, initial gas saturation and injection rate are investigated. The
numerical analysis showed that the e�ect of gas injection rate on the recovery rate is
considerable.
c 2015 Sharif University of Technology. All rights reserved.

1. Introduction

It is common to develop the gas invaded zone within
fractured reservoirs by injecting gas and maintaining
reservoir pressure. Recovery in such reservoirs will
be the result of a complex interplay of several mech-
anisms, such as viscous ow, extraction by molecular
di�usion, gravity drainage, oil swelling, and capillary
forces, where the main mechanism is generally gravity

*. Corresponding author. Tel.: +98 21 66166425
E-mail addresses: Mohammad.saki1988@gmail.com (M.
Saki); masihi@sharif.edu (M. Masihi); shadizadeh@put.ac.ir
(S.R. Shadizadeh)

drainage. However, in many cases, such as reservoirs
with low permeability matrix, small matrix block size
and high capillary pressure, gravity drainage may
be very low or ine�ective. Low permeability also
results in ine�cient viscous displacement. Di�usion
is, therefore, the main recovery mechanism in these
cases. Di�usion in fractured reservoirs, unlike in
conventional reservoirs, can signi�cantly a�ect the
e�ciency of gas injection in oil reservoirs and recycling
in gas/condensate reservoirs. During gas injection in
fractured reservoirs, the injected gas is inclined to
ow through the fractures and may, therefore, push or
vaporize the oil in the fractures before any signi�cant
gas penetration into the surrounding matrix. Physical
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di�usion, similar to gravity, results in a change in the
path of the injected gas species from the fractures to
the matrix, giving rise to a late breakthrough.

The gas injected into the fractures di�uses into
the resident uid inside the matrix and vaporizes the
light oil fractions. The vaporized oil is then transported
into the fracture by means of convection and di�usion.
The process of di�usion/stripping has been described
by Saidi [1]. Theoretically, the recovery of light and
intermediate fractions of oil is total (providing su�cient
quantities of gas are injected).

The parameters that inuence di�usion include
the nature of the injected gas, the composition of the oil
in place, the presence of water, the fracture intensity,
the rate of gas injection, and the geometry of the matrix
blocks. Among those, the composition of the oil in
place and the nature of the injected gas are the most
important.

Various authors have discussed the e�ect of dif-
fusion on oil recovery in fractured reservoirs [2-13].
Hua and Whitson [5] assumed laminar, incompressible,
and steady state ow of injected gas in the fractures,
while ignoring the convection mass transfer between
the fracture and the matrix. They also assumed that
inside the fracture, gas stream velocity and physical
properties are constant and una�ected by di�usion.
Finally, they proposed an equation for calculating
mass transfer coe�cients between the gas owing in
the fracture and the resident uid inside the matrix
block.

Jamili et al. [13] simulated experiments number
M5 of Morel et al. [14] and number M25 of Le
Romancer et al. [15]. They treated the fracture as a
boundary condition for the matrix and discretized the
compositional material balance equations that govern
the ow of uid in porous matrix by the �nite di�erence
method. The di�usion terms are modeled by Fick's
law. The mass transfer coe�cients between fracture
and matrix were calculated by Hua and Whitson [5].
Convection between matrix and fracture was de�ned
in the model based on Darcy's law. There, the
results of the simulations matched the experimental
data well.

In this work, we model the mass transfer between
the matrix and fracture by considering fractured porous
media as a single matrix block with an adjacent
fracture. The proposed model is a modi�cation of that
of Jamili et al. [13].

Accurate prediction of di�usion coe�cients, in-
cluding the o�-diagonal elements, is a key issue. We
use the multicomponent-di�usion-coe�cient model of
Ghorayeb and Firoozabadi [16] to calculate the full
di�usion matrix as a function of temperature, pressure,
and composition. In this work, we use the model
by Leahy Dios and Firoozabadi [17], in place of
Hayduk and Minhas [18], in the model of Ghorayeb

and Firoozabadi [16] to predict the in�nite dilution
coe�cients.

Viscosity and interfacial tension are calculated
from Lohrenz et al. [19] and Parachor methods [20],
respectively.

First, the governing equations, with regard to
matrix and fracture uid ow, are presented sepa-
rately, and afterwards, the matrix/fracture interaction
is applied by using appropriate equations to model the
mass transfer through the matrix/fracture interface (or
boundary).

We assumed that there is no oil initially in the
fracture and the fracture is fully saturated with gas.
When a fracture saturated in gas is in the vicinity
of a matrix saturated with undersaturated oil, the
gas-gas and oil-oil di�usions will not start because
of phase discontinuity. The gas oil mass transfer is,
therefore, crucial to model di�usion properly. The
commonly used approach, which is based on the Film
theory, assumes thermodynamic equilibrium at the gas-
oil interface and the continuity of component uxes
across the interface. An appropriate model should be
applicable in the case of the matrix being saturated
with both saturated and undersaturated oils. The
model suggested by Hoteit [21] presents such a ver-
satility and is used in this paper.

The proposed model is validated by a gas injection
experiment (experiment no. M5 of Morel et al. [14]).
Following model validation, the e�ects on recovery
rate of matrix permeability, initial gas saturation and
injection rate are investigated.

2. Mathematical model

In this work, a fractured porous media is considered as
a single matrix block with an adjacent fracture. This
approach is a �ne-scale representation of a naturally
fractured reservoir, since it allows one to study the uid
ow between the fracture and the matrix block.

2.1. The defects of the model of Jamili et al.
[13] and modi�cations

There are several drawbacks within the model of Jamili
et al. [13]:

(a) Using Classical Fick's law: The classical Fick's law
is the most utilized model in reservoir engineering
literature and in commercial and academic reser-
voir simulators [2,22-25]. Current practice is to use
this model in the context of e�ective di�usivity,
where di�usion in a multicomponent mixture is
assumed to behave as pseudo binary [3]. This
model is elegant and simple from a computational
point of view and may provide reasonable results
for many applications. However, it may not honor
the equi-molar condition which states that the to-
tal di�usion ux must be zero. In some cases, this
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model may fail to provide an even qualitatively
correct description of di�usion behavior [26]. The
failing of the classical Fick's law is a result of ne-
glecting the dragging e�ect that is described by the
o�-diagonal elements in the di�usion coe�cient
matrix [27]. Krishna and Standart [28] argued
that the classical Fick's law could be only valid
for cases with special conditions, such as ideal bi-
nary mixtures and ideal multicomponent mixtures
having di�usion coe�cients that can be regarded
as equal. Nevertheless, these conditions, which
specify the validity range for the classical Fick's
law, are su�cient but may not be necessary. The
bottom line is that it is di�cult to anticipate when
Fick's law does and does not work. Petroleum
uids, even at low pressures, are not ideal because
of the diversity in size of molecules. A realistic
model of di�usion should include both diagonal
and o�-diagonal entries in the matrix of di�usion
coe�cients. To overcome this issue, we use the
generalized Fick's law.

(b) Using Hua and Whitson [5] to calculate di�usion
mass transfer coe�cients between fracture and
matrix: There are several assumptions in the work
of Hua and Whitson [5]: (1) Gas stream velocity
and physical properties are constant along the
fracture and una�ected by occurring mass transfer
between the matrix and fracture; (2) Incompress-
ible and steady state ow along the fracture; (3)
The di�usion terms are modeled by classic Fick's
law; and (4) The convection mass transfer between
the matrix and fracture is ignored.

The Hua and Whitson relationship to cal-
culate mass transfer coe�cients is inadequate,
because the applied assumptions are not always
satis�ed. Therefore, we must do our best to model
di�usion mass transfer by applying more reliable
assumptions.

(c) Using Darcy's law to model convection mass trans-
fer between fracture and matrix: We know that
matrix block geometry is an e�cient parameter
on mass transfer between matrix and fracture,
therefore, Darcy's law is ine�cient for modeling
convection mass transfer. A transfer function that
regards the e�ect of matrix block geometry on
mass transfer by shape factor is de�nitely better
than Darcy's law. The shape factor is related to
the geometry and size of the unfractured matrix
blocks and can be used as a tuning parameter
against well pressure tests or experimental data.

2.2. Governing equations
2.2.1. Fluid ow through matrix
The governing equations for the three-phase
(gas/oil/water) compositional ow within the porous
matrix are obtained by the species-balance equations,

overall material balance, Darcy's law, generalized
Fick's law, the thermodynamic equilibrium between
the phases and the constraint equations.

Species-balance equations. Material balance equa-
tions govern the transport of each component in oil and
gas by convection and di�usion mechanisms:

r:
�
xc�o

kkro
�o

(rPo � orD)

+ yc�g
kkrg
�g

(rPg � grD)
�

+r:
�
'�oso

nc�1X
k=1

Do
ckr:xk

+ '�gsg
nc�1X
k=1

Dg
ckr:yk

�
+ qD;fm;c + qC;fm;c

=
@
@t

(�(�osoxc + �gsgyc)) ;

c = 1; 2; :::; nc � 1: (1)

The �rst derivative term represents the convection
mechanism in the oil and gas phases, which is for-
mulated by Darcy's law. The second term represents
the di�usion mechanism. The di�usion uxes are
modeled by the generalized Fick's law. qD;fm;c is the
di�usion rate of c between the matrix and fracture that
occurs at the fracture/matrix boundary. qC;fm;c is the
convection rate of c between the matrix and fracture
that occurs at the fracture/matrix boundary. In this
work, the convection term, qC;fm;c, is de�ned by the
multiphase transfer function as:

qC;mf;c = �sfVbm
��
�oxc

kxkro
�o

�
m

[Pf � Pom]

+
�
�gyc

kxkrg
�g

�
[Pf � Pgm]

�
; (2)

where �sf is the matrix shape factor that is calculated
as [29]:

� =
1
Vbm

nX
j=1

Aj
lj
: (3)

Overall material balance equation. Summing
Eq. (1) for all the species results in an overall material
balance equation of the form:

r:
�
�o
kkro
�o

(rPo�orD)+�g
kkrg
�g

(rPg � grD)
�
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+
ncX
c=1

qD;fm;c+
ncX
c=1

qC;fm;c=
@
@t

(�(�oso + �gsg)) :
(4)

Water material balance. It is assumed that hy-
drocarbon and water phases are insoluble, therefore,
water transportation occurred only via the convection
mechanism through the porous matrix:

r:
�
�w
kkrw
�w

(rPw � wrD)
�

=
@
@t

(�wsw): (5)

Chemical equilibrium. The hydrocarbon phases
are considered to be in chemical equilibrium through
the porous matrix. Chemical equilibrium is stated by
equality between the fugacities of each species in both
oil and gas phases:

fc;o = fc;g c = 1; 2; :::; nc: (6)

Capillary pressure. The relationships between the
gas, oil and water pressures are governed by the
capillary pressures:

Pcog = Pg � Po; (7)

Pcow = Po � Pw: (8)

Constraint equations. The sum of mole fractions
within the hydrocarbon phases is equal to one. The
sum of the saturations of gas, oil and water is also
equal to one:

ncX
c=1

xc = 1; (9)

ncX
c=1

yc = 1; (10)

so + sg + sw = 1: (11)

The multiphase compositional ow through porous
media is governed by Eqs. (1) to (11). This system
of equations consists of the (2nc + 6) equation and
the (2nc+6) unknown (Po; Pg; Pw; so; sg; sw; xc; yc; c =
1; 2; :::; nc).

2.2.2. Fluid ow through fracture
We assumed that there is no oil initially in the fracture
and that the fracture is fully saturated with gas. The
injected gas di�uses into the porous matrix, through
gas and liquid phases. This causes oil to be vaporized
and then transported by convection and di�usion to
the gas owing in the fracture.

The concentration gradient is usually used to
calculate the di�usion mass transfer at the ma-
trix/fracture boundary. The owing gas inside the

fracture also a�ects the mass transfer between the
fracture and matrix. Therefore, for mass transfer
calculations, not only the concentration gradient but
also the e�ect of owing gas inside the fracture
must be considered. Using laminar ow theory, the
species mass balance inside the fracture is as fol-
lows:

r: (yc�gv)�r:
 
�g

nc�1X
k=1

Dg
ckr:yk

!
� qC;mf;c

�qD;fm;c =
@
@t

(yc�g); c = 1; 2; :::; nc � 1:
(12)

Summing Eq. (12) for all species results in an overall
Material balance equation:

r:(�gv)�
ncX
c=1

qC;mf;c �
ncX
c=1

qD;mf;c =
@
@t

(�g): (13)

2.2.3. Initial conditions
It is assumed that the system is initially under gravity
and chemical equilibriums and that the uid is dis-
tributed uniformly through the matrix; therefore, there
are convection and di�usion ow through the porous
matrix.

According to Darcy's law and gravity equilibrium
assumption:

(rPp � prD) = 0 p = w; o; g: (14)

For a horizontal plane rD = 0, therefore, @Pp
@x and

@Pp
@y are equal to zero. This states that the pressure

is constant in a horizontal plane at time zero. For a
vertical plane rD = 1, therefore, @Pp

@z = p suggesting
that the vertical pressure distribution is given by the
column weight. Accordingly, if pressure at a reference
height is given, then pressure at any point in the model
can be determined.

According to the generalized Fick's law and chem-
ical equilibrium assumption:

nc�1X
k=1

Do
ckr:xk = 0; c = 1; 2; :::; nc � 1; (15)

nc�1X
k=1

Dg
ckr:yk = 0; c = 1; 2; :::; nc � 1: (16)

This results in no composition gradient within the
matrix; hence rxc;ryc = 0 (c = 1; 2; :::; nc). If uid
composition and PT (pressure and temperature) con-
ditions are known, one can determine the composition
and saturation of hydrocarbon phases through ash
calculations.
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2.2.4. Boundary conditions
In this work, a fractured porous media is considered
as a single matrix block with an adjacent fracture.
Many researchers seal some sides of the matrix [5,9,13-
15]. This is to say that there are fractures contacting
some sides (hence, a mass transfer between the matrix
and fracture), while other sides are in no contact with
any fracture (no mass transfer between the matrix and
fracture). So, there are two kinds of boundary for a
porous matrix block, namely, ow boundaries and no-
ow boundaries, also known as sealed boundaries.

Sealed boundaries. The di�usion and convection
uxes for any species and any phases (oil, gas and
water) are zero.

Therefore, the convection ux at the boundary is:

�p
kkrp
�p

(rPp � prD) = 0; p = w; o; g; (17)

and the di�usion ux is:

nc�1X
k=1

Do
ckr:xk = 0; c = 1; 2; :::; nc � 1; (18)

nc�1X
k=1

Dg
ckr:yk = 0; c = 1; 2; :::; nc � 1: (19)

Flowing boundaries. At these boundaries, mass
exchange occurs between the matrix and fracture. It is
assumed that there is no oil initially in the fracture
and that the fracture is fully saturated with gas.
When a fracture saturated in gas is in the vicinity
of a matrix saturated with undersaturated oil, the
gas-gas and oil-oil di�usions will not start because
of phase discontinuity. The gas-oil mass transfer is,
therefore, crucial to model di�usion properly. The
commonly used approach, which is based on the Film
theory, assumes thermodynamic equilibrium at the gas-
oil interface and continuity of component uxes across
the interface.

Hoteit and Firoozabadi [10] suggested using the
cross-phase equilibrium concept at the matrix-fracture
interface in discrete fracture models. This concept
assumes that the fracture gas is in thermodynamic
equilibrium with the matrix oil within a thin region
adjacent to the fracture. With this approach, a thin,
two-phase region is introduced between the fracture
blocks and the matrix blocks (Figure 1). Therefore,
gas-in-gas and oil-in-oil di�usions between the matrix
and the fracture blocks can occur via the two-phase
region. The introduced region should be thin enough
to reduce the gridding e�ect. It was found that at
reservoir scale with the fracture aperture around 1 mm,
for example, the two-phase gridblock thickness should

Figure 1. Cross ow equilibrium concept: Gas-gas and
oil-oil di�usions occur across two-phase region [21].

be in the range of 10 cm [10]. This approach provides
reasonable accuracy and is simple to apply in single-
porosity and discrete-fracture models. However, it is
not clear how to apply this approach in the context of
dual-porosity models [21].

In this work, the approach proposed by Hoteit [21]
is used to model mass transfer at the matrix/fracture
interface (or boundary).

In an isothermal system, it is assumed that there
is a thin transition region at the gas-oil contact where
the two uids totally mix and, consequently, are in
chemical equilibrium. If no reaction occurs at the
interface, the continuity of component molar uxes
across the interface holds. Consider the situation where
a fracture gridblock saturated with gas is adjacent to a
matrix gridblock saturated with oil. A sketch of the two
blocks is shown in Figure 2. We note that the gas-oil
interface coincides with the matrix-fracture interface,
i.e., the gridblock boundary.

An appropriate model should be applicable in the
case of the matrix being saturated with both saturated
and undersaturated oils. The proposed model presents
such versatility.

According to Hoteit [21], the following is consid-
ered for the governing equations of mass transfer at the
owing boundary:

Figure 2. Mass transfer at the gas-oil interface: Gas-gas
and oil-oil di�usion occur across a thin �lm at the
interface [21].
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1. The di�usion and convection molar uxes de�ned
from both sides of the boundary are continuous,
therefore:
(a) Continuity of di�usion uxes across the bound-

ary:
(Jgc + Joc )m = Jgcf ; c = 1; 2; :::; nc � 1:

(20)

By applying generalized Fick's law to Eq. (20),
we have: 
'�gsg

nc�1X
k=1

Dg
ck
@yk
@x

!
m

+

 
'�oso

nc�1X
k=1

Do
ck
@xk
@x

!
m

= �
 
�g

nc�1X
k=1

Dg
ck
@yk
@x

!
f;x=0

c = 1; 2; :::; nc � 1; (21)

where:�
@yk
@x

�
f

=
yk;mf � ykf

Fa
2

; (22)�
@xk
@x

�
m

=
xkm � xk;mf

�x
2

; (23)�
@yk
@x

�
f

=
yk;mf � ykf

Fa
2

; (24)

(b) Continuity of convection uxes across the
boundary:��

�o
kxkro
�o

@Po
@x

�
+
�
�g
kxkrg
�g

�
@Pg
@x

�
m

= �sfVbm
��
�o
kxkro
�o

�
m

[Pf � Pom]

+
�
�g
kxkrg
�g

�
m

[Pf � Pgm]
�
; (25)

where:
@Po
@x

=
Pom � Pboundary

�x
2

; (26)

@Pg
@x

=
Pgm � Pboundary

�x
2

: (27)

2. The hydrocarbon phases are under chemical equi-
librium, therefore:
fc;o (P; T; xc;mf ; c = 1; 2; :::; nc � 1)

= fc;g (P; T; yc;mf ; c = 1; 2; :::; nc � 1)

c = 1; 2; :::; nc: (28)

This system of equations consists of 2nc equa-
tions and 2nc unknowns (Pf ; V F; yc;mf ; xc;mf ; c =
1; 2; :::; nc � 1).

3. Numerical scheme

The di�erential equations governing compositional
multiphase ow in porous media are presented in the
previous section. Some of these equations are nonlin-
ear. The numerical technique replaces all derivatives
by the �nite di�erence approximations resulting in a set
of nonlinear algebraic equations. Then, the resultant
equations are linearized and solved by the iterative
Newton-Raphson method.

The Young and Stephenson [30] numerical
method is used as the numerical scheme in this work,
which is an IMPESC (implicit pressure/explicit sat-
uration composition) type numerical model. Young
and Stephenson [30] de�ned W and F as �wsw and
�oso + �gsg, respectively. According to Young and
Stephenson [30], W;F; Pmo; Pf ; V; zmc; ymc; yfc; c =
1; 2; :::; nc � 1 are considered primary variables, and
som; sgm; swm; xcm; c = 1; 2; :::; nc � 1 as secondary
variables. Transmissibilities and di�usion terms in the
ow equations are evaluated explicitly. The values of
the primary and secondary variables in each time step
are used as the initial guess for next time step.

In this work, matrix and fracture gridding are
performed �rst. The gridding is carried out in such a
way that no gridblock is found partially in the matrix
and fracture.

As mentioned earlier, the matrix/fracture interac-
tion is accounted for through matrix/fracture interface
calculations. Since uid ow through the matrix and
fracture are not independent, their governing equations
must be solved simultaneously. Therefore, the Jacobian
matrix structure is slightly di�erent to that of Young
and Stephenson [30].

The gridblock types can be recognized, with
respect to the number of unknowns:

a) 2nc + 6 unknowns (Po; Pg; Pw; so; sg; sw; xc; yc; c =
1; 2; :::; nc) for each matrix gridblock containing two
hydrocarbon phases;

b) nc+4 unknowns (Pp; Pw; sp; sw; xc; c = 1; 2; :::; nc; p
= oil or gas) for each matrix gridblock containing
a single hydrocarbon phase;

c) nc + 1 unknowns (Pf ; yc; c = 1; 2; :::; nc) for each
fracture gridblock containing the gas phase.

To ascertain convergence and stability, the equa-
tions and unknowns must be arranged within the
Jacobian matrix, in proper order. The fracture ow
equations were added to the Young and Stephenson [30]
structure in di�erent ways. It was observed that for
the same initial guess, the precision and convergence
of the solutions are nearly the same, suggesting that
the fracture ow equations can be added to the Young
and Stephenson [30] structure arbitrarily. In this
method, the Newton/Raphson scheme is used to solve
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for primary variables in each gridblock. The secondary
variables are then evaluated using primary variables.

4. Model validation

The proposed model is validated by a gas injection
experiment (experiment no. M5 of Morel et al. [14]).
The experiment is designed in one dimension. It is
performed to model the mass exchange between the
owing gas in the fracture and the uid saturating
the horizontal matrix block. Species recovery and gas
saturation along the matrix block are measured. Local
saturation through the porous media is measured by
the gamma-ray attenuation method [14]. Jamili et
al. [13] conducted this experiment, assuming that since
nitrogen injection is a three component system, the ab-
sorption coe�cient, densities and molar compositions
of hydrocarbon phases change continually. This result
in local saturation is impossible to calculate exactly
without having local uid properties. To override the
problem, they calculated saturations for two extremes:

a) Matrix uid is a binary mixture of methane and
pentane;

b) Matrix uid is a binary mixture of nitrogen and
pentane.

Obviously, the real process is an intermediate
state between (a) and (b).

Table 1 shows the input data used for simulation.
The relative permeability and capillary pressure data
are presented in Table 2.

Binary interaction coe�cients are set to zero.
The Peng-Robinson equation of state is used for the
phase behavior description. The pressure at the
matrix/fracture boundary is assumed to be constant
during simulation and is set equal to the injection pres-
sure of 1479 psia. The capillary pressure (Table 2) is

Table 2. Relative permeabilities and capillary pressure
[14].

Sg Kro Krg Pcog (psi)

0 1 0 2.22865
0.1 0.9 0.0002 2.3548
0.2 0.586 0.004 2.48095
0.3 0.316 0.02 2.6071
0.4 0.153 0.045 2.71223
0.5 0.063 0.1 2.83838
0.55 0.037 0.15 2.93306
0.6 0.02 0.21 3.0276
0.65 0.0096 0.3 3.15375
0.7 0.0039 0.5 3.2789
0.8 0 0.9 3.99475

Figure 3. Experiment no. M5 of Morel et al. [14].

reported at reference interfacial tension (2.9 dynes/cm)
and must be modi�ed with respect to local interfacial
tension:

Pc = P ref
c

� �
�ref

�
: (29)

The system is a one-dimensional two phase uid system
saturated with three components. Figure 3 shows the
schematic of the system. All sides of the core are

Table 1. Models input for simulation, experiment no. M5 of Morel et al. [14].

Rock material Paris basin chalk
Core length (m) 0.357
Core cross section (m2) 0:032� 0:032
Core porosity 0.40
Core permeability (md) 2
Water saturation (%) 0
Oil residual saturation (%) 0.2
Pressure (psi) 1479
Temperature (�C) 38.5
Initial gas saturation (%) 0.25
Mole fraction C1 0.524
Mole Fraction C5 0.476
N2 ow rate in the fracture (cm3/hr) 4 until 14.4 days, then 16
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closed except the left, where a stream of nitrogen is
passed at a constant rate. Red arrows depict the
possible directions of ow. The uid ows through the
porous matrix in the x direction only. Injected gas
ows inside the fracture in the z direction, and mass
exchange between the matrix and fracture occurs in
the x direction. Thus, ow inside the fracture is two-
dimensional.

According to Figure 3, the boundary conditions
for uid ow through the fracture are as follows:

yc = yc;inj at z = 0

yc = yc;mf at x = 0

@yc
@x

= 0 at x = Fa (c = 1; 2; :::; nc); (30)

where yc;mf is the mole fraction of component c inside
the gas phase at the matrix/fracture boundary; yc;inj
is the mole fraction of component c inside the gas phase
at the injection point; and Fa is fracture width at the
x direction.

It was assumed that the linear velocity in
Eqs. (12)-(13) is constant (equal to injection linear
velocity) and una�ected by mass transfer between the
matrix and fracture.

In this work, the system is �rst simulated by the
proposed model, the results of which are compared to
the experimental data reported by Jamili [13]. Follow-
ing model validation, the e�ects of matrix permeability,
initial gas saturation and injection rate on recovery rate
are investigated.

The core was simulated with 20 grids in the x
direction. The fracture was simulated with 5 grids in
the z-direction. All runs were performed on a 2.5 GHZ,
Core 2 Due PC. Runtime was less than 10 minutes for
all runs.

Figures 4 and 5 show the methane and pentane
recovery, respectively. As can be seen, the simulation
results well match the experimental data, indicating
the very good performance of the proposed model in

Figure 4. Variation of the methane molar recovery
through simulation and experimental results; the
experiment no. M5 of Morel et al. [14].

Figure 5. Variation of the pentane molar recovery
through simulation and experimental results; the
experiment no. M5 of Morel et al. [14].

Figure 6. Variation of the gas saturation distribution
along the core at t = 8 days through simulation and
experimental results; experiment no. M5 of Morel et al.
[14].

predicting the production behavior of methane and
pentane.

Figure 6 shows gas saturation distribution along
the core after 8 days. As expected, the saturation
distribution is placed between two extremes. This also
indicates that the proposed model predicts saturation
distribution successfully.

Values of the di�usion coe�cients in liquid and
gas phases at a corresponding composition for the
matrix gridblock adjacent to the fracture at 99.77 atm
and 311.65 k are presented in Tables 3 and 4.

5. Numerical analysis and discussion

Following model validation, the e�ects of matrix per-
meability, initial gas saturation and injection rate on
recovery rate are investigated.

5.1. The e�ect of matrix permeability on
recovery rate

0.1, 0.5 and 2 md are selected to investigate the
permeability e�ect on recovery rate.

This permeability range of magnitude selected for
di�usion remains a main production mechanism.

Figure 7 shows the permeability e�ect on the
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Table 3. Molecular di�usion coe�cients (cm2/sec) in gas phase, 99.77 atm and 311.65 k.

Components C1 C5 N2

C1 2:154� 10�3 6:35� 10�4 �1:12� 10�5

C5 �1:22� 10�5 1:10� 10�3 �1:35� 10�5

N2 �1:39� 10�3 �8:60� 10�4 7:58� 10�4

Composition (mol%) 62.79 4.58 32.63

Table 4. Molecular di�usion coe�cients (cm2/sec) in liquid phase, 99.77 atm and 311.65 k.

Components C1 C5 N2

C1 1:23� 10�3 5:94� 10�4 �3:43� 10�5

C5 1:92� 10�5 1:06� 10�3 �1:53� 10�7

N2 5:12� 10�5 4:51� 10�4 1:06� 10�3

Composition (mol%) 28.26 64.32 7.42

Figure 7. Variation of the methane molar recovery rate
through simulation results (permeability e�ect),
experiment no. M5 of Morel et al. [14].

Figure 8. Variation of the pentane molar recovery rate
through simulation results (permeability e�ect),
experiment no. M5 of Morel et al. [14].

methane recovery rate. The methane recovery rate
decreases negligibly with a decrease in matrix per-
meability. This negligible decrement is due to the
convection role in methane production. Since methane
is produced by di�usion mainly [13] and there is
no signi�cant relationship between permeability and
di�usion, the change in methane recovery due to change
in matrix permeability is not considerable.

Figure 8 shows the permeability e�ect on the
pentane recovery rate. Since the main mechanism for

Figure 9. Variation of the methane molar recovery rate
through simulation results (gas injection rate e�ect);
experiment no. M5 of Morel et al. [14].

pentane production is convection [13] and the e�ect of
permeability on convection is direct (Darcy's law) with
an increase in permeability, the pentane recovery rate
increases considerably.

5.2. The e�ect of injection rate on recovery
rate

To investigate the e�ect of gas injection rate on re-
covery, simulations were performed with two injection
rates of 4 and 7 cc/hr.

As seen in Figure 9, the recovery rate of methane
increases as the injection rate increases. This is due
to the e�ect of gas convection inside the fracture on
the mass exchange between the matrix and fracture.
The mass transfer coe�cients between the matrix and
fracture increase by increasing the injection rate.

Increasing the injection rate also increases the
recovery rate of pentane (Figure 10), although not as
e�ectively as is the case for methane.

5.3. The e�ect of initial gas saturation on
recovery rate

The initial gas saturation of the matrix block depends
on the initial pressure of the matrix. To investigate
the e�ect of this parameter, the initial pressure is



964 M. Saki et al./Scientia Iranica, Transactions C: Chemistry and ... 22 (2015) 955{966

Figure 10. Variation of the pentane molar recovery rate
through simulation results (gas injection rate e�ect);
experiment no. M5 of Morel et al. [14].

Figure 11. Variation of the methane molar recovery rate
through simulation results (initial gas saturation e�ect);
experiment no. M5 of Morel et al. [14].

changed and the initial gas saturation is calculated
by performing ash calculation. The simulation is
done for initial gas saturations of 0.25, 0.30 and
0.34.

Figure 11 shows the e�ect of change in initial
gas saturation on methane recovery rate. Increasing
initial gas saturation increases the methane recovery
rate negligibly. Two kinds of di�usion process oc-
cur at the matrix/fracture boundary, namely, gas-gas
di�usion and oil-gas di�usion. With an increase in
gas saturation, the gas-gas di�usion increases and oil-
gas di�usion decreases. As the role of the former
is more signi�cant, the recovery rate of methane in-
creases.

Figure 12 shows the e�ect of change in the initial
gas saturation on pentane recovery rate. It can be
seen that an increase in initial gas saturation has a
small e�ect on decreasing the pentane recovery rate.
As mentioned before, the main mechanism of pentane
recovery is oil convection, and this decreases with a
decrease in oil saturation (relative permeability e�ect).
Thus, there is a decrease in pentane with an increase
in the initial gas saturation. This is in accordance
with the results obtained by Morel et al. [14], which
can be seen as another factor in validation of the
model.

Figure 12. Variation of the pentane molar recovery rate
through simulation results (initial gas saturation e�ect);
experiment no. M5 of Morel et al. [14].

6. Conclusions

In order to obtain a better model for mass exchange
between the fracture and matrix during gas injection,
several modi�cations were proposed to the Jamili et al
formulation [13].

The validity of the new formulation was veri�ed
using experimental data. Then, e�ects of matrix per-
meability, gas injection rate and initial gas saturation
on recovery rate were investigated. The following
results were obtained:

� The e�ect of permeability on the recovery rate of
pentane is signi�cant, since the main production
mechanism of pentane is by convection.

� The e�ect of permeability on the recovery rate
of methane is negligible, as the main production
mechanism is di�usion for methane.

� The e�ect of initial gas saturation on the recovery
rate of methane and pentane is negligible.

� The e�ect of gas injection rate on the recovery rate
of methane and pentane is considerable. An increase
in the injection rate leads to greater recovery rates
for both methane and pentane. The e�ect is more
noticeable in case of methane, due to di�usion being
its main production mechanism.
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Nomenclature

D Depth, m
Dij Di�usion coe�cient, m2.s�1

f Fugacity, Pa
Fa Fracture width, m
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kr Relative permeability
nc Number of components
P Pressure, Pa
Pc Capillary pressure, Pa
Pcog Oil/gas capillary pressure, Pa
Pcow Oil/water capillary pressure, Pa
s Saturation
v Linear velocity, m.s�1

V Bulk volume, m3

VF Vapor fraction
x Liquid mole fraction
y Gas mole fraction

Greek letters

 Speci�c weight, Pa.m�1

� Viscosity, Pa.s
� Molar density, mol.m�3

� Interfacial tension, N.m�1

� Porosity

Subscripts

b Bulk
c Component
C Convection
D Di�usion
f Fracture
g Gas
m Matrix block
mf Matrix/fracture boundary
o Oil
w Water

Superscripts

g Gas
o Oil
ref Reference
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