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Abstract
Compositional gradient can be described as changes in the composition of components both vertically and horizontally in 
a hydrocarbon reservoir. In the present work, two-dimensional compositional gradient in multi-component gas and oil mix-
tures is modeled. A thermodynamic model is developed based on molecular diffusion coefficients in mass diffusive flux. A 
combination of Sigmund and Bird correlations is considered to estimate molecular diffusion coefficients for gas mixtures. 
Implementing this comprehensive developed model on a gas condensate sample shows interesting differences not only in 
trends of component compositions but also in gradient magnitude. A real set of data from a supergiant gas condensate field 
is used to validate the model. It is perceived that the developed model reduces relative absolute errors to about 50%. In the 
next step, a comprehensive study was conducted to understand the cross effects of molecular diffusion and natural convec-
tion in gas condensate and volatile oil samples. Gas and oil samples are selected to investigate if natural convection has the 
same effects in different samples. It is observed that increase in natural convection causes to reduce horizontal and vertical 
composition gradients. This effect is more significant in gas reservoir, as methane composition varies by more than 5.2 mol% 
diagonally in gas condensate sample, whereas this value is about 0.45 mol% in volatile oil sample. Lower density and higher 
bulk velocity in gas sample cause more disturbances in flow streams of gas mixture. Evaluation of the developed model 
shows that the model is reliable for reservoir studies and management programs.
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List of symbols
c  Total molar density
DM

ij
  Molecular diffusion coefficient

DP
i
  Pressure diffusion coefficient

DT
i
  Thermal diffusion coefficient

Dij  Mutual diffusion coefficient
fi  Fugacity of component  i
g  Gravity acceleration
h  Reservoir depth
Ji  Molar diffusive flux of component i

k  Permeability
kTi  Thermal diffusion ratio of component i
Mi  Molecular weight of component i
M  Molecular weight of mixture
P  Pressure
[P]  Matrix in Toor correlation
Pc  Critical pressure
Q*  Net heat of transport
R  Universal gas constant
T  Temperature
Tc  Critical temperature
Ūi  Partial molar internal energy
V  Velocity vector
V̄i  Partial molar volume
w  Reservoir width
yi  Composition of component  i

Greek letters
�ik  Kronecker delta
�  Total mass density
�r  Reduced mass density
�i  Ratio of vaporization energy to viscous energy
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μ  Viscosity
φ  Porosity

Subscripts
i,j,k  ith, jth, kth component
x  Horizontal dimension index
z  Vertical dimension index

Introduction

Lateral and vertical variation in the composition of reservoir 
fluid will be expectable due to non-uniformity of pressure 
and temperature through a reservoir. Pressure and tempera-
ture gradients are the most well-known reasons of the com-
positional gradient, such that in some cases, their effect on 
compositional distribution is significant (Hoier and Whitson 
2001). Prediction of compositional variation allows reservoir 
engineers to have an appropriate evaluation of hydrocarbon-
in-place and phase behavior of reservoir fluid in addition to 
the suitable design of well-head equipment. In other words, 
it will prepare a suitable initialization for reservoir simula-
tions. Regarding this point, numerous researches have been 
conducted to modeling this phenomenon that most of them 
have focused on vertical compositional gradient. These 
researches are led to propose isothermal and non-isothermal 
models based on equilibrium and irreversible thermodynam-
ics, respectively (Whitson et al. 1994; Kempers 2001; Hasse 
1962). Isothermal model based on equilibrium thermody-
namics was introduced by Gibbs (Whitson et al. 1994). Using 
this model, Hoier and Whitson published a comprehensive 
study to predict the compositional gradient for different types 
of hydrocarbon reservoirs. They investigated that near-critical 
and volatile oil samples have more significant gradient than 
black oil and slightly volatile oil (Hoier and Whitson 2001). 
Literature reviews show that there are some reservoirs with 
considerable temperature gradient which causes non-equi-
librium conditions. This leads to having some errors in pre-
dicting the compositional gradient based on the isothermal 
model. Thus, various forms of non-isothermal models based 
on irreversible thermodynamic were proposed, among them, 
Hasse (1962), Kempers (2001), Da Silva and Belery (1989) 
and Shukla and Firoozabadi (1998) are more referable. The 
main difference between non-isothermal models is regarding 
the mechanism used to calculate thermal diffusion factor. The 
first two models utilize enthalpy to evaluate this factor while 
the last two apply energy of transport to thermal diffusion 
factor based on kinetic theory of gases. Both isothermal and 
non-isothermal models are the main applicable models which 
are found in commercial phase behavior simulators such as 
PVTi (2009), PVTsim (2016) and Winprop (2013). The com-
mon feature of these models is to predict vertical variation, 
while also lateral gradient in composition due to convection 

has been reported in some cases (Montel and Gouel 1985). 
It is expected that the cross effects caused by gravity and 
convection could have noticeable effect on the distribution 
of compositions in different locations of reservoir. In addi-
tion, tracing of composition variation in horizontal direction 
could help reservoir engineers to recognize faults or barriers 
in reservoir rocks. Therefore, two-dimensional (2D) predic-
tion of the compositional gradient is useful to have a reliable 
scheme of reservoir and its fluid phase behavior.

There are only handful of studies on 2D modeling of 
compositional gradient, which among them, series publi-
cations of Firoozabadi et al. are more noteworthy (Shukla 
and Firoozabadi 1998; Firoozabadi and Dindoruk 1995; 
Firoozabadi et al. 2000; Ghorayeb and Firoozabadi 2000; 
Riley and Firoozabadi 1998). In these studies, the main 
focus is on thermal diffusion and convection coupled with 
molecular diffusion. Shukla and Firoozabadi were presented 
a model to predict thermal diffusion coefficient in binary 
mixtures based on irreversible thermodynamic (Shukla and 
Firoozabadi 1998). This model is categorized in dynamic 
models according to its relation with energy of viscous flow. 
They compared the results of their model with other available 
models such as Hass and Kempers [static models based on 
enthalpy and internal energy (Kempers 2001; Hasse 1962)] 
and demonstrated that this new model was more reliable 
than others. Riley and Firoozabadi studied on compositional 
gradient in a binary single-phase system by coupling the 
effects of natural convection, due to both thermal and com-
positional gradients (Firoozabadi 1999), and diffusion (Riley 
and Firoozabadi 1998). They showed that by increasing in 
permeability, compositional gradients were decreased with a 
rate proportional to inverse of permeability. Firooazabadi and 
Ghorayeb completed Shukla’s study by deriving a theoretical 
model for thermal diffusion coefficients in ideal and non-
ideal multi-component mixtures (Firoozabadi et al. 2000). 
They mentioned that in non-ideal mixtures, dependency of 
thermal diffusion coefficients on molecular diffusion is more 
significant than in binary mixtures. Following the previous 
studies, Nasrabadi and Ghorayeb implemented the model 
proposed by Ghorayeb and Firoozabadi (2000) to perform 
initialization in a 2D cross section for a binary mixture and 
a multi-component reservoir fluid (Nasrabadi and Ghorayeb 
2006). Their results showed a strong effect of natural convec-
tion on component distributions in gas and oil phases.

Referring to model proposed by Ghorayeb and Firoozab-
adi (2000) and henceforth known as Ghorayeb model, 
molecular diffusion coefficients in gas samples are estimated 
using Kooijman–Taylor correlation (Kooijman and Taylor 
1991) which is proposed for liquid mixtures (Ghorayeb and 
Firoozabadi 2000; Nasrabadi and Ghorayeb 2006), while 
generally, molecular diffusion coefficients of gases are 
almost greater about one order of magnitude than molecular 
diffusion coefficients of liquids. It is expected that changing 
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value of diffusion coefficient could have a considerable 
effect on the prediction of the compositional gradient and 
also distribution of components in gas reservoir. In addi-
tion, comprehensive 2D study on the compositional gradi-
ent is performed in gas condensate reservoirs. Accordingly, 
principle objectives of this study are briefly described in 
three parts. In part 1, to illustrate the importance of using 
appropriate correlations and the effect of molecular diffusion 
coefficients in predicting compositional gradient, Ghorayeb 
model is developed using a set of correlations proposed for 
gas mixtures. Then for a same gas sample, compositional 
gradients predicted from this developed model and Ghor-
ayeb model are compared to investigate the main differences. 
In part 2, validity of the developed model is checked for a 
gas condensate system through a comprehensive study on 
the effect of natural convection and its cross effects on 2D 
prediction of compositional gradient in a huge gas conden-
sate reservoir. In part 3, applicability of the developed model 
on other reservoir fluids is verified through a comprehensive 
study of cross effects in a volatile oil sample and the results 
are compared with those obtained from gas condensate.

For these purposes, first the governing equations are pre-
sented, then field data and their conditions are discussed 
briefly and finally results are reported and analyzed.

Mathematical modeling: governing 
equations and boundary conditions

For implementing the mathematical model, a rectangular 
area with width w and height h is selected as porous media. 
A simple schematic and classification of regions based on 
temperature condition are shown in Fig. 1.

For this purpose, there are some main assumptions:

• Porous media geometry is considered to be bounded by 
an impervious rock with constant horizontal and vertical 
temperature gradients.

• No fluid flows across the outer boundaries.
• Permeability and porosity are considered as average val-

ues in selected geometry.

To predict compositional gradient, total diffusion equa-
tion includes mass diffusion and convection should be solved 
in two dimensions. Conservation equation in steady-state 
condition will be as follows (Firoozabadi 1999):

where c, V⃗  , and ��⃗Ji are total molar density, bulk velocity 
and molar diffusive flux of component i, respectively. With 
respect to Darcy’s law, bulk velocity is estimated as follows:

where k and φ are rock characteristics including permeabil-
ity and porosity, respectively. By replacing Eqs. (2) in (1):

Diffusive flux of component i is defined as follows (Ghor-
ayeb and Firoozabadi 2000a, b):

In this equation, ��
��

 , ��
�
 and ��

�
 are molecular diffusion, 

pressure diffusion and thermal diffusion coefficients, 
respectively.

There are different methods for estimating each element 
of the multi-component diffusion coefficients matrix, ��

��
 . In 

this study, a correlation published by Sigmund has been 
implied for estimating these coefficients in gas mixtures 
(Sigmund 1976a, b). Sigmund has related elements of ��

��
 

with mutual diffusivity, Dij, and mole fractions yi by Ste-
fan–Maxwell relations. For a mixture containing n + 1 spe-
cies, this relation is written as

It was shown by Toor et al. (1965) that diffusive flux 
equation could be written in form of matrix notation:

Then elements of [D] will be estimated by inverting the 
matrix [P] = [D]−1 such that with constant c:

(1)
∇ ⋅

(

c ⋅ yi ⋅ V⃗
)

+ ∇ ⋅ ��⃗Ji = 0 for i = 1, 2,… , n − 1,

(2)V⃗ = −
k

𝜑𝜇
(∇P + 𝜌gZ⃗),

(3)−
k

𝜑𝜇

(

c ⋅ yi(∇P + 𝜌gZ⃗)
)

+ ∇ ⋅ ��⃗Ji = 0.

(4)

��⃗�� =

(

n−1
∑

j=1

��
��
∇yj + ��

�
∇P + ��

�
∇T

)

, i = 1, 2,… , n − 1.

(5)−c∇yi =

n+1
∑

k=1

1

Dik

( �⃗Jiyk −
��⃗Jkyi).

(6)Ji = −[D]c(∇y).
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Fig. 1  Schematic of the geometry selected for this study
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The elements of [P] are given by Toor et al. (1965):

where Dik are mutual diffusivities.
There are several methods for estimating mutual diffu-

sivities. In this study, at first, diffusivities are calculated by 
Bird–Slattery relation (Bird et al. 2002), Eq. (10), in low 
pressure and then they are corrected for reservoir condition 
with Eq. (11) which is presented by Sigmund (1976):

in which, (�Dij)
◦ is zero pressure limit of the density–dif-

fusivity product and �Dij is the corrected value for reservoir 
pressure with the effect of reduced density. The calculated 
mutual diffusivities are replaced in Eqs. (8) and (9) to esti-
mate multi-component diffusion coefficients. From now on, 
this combination of Sigmund and Bird correlations is known 
as developed model.

Refer to relations proposed by Ghorayeb et al. (Ghor-
ayeb and Firoozabadi 2000), Eqs. (12) and (13) are utilized 
to estimate pressure diffusion and thermal diffusion coef-
ficients, respectively:

(7)[P] ⋅ Ji = −c(∇y).

(8)
Pii =

(yi + yn+1)

Di,n+1

+

n
∑

k = 1

k ≠ i

yk

Dik

,

(9)Pik = yi

(

1

Di,n+1

−
1

Di,k

)

,

(10)

(�Dij)
◦ =

2.745
(

Pc,i ⋅ Pcj

)
1

3 (Tc,i ⋅ Tc,j)
5∕12

(

1

Mi

+
1

Mj

)1∕2

T0.823

R(Tc,i ⋅ Tc,j)
1.823

,

(11)

�Dij

(�Dij)
◦

= 0.99589 + 0.096016�r − 0.22035�2
r
+ 0.03287�3

r
,

In all the above equations, M indicates molecular weight. 
Lij is phenomenological coefficient and Q∗

j
 is the net heat of 

transport of component i.
There are several published relations available for estimating 

net heat of transport. For this study, Eq. (17) has been imple-
mented which is presented by Shukla and Firoozabadi (1998):

where Ūi and V̄i are the partial molar internal energy and the 
partial molar volume of component i and �i is the ratio of the 
energy of vaporization to the energy of viscous flow. The 
relation between phenomenological coefficients, Lij, and 
multi-component diffusion coefficients, ��

��
 , is shown in the 

following equation (Ghorayeb and Firoozabadi 2000a):

where fk is the fugacity of component i that is calculated 
from Peng–Robinson equation of state. Also, �lk denotes the 
Kronecker delta.

Proper boundary conditions are required to solve Eq. (3). 
As stated earlier, it is considered a porous media bounded 
by an impervious rock which is resulted to have isolated 
boundaries with no fluxes:

In other words,

(15)Din =
M2RLii

cM2

i
M2

n
yiyn

, i = 1, 2,… , n − 1,

(16)

kTi =
Miyi +Mnyn

MRTLii

n−1
∑

j=1

Lij

(

Q∗
j

Mj

−
Q∗

n

Mn

)

i = 1, 2,… , n − 1.

(17)Q∗
i
= −

Ūi

𝜏i
+

�

n
�

j=1

yjŪj

𝜏j

�

V̄i
∑n

j=1
yjV̄j

i = 1, 2,… , n,

(18)
n−1
∑

l=1

n−1
∑

k=1

Mkyk +Mnyn�lk

Mk

�lnfk

�yj
Lli =

cMnyn

R
��

��
,

(19)

n−1
∑

j=1

��
��
∇yj + ��

�
∇P + ��

�
∇T = 0 x = 0,w and Z = 0, h.

(20)J1,x = vx = 0 x = ±
w

2
, 0 ≤ z ≤ h,

(21)J1,z = vz = 0 z = ±
h

2
, 0 ≤ x ≤ w.

The parameters ain , Din and kTi are calculated from the 
following equations, respectively:

(12)DP
i
= ainDin

Miyi

RTLii

n−1
∑

k=1

Lik

[

n−1
∑

j=1

yjV̄j +
Mnyn

Mk

V̄k −
1

c

]

i = 1, 2,… , n − 1,

(13)DT
i
= ainDinM

kTi

T
i = 1, 2,… , n − 1.

(14)ain =
MiMn

M2
i = 1, 2,… , n − 1,
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Also, to solve Eq. (2), below boundary conditions are 
implemented:

Pressure, temperature and composition of a reference 
point are necessary to have a simultaneous solution of 
Eqs. (2) and (3) with mentioned boundary conditions. The 
center point of rectangle is assumed as reference point with 
{

y0,i
}

 ,  P0 and  T0 that denote mole fraction of components 
and reservoir pressure and temperature, respectively.

Among several applicable numerical approaches, decou-
pled method is used in this study to solve the mentioned set 
of equations. In this method, first, compositions are assumed 
to be constant and with solving Eqs. (2) and (3), pressures 
in each point are estimated by Newton method. After that, 
with calculated pressures, conservation equation is solved 
to achieve new compositions. Convergence condition is 

(22)
�P

�x
= 0 x = ±

w

2
,

(23)�P

�Z
= −g

��

�Z
Z = ±

h

2
.

achieved when absolute relative error of mole fraction 
between two successive iterations at each point reaches a 
minimum predefined value such as  10−8. After correction 
of compositions, pressures and bulk velocities will be cor-
rected in an outer loop. Secant method is implemented for 
error convergence. Figure 2 illustrates a simple flowchart of 
described numerical method.

Field data

To cover all objectives stated before, three different sets of 
data are used. The first aim is to improve compositional gra-
dient prediction by utilizing suitable correlations for calcu-
lating molecular diffusion coefficients in gas mixture. For 
this purpose, a set of data from a gas condensate reservoir 
reported by Ghorayeb and Firoozabadi (2000) is employed 
which is shown in Table 1. In part 2, a sample from a super-
giant gas condensate reservoir is chosen that is presented 
in Table 2. This sample is selected among more than 40 
PVT samples after passing quality check based on proce-
dure proposed by Osfouri et al. (2014). This set of data is 
interested because study on the compositional gradient of 
this supergiant reservoir is a part of comprehensive study 
on phase behavior of this gas condensate field. For the last 
part, as compositional gradient is more notable in volatile oil 
compare with other types of oil such as slightly volatile or 
black oil a volatile oil sample is selected from data reported 
by Hamoodi et al. (1996) refer to Table 3.

Yes

No

Tuning and Characterization Procedure 

Calculate from eq. 13 through 17

Calculate from eq. 12

Calculate from eq. 7 through 11 

Considering constant {zi}, 

Solve set of equations, . 0cv∇ =
r r

calculate P

Solve set of equations, 

. . 0ic v J∇ +∇ =
r r rr

Calculate {zi}

Let 

( ),0
1

1 100
tn

i i
it

Err Y Y
n =

= − ×∑

Let vector {Y0} with arrays P0 and {zi0} 
at reference point 

Redo Loop 1
Find new Err

Use Secant method for convergence  

Loop 1

Print {Y} and its arrays
P and {zi}

Loop 2

Input 
T0, P0, {yi0} 
at ref. point

Err < 10-8

Fig. 2  Flowchart of numerical method

Table 1  Gas condensate sample, reference point values, reported by 
Ghorayeb and Firoozabadi (2000)

Component Mole fraction

CO2 0.0323
C1 0.6225
C2 0.0964
C3–C4 0.0908
C5–C6 0.0344
C7–C10 0.0598
C11–C14 0.0245
C15–C20 0.0208
C21–C29 0.0129
C30+ 0.0056
MW  C30+ 550
SG  C30+ 0.815
Depth (m) n.a
Reservoir pressure, Psia 6760
Reservoir temperature, °F 300
Horizontal temperature gradient, K/m 2.75e−2
Vertical temperature gradient, K/m − 1.5e−3
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Results and discussion

Referring to the introduced model and governing equa-
tions, initial condition of sample should be single phase to 
calculate the compositional gradient. So, first, condition of 
each sample is checked from its two-phase diagram as it is 

shown in Fig. 3a–c. In Fig. 3a, for gas condensate, sample 
is in single gas phase with respect to its initial condition. 
Based on critical point and initial condition on this phase 
envelope, one can conclude that mentioned gas condensate 
is in near-critical condition. Figure 3b illustrates that this gas 
condensate sample no. 2 is also in single phase according to 
its initial pressure and temperature. Figure 3c represents the 
condition of volatile oil sample. It is obvious that sample is 
in single phase and far from its critical condition.

Effect of molecular diffusion coefficients on 2D 
compositional gradient prediction

Regarding the procedure described in “Mathematical mode-
ling: governing equations and boundary conditions”, compo-
sitional gradient in 2D for sample no. 1 (refer to Table 1) is 
calculated. In the first step, molecular diffusion coefficients 
are estimated according to Eqs. (7–11), i.e. Sigmund–Bird 
correlation. Predicted values are listed in Table 4.

Referring to these estimated values and proposed model 
presented before, with k = 5 md as average value for per-
meability, 2D gradient of methane (C1) is calculated in a 
rectangle section of the reservoir with 500 (m) depth and 
1500 (m) width. This variation of methane composition is 
trended in Fig. 4a. Calculations are re-done this time based 
on Ghorayeb model (Kooijman and Taylor 1991). Values of 
these parameters are also presented in Table 5 while trend 
of methane gradient is shown in Fig. 4b.

In both cases, methane is more segregated toward the 
right-top corner of selected geometry, which is the cold 
region. Figure 4a, b shows that there is a significant differ-
ence in the prediction of methane compositional gradient 
from these two models. In the proposed model, composition 
of methane varies about 1 mol% with depth in a specific 
width (at w = 0 as reference point) and totally it varies more 
than 4 mol% from right-bottom corner to left-top corner, 
while in Ghorayeb model, methane gradient with depth is 
about 0.4 mol% in reference width and is about 0.6 mol% 
from right-bottom to left-bottom corner. Referring to the 
values of molecular diffusion coefficients in Tables 4 and 
5, it is obvious that calculations from the two mentioned 
methods are different not only in some magnitudes but also 
on their signs. It seems that greater magnitude of some 
molecular diffusion coefficients in model 1 cause to have 
more molecular diffusivity in multi-component mixture so 
that segregation occurs better than model 2. Regarding these 
investigations, it is expected that appropriate correlations 
could have significant effects on compositional gradient and 
also distribution of components. To realize this expectation, 
in the next section, a sample from a gas condensate field is 
tested by the proposed model and results from model are 
compared with experimental data.

Table 2  Gas condensate sample, reference point values, selected from 
a supergiant reservoir (Osfouri et al. 2014)

Component Mole fraction

N2 0.039
CO2 0.0198
H2S 0.0042
C1 0.8249
C2 0.0513
C3 0.0186
C4 0.0107
C5 0.0058
C6 0.0035
C7+ 0.0222
MW  C7+ 141.6
SG  C7+ 0.789
Depth (m) 2960
Reservoir pressure, Psia 5282
Reservoir temperature, °F 217
Horizontal temperature gradient, K/m 3e−2
Vertical temperature gradient, K/m − 9e−4

Table 3  Volatile oil sample, reference point values, reported by Ham-
oodi et al. (1996)

Component Mole fraction

N2 0.0203
CO2 0.0332
H2S 0.0011
C1 0.4962
C2 0.0535
C3 0.0500
C4 0.0301
C5 0.0400
C6 0.0203
C7+ 0.2553
MW  C7+ 196
SG  C7+ 0.8322
Depth (m) 2561
Reservoir pressure, Psia 4154
Reservoir temperature, °F 250
Horizontal temperature gradient, K/m 4e−3
Vertical temperature gradient, K/m − 1.2e−3
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Effect of natural convection on 2D compositional 
gradient in gas condensate reservoir

To validate the developed model with experimental data, 
three test wells from a gas condensate reservoir mentioned 
in “Field data” are selected. One of them is chosen as target 
well that its composition is fed to the model while experi-
mental data of two others are used to validate the outputs 

of model. Figure 5 presents a simple schematic of reservoir 
location. Well no.1 is target well and Well nos. 2 and 3 are 
selected for experimental data. Average porosity of 0.03 and 
average permeability of 15 md are considered for this sec-
tion of reservoir. Other details are illustrated in schematic 
figure. Experimental composition of methane is compared 
with the results from the two earlier mentioned models, i.e. 
developed model and Ghorayeb model. All three wells have 
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Fig. 3  a Two-phase envelope, gas condensate sample, reported by Ghorayeb and Firoozabadi (2000). b Two-phase envelope, gas condensate 
sample, selected from a supergiant reservoir (Osfouri et al. 2014). c Two-phase envelope, volatile oil sample, reported by Hamoodi et al. (1996)

Table 4  Molecular diffusion coefficient estimations, based on Sigmund–Bird correlations  (m2/s)

Comp. CO2 C1 C2 C3–C4 C5–C6 C7–C10 C11–C14 C15–C20 C21–C29

CO2 3.58E−09 − 1.64E−10 1.00E−10 − 6.65E−11 − 4.34E−11 − 2.82E−11 − 1.65E−11 − 9.04E−12 − 6.42E−12
C1 − 1.62E−09 2.84E−09 − 1.49E−09 − 9.71E−10 − 6.27E−10 − 4.00E−10 − 2.34E−10 − 1.24E−10 − 9.92E−11
C2 − 2.79E−10 − 4.48E−10 3.29E−09 − 1.76E−10 − 1.14E−10 − 7.31E−11 − 4.27E−11 − 2.30E−11 − 1.72E−11
C3–C4 − 2.95E−10 − 4.74E−10 − 2.93E−10 2.42E−09 − 1.28E−10 − 8.33E−11 − 4.91E−11 − 2.70E−11 − 1.88E−11
C5–C6 1.25E−10 − 1.99E−10 − 1.27E−10 − 8.66E−11 1.91E−09 − 3.87E−11 − 2.33E−11 − 1.31E−11 − 8.63E−12
C7–C10 2.41E−10 3.75E−10 2.47E−10 − 1.72E−10 − 1.18E−10 1.46E−09 − 4.98E−11 − 2.88E−11 − 1.82E−11
C11–C14 − 1.10E−10 1.68E−10 1.14E−10 − 8.21E−11 − 5.82E−11 − 4.11E−11 1.18E−09 − 1.56E−11 − 9.56E−12
C15–C20 − 1.03E−10 − 1.53E−10 1.07E−10 7.86E−11 − 5.72E−11 − 4.15E−11 − 2.71E−11 9.69E−10 − 1.01E−11
C21–C29 6.91E−11 1.00E−10 7.15E− 11 5.39E−11 − 4.01E−11 − 2.98E−11 − 2.01E−11 − 1.27E−11 9.01E−10
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almost same vertical positions with different horizontal 
locations to cover both forward and backward directions in 
calculation. It is indicated that for  C1 mole% in Well no. 2 

(for backward calculations), absolute relative error of results 
from the developed model is about 0.28% while it is about 
0.4% for Ghorayeb model. It is obvious that the proposed 

Table 5  Molecular diffusion coefficient estimations, based on Kooijman–Taylor correlations  (m2/s)

Comp. CO2 C1 C2 C3–C4 C5–C6 C7–C10 C11–C14 C15–C20 C21–C29

CO2 2.73E−09 − 5.29E−10 − 6.72E−10 − 3.17E−11 − 2.67E−10 − 1.28E−11 − 5.86E−11 − 1.80E−11 − 4.79E−12
C1 − 5.14E−09 2.13E−09 − 5.88E−09 − 1.37E−09 − 1.29E−09 − 6.46E−09 − 3.36E−09 − 1.04E−10 − 2.85E−10
C2 − 1.20E−10 − 3.12E−09 1.25E−09 − 2.60E−10 − 2.00E−10 − 1.04E−10 − 4.91E−10 − 1.51E−11 − 4.12E−12
C3–C4 − 3.51E−10 − 8.06E−10 − 3.20E− 10 9.89E−09 − 2.67E−10 − 1.53E−10 − 7.04E−10 − 2.19E−11 − 6.01E−12
C5–C6 3.16E−11 − 2.02E−12 − 1.01E−11 − 2.70E−11 9.47E−09 − 1.93E−11 − 8.76E−11 − 2.73E−11 7.68E−13
C7–C10 1.07E−10 3.55E−10 2.04E−11 1.32E−11 − 2.25E−12 9.26E−09 − 8.75E−11 − 2.65E−11 8.14E−12
C11–C14 6.31E−11 7.02E−11 5.08E−11 8.17E−12 6.39E−12 − 1.49E−11 1.26E−09 − 2.27E−12 8.00E−12
C15–C20 2.82E−11 1.13E−11 1.09E−11 2.51E−12 4.36E−12 − 3.08E−12 − 4.52E−12 2.69E−09 − 6.82E−13
C21–C29 3.31E−12 1.34E−12 1.06E−12 2.46E−13 − 4.77E−13 − 1.72E−13 − 3.22E−13 − 7.91E−13 2.52E−10

Fig. 4  a Contour plot of  C1 composition based on the developed model. b Contour plot of  C1 composition based on the Ghorayeb model

Fig. 5  Validation of model with 
experimental data
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model has more reliable results than Ghorayeb model. These 
investigations are also repeated for Well no. 3 which covers 
forward prediction of compositional gradient and absolute 
relative errors are 0.32% and 0.56% for the proposed model 
and Ghorayeb model, respectively. Good agreement between 
field data and the results from developed model shows that 
in addition to having a reliable prediction from this model, 
the results could use to validate quality and correctness of 
PVT tests reported for the field of study.

Based on the results obtained from the above validation 
step, study on gas condensate reservoir was conducted using 
the developed model. Going back to Eq. 4, it is shown that 
there are three main mechanisms involved in predicting 

compositional gradient: molecular diffusion, pressure dif-
fusion and thermal diffusion. In addition, based on the hori-
zontal temperature gradient, natural convection will have 
an important role. In this section, cross effects of these 
mechanisms combined with natural convection are studied. 
Figure 6a, b illustrates the distribution of  C1 in selected 
geometry in two cases of with and without natural convec-
tion. It is obvious that in a specific width (width of reference 
point, w = 0), there is about 7 mol% vertical gradient of  C1 
in 500 m depth. Also, trend shows that  C1 is segregated 
toward the right-top corner of reservoir. In the next case, 
shown in Fig. 4b, effect of natural convection is included 
in calculations by considering k = 10 md. Results illustrate 

Fig. 6  a Contour plot of  C1 composition, convection free. b Contour plot of  C1 composition, with natural convection, k = 10 md

Fig. 7  a Contour plot of  C7+ composition, convection free. b Contour plot of  C7+ composition, with natural convection, k = 10 md
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that natural convection is affected not only by the magnitude 
of vertical gradient, but also by changes in  C1 segregation 
pattern. Natural convection decreases vertical gradient to 
about 1.5 mol% in comparison with 7 mol% in free convec-
tion case. One can conclude that convection causes mix-
ing in flow streams such that a semi-homogenous condition 
occurs and consequently, species distribute more uniformly. 
In addition, due to the natural convection of lighter species 
from region with higher temperature (right side of reservoir) 
towards region with lower temperature (left side), concentra-
tion of  C1 will be higher at left-top corner.

In Fig. 7a, b, contour plot of  C7+ is presented for both con-
vection-free and natural convection cases. As it is expected, 
 C7+ segregates toward right-bottom corner of geometry 
under study. In this condition, it varies about 0.76 mol% per 

500 m depth. Considering natural convection (k = 10 md) 
causes to have semi-homogenous conditions due to flow 
stream mixing. Consequently, vertical gradient decreases to 
about 0.15 mol%. Also, convection streams displace lighter 
species to the colder part of reservoir which is yielded to 
move higher ones to the part with higher temperature.

Results from Fig. 7a, b indicate that trends of changes in 
compositional gradient are not similar in various magnitude 
of permeability. In Fig. 8a, b, variations of  C1 gradient in 
vertical and horizontal vs. different values of permeabil-
ity are illustrated. In convection-free condition,  C1 has the 
maximum gradient in vertical direction. With introducing 
natural convection effect, vertical gradient reduces sharply, 
while in contrast, horizontal gradient increases significantly. 
One can conclude that natural convection brings down the 
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Fig. 8  a Effect of various values of permeability on  C1 mole% vertical gradient. b Effect of various values of permeability on  C1 mole% horizon-
tal gradient

Fig. 9  a Contour plot of  C1 composition, convection-free, volatile oil. b Contour plot of  C1 composition, with natural convection, k = 1 md, vola-
tile oil
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effect of molecular diffusion which resulted to increase hori-
zontal gradient and decrease vertical. With more increase in 
permeability (stronger convection), more homogeneity in 
compositions will occur and as a result, horizontal gradient 
decreases since permeability reaches a value about 15 md; 
for values greater than 15 md, it is almost constant. On the 
other hand, after a sharp decrease in vertical gradient with 
considering natural convection, there is a notable increase 
in vertical gradient until permeability reaches10 md, after 

that and with increase in convection effect, vertical gradi-
ent decreases while gets constant from k = 30 md. The most 
probable reason is that with primary increase in convection, 
streams replace in layers which forces to move species from 
hot side to the cold side. This replacement at first causes 
some increase in gradient, but as convection gets stronger, 
as a result, more homogenous distribution makes reduction 
in vertical gradient until it reaches almost a constant value.

Fig. 10  a Contour plot of  C7+ composition, convection-free, volatile oil. b Contour plot of  C7+ composition, with natural convection, k = 1 md, 
volatile oil

Fig. 11  a Contour plot of  C1 composition, with natural convection, k = 1 md, gas condensate. b Contour plot of  C1 composition, with natural 
convection, k = 1 md, volatile oil
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Effect of natural convection on 2D compositional 
gradient in volatile oil reservoir

In this part, with implementing Ghorayeb model, 2D com-
positional gradient in a volatile oil sample (refer to data pre-
sented in Table 3) is predicted. Figure 9a, b shows the effect 
of natural convection on distribution of  C1 in a volatile oil 
sample. As it is illustrated, natural convection displaces  C1 
segregation from right-top side toward left-top side which 

is same as the trends resulted from gas condensate. It seems 
that convection reduces both vertical and horizontal gradi-
ents due to uniform distribution of species.

Moreover, Fig. 10a, b shows trends of  C7+ mole fraction 
variation in volatile oil for both convection-free and natural 
convection cases.  C7+ is concentrated in left-bottom side of 
the reservoir due to its higher molecular weight. In contrast, 
it is separated towards right side, i.e. the region with more 
temperature, which is similar to results investigated for  C7+ 
in gas sample.

Fig. 12  a Contour plot of mixture density (kg/m3), with natural convection, k = 1 md, gas condensate. b Contour plot of mixture density (kg/m3), 
with natural convection, k = 1 md, volatile oil

Fig. 13  a Contour plot of bulk velocity (m/s), with natural convection, k = 1 md, gas condensate. b Contour plot of bulk velocity (m/s), with 
natural convection, k = 1 md, volatile oil
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Figure 11a, b compares gas condensate and volatile oil sam-
ples with the same permeability (k = 1 md). It is obviously that 
trend lines in gas condensate sample are sharper in vertical 
whereas there are more linear in horizontal direction in vola-
tile oil. Results show that from left-top towards right-bottom 
corner, methane composition varies about 5.2 mol% in gas 
condensate sample, whereas this value is about 0.45 mol% in 
volatile oil sample. Hence, volatile oil sample becomes more 
uniform in comparison with gas condensate in the same mag-
nitude of permeability. In Fig. 12a, b, which demonstrates 
variations of density in both gas condensate and volatile oil 
samples, it is obvious that in gas condensate fluid, density has 
higher gradient from right-top to left-bottom corner, more than 
350 kg/m3 versus 150 kg/m3 in volatile oil; it means that there 
is more turbulence in gas sample compared with oil sample 
causing to have higher gradient of  C1 in gas condensate. On 
the other hand, more uniformity in density of volatile oil sam-
ple has caused to have almost flat trends of  C1 composition. 
It seems that one logical reason is due to bulk velocity. Fig-
ure 13a, b shows contour plot of bulk velocity for two samples. 
As it is expected, bulk velocity magnitude is higher in gas 
condensate with respect to volatile oil sample. Magnitude of 
bulk velocity varies more than 3e−6 m/s from right-top to left-
bottom corner in comparison with 3e−7 m/s. Consequently, 
uniformity in flow streams resulted from lower bulk velocity 
and higher mixture density in oil sample causes to have almost 
no significant  C1 gradient in volatile oil sample.

Conclusion

Based on a model proposed by Ghorayeb and Firoozabadi 
(2000) and by implementing Sigmund–Bird correlations 
for estimating molecular diffusion coefficients in gas mix-
tures, a thermodynamic model was improved to predict 
compositional gradient and distribution of methane and 
plus fraction of reservoir fluids in two-dimensional cross-
sectional porous media. From this study, it is investigated 
that using appropriate correlations for estimating molecu-
lar diffusion coefficients remarkably reduces calculation 
errors. In this work and for a gas condensate sample as 
a case study, it is concluded that applying the developed 
model could have more reliable predictions such as reduc-
ing relative absolute errors about 50% compared with 
Ghorayeb model. Also, it is shown that natural convec-
tion affects not only the pattern of species distribution, but 
also it changes compositional gradients in both horizontal 
and vertical directions significantly. Presence of natural 
convection could reduce the effect of molecular diffusion, 
hence vertical gradient decreases. The stronger convection, 
outcomes from higher permeability, causes more homog-
enous distribution and consequently decreases composi-
tional gradient. As streams get homogenous, more increase 

in permeability does not show noticeable variations in 
results. Effect of natural convection is more noteworthy 
in gas mixtures because of its lower density and higher 
bulk velocity which lead to having more turbulency in 
flow streams followed by more gradient compared with oil 
mixture. The agreement between results from developed 
model and experimental data showed that the prediction of 
model was sufficiently close to reality, such that the model 
could significantly help reservoir engineers in reservoir 
managing programs.
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