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Abstract. To study an oil reservoir, the first step is to determine its fluid composition
in both horizontal and vertical directions. In this research, oil composition variation is
investigated as a result of diffusion and natural convection in a fractured porous medium.
A single-phase binary mixture and a rectangular two-dimensional fractured model with a
known temperature profile are used. Governing equations are solved by MATLAB software,
numerically. According to the results, thermal diffusion has the greatest impact on the
variation of fluid composition, followed by pressure and molecular diffusions, respectively.
Moreover, it is understood that even a small convection would change the fluid composition

Binary mixture.

distribution, considerably.

Fluids tend to flow through the fracture due to its high

permeability; therefore, a counterclockwise convective cell forms in the porous medium.

(© 2016 Sharif University of Technology. All rights reserved.

1. Introduction

Carbonate oil reservoirs are mainly fractured with
their specific mechanisms and physical nature. In
1963, Warren and Root brought a new chapter in
fractured oil reservoir studies [1], followed by many
other research studies; however, several aspects are
still open to question. Different mechanisms happen
in fractured reservoirs, each of which is vital to have
reliable simulation results.

Composition variation is crucial from different
points of view, including reservoir simulation, oil in
place estimation, and field master development plan.
Various trends exist in composition distribution of
reservoir fluids. Distribution of fluid composition in
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some reservoirs may vary in vertical direction [2,3],
horizontal direction [4], or it may have uniform dis-
tribution [5,6]. Mainly, two major phenomena affect
the composition variation in oil reservoirs: 1-natural
convection, and 2-diffusion. Natural convection, which
results in a circulation of compositions via bulk fluid
velocity, is due to temperature and concentration
gradient (density gradient). Therefore, natural convec-
tion would have a pronounced effect on composition
variation. Diffusive flux consists of three diffusions: 1
thermal diffusion, 2 pressure diffusion, and 3 molecular
diffusion, which are the results of thermal, pressure,
and concentration gradients, respectively. Pressure
diffusion or gravitational segregation is compositional
segregation due to gravity (components weight). This
phenomenon is negligible in the horizontal direction [7].

Few number of studies have considered the effect
of convection and diffusion together on composition
variation in oil reservoirs. Saidi investigated the
molecular diffusion effect on different shapes of frac-
tured reservoirs, including cylindrical, spherical, and
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Cartesian geometries [6]. He analytically solved the
dimensionless saturation pressure equation for any of
these geometries and sketched the results by graphs.
More details about Saidi’s work are represented in
the validation section. Jacqmin investigated the effect
of natural convection, gravitational segregation, and
molecular diffusion on the performance of oil reser-
voirs [8]. He, also, studied different conditions, namely
zero-titled or titled reservoirs. However, he did not
consider thermal diffusion. In his study, Jacqmin
stated that composition variation due to the interaction
of diffusion and convection could be significant in both
horizontal and vertical directions. Riley and Firooz-
abadi investigated the effect of natural convection and
diffusion (thermal, pressure, and molecular diffusions)
on composition variation of a rectangular non-fractured
porous medium with prescribed linear temperature
field [9]. They showed that a small convection might
increase the horizontal composition gradient to its
maximum allowable state and, then, decay it with
an inverse ratio of permeability (1/k). Ghorayeb and
Firoozabadi studied natural convection and diffusion
(thermal, pressure, and molecular diffusions) effects
through a rectangular fractured porous medium with
prescribed linear temperature field, which was the
first comprehensive numerical study of composition
variation in a fractured oil reservoir [7]. They showed
that composition variation occurred only at fracture
apertures that were higher than a certain value. They
also demonstrated that the surrounding fractures had
the main effect on composition variation, and the fluid
flow consisted of aloop within the surrounding fracture.

Afterwards, Ghorayeb and Firoozabadi improved
their last study for binary, ternary, and multicompo-
nent mixtures [10,11]. They concluded that for high
permeability values, convectional mass transfer over-
rode both thermal and pressure diffusions; whereas, for
low permeabilities, a ratio was introduced for which in
the values greater than 1, the composition variation
was affected only by thermal diffusion, while in values
lower than 1, pressure diffusion was pronounced. In
2000, Ghorayeb and Firoozabadi observed a different
behavior of compositions segregation in ternary and
multicomponent mixtures in the top and bottom of
the porous media. Nasrabadi et al. performed two
studies, covering convection and diffusion in porous
media [12,13]. In their first study, the model of
Ghorayeb and Firoozabadi was improved with two-
phase binary and multicomponent mixtures for both
homogeneous and heterogeneous porous media (with
and without anisotropy). They also showed that at
least two convection cells would flow in the gas cap
and the oil column. In the second one, they modeled
a packed thermo-gravitational column for binary and
ternary mixtures using the same numerical 2D rect-
angular model as that in the studies before. Their

results showed a good agreement with experimental
data. Also, towards steady-state condition, an increase
in vertical composition variation was observed while
horizontal composition variation decreased to nearly
Zero.

In this study, the fractured system, used by Gho-
rayeb and Firoozabadi, with some changes in viscosity
values is developed. The equations are rewritten and
revised in order to decrease couplings and dependency
and to increase the accuracy. These equations are
numerically discretized and solved using MATLAB
software. The system is investigated from different
points of view and interesting results are achieved. A
brief summary of comparison between this study and
recent ones is represented in Table 1. In this study,
finer mesh grids and less coupled equations are hired,
which lead to more accurate and faster results. As it
can be seen in Table 1, fewer studies are focused on
fractured media. The fracture model of Ghorayeb and
Firoozabadi investigates the effect of fracture parame-
ters (fracture aperture, fracture intensity, and fracture
connectivity) on compositional variation; however, in
this study, these parameters are held constant and the
effect of each phenomenon on composition variation is
investigated instead. In this study, the impact and
magnitude of each parameter of natural convection,
thermal diffusion, molecular diffusion, and pressure
diffusion on composition distribution are investigated
and the reason for them is explained in detail, both
physically and mathematically, which has been left off
before.

2. Porous medium specifications and modeling
methodology

2.1. Geometry

A rectangular two-dimensional fractured porous
medium with the width of @ and height of b is assumed,
as shown in Figure 1. Effect of diffusion and convection
on composition distribution of this model, of which the
fractures are located at surroundings, is investigated.
Fractures and matrix have the same porosities, but
different permeability values of k; and k,,, respec-
tively. The model is saturated with a single-phase

a

Fracture

b Matrix

Figure 1. Specifications and geometry of the porous
medium (matrix and fracture).
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Table 1. A comparison of different numerical studies on convection and diffusion in different porous media.

2813

Author(s) Year Phase Mixture Porous media  Method M?Sh Relative
grids error
shorayeb and Finit 10™7 units of w%
Ghorayeb an 2000 Single Binary Fractured e 309x159 07" units of w¥%
Firoozabadi [7] phase volume (steady state)
Ghorayeb and ingle- Ternar d Vol -
.101 ave a.n 2000 Single elntaly an Homogeneous oHme 301x41  Until steady state
Firoozabadi [11] phase multicomponent balance
Ghorayeb and ingle- . Finit 10~ units of
rorayen an 2001 Single Binary Homogeneous e 301x41 units of w¥
Firoozabadi [10] phase volume (steady state)
Homogeneous and
Two- Binary and heterogeneous Finite 1077 units of w%
Nasrabadi et al. [12] 2006 .y ) & ) ] 41x41 ¢
phase multicomponent (with and without difference (steady state)
anisotropy)
i - Binar d ol -
Nasrabadi et. al. [13] 2006 Single- Binary an Packed column Volume 21x1001 Until steady state
phase ternary balance
, ingle- . Finit 10”7 units of w9
This work 2016 Single Binary Fractured e 901x451 units of w%
phase difference (steady state)

binary mixture of C';(methane)/nCy(normal-butane).
It is assumed that the model experiences a prescribed
thermal gradient via impervious rock boundaries [7].

2.2. Equations

The physical model is changed into a mathematical
model by writing the governing equations. Governing
equations are as follows:

1. Conservation equations of mass and species;
2. Darcy’s law;

3. Conservation equation of energy.

Because of the assumed prescribed temperature field,
it is not required to solve the last equation. To
determine the temperature field, some assumptions are
considered, which finally lead us to Eq. (1) as the
temperature field of the model. These assumptions
include:

1. The conductive flow of heat is much greater than
the convective flow;

2. The thermal diffusivity is very large compared with
the molecular diffusion coefficient [7].

These assumptions lead us to the equation of T =
Txx + Tyy + ¢. Considering the temperature of the
model’s center as 7Ty, which is the temperature of
sample taken from discovering well, we have:

T=Tx(r—a/2)+Ty(y —b/2) + Tp. (1)

Except for the temperature field, another simplifying
assumption in this study is Oberbeck-Boussinesq ap-
proximation, which is valid in the range of temperature,

pressure, and compositions used here [14]. Using this
assumption and except for the buoyancy term (pg),
the density is assumed to be constant and equal to py
(center-model density value). The density value for the
buoyancy term can be calculated as follows:

p(T,w) = po[l = Br(T = Tp) = Bu(w —wo)].  (2)

The validity of this equation is demonstrated by Gho-
rayeb and Firoozabadi (2000) by plotting densities
calculated from Peng-Robinson Equation Of State
(PREOS) versus temperature and mole fraction in
the ranges of temperature, pressure, and compositions
used in this study. fr = (—l/po)(g—;) and 83, =
(—1/p0)(g—5) are thermal expansion coefficient and
compositional expansion coefficient, respectively. Their
values are constant and equal to the slope of the above-
mentioned plots [7]. The index O represents the values
corresponding to the sampling well.

Conservation equations of mass and species are as
follows:

V.u=0, (3)
Ow
pog + pgv.Vw +V.J =0, (4)

in which w, v, and J are weight fraction of methane,
velocity vector, and diffusive mass flux of methane. J
is equal to:

J=C"Vw+ CPVp+ CTVT, (5)

where C*, C?, and C7T are molecular, pressure, and
thermal diffusion coefficients, respectively.  These
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coefficients because of their insignificant changes are
assumed to be constant [10]. In binary mixtures,
compositions are not independent. That is why it is
not necessary to equate the conservation equation for
the heavier component, n-butane. Diffusive mass flux
of n-butane equals —.J and its weight fraction is equal
o (1 —w) [7]. Substituting J in Eq. (4) results in the
following equation:

P A
poai:wov.vw + OV 4+ CPV2p+CT V2T =0,
(6)

The bulk velocity is calculated using Darcy’s law:

vz—M%{Vp+po[1—5T(T—To)—/3w(w - wg)]gj}£7)

where p, k, u, @, and j are pressure, permeability, fluid
viscosity, reservoir porosity, and upward vertical unit
vector, respectively. By substituting Darcy’s equation
in Eq. (3) and assuming that #% is counstant, pressure
equation is achieved as:

oT ow
2
Vp—ﬂoQ(BTaerﬁway). (8)

To increase the accuracy of numerical calculations, V2p
in Eq. (6) is replaced with its value from Eq. (8). In
fact, the coupling of pressure in Eq. (6) is extracted.
This equation becomes pressure-independent and is
only calculated using velocity and temperature. In
other words:

w
Pogy T Pov- Vw + C*Vw

T d
+CPpog [ Br o+ Bua |+ CTV?T = 0.(9)
Ay dy

Generally, there are three types of boundary condi-
tions. In the first type, the dependent variable is
specified at the boundary. If we consider f as a function
of z and y in a 2D Cartesian problem and « as the
dependent variable, we have v = f(x,y) for the BC
of the first kind. In the second type of boundary
condition, the normal derivative of dependent variable
is specified on the boundary, i.e. Vu.n = f(z,y) or
du/on = f(x,y), where n is the normal vector. In
the third kind, there is a linear combination of the
first and second types, i.e. u + «6% = f(x,y), where
o and 3 are constants. The first kind of boundary
condition is called Dirichlet boundary condition, the
second kind is known as Neumann boundary condition,
and the third kind is Robins boundary condition.
Boundary conditions in this study are of the second
kind (Neumann) and the third kind (Robins).
Boundary conditions are given in Figure 2. It is
noted that boundaries are bounded and impervious,

3(2016) 2811-2819

Ya
b vy=0, J,=0
vy =0 vy =0
J.=0 n J.=0
>z
0 vy =0, J,=0 @

Figure 2. Boundary conditions and location of the
discovering well.

and, hence, velocities and diffusion in these points are
zero. The above-mentioned sentence can be written
mathematically as follows:

Jn=0, @x=0,a and y=0,0, (10)
vn=0 (v, and v, =0),
@z =0,a and y=0,b. (11)

n is unit normal vector. Eq. (10) yields:

ow Op 70T

P = 12

cv o +C<9 +C o =0, @z =0,a, (12)
ow Op 70T

p = 1

c ay+c 8y+c o =0, @y=0,b (13)

and Eq. (11) yields:

3 0, @z =0,a, (14)

9 _ 1 T-T

aiy ——pog[ _BT( - O)_ﬁw(w_wo)]“
@y=0,0. (15)

Eqgs. (14) and (15) are, respectively substituted in the
boundary conditions of Egs. (12) and (13), to make
them pressure-independent. Therefore, we have the
following equations:

ow , cr9T

cv o i 0, @z =0,a, (16)
w OW »
¢ By CPpog[l — Br(T — To) — Buw(w — wp)]
or
T
— = = . 1
+C oy = Q@y=0,b (17)

Eqgs. (14) and (15) are boundary conditions for Eq. (8),
and Egs. (16) and (17) are boundary conditions for
Eq. (9) with initial guesses of Wy and Py. To solve these
equations, it is needed to find the final value of each
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Table 2. Physical properties and dimensions of the

model.
a 30m C*  —1.55x 1077 kg/m.s
b 15m C?  —7.85 x 107'% kg/m.Pa.s
Xo 02 cT 171 x107° kg/m.s.K
Py 1.1x10"Pa T, 0.1 K/30m
To 3385 K T, -1K/15m
po 4953 kg/m* @  0.25
k,, 1 md m 0.2 c.p.

variable at one reservoir point. These values are taken
from discovering well samples, namely Ty, P, Wy, and
Xy (mole fraction); moreover, they, alongside physical
properties of the reservoir and model dimensions, are
shown in Table 2. In this study, it is assumed that the
discovering well is model-center.

Permeability of fractures (ky) is calculated using
the following equation, which makes it related to
fracture aperture (f,) [7]:

ky = 10°f2, (18)

where f, is in mm and k; is in md. Fracture aper-
ture, in this study, is equal to 0.1 mm. Hence, the
permeability of fracture is equal to 1000 md.

2.3. Solution procedure

Darcy’s law and Egs. (8) and (9), along with their
boundary conditions, Eqs. (14) to (17), are numerically
discretized using finite-difference method and solved
using MATLAB. Because the fracture thickness was
very less than the reservoir dimension, a non-uniform
meshing was used. The shape of mesh grids is shown
in Figure 3(a). 901 x 451 mesh grids are used for
calculations. To investigate effect of the mesh size on
numerical results, different simulations with different
grid sizes were done. It was found that the applied
mesh grid was the optimal grid size both for accuracy
and run time. The term “optimal” refers to the
highest accuracy and the lowest run time. Error term
for weight fraction is 10~7 units relative error. It
is noticeable that indirect solution is time-consuming
and inappropriate since there are lots of calculations.

J

Fracture

Matrix block

e e //
(a) (b)

Figure 3. (a) System mesh grids. (b) Saidi’s slab model.

Hence, the direct method of Gaussian elimination is
used here [15,16].

2.4. Validation of the results
Since the 2D model was insulated from pressure in one
dimension (% = 0), we used the analogous Saidi’s [6]
model for slabs, Figure 3(b), to validate our approach.
A dimensionless 1D diffusion equation of a slab is as
follows:

8*Pp 9Pp

oxX2  aTp 0, (19)
in which, Pp is dimensionless saturation pressure and
X and Tp are, respectively, dimensionless length and
time as follows:

T

Tp =D and X =", (20)

e o
c?’

in which, D, is effective diffusion coefficient (diffusion
coefficient in porous media) and ¢ is the distance

between slab midpoint and boundaries. Boundary
conditions are as follows:

OPp

— =0 @X =0

aX ) )

Pp =1Tp, @X =1,

Pp =0, @Tp=0. (21)

This dimensionless pressure equation is solved using
the method used in this study (Gaussian elimination)
at different times and at the slab midpoint (X = 0),
and a very good match is obtained compared to Saidi’s
analytical results. Figure 4 demonstrates this claim.

3. Results and discussion

Because of the thermal field, pressure gradient, concen-
tration gradient, and density gradient in the reservoir,
thermal diffusion, gravitational segregation, molecular

o

a2 L2 Saidi (1987) .

o == == = (Gaussian elimination (this study) v

2 1.0F 7

”

55 /,‘

E2 08¢ ”

o A ,I

g

2 &~ 06l ,_’ !
g o

£2 04} - i

v 3 ”

= -

g A -

2 < -

g 0.2¢ - E

a "

Q -

£ 0.0 |ummea" ) ' ' L 1

A 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Dimensionless time Tp
Figure 4. Comparison of Saidi’s slab [6] analytical
solution and numerical results of the applied method in
this study for dimensionless saturation pressure depression
at the center of the slab versus dimensionless time.
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Figure 5. (a) Methane molar contours for the case CT = 0 and convection-free system. (b) Methane molar contours for

the case C* = 0 and convection-free system.
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Figure 6. (a) Methane molar contours for the case C? = 0 and convection-free system. (b) Methane molar contours

(convection-free system (k = 0)).

diffusion, and natural convection are established re-
spectively. These phenomena change the fluid com-
position. The effect of the mentioned phenomena on
the compositional distribution of the reservoir fluid is
studied.

To investigate the effect of molecular and pressure
diffusions, the values of thermal diffusion coefficient
and permeability coefficient are assigned to zero. As
shown in Figure 5(a), compositional distribution be-
comes a zero-inclined straight line. Pressure distribu-
tion through the reservoir, also, has such a profile since
both boundary conditions of pressure equation in the
z-direction have a form of % = 0, and the reservoir
is pressure insulated in this direction. The pressure
profile for this case is shown in Figure 5(b). Hence,
it can be found out that pressure diffusion overrides
the molecular diffusion.  Pressure diffusion would
change the composition distribution in the direction of
pressure change and yield a zero-inclined distribution.
Pressure diffusion or gravitational segregation always
tends to settle down the heavier component of the
reservoir fluid and keep light component at the top.
Thus, it is expected that the reservoir would be richer
than light component at the top, and vice versa; or,
systematically speaking, reservoir becomes richer than
light component from bottom to top. Figure 5(a) bolds
the prominence of pressure diffusion.

At this step, to compare the thermal and molec-
ular diffusions, values of pressure diffusion coefficient

and permeability coeflicient are set to zero. In this case,
while pressure BCs still have the same form as before,
the weight fraction BCs take the Neumann forms of:

% = —%Tx and %—Z" = —g—ZTy, which are multiples
of temperature gradients and yield a straight line for
composition profile, as shown in Figure 6(a). The
temperature profile through the reservoir, also, has the
same profile (Eq. (1)). Thus, it could be concluded
that the composition of weight fraction takes its effect
from temperature profile, meaning that thermal diffu-
sion overrides molecular diffusion and applies changes
in fluid composition in the direction of temperature
variation to result in an inclined profile. Thermal
diffusion always tends to keep the light components
at the hotter spots of the reservoir and the heavier
components at the colder area. Considering the fact
that the reservoir bottom is hotter than the upper
zones, it is expected that the lighter components would
be more at the bottom and less at the top (vice versa
for the heavier components). According to Figure 6(a),
it is an implication of thermal diffusion prominence.

In the next case, convection is neglected (by
setting k equal to zero) to compare three kinds of
diffusion. Again, in this case, pressure BCs have the
same form as before but the weight fraction BCs take
the Neumann form of:

-ty
or cw'
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in the z-direction and the Robins form of:

w0

C&y

+ CPpogBuw = —CTT, + CPpyg[l

= Br(T —To)] + C”pogBuWo,

in the y-direction. Therefore, three terms are added to
the weight fraction BCs in the y-direction with respect
to the last case. While C” is multiplied in all these
three terms, a straight line is still resulted. Regarding
Figure 6(b), composition distribution is almost the
same as that in Figure 6(a) in which thermal diffusion
is the prominent phenomenon. Thus, it could be said
that pressure diffusion terms are negligible with respect
to thermal diffusion term (C7T,) and the composition
of weight fraction takes its effect from the thermal
diffusion, meaning that thermal diffusion overrides
molecular and pressure diffusions, no matter the BC
is Neumann or Robins. The effect of pressure diffusion
and thermal diffusion on composition variation is in
contrast, i.e. the pressure diffusion tends to settle
down heavier components, while thermal diffusion
tends to do the same for lighter components at the
bottom (reverse trends for topper zones). Figure 7(a)
illustrates the density contours. Despite the presence
of gravitational segregation in the reservoir, density
at the top is greater than its value at the bottom,
which is again an implication of thermal diffusion
prominence. Methane is richer at the bottom of the
reservoir, and it is said that methane in binary mixtures
tends to be segregated into the hotter spots of the
reservoir.

To investigate all phenomena, the recent case is
repeated by taking the permeability values of fracture
and matrix rock into account. A great composition
variation is observed and the profile is changed from
linear to curved, as presented in Figure 7(b). According
to Ghorayeb and Firoozabadi (2000) [7], permeability
of fractures that are lower than 0.25 mm does not
greatly change the composition variation. Hence, in
our case (0.1 mm), fractures do not greatly affect the
composition. On the other hand, 1 md permeability
of matrix rock is relatively low. Thus, one could say

15 Density contours (kg/lng)

500 — |
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Figure 7. (a) Density contours (convection-free system (k
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Figure 8. Velocity vectors of components: (a) When
both fracture and homogenous parts play role; and (b)
when only velocities of the homogenous part are drawn.

that a small amount of convection has caused this large
composition variation.

Figure 8(a) shows velocity vectors in the
model. Velocity analysis shows an established counter-
clockwise convective cell in the model. In the presence
of fracture velocities, velocity vectors of the homoge-
nous part will be like a dot. To better demonstrate
the trend of velocity contour plots in the homogeneous
zone, Figure 8(a) is zoomed in such a way that fracture
velocities would not be considered. The result is shown
in Figure 8(b). As can be seen, the velocity contours
take the same counter-clockwise form as that in the
fractured zone. The graphs of horizontal velocity of
the bottom fracture and the vertical velocity of the left
fracture are shown in Figure 9(a) and 9(b), respectively.
The existence of high-perm fractures is the reason that
the velocities of these parts are much greater than those
of the other non-fractured parts, which causes a great
portion of the fluid to flow through the fractures. The
velocity of fractures increases parabolically up to an
extremum in the vicinity of fracture center, and, then,
it goes back to zero.

Methane molar contours (%)
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Figure 9. (a) Horizontal velocity of bottom fracture. (b) Vertical velocity of left fracture.

4. Conclusions

In this study, decoupling the pressure from oil conser-
vation equation led us to a faster and more accurate
calculation, which resulted in more exact values for the
next iterations. According to simulations, the following
conclusions could be drawn:

1. Both profile shape and arrangement of the com-
ponents show that thermal diffusion overrides two
other diffusions (i.e., pressure diffusion and molec-
ular diffusion). The profile of oil composition in the
convection-free system (k = 0) is linear and similar
to temperature profile. The behavior of compo-
sitions is in such a way that heavier components
are segregated at the top and lighter components
are segregated at the bottom, which shows that a
phenomenon is working against gravitational segre-
gation, i.e. thermal diffusion. The effect of diffusion
phenomenon on composition variation is as follows:
Thermal diffusion is greater than pressure diffusion
and pressure diffusion is greater than molecular
diffusion;

2. A small amount of convection causes a large compo-
sition variation. For instance, changing the matrix
permeability even for 1 md causes a large variation
in composition distribution;

3. A counterclockwise convective cell forms in the
reservoir, and, in addition, a great portion of the
fluid flows through the fractures;

4. In future studies, molecular and pressure diffusions
could be neglected because they do not greatly
affect composition variation. While, it is not a good
idea to neglect thermal diffusion since its effect is
significant even in the presence of convection.

Nomenclature
a Reservoir width, (L), m
cv Coefficient of molecular diffusion in J,

[m/Lt], kg/m.s

CP

CT

St Q

B
Pr

Coefficient of pressure diffusion in J,
[t], kg/m.Pa.s

Coefficient of thermal diffusion in J,
[m/LTt], kg/m.s.K

Fracture aperture, [L], mm
Gravity acceleration, [L/t?], m/s?
Reservoir height, [L], m

Diffusive mass flux, [m/L?t], kg/m?.s
Permeability, [L?], md

Fracture permeability, [L%], md
Matrix permeability, [L2], md
Normal vector

Pressure, [m/Lt?], Pa

Pressure at the reservoir center,
[m/Lt%], Pa

Temperature, [T], K

Temperature at the reservoir center,
[T], K

Time, [t], s

Horizontal thermal gradient, [T /L],
K/m

Vertical thermal gradient, [T/L], K/m
Horizontal velocity, [L/t], m/s
Vertical velocity, [L/t], m/s

Velocity vector, [L/t], m/s

Weight fraction, dimensionless
Weight fraction at the reservoir center,
dimensionless

Horizontal axis, [L], m

Vertical axis, [L], m

Upward vertical unit vector
Compositional expansion coefficient,
dimensionless

Thermal expansion coefficient, [T 1],
K—l
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X Mole fraction, dimensionless
10) Porosity, dimensionless
o Viscosity, [m/Lt], kg/m.s
p Density, [m/L3], kg/m?
0 Density at wy and Tp, [m/L?], kg/m3
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