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Abstract: This study addresses the numerical simulation of non-isothermal two-phase
water-oil flow in oil reservoirs. The problem of heavy oil recovery by reservoir heating (via
heated fluid injection) is investigated, aiming to reduce oil viscosity and increase its mobility.
The governing equations are formulated in terms of non-wetting phase pressure (oil),
wetting phase saturation (water), and reservoir average temperature, without assuming
local thermal equilibrium. Temperature-dependent relative permeabilities are considered.
The Finite Volume Method is employed, and the resulting algebraic equations are linearized
using the Picard method. The linearized discretized equations are solved sequentially for
pressure, saturation, and average temperature, utilizing the Preconditioned Conjugate
Gradient (pressure and average temperature) and Preconditioned Stabilized Biconjugate
Gradient Method (saturation). After validating the numerical results, a sensitivity analysis
is performed using a reservoir with slab geometry. The results demonstrate the positive
impact of reservoir heating on heavy oil recovery.

Keywords: enhanced thermal recovery methods; finite volume method; non-isothermal
flow; reservoir simulation; two-phase flow

1. Introduction

Energy generation, the environment, health, and biological systems are areas where
porous media flow knowledge is significant. Examples include oil and gas exploitation,
fuel cells, batteries, solid mechanics, and cardiovascular systems [1]. Numerical simulation,
for instance, finds application in the oil industry, which invests substantial resources to
mitigate costs and risks associated with production.

Data about flow patterns can be obtained through experiments using reservoir samples.
Alternatively, information can be collected via pressure tests in injection/producing wells
and temperature and pressure data analysis. However, these methods are expensive
and may be unfeasible when studying multiple production scenarios. For this purpose,
numerical simulation becomes a valuable alternative tool [2]. In this context, this study
proposes its use to solve non-isothermal two-phase flow using a one-equation model
derived without assuming the hypothesis of local thermal equilibrium.
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Numerical reservoir simulation requires a prior understanding of several areas of knowl-
edge, such as mathematics, physics, numerical methods, and advanced programming [3], and
it is widely used in the oil industry [2]. This is due to the inherent difficulties in accurately
obtaining reservoir properties throughout its extension and the complexity of determining
flow behavior in situ. Therefore, it serves as an ally when maximizing hydrocarbon recovery
is necessary [4,5]. Hydrocarbon production stages can be divided into primary, secondary,
and tertiary [6]. In primary production, oil or gas is obtained due to the pressure differ-
ence between the reservoir interior and the surface. In secondary production, part of the
remaining hydrocarbons is recovered via the injection of an immiscible fluid, available
in abundance and at low cost. Finally, chemical, miscible displacement, biological, and
thermal methods are employed [7]. All aim to promote higher hydrocarbon mobility,
decreasing flow resistance and increasing production [6].

In the case of conventional oils (API gravity greater than 30), production costs are
comparatively lower than those associated with heavier oils [8]. However, due to the
current depletion of their reserves, special attention has been given to exploring those with
API gravity between 5 and 22. As they have higher viscosity, there is higher flow resistance,
and production costs are higher [9]. Under these circumstances, the dominant recovery
techniques are thermal, non-thermal, or cold and solvent-based [10].

Therefore, an attractive alternative to increase heavy oil recovery is the use of thermal
methods [11]. For example, static heaters can be positioned inside the reservoir, resulting
in a decrease in viscosity and a consequent increase in fluidity [12].

As with other recovery techniques, numerical simulation can also be used for thermal
methods [13]. The most commonly used is steam injection [14], which has the disadvantage
of requiring a large amount of available water in addition to the energy cost associated
with steam generation. Furthermore, it causes harmful environmental effects due to the
means generally used to generate the necessary energy, causing the emission of greenhouse
gases [14]. An alternative, in situ combustion, has been applied with relative success in
Canada [10].

Electric energy can also be used to heat the reservoir by introducing heating elements
that transfer heat to the fluid and the rock [9,15]. Another possibility is electromagnetic
heating, enabling localized heating and being able to transfer up to 92% of the generated
energy to its surroundings [16]. The number and location of the heating elements can vary
to maximize the recovery process.

In the physical-mathematical modeling of porous media flow, compared to isothermal
flow, the energy equation must be considered in non-isothermal flow in addition to the
continuity and momentum equations. In the literature, one- or two-equation models
are commonly used, with the latter being the most suitable when there are significant
differences in the order of magnitude of the thermal properties of the fluids and the porous
matrix [17]. The one-equation model for single-phase flow [13,18] can be derived with or
without assuming the hypothesis of local thermodynamic equilibrium [19]. In the case
of the two-equation model [17], separate equations are used to obtain the temperature of
the fluid and the rock, and the heat transfer between them is accounted for via a source
term [20].

In the most general case, multiphase flow must be considered due to the presence of
more than one phase when using advanced recovery techniques. For example, Siavashi
et al. [21] simulated the non-isothermal two-phase flow of immiscible fluids in a saturated
medium, adopting the hypothesis of local thermal equilibrium, and simulated the injection
of heated water via the streamline method. On the other hand, also assuming local thermal
equilibrium, Roy et al. [22] studied the non-isothermal, compositional two-phase flow,
considering the presence of chemical reactions. Other applications can be found in Lindner
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et al. [23] and Kumar et al. [24]. The first dealt with cooling by phase change and used a
mixing model, considering a multi-component fluid, without considering local thermal
equilibrium. The last one addressed the drying process in food via microwaves, in which a
fluid flow model in a porous medium with phase change was used.

Although phase changes may occur due to the temperature increase inside the reser-
voir, they were not considered here. As a preventive measure, the maximum temperature
values were monitored to prevent them from occurring. Therefore, the case of a three-phase
flow is outside the scope. In this initial work, the problem of injecting a heated fluid into
a reservoir with slab geometry will be addressed. Later, the heating problem using static
heating wells will be investigated.

This research advances the understanding of non-isothermal two-phase flow in porous
media by explicitly considering the interplay of temperature-dependent relative permeabili-
ties and hydrodynamic dispersion. Its innovation also lies in the use of a proposed operator
decomposition, enabling the application of Conjugate Gradient (CG) and Biconjugate
Gradient Stabilized (BiCGSTAB) methods to solve, in a fully implicit manner, the subsys-
tems for oil pressure (CG), temperature (CG), and water phase saturation (BiCGSTAB).
This approach provides novel insights into this area, particularly relevant for enhanced
oil recovery.

2. Non-Isothermal Flow in Porous Media

The governing equations that will provide the saturation and average temperature of
the reservoir are presented below, along with the specification of how the properties of the
fluids and the porous matrix will be calculated.

The following hypotheses were considered in the model used:

e the rock formation is anisotropic in terms of absolute permeability;
*  the rock compressibility is small and constant;

e the fluids are Newtonian;

e  no chemical reactions occur;

* the flow is laminar at a very low velocity;

¢ the fluids have a steady chemical composition;

* the flow is non-isothermal, two-phase and three-dimensional;

¢ the fluids are slightly compressible;

e  the thermal conductivities of the rock and fluids are constant;

¢ and the hypothesis of local thermal equilibrium is not considered.

Each of these assumptions simplifies the simulation model, but also introduces limi-
tations. The anisotropy of rock permeability directly affects the direction and velocity of
flow, requiring a model that captures this directional variation. The low compressibility of
rock and fluids simplifies density and volume calculations. The Newtonian nature of fluids
and the absence of chemical reactions eliminate complexities related to nonlinear behavior
and species production or consumption. Low-velocity laminar flow justifies the use of
modified Darcy law. The constant chemical composition of fluids and the constant thermal
conductivity of rock and fluids reduce the need for complex heat transport and transfer
models. The non-isothermal, two-phase, three-dimensional nature of the flow requires the
solution of energy and multiphase flow equations. Finally, the disregard of local thermal
equilibrium allows modeling situations where the average temperature of the rock and
fluids are not the same.

In accordance with the scope of this study, fluid and rock properties are computed as
functions of both pressure and temperature, with particular emphasis on the implementa-
tion of a model for temperature-dependent relative permeabilities.
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krw = exp[—0.08832T + 15.38In(T) — 64.87] [

It is also important to highlight that this set of hypotheses defines a specific scope
wherein the flow maintains a two-phase state under the prescribed conditions, excluding
water evaporation or gas dissolution from the liquid phases.

For two-phase flow in porous media, the mass balance yields [3]

d
g(‘l’PrxStX) + V.(aVa) = Gma =0, 1)

where ¢ is the porosity, p is the density, v is the superficial velocity, S is the saturation, g, is
the source term, and the subscript « indicates the phase in question. Furthermore,

¢ =9"[1+co(po—p") —cor(T-T°)], @

where ¢V is the reference porosity, determined at the reference pressure (p°) and temperature
(T, ¢y is the rock compressibility coefficient, ceT represents the rock thermal expansivity
coefficient, p, is the pressure of the non-wetting phase (oil) and T is the mean reservoir
temperature (to be defined later) [3].

Regarding density [3], we employ

Pa = pf [Hca(m—po) —caT(T—TO)], 3)

where p! is the density of the phase « under reference conditions, ¢, is the fluid compress-
ibility coefficient, and c, is the thermal expansion coefficient of the phase «.

Although viscosity varies depending on pressure and temperature, only its variation
with temperature will be considered [13],

b
Hn = an eXP<T_nTref>/ (4)

where 4, and b, are constants determined for a given type of oil, T,.f is the reference

temperature for calculating viscosity, and it is a correlation specifically developed for heavy
oils. The water viscosity is considered constant.
In two-phase flow, Darcy’s classical law must be modified by introducing the relative

permeability k., [3],

k
Vy = —fk(Vpa —1.VZ), 5)
4

where k;, is the relative permeability of & phase, p, is the viscosity, k is the absolute
permeability tensor (diagonal), p, is the pressure, gamma, = p,g, where g is the magnitude
of the acceleration due to gravity, and Z is the depth.

Since this is a non-isothermal flow, a model that takes into account the variation of
relative permeability as a function of temperature is used [25]:

S, —2.673-10~4T — 0.0382 ] A

6
1—2673-1074T 4 0.1036 In(T) — 0.7623 ©)

for the wetting phase (water), where A; = —5,578 - 1073T + 2,995 and, for the non-wetting
phase,

Sy — 2.673 - 10~4T — 0.0382 ]AZ .

krn = [0.4947In(T) — 1.6666] |1 —
m =1 n(T) ]{ 1—2.673-10-%(T) + 0.1036 In(T) — 0.7623

where Ay = —9.885-107%T + 1.349, S, is the saturation of the wetting phase, and the
temperature T should be given in °C. These correlations are valid for temperatures ranging
from 70 to 220 degrees Celsius.
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Combining Equations (1) and (5),

ko B _ 9 [¢Se]

V- | kvp - 0v2)] = 5[ 52] - e ®
kyew o d [¢Sw

v. [wawk(pr—fwaZ)} _ at{ o ] Gscor ©)

where By = psca/pa is the formation-volume factor, gsc, = Gmw/ Psc,, AN Jsc, = Gmo/ Pscys
being psc,, and psc, the densities at standard (constant) conditions of the wetting phase
(water), and of the non-wetting phase (oil), respectively.
The reservoir is saturated
Sw+So=1 (10)

and the effects of capillary pressure,

Pc = Po — Pw, (11)

are accounted for [26]

1— 50— 5 )e’”, 12)

Sw) = —_—
pC( w) Pemax (1 _ Siw _ Sm

where p.,,, is the maximum capillary pressure, the exponent epc must be provided, S;, is
the irreducible water saturation, and S,, is the residual oil saturation.

Therefore, substituting Equations (10) and (11) into Equations (8) and (9) yields the
two governing equations:

kro . a 4)(1_Sw) _
[ = w
krw J (I)Sw)
V- |——k(Vp, —Vp.—vVZ)| = = — Gscy - 14
[Vwa (Vp pe— )} at<Bw q (14)

As previously stated, it is common to use the assumption of local thermal equilibrium
(equality of volume average temperatures of fluids and porous matrix) [22,27]. How-
ever, in some situations, it may be inappropriate [28]. As alternatives, the one-equation
model without adopting such an assumption [19], or the two-equation model [17] or three-
equations, with phase change [28] or without phase change [29] are available. Here, the
one-equation model (without local thermal equilibrium) is employed, whose dependent
variable is the volume average reservoir temperature (weighted average of the phase and
rock temperatures), and the thermal heating is modeled via source terms [13].

For constant heat capacities, the macroscopic equation governing heat transfer is [30]:

d k k
Z[(pcp)T) = V- | poho—2K(Vpo — 1%V Z) | = V - | pwha —2k(Vpo — Vpe — Yo Vi Z)
ot ™ .

- V. qH Pohofsc,  Pwhwqsc,

=V - (KVT) + v, + v, + T (15)

where K represents the effective thermal dispersion tensor, &, and &, are the enthalpies of
oil and water, gy represents a volumetric thermal source (when there are heating wells), V,
is the total volume, and gs¢, and gs,, represent the volumetric mass flow rates when there
are injection/producing wells.

The average temperature of the porous medium, considering both phases and the
rock, is given by [30]:
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(0cp) T = ¢(1 = Sw) (0cp) , To + ¢Sw(0cp) , Tw + (1 = ¢) (0cp) , Ty, (16)

where ¢y, , ¢p. , To, and Ty, are respectively the specific heat and temperatures of the oil and
water, and T represents the average reservoir temperature. Furthermore [30],

(ocp) = ¢(1 = Sw) (ocp), + ¢Sw(ocp),, + (1 —¢)(ocy), (17)

represents the average heat capacity.
The enthalpies of the fluids are calculated knowing the average temperature of the
reservoir [13]:
ho =¢p,T, hw = cp,,T. (18)

For example, after applying the Method of Volume Averaging [31] to the energy bal-
ance equation, the appearance of the effective thermal dispersion tensor in the macroscopic
equation describing energy transfer at the laboratory scale is observed [19,32]. It contains
the contribution of three terms related to thermal conduction, tortuosity, and hydrodynamic
dispersion and, in the case of two-phase flow,

K = [¢(1 = Sw)ko + ¢pSwikw + (1 — ¢)x,](I+ T) + D, (19)

where x,, k;, and «;, are the thermal conductivities of oil, water and rock, respectively, I is
the identity tensor, T is the tortuosity tensor, and D is the hydrodynamic dispersion tensor.

It is assumed that the tortuosity tensor is diagonal and that its components are constant
and given by [33]:

4/3
T = 1.23(1(;”). (20)

The hydrodynamic dispersion tensor is taken to be diagonal and anisotropic, with its
axial Dgy = Dyy and transversal Dy, = Dyy = D,; components determined via [32]:

Dax = (1 — Sp)k,0.7Pelt + $pSypk1,0.7Pels?, (21)

Dy = ¢(1 — Sy)x40.2Pe,y + ¢Syic,0.2Pey, (22)

where Pe, = ReyPry is the Péclet number. The Reynolds (Re) and Prandtl (Pr) numbers
are defined for the mobile phases (water and oil) by Rey = pa0ad)/pia and Pr = cppy /Ky,
where d), represents the mean particle diameter of the porous medium.

Initial and Boundary Conditions

The initial and boundary conditions still need to be provided to complete the physical-
mathematical model, whose governing equations are (13)—(15).

Pressure, temperature, and saturation are provided as initial conditions at ¢ = #,. For
pressure, their values consider the hydrostatic gradients [3]. Similarly, for temperature,
geothermal energy causes it to vary at a rate | VG| of 25-30 K/km for the region of the
Earth’s crust [34].

Regarding boundary conditions, Dirichlet, Neumann, or Robin-type conditions can be
employed on the entire boundary d(} or on part of it [6].

The reservoir has a slab geometry (Figure 1), and the main flow is in the direction of
the x-axis. At the inlet boundary, a pressure gradient and the temperature and saturation of
the injected fluid are imposed. At the right boundary, a pressure value and zero derivatives
for the saturation and temperature in the flow direction are established. At the other
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boundaries, zero flow conditions and zero derivatives for saturation and temperature in
the directions perpendicular to the reservoir face are considered.

30
25
20

15

Z-Axis

10

300
600

100

200
Y-Axis 0 o X-Axis

Figure 1. Illustration of the reservoir slab geometry.

3. Numerical Resolution Methodology

Based upon the entirety of the methodology expounded within this section, an in-
house simulator, coded in the C programming language, was developed by our group. All
results presented herein were obtained through the utilization of this numerical code.

In solving governing differential equations, the Finite Volume Method is employed [2,35].
It is a well-known method having conservative properties that make it a good option when
solving systems of partial differential equations [35]. As usual, the mean values of the
dependent variables are determined at the center of the finite volumes and do not vary inside
them (for a given time).

The domain of dimensions Ly, Ly, and L, is discretized using ny, n,, and n; finite
volumes (whose dimensions, not necessarily constant, are Ax, Ay, and Az) in the x-, y-, and
z-directions, Figure 2, so that,
1y 1z
Y Ayj=1L, Y Az =L, (23)
=1

Ny
E A'xl = LX/
i=1 j k=1

where the indices i, j and k indicate the blocks (cells or finite volumes) in the x-, y- and
z-directions, respectively. In this system, we reference the boundaries (faces) of the blocks
via the notation (1 £1/2,j,k), (i,j £1/2,k), and (i, j, k = 1/2) [35].

In Figure 3, the faces of the finite volumes are indicated by (i —1/2,j,k) = w, (i +
1/2,j,k) =ve, (i,j—1/2,k) =mn, (i,j+1/2,k) =s, (i,j,k—1/2) =band (i,j,k+1/2) = a.
On the other hand, capital letters are used when referring to the nodes positioned at their
respective centers: (i —1,7,k) = W, (i—1,7,k) = E, (i,j—1,k) = N, (i,j+1k) = S,
(i,j,k—1)=A,and (i,j,k+1) = B.
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Figure 2. Illustration of the three-dimensional mesh.
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Figure 3. Finite volume.

Once the computational mesh has been generated, space-time integration of
Equations (13)—(15) is performed in each cell of the domain:

/ Mt/v ot [(P(lBOSW)]dth / - / [yoBok(Vpa %VZ)]dth

t+At
n / / gse, AVt (24)
t %4

t+At $Sa At Ko
/t / ( )dth / / [HwB (Vpo — Vpc—'waZ)]dth
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t+AL
+ / / Gec AVt (25)
Jt 1%
t+At t+At ‘o
/ / 2 l(pe,) TIdVit = / / {pohok(v;ao %VZ)]dth
t
At
+/ / [pw e (Vpo—Vpc—’waZ)]dth
t+At +At qu
+/ / V-(KVT)dth—i—/ / 94 gvas
t vV
+ / o / (p" ofsco pwhy’“w)dvm, 26)
b

where At is the time increment and the subscript V indicates that the integration domain is
the control volume.

Since a widely used method was chosen, the details concerning space-time integration
of the governing equations will be omitted [30]. A fully time implicit formulation was
opted for, and space-centered difference approximations were used.

In the discretized equations, a new variable, T, representing the transmissibility
evaluated on the faces of the finite volumes was introduced.

o kxAxkra o kyAxkra
Ty, = (WB“ Ax)e, Taw = (MB“ Ax>w, @7)

where the subscripts e and w refer to the values that must be evaluated on the east and west
faces, Ax, and Axy, represent the distances between the centers of the cells neighboring the
finite volume considered, and Ay = AxpAyp is the area of the face of the finite volume.
Analogous expressions are obtained for the other faces in the y- and z-directions.

Another point of fundamental importance is the approximation of transmissibilities
at the interfaces of the control volumes. These terms can be highly nonlinear due to
their dependence on the unknowns of the problem. This fact can generate problems with
convergence, as reported in [36], and the stability of the numerical method. Knowing
this context and remembering that the properties are defined at the centroid of the finite
volume, appropriate approximations must be introduced to overcome these issues. First, T
is calculated from the product between a geometric term, G, and two terms dependent on
the dependent variables, F,, 1) Fs. Then,

T = GF, 1)Fs. (28)

For example, the geometric terms appearing in the three balance equations are approx-
imated on the east face e by

kyAy kxeAxe
= = 2
Gre ( Ax )E Ax, ' (29)

where the permeability, in turn, is determined via a harmonic mean

kyxpkye(Axp + Axg)

k - 7
xe kprxE —‘rkxEAXp

(30)

and the same type of approximation is used for the thermal conductivities that appear in
the diffusion term of the energy equation.

The F terms can be computed in two different ways. For example, a centered difference
scheme (uniform mesh) was used for those that are pressure- and temperature-dependent
(weakly nonlinear).
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(), - oo Lo

while for the saturation-dependent terms, which are strongly nonlinear, it is done using a

(31)

first-order upwind scheme. For example, for relative permeability

krap, ifve >0
km@ = . (32)
krap, ifv, <O

That is, it is the calculation of the relative permeabilities on the faces of the finite volumes.
The capillary pressures on the faces are calculated analogously.

After carrying out all the steps recommended by the Finite Volume Method, the
discretized form for the non-wetting phase (oil) was obtained [30]:

Z Tod + MOP pg;tl - (Topo)i%;;l - Iogmv
dleace

= Moy plyy = Mog (T = T") — (S5 = 81 ) Mog + (95c, )3 (33)
where Q) ¢, refers to the set of faces of the finite volume, the term (T, po)'%zgl is given by

(TOPO)%] = (TOePOE)nH + ("H‘wa’ow)n+1 + (TosP%)nH
+ (T, Poy)" ™ + (ToyPog)" ™ + (To,po,)" (34)

and with respect to gravitational effects,

Iograv = ngl’)/gjl(zp - ZA) =+ nglr)/gljl(ZB - ZP) (35)

The terms coming from the transient term are given by

v [ o’ | ¢ e
= — 1 _gqn

MOP At ( Sw)( Bg‘ + Bg Pl (36)
M, = _E -(1 _ Sn) CfPT(PO + ¢n+1CoT (37)

VY w/\ Bn BY .

Vb < (P )ﬂ-‘rl

M, =—-L(£) 38
0g At BO p ( )

where V, = Ax, AypAzp.
Continuing, the discretized equation for the wetting phase (water) is presented [30]:

1 n+1
n
dpc dp
d 1 Cd
Wagg Mg SZJJIS - Z Swp Tw, ds = Mug Sy
Wa deQ]ace Wa
Derizinho
n+1

dEQface de()fm

Deﬂneighbor

n+1
P - ( Z de) pg;-l + Z depoD — (Tn+l — Tn)MwT
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- (pg+1 - pg) MwP + Iwgrav’ (39)
where Y 4c0 e refers to the summation on each face d and, at the same time, on each
Denvizinhu
centroid of the neighboring cell D, for the same spatial direction. Furthermore, the gravity
term is given by
Logss = Tioy Vit | (Zs — Zp) + Tt v (Za — Zb), (40)
and the other ones are
Vo |n [cof”  ¢"ew
My, = — | St , 41
wp = 73 S“’(Bg,+ B0 . (41)
_ Vb Sn C¢T¢O ¢n+1CWT 42
MZUT _E w B?u + ng P/ ( )
Vb ( 4) > n+1
My, = — | — . (43)
YT At\ By ) p
Finally, the discretized form of the energy equation is presented [30]:
1
ﬁ * " n+1 _ rn+ln+1 _ pu+lpn+1l  pu+lgpn+l  pr+lpn4l
(pep) g +T7| T3 —TEP T ST ST T T T
|2
T T = gl T T+ L (ocy) T (44)
where ALK
"= Y Ts Ty==24 (45)
PE) Axg
‘face
and the advective, gravitational and source terms are given, respectively, by
n+1 n+1
I:;z_ulec = Z pscwhwdTWd Pep - Z PSCohOdTOd + Pscwhwdde Pop
dEQfm dleuce
n+1
1
+ Z (Pscg hod Tod + Pscy hwd de ) Pnp - (Pscw hwd de Pcp ) " ’ (46)
dGQfm
Deoneighhnr

1
1850 = (Y, Ty ose, + Ve, Tagbsc) " (Z5 — Zp)
+ (Y1, Ty 0sc, + ’YwaTwaPsca)nH(ZA —Zp), (47)

I = Qu + (.‘7othsca)nJrl + (Pwthscw)nH- (48)

It is worth noting that the nonlinear system formed by these three equations is coupled
since the oil pressure and water saturation depend on the average temperature value.

3.1. Operator Splitting and Linearization

Since linear algebra methods were chosen, the system of discretized equations must
be linearized. To do so, the Picard Method was opted for [37],
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Tn+1 ~ Tn+1,vl (49)

where T"+1? represents, for example, the transmissibility evaluated at time # + 1, but at
the previous iterative level v. On the other hand, the dependent variables are calculated at
n+1,v+ 1, where v 4 1 is the subsequent iterative level. Therefore, an external iterative
process linked to the Picard Method and an internal one for the numerical resolution of the
system of discretized equations are present.

However, in the present work, an Operator Splitting Method was employed [38,39] to
enable the unknowns of the system to be determined by solving the equations sequentially.
Thus, it was possible to arbitrate the most appropriate algebraic methods for each of
them [36].

The following resolution order was established [30]:

¢ firstly, the subsystem that will provide the pressure of the non-wetting phase is solved
(Equation (33));

* next, the saturation of the wetting phase is obtained (Equation (39));

e finally, the average temperature of the reservoir is determined (Equation (44)).

The application of operator splitting with the use of two fully implicit numerical
formulations aims, in the case of the pressure formulation, to benefit from the efficient
design inherent in the IMPES method, while the use of implicit formulations for saturation
and temperature avoids severe time-step restrictions such as those that occur in the IMPES
method due to the explicit formulation for saturation. Furthermore, the splitting as utilized
allows the Conjugate Gradient method to be applied for the solution of pressure and
temperature, with the Biconjugate Conjugate Gradient method being necessary only for the
determination of water phase saturation. This reduces the computational cost compared to
a solution using a Fully Implicit Method methodology.

3.2. Resolution of Linear Algebraic Systems

Due to the strategy employed in solving the governing equations, the pressure and
average temperature are determined via the Preconditioned Conjugate Gradient Method [6],
while the saturation is obtained using the Preconditioned Stabilized Biconjugate Gradient
Method [40].

The choice of preconditioned methods was based on the possibility of accelerating the
convergence process of iterative methods. To this end, preconditioners constructed from
the incomplete LU Factorization process were used [40].

4. Numerical Results

This section aims to present and discuss the results obtained, which are the calculated
values for variables dependent on oil pressure, water saturation, and average reservoir
temperature. Prior to the discussion, validation of the numerical method was performed.

For the scenario under consideration, a well-reservoir coupling technique is not em-
ployed for well modeling, nor is a simplified representation via source/sink terms utilized.
Given the adoption of a slab geometry, the flow is governed by the direct influence of
boundary conditions.

4.1. Numerical Verification

A non-isothermal one-dimensional flow problem was selected to verify the accuracy
of the results for two-phase flow. The selection of this example was driven by its analytical
solution, coupled with the ability to simplify the simulator’s original operational condi-
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tions to obtain results suitable for a comparative analysis of a non-isothermal two-phase
flow scenario.

To this end, the analytical solution of a simplified dimensionless problem, the soil
remediation process, was utilized. This process consists of injecting liquid water into a
porous medium to remove oil in the soil. The fluids are immiscible, and the effect of
capillarity on the flow was not considered.

The effects of capillary pressure are disregarded, the fluids have approximately the
same thermal capacity, and energy transfer by diffusion was neglected. Therefore, after
simplifications [41]

oTr 0T
o ax

subject to a Riemann-type initial condition

=0, —00 < x < 00, (50)

1, x<0

T(x,0) = { (51)

0, x>0
Therefore, the solution in terms of temperature is a discontinuity that advances through the
porous region. Notably, viscosity influences the flow pattern as a temperature-dependent
property [41]

n(T) = (1= 8) exp(T — 1) +9, (52)

where 1, is the viscosity of the non-wetting phase, J is equal to 1/523, and the viscosity of
the wetting phase is assumed to be 1 [41].

To determine the saturation (S), two regions separated by the temperature discontinu-
ity interface must be considered: one on the left (higher temperature) and the other on the
right (lower temperature). Therefore [41],

dS1 | df1
o Pl 0, oo < x <t (53)
for the first region, subscript 1, and
Sy  dfr
W g—o, t<x<00, (54:)
for the second region, subscript 2, and they must be solved considering the following initial
condition
1, x<0
S(x,0) = . (55)
0, x>0

In Equations (53) and (54), f1 and f, represent the respective flux functions that, for
the adopted assumptions [41], are given by

SB

=—, x <t 56
S3+46(1-5)° 6)

h

and
SB
S sexp(1)(1-5)°

The saturation and temperature profiles can be observed in Figures 4a and 4b, respec-

f2 x>t (57)

tively, obtained with a grid containing 1000 cells and a time increment equal to 0.0025. The
figures also represent the analytical solutions determined by Moyles [41] for ¢ = 0.0625.
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Figure 4. Profiles of temperature and saturation at f = 0.0625.

For temperature, a comparison between numerical and analytical results shows that
the simulator correctly captured the jump that occurs at x = t. Nevertheless, due to
numerical diffusion, a slight, noticeable effect is present. However, spurious oscillations
are absent, which, according to Pletcher et al. [42], would be undesirable when solving a
problem containing discontinuities in its solution, which must be reproduced numerically
as accurately as possible. The temperature values are independent of those of saturation,
but modify them since the viscosity varies with the temperature.

Regarding the saturation profile, it is possible to see that, in general, the same behavior
was observed for both the numerical and analytical values. In the first rarefaction, they are
superimposed. However, at the end of it, a deviation is noticed, and the numerical results
are below the predicted value, similar to what occurs numerically in Moyles [41]. After
the first rarefaction, the saturation value remains constant until the appearance of the first
shock. In the case of the analytical solution, the discontinuity is visible, but it is smoothed
out due to numerical diffusion in the results. It is worth noting that the appearance of the
shock is due to the change in the fluid viscosity, showing the existence of coupling of the
equations. After the formation of the first shock, a second rarefaction begins, followed by
the appearance of the last shock.

Despite the influence of numerical diffusion, the numerical results are considered to
have adequately reproduced those predicted by theory.

The case considered in this paper is more realistic and complex than that of the example
for which an analytical solution is known. Consequently, we were compelled to resort to a
numerical solution.

4.2. Sensitivity Analysis

Continuing, the study of the thermal oil recovery process is addressed. The problem
of injecting heated water into a reservoir with a slab-type geometry was considered. This
procedure aims to sweep the oil still in the reservoir towards the production region, besides
reducing its viscosity and favoring the flow of fluids in this region. It is a fundamental case
for sensitivity analysis and has significant relevance in the hydrocarbon recovery process,
highlighting the contribution of the effects of heating in the recovery of, for example,
heavy oil.

This study allows for understanding what happens in a complex process of injecting
heated water into a heavy oil reservoir. Therefore, to better understand it, the focus is on
understanding the influence of the effect of the variation of the water injection temperature
(Tinj), oil viscosity, and the water injection rate (dp/ 0X|x=0)-

The listed aspects were used as an integral part of the sensitivity analysis process. The
standard model for the simulations includes a reservoir containing water and oil, with a
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three-dimensional geometry in the form of a parallelepiped, whose dimensions are defined
by the values of its length, width, and height, respectively Ly, L,, and L, provided in
Table 1. In this table, ky, ky, and k; represent the permeability values in the directions of the
x, Y, and z axes, respectively, and ¢;,; is the initial value of the reservoir porosity.

Table 1. Parameters for the reservoir.

Parameter Value Unit
kx =ky 291071 um?
kz 7.351016 umz

L, 609.6 m

Ly 304.0 m

L, 30.4 m

4)ini = 4) 0.2 -

Tables 2—4 also contain several parameters used in the simulations, the default case,
besides the properties of the fluids and the rock. Unless explicitly mentioned, these were
the values used in all simulations. In Table 2, At; is the initial time step, At ris the final time
step, and Fj, is the rate of increase of the time increment (At = Fa,At"). Furthermore,
pini indicates the initial pressure at the top of the reservoir, S, the initial water saturation,
tmax the maximum production time, and T}, . the initial temperature of the rock. The
properties and parameters used in the simulations were based on those available in the
work of the author dos Santos Heringer et al. [39]. It is noteworthy that the computational
mesh was selected following a mesh refinement study [30]. For numerical methods that are
consistent and stable, it is well-established that a reduction in spatial increments leads to a
decrease in truncation error and an increase in accuracy [35].

Table 2. Parameters for numerical simulations.

Parameter Value Unit
Ep, 1.1 _
Ny 250 -
ny 50 -
ny 5 -
Ple=t, 4.010* kPa
Pini = P 4.010* kPa
S 0.2 -
Sw|x=0 0.85 -
Foax 7000 day
Tin 400 K
Tr,i 340 K
At; 1.01072 day
Aty 10 day
ap/0x|x—o -10 kPa/m
0Sw/0x|x=L, 0.0 -
OT /0x|x—L, 0.0 K/m
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Table 3. Parameters for fluids.

Parameter Value Unit

an 5.0107° Pas
b, 444 4 K

Bg = Psco/PoO 1.13 -

Bg; = Pscw /Pwo 1.022 -
Co 725107 kPa—!
CoT 121073 K1
Cpo 1700 J K 1Kg
Cpu 4128.18 J K 1Kg
Cow 261107 kPa—!
CuT 2.07107° K1
Tref 277.78 K
Ko 0.1225 W-m-1.K-!
K 0.6 W-m 1K1
e 0.00069 Pas
pg 959 kg/m3
0% 1000 kg/m3

Table 4. Parameters for the porous matrix.

Parameter Value Unit
cp, 1200 J K 1Kg
T 1.8107° K1
cp 581077 kPa~1
dp 1.0107* m
epc 2 -

ew = eow 4 -

Pemax 39.98 kPa

Siw 0.15 -

Sro 0.15 -

Ky 45 W-m 1K1

or 2500 kg/m3
VG| 30 K/km

4.2.1. Variation of Injected Fluid Temperature

As previously mentioned, an increase in heavy oil temperature reduces its viscosity
and alters the saturation curve. Therefore, simulations with varying water injection temper-
atures were performed to examine the behavior of pressure, saturation, temperature, and
viscosity within the reservoir. Figure 5 depicts pressure values along the x axis, obtained
by injecting water at distinct temperatures for a final production time (f,,4x) of 7000 days.

Figure 5 shows that higher injection temperatures result in higher reservoir pressures.
This occurs due to the reduction in oil viscosity, facilitating the introduction of a greater
quantity of water, which increases reservoir pressure. Notably, in the inlet region on the left,
the pressure on the injection face exhibits very similar values due to the equivalent relative
permeability at the same saturation value for each temperature. However, a slight difference
remains, with marginally higher pressures at lower temperatures. This is attributed to
increased resistance to water entry, leading to a consequent rise in inlet pressure to maintain
the pressure gradient.
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Figure 5. From top to bottom and from left to right: distribution of pressure, temperature, saturation
and oil viscosity in the x-direction, considering different values of Tinj and t = 7000 days.

Regarding temperature, as expected, higher water injection temperatures lead to
increased reservoir temperatures across all regions, though decreasing with distance from
the injection region. This results in an approximate 12 K increase between minimum and
maximum values for regions 100 m from the injection boundary.

Analysis of the results indicates that increasing injection fluid temperature leads to
greater oil recovery and higher water presence near the injection boundary. This is a
direct consequence of the temperature-induced decrease in oil viscosity due to energy
transfer from the wetting phase. Ultimately, this represents the practical outcome of
thermal recovery via heated fluid injection. The importance of thermal methods in heavy
oil recovery is evident here. The heating-induced reduction in oil viscosity increases
sweep efficiency.

4.2.2. Oil Viscosity Variation

The variation in oil viscosity as a function of injected fluid temperature changes
(Figure 6) confirms previous assertions. The heated fluid decreases oil viscosity due to
increased temperature. Since the injected water is confined to a region less than 20 m from
the injection boundary, the oil viscosity decrease is also greater in this region, progressively
increasing with distance. The diminished viscosity increases oil mobility within the reser-
voir. Water viscosity was assumed constant despite temperature variations, thus its changes
were disregarded relative to those of the oil. The parameter a, of Equation (4) directly
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affects oil viscosity. Consequently, its influence on pressure, saturation, temperature, and
oil viscosity was studied. Unlike the previous case, where viscosity changes were confined
to the heated region, the effect of viscosity variation throughout the entire reservoir was
analyzed. Four different values of a, were chosen, and the same trends were observed
compared to the previous results.
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T T T T T T T T T T
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Figure 6. From top to bottom and from left to right: distribution of pressure, temperature, saturation
and oil viscosity in the x-direction, considering different values of a,, (Equation (4)) and t = 7000 days.

Analysis of the pressure curves reveals that increased viscosity causes a considerable
pressure rise in the injection region and the rest of the reservoir. This is attributed to
reduced fluid mobility with increased viscosity, necessitating higher injection pressure to
maintain the same pressure gradient. Consequently, lower oil viscosity results in lower
flow resistance and pressure values.

Regarding temperature results, Figure 6 shows that higher viscosity leads to lower
medium temperatures. This can be explained by reduced fluid mobility, resulting in
decreased velocity and Péclet number. Thus, heat transfer by advection is reduced in flows
of more viscous fluids compared to those of lower viscosity.

Additionally, the results show a higher amount of residual oil with increased oil
viscosity, explained by the higher flow resistance experienced by more viscous fluids.
Analysis of saturation variation shows that, as expected, the advanced front of the injected
fluid progresses less for more viscous fluids, advancing more slowly. Conversely, for less
viscous oils, distant regions are reached by the injected fluid within the same time period.

The results also confirm the effects of the parameter a;,, on oil viscosity. Higher values
of a;, result in higher fluid viscosity throughout the reservoir. However, due to heating of
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the injected fluid near the injection region, viscosity assumes lower values and increases
with distance from the reservoir’s left border.

It is relevant to highlight that viscosity varies differently as a function of temperature
for each specific oil. Therefore, unlike water injection temperature, the viscosity variation
pattern cannot be changed unless the oil’s physical properties are modified by injecting
specific products.

4.2.3. Injection Rate Variation

The water injection rate is another fundamental parameter for this study, as it defines
the volume of water injected into the reservoir. The respective curves obtained by chang-
ing the injection rate are shown in Figure 7, for the variation of pressure, temperature,
saturation, and viscosity.
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Figure 7. From top to bottom and from left to right: distribution of pressure, temperature, saturation
and oil viscosity in the x-direction, considering different values of the injection rate dp/9x|,—o and
t =7000 days.

Reduced injection rates result in decreased water injection, leading to lower water
saturation and consequently, increased capillary pressure. Since oil pressure is the sum of
water pressure and capillary pressure, oil pressure increases. Within the tested range, the
capillary pressure difference is sufficient to elevate oil pressure in the region downstream
of the displacement front when lower injection rates are applied. Upstream of the displace-
ment front, reduced injection rates result in a smaller increase in oil pressure, indicating
that the imposed rate change, rather than the capillary pressure variation, is the dominant
factor in this region. However, the pressure profile tends toward stabilization with the
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prescribed pressure condition at the x = L, boundary, coupled with the imposed injection
rate, as observed for higher injection rates.

From Figure 7, regarding temperature curves, it can be concluded that the variation in
heated fluid injection rate did not cause significant changes in average reservoir temperature
values. Consequently, substantial changes in oil viscosity values are not expected.

Examination of the saturation curves demonstrates the positive impact of an initial
increase in the injection rate, leading to improved sweep efficiency. However, with further
increases in the injection rate, the water fronts advance at increasingly similar velocities,
and the saturation curves become progressively closer. Therefore, the residual oil volume
within the swept region tends to be the same for higher injection rates.

For the evaluated cases, based on the observed temperature variation inside the
reservoir, the viscosity curves are verified to be practically identical regardless of injection
rate values.

5. Conclusions

A numerical simulator was developed to solve the problem of non-isothermal three-
dimensional two-phase flow in an oil reservoir, and the subsystems for oil pressure, water
saturation, and average temperature were solved sequentially. The coefficients of the equa-
tions appearing in these subsystems are linearized using the Picard method, and pressure
and water saturation were calculated implicitly. When calculating average temperature,
the hypothesis of local thermal equilibrium was not considered, and an implicit formu-
lation in time was also used. The effects of tortuosity and hydrodynamic dispersion are
accounted for.

The numerical code was validated based on a problem with a known analytical
solution from the literature. Its resolution verified numerical convergence and showed that
the numerical results reproduced those provided by theory. However, a small smoothing
due to numerical diffusion caused by the first-order upwind scheme was observed.

Unquestionably, variation of the injection temperature proved to be the most efficient
technique for oil recovery in the tested cases in the sensitivity analysis, considering the
water saturation value at the end of the rarefaction curve. Higher temperatures resulted in a
reduction in viscosity and the amount of oil found in the region swept by the heated water.

In the other cases, comparable practical gains in swept efficiency were not obtained
despite the reduction in oil viscosity. In the first test case, variation of injected fluid
temperature, the water saturation immediately before the discontinuity, which defines the
position of the advancing front, increased from approximately 0.55 to 0.65 for the lowest
and highest water injection temperatures, an increase of about 18%.

Overall, the sequential method and the methodologies for discretization, linearization,
and solution of algebraic systems proved effective when applied to the problem of non-
isothermal two-phase flow.

The findings indicate that increased reservoir temperature, including in regions located
near producing wells (currently under investigation), serves as a viable strategy to enhance
oil recovery, such as heavy oil. The primary mechanism is the temperature-mediated
reduction of oil viscosity, which results in a decrease in flow resistance and an increase in
fluid mobility. Hence, this underscores the necessity of research into non-isothermal flow
and thermal enhanced oil recovery strategies.

To address problems closer to those encountered in real situations, we are currently
working on including well-reservoir coupling, the possibility of dissolved gas, and the
simulation of isothermal three-phase flow. In the future, we also plan to consider the case
of non-isothermal three-phase flow.
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