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Abstract

Water Alternating Gas (WAG) injection is a well-established enhanced oil recovery technique that
improves sweep efficiency by combining the favorable displacement characteristics of waterflood-
ing and gas injection. This work presents a sequential Picard-Newton formulation for simulating
three-phase flow under WAG conditions in heterogeneous petroleum reservoirs. The mathematical
model considers slightly compressible, immiscible oil, water, and gas phases under isothermal con-
ditions, discretized using the finite volume method. Reservoir heterogeneity is represented through
geostatistical permeability fields generated by Sequential Gaussian Simulation, capturing the spatial
correlations and anisotropy characteristic of subsurface formations. The methodology is applied to
investigate WAG performance in two heterogeneous reservoir models with mean permeabilities of
100 mD and 200 mD under identical 1:1 injection ratios. The numerical results successfully reproduce
the cyclic saturation and production behavior characteristic of WAG processes. Comparative analysis
reveals that higher permeability enhances injectivity and cumulative recovery but accelerates water
breakthrough and production decline, illustrating the trade-off between displacement efficiency and
sweep control. These findings demonstrate that the proposed framework provides an efficient and
physically consistent tool for evaluating WAG strategies in heterogeneous reservoirs, with potential
application to field-scale optimization of advanced recovery operations.

Keywords: enhanced oil recovery; finite volume method; heterogeneous reservoirs; Picard-Newton
method; Sequential Gaussian Simulation Method; WAG injection

1. Introduction

Enhanced Oil Recovery (EOR) techniques have become increasingly critical for maximizing
hydrocarbon production from mature and unconventional reservoirs, where primary and secondary
recovery methods have reached their economic limits. As global energy demands continue to rise while
easily accessible oil reserves decline, the petroleum industry faces mounting pressure to develop more
efficient and cost-effective recovery strategies [1-3]. Among the various EOR approaches, including
chemical, thermal, and miscible gas injection methods, Water Alternating Gas (WAG) injection has
emerged as one of the most widely implemented and technically proven techniques for enhancing oil
recovery in both onshore and offshore operations [4,5].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The WAG process addresses fundamental limitations inherent in conventional water flooding
and gas injection schemes. Pure water injection, while effective in maintaining reservoir pressure
and displacing oil, often suffers from viscous fingering and poor sweep efficiency due to unfavorable
mobility ratios between water and oil phases. Conversely, gas injection, particularly CO, flooding, can
achieve excellent displacement efficiency through miscible or near-miscible interactions with reservoir
fluids, but is prone to gravity override and channeling effects that significantly reduce volumetric
sweep efficiency [6,7]. By alternating the injection of water and gas slugs, WAG injection combines
the mobility control benefits of water flooding with the displacement efficiency advantages of gas
injection, resulting in improved overall recovery performance [8,9].

The effectiveness of WAG processes depends on numerous factors, including reservoir hetero-
geneity, fluid properties, injection strategy parameters (such as WAG ratio, slug size, and injection
rates), and operational constraints. Reservoir heterogeneity, in particular, plays a crucial role in deter-
mining the success of WAG operations, as permeability variations can lead to preferential flow paths
that compromise sweep efficiency and ultimate recovery [10,11]. Understanding and predicting the
complex interactions between these factors requires sophisticated numerical modeling capabilities that
can accurately capture the physics of three-phase flow in heterogeneous porous media.

Indeed, numerical simulation has become an indispensable tool for the design, optimization, and
risk assessment of EOR strategies, providing a cost-effective and safe alternative to extensive field
trials [12,13]. However, modeling three-phase flow in heterogeneous reservoirs presents significant
computational challenges due to the strongly nonlinear nature of the governing equations, the presence
of sharp saturation fronts, and the need to accurately represent complex geological features across
multiple length scales. The coupled system of mass conservation equations for oil, water, and gas
phases, combined with modified Darcy’s law and appropriate constitutive relationships, results in a
highly nonlinear system of partial differential equations that requires robust and efficient numerical
solution strategies [14,15].

Traditional numerical approaches for reservoir simulation can be broadly classified into two
categories: fully implicit methods (FIM) and sequential methods such as IMPES (Implicit Pressure
Explicit Saturation). While FIM offers unconditional stability and the ability to handle large time
steps, making it suitable for strongly nonlinear problems, it requires the simultaneous solution of large,
nonlinear systems that become computationally prohibitive for fine-grid simulations in heterogeneous
domains [16,17]. IMPES formulations, on the other hand, provide computational efficiency by decou-
pling pressure and saturation calculations, but suffer from severe stability constraints and convergence
difficulties in the presence of strong nonlinearities, particularly those arising from three-phase flow
with unfavorable mobility ratios [18,19].

To address these limitations, significant research efforts have been directed toward developing
alternative linearization strategies that can maintain the numerical robustness of fully implicit schemes
while achieving the computational efficiency of sequential approaches. Among these emerging
methodologies, the Picard-Newton sequential methods have demonstrated considerable promise for
simulating complex multiphase flow systems [20,21]. These hybrid approaches strategically combine
the convergence stability of Picard iterations with the rapid convergence characteristics of Newton’s
method by applying them selectively to different components of the coupled system. As an example,
in [20], the authors treat the oil-pressure equation implicitly using Picard iterations, while employing
Newton-type schemes for the water-saturation updates, thereby achieving an optimal balance between
computational efficiency and numerical stability.

Recent developments in this field have shown the potential of Picard-Newton methodologies for
handling highly nonlinear reservoir simulation problems. Debossam et al. [22] successfully applied
these methods to simulate three-phase flow in petroleum reservoirs under various production and
injection scenarios, including WAG processes, demonstrating agreement with conventional approaches
while achieving substantial reductions in computational time. Their work highlighted the particular
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advantages of these methods for handling the complex phase behavior and saturation-dependent
properties that characterize EOR processes.

Building upon these previous contributions, the present study focuses specifically on a com-
prehensive evaluation of the Picard—Newton sequential method for simulating WAG injection in
heterogeneous petroleum reservoirs. The reservoir heterogeneity is represented through permeability
fields generated by the Sequential Gaussian Simulation Method (SGSIM), providing a realistic de-
scription of geological variability within the simulation domain. We consider the classical quarter
five-spot configuration, which represents a fundamental flow pattern widely used in both academic
benchmarks and industrial applications due to its symmetric structure and practical relevance for
injection-production well arrangements [23,24]. The mathematical formulation encompasses compress-
ible, immiscible three-phase flow (oil, water, and gas) governed by mass conservation principles and
modified Darcy’s law, with full consideration of capillary pressure effects and gravitational forces.

The primary objectives of this research are to demonstrate the practical applicability of this ap-
proach for large-scale EOR simulations involving complex geological settings. Through comprehensive
numerical experiments considering realistic reservoir properties and injection scenarios, this study
aims to establish the Picard—Newton methodology as an efficient alternative for WAG simulation in
the petroleum industry.

The findings presented herein confirm that the Picard—Newton method is capable of reproducing
multiphase flow behavior characteristic of WAG processes. These results suggest that such method
represents a valuable tool for the design and optimization of EOR strategies in heterogeneous reservoirs,
potentially enabling more detailed and comprehensive reservoir studies.

2. Materials and Methods

This section presents the computational methodology employed to investigate fluid flow behavior
in heterogeneous petroleum reservoirs under enhanced oil recovery conditions. The study combines
geostatistical field generation techniques with numerical flow simulation to analyze the influence of
spatial permeability variations on recovery performance and breakthrough characteristics.

The quarter five-spot well pattern is adopted as the fundamental study configuration, representing
a common enhanced oil recovery scenario that facilitates systematic analysis of sweep efficiency
and fluid displacement mechanisms in heterogeneous porous media. This configuration provides a
controlled framework for investigating the interactions between geological heterogeneity and fluid
flow dynamics in petroleum reservoirs.

2.1. Physical-Mathematical Model

This section presents the physical-mathematical model governing multiphase flow in porous
media. The model considers three immiscible phases (water, oil, and gas) in an isothermal reservoir.
The governing equations comprise mass conservation and Darcy’s law modified for multiphase
flow [25]. Gas dissolution in oil is not considered in this work [26].

2.1.1. Conservation of Mass

The mass conservation equation (continuity equation) for flow in porous media is expressed in

I (PS5 _ g (%),
Bt(B,X>_ v (&)M““’ M

where ¢ is porosity, By = pu,./pa is the Formation Volume Factor (FVF), and Sy, uy, pa, and 4

differential form as [14]:

represent saturation, superficial velocity vector, density, and source term for each phase « = w (water),
o (oil), and g (gas), respectively. The subscript sc denotes standard conditions.
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2.1.2. Darcy’s Law

Darcy’s law, extended to multiphase flow through relative permeabilities, is written as [14]:

k
w = = 2EK(Vpa = 72V Z) @
o

where k is the absolute permeability tensor, and py, kra, Pa, Yo = pag, and Z are viscosity, relative per-
meability, pressure, specific weight of phase &, and depth, respectively. Here, g represents gravitational
acceleration magnitude.

2.1.3. Governing Equations for Three-Phase Flow

Substituting velocity from Darcy’s law into the continuity equation yields three equations with
six unknowns: po, pw, Pg, So, Sw, and Sg. Therefore, three additional relationships are required:
full saturation constraint S, + Sy + Sg = 1, and capillary pressure definitions Peowy = po — pw and
Pego = pg — Po- This work employs the p,—Sy—S; formulation [25].

The resulting governing equations are:

a 4)(1 - Sw - Sg) _ kro kTO .
R L O
for oil,

a ¢Sw o krw | [ krw .
at(Bw> =V [ﬂwak(vP” = VEow) | =V _Vwak%”vz] T wsc @
for water, and

d (PSg\ krg | [ krg .

Z)t(Bg) =V L{ngk(VPo -I-VPCgO)_ -V _yngk'YgVZ + qgsc )

for gas.

2.1.4. Initial and Boundary Conditions

Initial conditions require specification of pressure and saturation fields throughout the domain
att = to: p(x,y,2,t0) = po, Sw(X,Y,2,to) = Sw,, and S¢(x,y,2,tg) = Sg,. When gravitational and
capillary effects are considered, fluids distribute in distinct vertical regions with pressures determined
by hydrostatic relations and saturations by capillary pressure curves [12,27].

In this study, only no-flow boundary conditions are considered, representing impermeable
reservoir limits. These boundaries are implemented as zero normal pressure gradient conditions,
ensuring that no mass flux occurs across the domain boundaries [13,27].

2.2. Finite Volume Method Applied to the Three-Phase Model

In the context of the Finite Volume Method, discretization means replacing the continuous domain
by partitioning it into a finite number of small blocks, also called cells or finite volumes, with well-
defined dimensions and positions so that the properties (pressure and saturation) are evaluated at the
center of these blocks [22]. These pressure and saturation values at the center of the blocks represent
the approximate average value of these variables and are considered constant within each respective
finite volume.

The computational mesh has ny, 1, and n; cells along the directions x, y, and z, respectively. The
dimensions of the domain in the three spatial directions are Ly, Ly, and L;, and the block sizes satisfy

Ny 1z
Y Axi=Ly, Y Ay; =Ly, ) Az = L. (6)
i=1 ‘ k=1
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After establishing the computational mesh, the discretization of the partial differential equations
that govern the three-phase flow occurs through integration over each finite volume and over a finite

time interval [22]. From Egs. (3), (4) and (5) we have
kro >
dvdt
7 (ke

[ ava- [

tn+1 t"+1

tn+l kro
/ / [ oVZ)}dth
tn aBo
t"+1
/ / GoscdVdt @)
for oil,
" PSw dvd " V- kV dvd
t= t
/t" /8( > /t" /V <Vwa Po)
tn+l
- / / v. ( rw kVPcow>dth
tn \% ]/lw w
tn+1 krw
—/ /v [ wVZ)}dth
tn \% szBw
tn+1
+ [, ] duscdvar ®)
fn 1%

for water, and

m+1

/tn /VE?< )dth/t

1

V[ 2 kv >dth
/V < 838 Po

n+1 k

(e

|V (ung kVcho>dth

t
tn“/ v [ Forg K( VZ)]dVd
nJv pgBg ¥

<

+

t
t

—

i+l

+, /V descd Vit 9

for gas, where V denotes the volume of a finite-volume cell (control volume) and 1l = ¢ 4 At

2.2.1. Spatial Discretization

In Egs. (7), (8), and (9), we distinguish three types of terms: the accumulation term (partial
derivative with respect to time), the terms with the divergence operator, and the source term. A
simplified notation is used [22], where the generic finite volume indexed by (i, j, k) is represented by P.
For a Cartesian coordinate system with parallelepiped volumes, the direct neighbors are indicated by:
W(i—-1,jk),E(i+1,jk),N(i,j+1k),S(i,j—1,k), A(i,jk—1)and B (i,j,k+1).

The interfaces between finite volumes are indicated by lowercase letters: w (i — 3, j,k), e (i + %,j, k),
n(i,j+3,k),s@,j—Lk),a@jk—1)andb@ijk+ ).

In the finite volume method, we use the divergence theorem and Two Points Flux Approximation
(TPFA) [22] to approximate the spatial derivatives:

E(TA@)p =Tw(ew — @p) +Te(@e — ¢p) + Tn(en — ¢p)
+Ts(@s — ¢p) +Ta(@a — @p) +Tp(9B — @p). (10)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0745.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 November 2025 d0i:10.20944/preprints202511.0745.v1

6 of 24

After evaluating the integrations and introducing appropriate approximations, Egs. (7), (8) and (9)
become [22]

m+l

P9 [p(1— Sw — Sg)
2190 Su 8]y
/t" at|: B, :|p P tn

m+1

E[Ty(Apo — 100Z)]pdt + /t Gose,dt (11)

n

for oil,

tn+1 a (Psw tn+1 tn+1
/ <) Vpdt :/ E[Tw(Apo —Awa)]Pdt—/ E [T (10AZ)] pdt
o Ot\ By /p f p

g+l

+/t" QwscPdt (12)
for water, and
i+l a (Psg m+l _ m+l _
/ 2(928) vpdr = / E[Ty (Apo + APego)] pdt — / B [T, (7507)] pdt
m Ot\ Bg /, . "
tn+1
+ /t Qgscpdt (13)

for gas, where qasc, = Guscp Vp and Vp = AxiAy;Azy.
The transmissibilities Ty, Ty, and Ty are defined as [12]

_ kxAxkyra _

for the x-direction, where A, = Ay]-Azk is the interface area. Transmissibilities for other spatial
directions are defined analogously.

2.2.2. Time Discretization

For temporal discretization, we evaluate the integrals in Egs. (11), (12) and (13). The solution
advances one time increment per iteration, obtaining unknowns at time #**1 = " + At, while all
information at time " and earlier is known.

For a fully implicit scheme, the approximation of integrals containing transmissibilities is approx-

imated by
tn+1
/t  E(TAg)pdt = E(TAg) AL (15)
and for the source term,
m+1
/t  fusepdt = LA, (16)

After spatial and temporal discretization, Egs. (11), (12), and (13) result in [22]

n+1 n
e I L Tt LR R ey
for oil, . -
% (%)T - (4;;:))2 = E[Tw(Apo — APeow — ToBZ)| + i, (18)
for water, and -
vl (4) - (%) | T + arg—95az) )5+ g (19
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for gas.

Since these equations are nonlinear, a conservative scheme is used in the expansions to avoid
material balance errors and numerical instabilities [14]. Following Ertekin et al. [27], after conservative
expansions, Egs. (17), (18), and (19) become [22]

CopBtpo + CowBiSw + CogtSg = E[To(Aps — 1oAZ)]|p " + glit] (20)
for oil,
for water, and
CepAtpo + CogArSg = B [Ty (Apo + APego — 7gAZ) |5 + gl (22)

for gas, where A;p = ¢" ! — ¢", and the coefficients are defined as

Cop = At (gi;) (1 — Stop — Sgp) 4>n+1( 0)’1 ( —sn — Sgp), (23)

n+1
Cow = Cog = _E <¢> ’ (24)
p

At \ B,

Cup = < ];ng > 4>”“< 1w>P1 si, (25)
B VP 4) n+1

Cuw = 22 (Bw)P , 26)

Cop = ( Ifig» > ¢n+1( g)P] st 27)
n+1

Ceg = Y < g; > / (28)

and the terms in Egs. (20), (21), and (22), evaluated at time n 4 1, still require linearization.

Boundary conditions are implemented using forward or backward difference approximations on
finite volumes with half the length of inner volumes in the direction perpendicular to the boundary [22].
The mathematical formulation for evaluating transmissibilities at finite volume interfaces, including
the decomposition into geometric, pressure-dependent, and saturation-dependent terms, as well as the
use of harmonic and arithmetic averaging and upwind schemes for relative permeabilities, is detailed
in Debossam et al. [22]. The same reference also presents the methodology for variable time step
determination, covering the adaptive iteration-based strategy with increment and decrement factors,
time step adjustment based on convergence behavior, and the use of maximum time step limits to
control truncation errors.

2.3. Well-Reservoir Coupling

This section details the implementation of the source term, which represents producing and
injecting wells in reservoir simulation. The objective is to derive relationships to evaluate pressure
or flow rate within the well [22]. The region where the largest pressure gradients typically occur is
located in the vicinity of the well, whose dimensions are considerably smaller than those of a typical
cell in the computational grid. Therefore, the main challenge in well-reservoir coupling lies in relating
the pressure of the grid block containing the well to the actual wellbore pressure.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The simplest and most used approach relates the pressure in finite volumes containing wells to
the well pressure through the flow rate expressed in terms of a productivity index [22]:

Jasc = —Jam (Ptxm - owm) (29)

where ], is the productivity index, p, is the well pressure, and m is the index of cells containing at
least one well section. For each phase, the flow rate is:

Joscr = —Jom <Pom - owm> (30)
for oil,
Gusew = — Jwn (Pom — Peow,, — owm) (31)
for water, and
Agscm = —Jgm (Pom + Pegoy — owm) (32)

for gas.
The productivity index for the multiphase case can be written as [27]

knx
Ky — G o 33
] wfm (V"‘m B‘"m > ( )

where G, JAE the geometric factor of the well. For vertical wells [27]:

27ty /kx, ky,, Azm (34)
In (rgqm /rwf)

where 7, is the equivalent radius and 7 is the well radius. The equivalent radius is evaluated using

Guy, =

the generalized equation by Peaceman [28], which accounts for medium anisotropy and non-uniform

Teg = 0.28 <\/7E> (35)

mesh effects:

X2
where
k 1/2 k 1/2
m Xm
= (ky > A + (k > AV, 36)
Xm Ym
k 1/4 k 1/4
Ym Xm
— (2 + () 37

Since the well typically crosses multiple cells, the production flow of each phase is the sum of
respective flows in each layer. The total flow (without wellbore storage effect) is:

Jsc = — Z(]om + Jow, + ]gm) (pom - owm) + Z(Iwmpcowm - ]ngCgOm)' (38)

m

The well pressure in each cell, considering the hydrostatic gradient inside the well (neglecting
friction losses), can be expressed in terms of a reference pressure [27]:

Pufn = Puf.y + Yws (Zm - Zref) (39)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0745.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 November 2025 d0i:10.20944/preprints202511.0745.v1

9of 24

where py ¢ ;s the reference well pressure at depth Z,, ¢ and 7, is the average specific weight of fluids
inside the wellbore. Substituting Eq. (39) into Egs. (30)—(32):

Goscn = JowPwfrer — JowPow + Jou Vs (Zm - Zref) (40)
for oil,
quscy, = ]mewfmf = Jww Pow + Jewu Peow, + ]wmiwf <Zm - Zref) (41)
for water, and
Ggscm = Jgum Puwfr — JewPow — JgmPegon + ]gnﬁwf (Zm - Zref) (42)

for gas.
Therefore, Eq. (38) becomes:

Jsc = — ;(Iom + Joom +]gm) <Pom — pwfmf)
+ Y o + Juom + ]gm)vwf(zm - Zref)

+ 2(]7,0", Pcowm - ]gm chom) . (43)

The source terms in Egs. (20), (21), and (22) are replaced by Egs. (40), (41), and (42), respectively,
for simulations with specified flow rate (p,f,, ; unknown) or prescribed pressure (py, y known). For
specified flow rate, Eq. (43) becomes an additional equation in the system.

For injection wells, only water or gas is injected, and the well-reservoir coupling equation is
similar to Eq. (29):

Guscn = i (Pam - owm) (44)

where & represents water or gas phase, and J; is the injectivity index [29]. The mobility of the injected
fluid equals the total mobility in the cell containing the well [27]:

G k
Ji = Wfm (krwm + kro,, i rgm> (45)
for water injection, and
G k
Iy, = <k’w'" 4 Krom rg’") (46)
Bgm Hwy, nuom ng

for gas injection.
Following the same development as for producing wells, the source terms for injection wells are:

Guscr = —Jin (Pow = Peoron, = Pafy ) + JisTaof (Zn = Zoey) 47)

for water injection, and

qgscn = _]im (pom =+ chom - owmf> + ]i,,,?wf (Zm - Zref) (48)

for gas injection.
The total injection flow consists of only one phase:

qusc = — Zjlm (Pom — Peow,, — owref> + ZIimWwf (Zm - Zref) (49)
m m
for water injection, and

Ggsc = — ;]im (pom + Pego, — ow,ef) + ;]imiwf (Zm - Zref) (50)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0745.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 November 2025 d0i:10.20944/preprints202511.0745.v1

10 of 24

for gas injection.

Analogously, for injection wells, the source terms in Egs. (21) and (22) are replaced by those in
Egs. (47) and (48), respectively, depending on whether the simulation specifies a flow rate (unknown
Pwf,, f) or a pressure (known p,r f). In the specified flow rate case, Egs. (49) and (50) become additional
equations in the system, accounting for water and gas injection, respectively.

2.4. Picard-Newton Sequential Method

This section investigates a solution methodology that combines the ease of implementation of
the IMPES method with the robustness and stability of the fully implicit method for three-phase
flow simulations [22]. The starting point is the pressure equation, identical to that used in the IMPES
method, which is linearized using Picard iteration:

1
- ZI;(B Ty, + B, Ty, + By, g, ) phtt + (BEpCop + Biy, Cup + By Cop ) Pl
n
+ Z( pT, + B, T, + B, T2, ) pi = (BpCop + By Cap + B, Cop ) Pl
- LB, T;af ( wwp) + LB, Tg:f ( o chop) + BypAbiey + By 1%y + Bty

where nb = {A,N,E,W, S, B} represents the neighboring volumes, f = {a,n,e,w,s, b} indicates the
corresponding interfaces, and the superscript v* denotes the flow rates whose coefficients are linearized
through Picard iterations (superscript v), whereas the pressures, both inside the control volume and
in the well, are variables to be computed (superscript v + 1). In this linearization, according to the
adopted notation, the superscript n 4- 1 has been omitted from the terms containing v, v*, and v + 1.
Equation (51) forms a system Ax = b, which, when solved, yields the pressure field putl Z’H

Although the transmissibilities in Eq. (51) vary significantly with saturation, the coefficients
associated with them contain the sum of the oil, water, and gas transmissibilities. While the individual
transmissibilities can vary greatly, their sum exhibits a smoother variation within a time step, making
the method’s stability primarily dependent on saturation evaluations. In the fully implicit method,
stability is independent of the time step owing to the implicit linearization of the strong nonlinearities
in the saturation-dependent terms.

Since the time step restriction in the IMPES method arises from explicit saturation calculations,
improved stability requires fully implicit linearization applied to previously explicit equations, sug-
gesting a sequential solution based on operator splitting. This linearization involves derivatives of
residuals with respect to water and gas saturations, which are responsible for the strong nonlinearities.

The implicit linearization for saturation calculations approximates the IMPES method to the fully
implicit method, yielding the sequential Picard-Newton method.

2.4.1. Sequential Picard-Newton Method: Simultaneous Saturation Solution

After solving the system in Eq. (51), the pressure is obtained at iterative level v + 1 (at time n + 1).
At this level, pressure is no longer an unknown variable, and the Jacobian matrix no longer contains
partial derivatives with respect to pressure. The system becomes:

JU6sU ! = —RY (52)
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with S = (S,S2, -+, SN)T and Sy = (Sw,., ng)T. The residue vector R is similar to that of the fully
implicit method but now comprises only two residues chosen from R,, Ry, or Rg. For simplicity, we
select R,y = (Ru,,, Ro,, )T . With pressure at v + 1 known, the residuals are:

R;]UP = pr (pg;1 - ng> + wa (S;JUP - SZJP) - EhTé]]f (Pg,gl - Pglfl)
n
+ 2T, (Ph,y — Py ) + L T, ¥, (Zas — Z0)| = 4, (53)
nb nb
for water, and

Rgp - COP <Pg:1 - pgp) + Cow (SZJP B SZ’P) + COS’ (Sgp o Sgp)

—E T (Pt =) + L[ Tos (Z — Z6) | - g, (54)
nb nb

for the oil residue, used for gas saturation calculation.
The submatrices composing the Jacobian matrix are:

Ry Ry,
9S4,  9Sg,

Jpm = , (55)
R,y Ry,
39S,  9Sg,

where m = {A,N,E,P,W,S, B}.
The system in Eq. (52) represents two equations for each finite volume:

[

8831, (56)

Ry,
3Sg,

9Re,

v
OR
v+1 xp
6Syt + % 3w

v v
3SEt + 0Sim + 253
nb 8nb

where & = w, 0 represents the water and oil phases, and nb = {A, N, E, W, S, B} represents neighboring
volumes.

The Picard-Newton sequential method with simultaneous saturation solution follows these steps:
solve the system in Eq. (51), then solve the 2N x 2N system in Eq. (52). The saturation fields are
updated by:

§vtl = gv 4 ggvtL, (57)

All properties are then recalculated, and the iterative process continues until convergence.

2.4.2. Sequential Picard-Newton Method: Well-Reservoir Coupling

The pressure calculation in the sequential Picard-Newton method is performed in the same
manner as in the IMPES method. When wells with unknown well pressure py, ¢ , are present, additional
elements are incorporated into the coefficient matrix. Furthermore, an additional equation is included
in the system to compute this unknown variable, and well pressures are obtained simultaneously with
reservoir pressures [30]:

- ;[(Lﬁ’m P 05 ) (P57 = PE )| = s

= L8 + T + T ) Ty (2 = Zreg) + P Pl = Ju P} (58)
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for gas injection.

After calculating the pressures, both p§
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v?lf)} = fuwse — ;L’l [P&wm + Yoor (Zm Zrefﬂ (59)
F’Z;Jﬁf)} = fgsc + ;]}fﬂ [Pfgom —Tof (Zm Zref)} (60)

u+1

v+1 and P e

are known, and the flow rates evaluated at

the iterative level v*, which appear in Egs. (53) and (54), can be computed for both production and

injection wells.

The derivatives with respect to saturations in the flow rate terms are:

v v [
aqSCWP _ a]wp v+1 v a]wP v+1
3w | aswp (P = Piwy) + 35y | Fher
0
a]'(UP —0 v aPCOZUP
+ 35, “wa( Zref) + ]wpm (61)
for q¢%,, with respect to Sy,
v
Mscwp | _
m =0 (62)
for g5, with respect to S,
[ v
aqSCOP _ aIDP v+1 v+1 aIDP Fevi4
aSwP - _aswp (poP - owmf) + aSwP ’wa( Zref) (63)
for q57,, with respect to Sy, and
v v
aqSCOP _ anP v+1 v+1 a]‘)P Fevi4
3Sg, | 0Sg, (p ° prnf) 35, "wf( ~ Aref ) (69

for q57,, with respect to Sg.

For injection wells, the term g, is not considered since oil injection is not contemplated, only

water or gas injection. Therefore, only the following terms need evaluation:

v
i,
aSwP

v
aqscwp _
aSwP

(pv—i-l

for q¢%,, with respect to Sy, and

v
aq:;cwp _

for q¢¢,, with respect to Sq.

4
;i Mip | _ oP,
4 P v+1 p v v cowp
pcowp) + aSZUp wfref aswp ')/wf( Zref) + ip aswp (65)
v

dJ; MJir | _

o+1 14 p o+1 p v
(p PCD'LUP> + asgp wfref asgp ’)’wf( Zref) (66)
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2.5. Fundamental Properties

The fundamental properties used in this work vary only as a function of pressure in an isothermal
flow. The detailed formulations and correlations for these properties are presented in our previous
work [22]. Here, we provide a summary of the key relationships.

For slightly compressible fluids (water and oil without dissolved gas), the FVF is calculated
as [27]:

By = B—g (67)
: 1+C4(Pu¢_p2),

where ¢, is the fluid compressibility coefficient and B? is the FVF at reference pressure p3. Values

provided in Table 1.
Table 1. Parameters for FVF determination.

Parameter Value Unit
BY 1.14 -
BY, 1.01 -
Co 7.25 x 1077 kPa~!
Cow 435 x 1077 kPa~!
SG 0.6 -

For gas, which exhibits higher compressibility than liquid phases, the real gas law is applied.
Assuming Zs. ~ 1 for standard conditions [31]:

_&ZgT

= T (68)

Bg

where Z¢(p, T,SGy) is the gas compressibility factor obtained using the Dranchuk-Abou-Kassem
correlation [32], and SG¢ denotes the specific gravity of gas.
Rock porosity variation with pressure is described by [13]:

=" [1+c(po—1°)], (69)
where ¢y is the rock compressibility coefficient, as listed in Table 2.

Table 2. Parameters for rock permeability determination.

Parameter Value Unit
co 1.45 x 1077 kPa~!
0 13789.52 kPa
¢° 0.2 -

In this work, isothermal flow is assumed, with reservoir fluids exhibiting distinct viscosities: gas
is the least viscous, water has nearly constant viscosity, and oil ranges from water-like to very high
viscosities for heavy oils. Viscosity determinations follow Debossam [30] and Debossam et al. [22].
In the absence of experimental data, correlations are used: McCain [33] for water (as a function of
temperature, pressure, and salinity), Petrosky and Farshad [34] for oil (accounting for dead, saturated,
and undersaturated conditions), and Lee et al. [35] for gas (considering temperature, density, and
molar mass). Detailed formulations are available in the original sources.

Relative permeabilities follow power-law correlations [31]:

krw(Sw) = k _Sw—Swi__ “ (70)
rw w) — DMrimax l _ Sor _ Swl 7
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Sg - Sgr €8
krg(Sg) — krgmax (1 — Sgr _ Sgr - Swi> (71)

where ki, and kyq,,,. define their respective maximum values, the subscripts i and r indicate the
initial and residual values, and the exponents ew and enw must be provided.
For three-phase oil relative permeability, Stone’s first model is employed [36]:

krowkrog e
kro = = — | So, 72
ro [k%w(l—sw) (1—Sg)‘| 0 (72)

where kyow (Sw, Sg) and krog (S, Sw) denote the relative permeabilities of oil in the oil-water and oil-gas

systems of the modified Corey model [30], respectively; k%, is the relative permeability from the same

model, evaluated using Sy, = Sj, and S¢ = 0; and S« denotes the normalized saturation [30].
Capillary pressures are also represented by power laws [31]:

1S _3g epcow
PCOZU = Pcowm,;x (1_5‘”‘_571]) 4 (73)
or wi
1-5,— Sy e
Pego = Pegoyas <150r5w1> (74)

where the subscript max refers to the maximum values and the exponents are obtained through

historical fitting.
The parameters utilized in determining relative permeabilities and capillary pressures are shown
in Table 3.
Table 3. Relative permeability and capillary pressure determination parameters.
Parameter Value Unit
ey = € = €g 4 -
epcow = epcgo 2 -
Ky 0.8 -
Krg o 0.3 -
Prowiax 110.316 kPa
Pegopas 68.9476 kPa
Siw 0.15 -
Ser 0.0 -
Sor 0.10 -

2.6. Heterogeneous Permeability Field Generation

The generation of heterogeneous permeability fields is essential for realistic numerical simulations
of petroleum reservoirs, as it captures the inherent spatial variability of subsurface formations. In
this study, the Sequential Gaussian Simulation Method (SGSIM) [37] is employed, a well-established
geostatistical technique that produces stochastic realizations of reservoir property fields while honoring
prescribed spatial statistics represented by variogram models.

The computational domain is discretized using a regular three-dimensional grid of ny x n, x n;
cells, corresponding to physical dimensions of Ly X Ly X L;. The statistical parameters governing the
permeability field (in mD) include a mean k,, a standard deviation ¢, and bounds k;;, and ks to
ensure physically realistic limits.

Spatial correlation is described by an anisotropic exponential variogram with range parameters
Ry, Ry, and R; m in the x-, y-, and z-directions, respectively, representing typical geological layering.
The variogram includes a nugget effect Cy and a sill C;, corresponding to micro-scale variability and
the total variance of the field.

The SGSIM algorithm operates through a sequential simulation procedure in which values are
generated following a random visitation path. Each simulated point uses previously simulated values
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as conditioning data, ensuring that spatial correlations are preserved across the domain. The method
employs a Gaussian transformation, performing computations in the normal-score (Gaussian) space
and subsequently applying an exponential back-transformation to the permeability domain, consistent
with the log-normal behavior typically observed in permeability data. The procedure is summarized
in Algorithm 1. The SGSIM algorithm was implemented in Python with support for multiprocessing,
while the main simulations employed a fast Fourier transform-based approach, which efficiently
generated large-scale heterogeneous permeability fields.

Algorithm 1 Sequential Gaussian Simulation Method (SGSIM)

1: Initialize permeability field: k(x) =0
2: Define random visitation order for all grid points
3: for each point x; in random order do
Identify conditional points xj, k(xj) within the search neighborhood
if conditional points exist then
Apply simple kriging in log-space to estimate local mean k,, and variance ?
else
Set ky, = km, global, 0> = oglobal®
end if
10: Draw a Gaussian value: G; ~ N (ky,, 0?)
11:  Back-transform to permeability space: k(x;) = exp(G;)
12:  Enforce bounds: k(xi) = max(min(k(xi), kmax), kmin)
13:  if point lies near a well location then
14: Apply well enhancement: k(x;) = k(xi) - [1 + a - exp(—d/rwell)]
15 end if
16: end for

O ® N> @

For each simulated point, the algorithm searches for conditioning data within an ellipsoidal
neighborhood defined by the variogram ranges, considering up to Ny, conditioning points to ensure
computational efficiency. When sulfficient local data are available, simple kriging is applied to estimate
local statistics; otherwise, global parameters are used.

To represent enhanced permeability zones around wells due to stimulation effects, local per-
meability values are modified using an exponential decay function within a radius of 7., cells
surrounding each well. Enhancement factors a;,,; and «,,,4 are applied for injection and production
wells, respectively.

The generated permeability fields are subsequently used as input for flow simulation studies,
providing realistic representations of reservoir heterogeneity. A quarter five-spot well configuration is
employed, with an injection well at (x;y, Viw, Ziw) and a production well at (xpzw, Ypw, Zpw)-

For simulation purposes, two media with low permeability field heterogeneity were generated
and employed. The parameters used for their generation through the SGSIM algorithm are presented
in Tables 4-6, grouped by category. Permeability field 1 uses the base parameters as shown, while
permeability field 2 employs doubled statistical parameters (Table 5) to investigate the influence of
mean permeability on flow dynamics. Well enhancement in the vicinity of the wells was not considered;
therefore, the factor « in Algorithm 1 was set equal to zero.

Table 4. Domain dimensions for heterogeneous permeability field generation.

Parameter Value Unit
Ly =1Ly 3000.0 m
L, 150.0 m
ny = ny 200 -
ny 30 -
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Parameter

Field 1 Field 2 Unit
ki 100 200 mD
kmin 85 170 mD
Kimax 115 230 mD
oK 5 10 mD
Table 6. Variogram parameters for heterogeneous permeability field generation.
Parameter Value Unit
Co 0.2 -
G 0.8 -
Ry 1125.0 m
Ry 1125.0 m
R, 100.0 m

As an illustrative example, Figure 1 shows three-dimensional visualizations of the two permeabil-

ity fields obtained through the Sequential Gaussian Simulation Method. A threshold corresponding
to the 75th percentile was applied to simplify their representation by reducing the number of points

included.

< 1000 102
=~ w, / 1500
2000~ 2000 @
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(a) permeability field 1 (b) permeability field 2

Figure 1. Three-dimensional visualization of the permeability fields generated by SGSIM.

3. Numerical Results
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In this section, we present numerical results demonstrating the performance of the proposed
Picard-Newton sequential method for simulating WAG injection processes in heterogeneous petroleum

reservoirs. The investigations focus on the classical quarter five-spot configuration.

The numerical experiments address the primary objective of demonstrating the practical applica-
bility of the proposed method for large-scale EOR simulations. The analysis encompasses scenarios

that capture the essential physics of three-phase flow during WAG operations.

3.1. Numerical Verification

The numerical simulator developed in this research has been thoroughly verified and validated
against analytical solutions and established benchmarks for three-phase flow in porous media. The
verification process included comparisons with analytical solutions for incompressible three-phase
flow presented by Barros et al. [38] and Guzmén and Fayers [39], covering both concave and convex

relative permeability functions under different injection conditions.

r(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202511.0745.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 November 2025 d0i:10.20944/preprints202511.0745.v1

17 of 24

The validation results demonstrate good agreement between the numerical solutions obtained
with our simulator and the reference analytical solutions, confirming the accuracy and reliability of the
implemented method. The detailed verification and validation analyses, including saturation profiles
and comprehensive comparisons, can be found in Debossam’s doctoral thesis [30] and in Debossam
et al. [22].

3.2. Mesh Selection

The mesh selection employed for the simulations and permeability field generation with low
heterogeneity was based on the mesh refinement studies conducted in Debossam [30] and Debossam
etal. [22]. According to the obtained results, a grid with 200 x 200 x 30 finite volumes was determined
to be sufficiently refined for three-phase flow simulation using the WAG strategy.

3.3. Water-Alternating-Gas Strategy

The Water-Alternating-Gas injection strategy represents a crucial component of the enhanced
oil recovery process, requiring careful consideration of operational parameters to optimize sweep
efficiency and oil displacement. The implementation of WAG involves the sequential injection of
water and gas slugs, with the alternating pattern designed to combine the favorable aspects of both
waterflooding and gas injection while mitigating their individual limitations.

The fundamental parameters governing WAG performance include the WAG ratio, cycle duration,
slug sizes, and injection rates. The WAG ratio, defined as the volume ratio of water to gas injected
over a complete cycle, significantly influences the mobility control effectiveness and ultimate recovery
efficiency. Typical WAG ratios in field applications range from 1:1 to 3:1, with the optimal value
depending on reservoir characteristics, fluid properties, and economic considerations.

As the primary goal of this work is to apply the Picard—-Newton method to three-phase flow
simulation, a representative WAG strategy with a 1:1 water—gas injection ratio was implemented.
The total production period was set to 1,200 days, during which three complete injection cycles were
performed. Each cycle comprised 200 days of water injection followed by 200 days of gas injection. For
the numerical solution of the resulting linear algebraic systems, the Bi-Conjugate Gradient Stabilized
(BiCGSTAB) iterative method with preconditioning was implemented, employing both Jacobi and
ILU(0) preconditioners [22]. The remaining parameters and properties used in the simulations are

listed in Table 7.
Table 7. General simulation parameters for three-phase flow.
Parameter Value Unit
g 9.81 1’n/s2
pd 12065.83 kPa
Y, 13789.52 kPa
Pinitial 27579.04 kPa
Pwf initial injection 55158.08 kPa
pwf,initial,production 20684.28 kPa
T 338.71 K

3.4. WAG Injection in Reservoirs with Distinct Low-Heterogeneity Permeability Fields

In this subsection, we investigate how differences in low-level permeability variability affect the
performance of a WAG injection scenario. Two reservoir models characterized by low heterogeneity are
considered. By keeping all operational parameters identical, the analysis isolates the influence of subtle
geological variations on flow behavior, sweep efficiency, and overall oil recovery. This comparative
assessment highlights the extent to which even moderate differences in permeability distribution can
shape WAG displacement outcomes.
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3.4.1. Permeability Field 1

This case corresponds to the reservoir model with the lowest level of permeability variability
considered in this study. The permeability distribution in Field 1 is relatively uniform, with small
deviations around the mean value of 100 mD, resulting in a smooth spatial variation of flow properties.
As such, this model serves as a reference to assess WAG performance under conditions where geological
heterogeneity plays a limited role in fluid redistribution and sweep behavior.

The oil production rate and cumulative oil production curves are shown in Figures 2a and 2b,
respectively. The production rate curve exhibits a distinctive cyclic behavior directly linked to the
alternation between water and gas injection. At the beginning of each water injection stage, the
production rate increases as the injected water efficiently displaces the remaining oil in the more
permeable zones. As the water front advances, however, the production rate gradually declines,
reflecting the onset of water breakthrough and the corresponding decrease in displacement efficiency.
The subsequent gas injection phase restores part of the production by re-pressurizing the reservoir and
improving microscopic displacement efficiency through oil swelling and viscosity reduction. Over the
successive cycles, the amplitude of production oscillations decreases, indicating depletion of the most
accessible oil and progressive attenuation of reservoir energy.

1,000 - B

Qo (m®/day)

| | | | | |
200 400 600 800 1,000 1,200
t (day)

ol

(a) oil production rate

-10°

Qoac

1 1 1 1 1 1 1
0 200 400 600 800 1,000 1,200
¢ (day)

(b) cumulative oil production

Figure 2. Oil production rate and cumulative oil production curves over time: k;;=100 mD.

The cumulative oil production curve displays a continuously increasing trend throughout the
simulation period, confirming the overall effectiveness of the WAG approach in enhancing recovery.
The slope of the cumulative curve is steeper during the early stages of water injection, suggesting
higher short-term displacement efficiency, and becomes gentler during gas injection, when production
stabilizes at lower rates. This pattern highlights the complementary nature of the two injection fluids:
water improves macroscopic sweep, while gas enhances microscopic recovery and maintains reservoir
pressure.

Figure 3a,b illustrate the temporal evolution of water and gas saturations at the injector well.
The results clearly demonstrate the cyclic behavior characteristic of the alternating injection scheme.
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During the water injection phases, water saturation at the injector well increases progressively from
approximately 0.2 to 0.8, while gas saturation decreases to near-zero values. Conversely, during
the gas injection phases, gas saturation rises to approximately 0.6, while water saturation declines
correspondingly. The saturation profiles exhibit smooth transitions between injection cycles, with
well-defined cyclic patterns that repeat consistently across the three WAG cycles, demonstrating the
successful implementation of the alternating injection strategy.

03| f ]
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0.4} |
0‘2 L Il Il Il Il Il Il Il i
0 200 400 600 800 1,000 1,200
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(b) gas saturation

Figure 3. Water and gas saturations as a function of time at the injector well: k;;=100 mD.

Overall, the results for Field 1 demonstrate that the WAG 1:1 injection sequence provides a
balanced mechanism between sweep efficiency and displacement efficiency in a moderately perme-
able heterogeneous system. The alternation between water and gas successfully delays early gas
breakthrough and mitigates rapid water channeling, leading to sustained oil recovery over multiple
cycles. The gradual reduction in production rates across cycles indicates depletion of the movable
oil fraction, suggesting that optimization of the WAG ratio or cycle duration could further enhance
recovery performance in low-permeability heterogeneous formations.

3.4.2. Permeability Field 2

Field 2 exhibits a higher average permeability (k;,,=200 mD) and a slightly greater degree of spatial
variability compared to Field 1, although still representative of a relatively low-heterogeneity reservoir.
The broader distribution of permeability values introduces more pronounced contrasts in local flow
capacity, which influence the multiphase displacement patterns during the alternating water and gas
injection stages. This configuration enables assessment of how a modest increase in permeability and
heterogeneity affects the sweep process, fluid mobility control, and the resulting oil recovery under
identical WAG operating conditions.
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Figure 4a shows the oil production rate, while Figure 4b presents the cumulative oil production.
The production rate displays a sharp initial increase, reaching a peak during the early water injection
stage, followed by a rapid decline. This behavior is consistent with early water breakthrough in
systems containing preferential flow channels, where higher-permeability regions promote faster fluid
displacement toward the producer. After the first cycle, the production rate stabilizes at lower but
more uniform levels, with mild oscillations reflecting the alternation between water and gas injection.
Subsequent WAG cycles help mitigate further production decline, but do not recover the initial peak
rates observed at the start of the process.
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Figure 4. Oil production rate and cumulative oil production curves over time: k;;=200 mD.

The cumulative oil production increases monotonically throughout the simulation period. The
most significant gain occurs during the first cycle, which contributes the largest fraction of recovered
oil. Later cycles provide smaller incremental increases, indicating diminishing returns as reservoir
depletion progresses and as the remaining oil becomes increasingly trapped in low-permeability
zones. The alternating pattern observed in the production curves is reflected in the injector well
saturation profiles (Figure 5a,b), which exhibit three clearly defined cycles of water and gas dominance
corresponding to the imposed injection schedule.
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Figure 5. Water and gas saturations as a function of time at the injector well: k;;=200 mD.

3.4.3. Comparative Analysis

When the results are compared between Field 1 (k;;=100 mD) and Field 2 (k;;=200 mD), clear
differences emerge in the overall recovery behavior under identical WAG operating conditions. The
higher average permeability in Field 2 enhances global injectivity and facilitates the displacement
of oil toward the producer, resulting in greater cumulative recovery. However, this improved flow
capacity also promotes the formation of preferential high-permeability channels, which accelerate
early water breakthrough and locally reduce sweep efficiency. Consequently, while Field 2 achieves
higher total production, its recovery dynamics are characterized by stronger initial peaks followed
by faster decline rates, reflecting the typical trade-off between injectivity and sweep control in more
permeable heterogeneous systems.

Field 1, with its more uniform permeability distribution, exhibits more stable production rates
throughout the simulation period, with gentler oscillations between WAG cycles. The cumulative
production curve for Field 1 shows a more gradual and sustained increase, indicating better sweep
efficiency and delayed breakthrough. In contrast, Field 2 demonstrates higher initial productivity but
experiences more pronounced early breakthrough effects, leading to steeper production decline after
the first cycle.

These results underscore the sensitivity of the WAG process to permeability distribution and
highlight the importance of geological characterization in reservoir management. The findings suggest
that optimizing the injection cycle or adjusting the WAG ratio could further improve displacement
efficiency across different reservoir conditions, particularly in higher-permeability heterogeneous
systems where preferential channeling poses a greater challenge to sweep efficiency.
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4. Conclusions

This work presents a sequential Picard-Newton method for simulating three-dimensional, three-
phase flows in heterogeneous petroleum reservoirs under isothermal conditions. The formulation
accounts for capillary pressure and gravitational effects, employs finite-volume discretization with
implicit time integration, and incorporates well-reservoir coupling models for both injection and pro-
duction operations. The resulting nonlinear systems were solved using the preconditioned BiCGSTAB
iterative method.

The proposed methodology was applied to WAG injection scenarios in a quarter five-spot config-
uration, considering two heterogeneous permeability fields with mean values of 100 mD and 200 mD.
The numerical results successfully reproduced the characteristic cyclic behavior of WAG displacement,
including alternating saturation profiles at the injector well and oscillatory production responses
corresponding to water and gas injection phases. The comparative analysis revealed that reservoir
permeability distribution plays a critical role in determining recovery efficiency: while the higher-
permeability field (200 mD) achieved greater cumulative oil production due to enhanced injectivity, it
also exhibited earlier water breakthrough and steeper production decline, illustrating the trade-off
between sweep efficiency and mobility control in heterogeneous systems.

The developed simulator demonstrated robustness in handling the strongly coupled, nonlinear
nature of multiphase flow equations in heterogeneous media, accurately capturing the interplay
between geological variability and fluid displacement dynamics. The results confirm that even
moderate differences in permeability distribution significantly influence WAG performance, suggesting
that reservoir characterization and injection strategy optimization are essential for maximizing recovery
efficiency.

Future extensions of this framework may include investigation of alternative WAG ratios and cycle
durations, incorporation of thermal effects for non-isothermal displacement processes, implementation
of compositional formulations for gas injection with miscibility effects, and application to field-scale
reservoir models with complex geological features. Such developments would further enhance the
predictive capability of the simulator and broaden its applicability to a wider range of enhanced oil
recovery scenarios.
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Abbreviations

The following abbreviations are used in this manuscript:

EOR Enhanced Oil Recovery

FIM Fully Implicit Methods

FVF Formation Volume Factor

IMPES  Implicit Pressure Explicit Saturation
SGSIM  Sequential Gaussian Simulation Method
WAG Water Alternating Gas
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