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Abstract: Chemical compositional simulation of enhanced
oil recovery and surfactant enhanced aquifer remediation
processes is a complex task that involves solving dozens
of equations for all grid blocks representing a reservoir. In
the present work, we perform a numerical validation of the
newly developed mathematical formulation which satis-
fies the conservation laws of mass and energy and allows
applying a sequential solution approach to solve the gov-
erning equations separately and implicitly. Through its ap-
plication to the numerical experiment using a wettability
alteration model and comparisons with existing chemical
compositional model’s numerical results, the new model
has proven to be practical, reliable and stable.

Keywords: chemical flooding, compositional model for-
mulation, wettability alteration.

1 Introduction

Chemical flooding is a general term used for injection
processes that use special chemical solutions. Micellar, al-
kaline, and surfactants are used to reduce surface tension
between coexisting phases in the reservoir. The chemical
solutions are pumped through specially distributed injec-
tion wells to mobilize oil left behind after secondary recov-
ery or groundwater contaminants present as non-aqueous
phase liquids. While chemical flooding has a larger scale
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of efficiency than water flooding, it is far more technical,
costly and risky. Oil and environmental remediation com-
panies use numerical simulation tools to make investment
decisions and ensure successful oil recovery and ground-
water remediation, respectively. Development of optimal
strategies for chemical flooding enhanced oil recovery and
aquifer remediation requires the application of a subsur-
face flow simulator that incorporates techniques for cou-
pling geomechanics and fluid flow besides accurately rep-
resenting thermal, phase equilibria and mass transfer ef-
fects. The displacement mechanisms in this type of flood-
ing involve interfacial tension lowering and capillary de-
saturation. The flow and transport models describe such
physicochemical phenomena as dispersion, diffusion, ad-
sorption, chemical reaction and in situ surfactant gener-
ation. Few simulators are designed for the simulation of
the subsurface multiphase flow and transportation of so-
lute components under consideration of various chemical
conversions. ECLIPSE 100, CMG IMEX, ECLIPSE 300/500,
CMG STARS, GMS and UTCHEM are examples of such sim-
ulators. While ECLIPSE 100 and CMG IMEX simulators are
comparable due to their similar designation, ECLIPSE 100
has more features than CMG IMEX to handle chemical
flooding processes. Both of these simulators can model
polymer flooding process, but if polymer viscosity is higher
than 21 cP, ECLIPSE 300/500 or CMG STARS or UTCHEM
should be used. The key to accuracy is modeling the com-
plex microemulsion phase behavior. The microemulsion
phase is formed above the critical micelle concentration
of the surfactant. Traditionally, only UTCHEM simulator
is used to handle microemulsion phase behavior. Based
on the latest information, microemulsion phase model
can be handled by 2013 version of CMG STARS simula-
tor due to the cooperation between CMG and UTCHEM de-
velopers and PennSim simulator developed at The Penn-
sylvania State University. So, CMG STARS, UTCHEM and
PennSim are better than ECLIPSE 300/500 for chemical
flood simulation. Since CMG STARS is an expensive sim-
ulator, UTCHEM and PennSim are the best price/quality
simulators on the market to model chemical flood. While
GMS is one of the advanced software systems available
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for performing groundwater simulations, some UTCHEM
options are not supported in GMS. An IMPEC chemical
flooding simulator UTCHEM was originally developed by
Pope and Nelson in 1978 and it’s been continually updated
since its initial development [1] - [6]. In 2007, Zhangxing
Chen et al. [6] presented a numerical approach that solves
both pressure and compositions implicitly. The sequen-
tial approach splits the coupled system of nonlinear gov-
erning equations of the model into individual equations
and solves each of them separately and implicitly. The sys-
tem of species conservation equations is solved implicitly
for the overall concentration of each component. For the
numerical tests carried out in their studies, the authors
have observed that the sequential technique is approxi-
mately twice as fast as the IMPEC. Though the approach
was claimed to be sequential and extended from the IM-
PEC approach used in UTCHEM model [4], the mathemati-
cal formulations for the governing equations did not un-
dergo any change in their model. Since the overall con-
centration appears only in the accumulation term of the
species-conservation equations, it remains unclear how
the sequential approach was used to solve these equations
implicitly for the overall concentration. The following bal-
ance equations are used in UTCHEM model: a) the over-
all compositional balance equation for each species; b)
pressure (an overall mass-continuity) equation; and c) the
energy balance equation. The main assumptions imposed
on the model equations are as follows: (i) the rock and
fluids are slightly compressible; (ii) the diffusion obeys
Fick’s law; (iii) Darcy’s law applies; (iv) approximation
of a local thermodynamic equilibrium state can be ap-
plied; and (v) mixing is ideal. In this work, we perform a
numerical validation of the simulation tool based on the
recently developed mathematical formulation [7], [8] by
comparing its results on wettability alteration with those
of UTCHEM simulator. The simulation tool can be applied
to study problems of enhanced oil recovery and remedia-
tion of aquifers by surfactants. As the principles involved
in both applications are the same, due to the availability
of data for validation, laboratory experiments on wetta-
bility alteration have been modeled using the simulator
based on the improved mathematical formulation. "Wetta-
bility alteration" is used in literature to address any change
in the original wettability of a rock, either spontaneously
or by chemical flooding methods. Castillo (2003) modeled
the wettability alteration of alkali or surfactants using the
effect of wettability on relative permeability and capillary
pressure [9]. In this model the user can specify the initial
and altered wetting conditions of the rock. This is done
by specifying the water and oil relative permeabilities and
water-oil capillary pressure tables for each wettability con-
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dition as inputs. Time dependent wettability alteration is
modeled using an input threshold value for a tracer con-
centration representing the alkali or surfactant concentra-
tion in each gridblock. The injected surfactant advances in
the reservoir and when its concentration is greater than a
threshold value specified as an input parameter, the tables
for altered wetting conditions are used. Anderson (2006)
[10] used the model developed by Castillo (2003) [9] and
Fathi Najafabadi (2005) [11] to study the effect of wetta-
bility on the oil recovery from naturally fractured reser-
voirs (NFRs) and was able to model many published core
floods that involved chemically induced wettability alter-
ation. Delshad et al. (2006) used the wettability alteration
model (Fathi Najafabadi, 2005) to model an imbibition cell
test published by Hirasaki and Zhang (2004) [11] - [13]. The
matching parameters were then used to study the effect
of wettability alteration in pilot scale. Fathi Najafabadi et
al. (2008) used the wettability alteration model (Fathi Na-
jafabadi, 2005) to simulate a dynamic chemical flood lab-
oratory experiment performed on a fractured block at UT
Austin [11], [14]. This experiment contained three parts:
1) waterflood, 2) alkali flood for enhancing the wettabil-
ity towards more water-wet conditions and 3) alkali sur-
factant flood for reducing the residual oil in the matrix.
All three parts of the experiment were modeled. They con-
cluded that a small viscous gradient can improve the re-
covery from NFRs to a great extent and static imbibition
cell tests are not representative of dynamic conditions of
the reservoir. Anderson (2006) gave the modeling proce-
dure for the imbibition cell test [10]. The match obtained by
Anderson (2006) was improved in Fathi Najafabadi (2009)
and later used to study the effect of matrix block size on
the oil recovery [10], [15]. Yu et al. (2008) formulated a 1D
mathematical model relevant for spontaneous imbibition
to study the wettability alteration phenomenon [16]. In this
model, mass conservation of oil, water and the wettability
alteration agent combined with Darcy’s law yields 2x2 sys-
tem of coupled parabolic convection-diffusion equations.
The model describes the interactions between gravity and
capillarity when initially oil-wet core is altered to water-
wet due to the molecular diffusion of the wettability al-
teration agent. Numerical computations are carried out to
study the basic properties of the model, role of molecu-
lar diffusion of the wettability alteration agent, balance
between gravity and capillary forces and dynamic wetta-
bility alteration. Sadeqi-Mogadam et al. (2016) conducted
a set of experiments to determine the zeta potential and
streaming potential coupling coefficient of a crystalline
granular quartz pack under different wetting conditions
[17]. The electrokinetic experiments were performed for
the completely water-wet and oil-wet and also partial oil-
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wet sand packs. The tests were conducted by various aque-
ous solutions having different pHs and salinities. The re-
sults demonstrate that streaming potential is measurably
changed with the wetting state of the rock surface. Fur-
thermore, the authors used bundle-of-tubes model to sim-
ulate the experiments and quantify wetting transitions.
The results introduce a new method for monitoring the
wettability change of porous media during dynamic injec-
tion processes. Andersen et al. (2015) presented a mathe-
matical model for wettability alteration in fractured reser-
voirs [18]. The wettability alteration is described by shift-
ing curves for relative permeability and capillary pres-
sure from curves representing preferentially oil-wet con-
ditions toward curves representing more-water-wet con-
ditions. The numerical code was compared with ECLIPSE
for the specific case in which a fixed wetting state was as-
sumed. Lashgari et al. (2016) presented a dynamic wet-
tability alteration model based on the Gibbs adsorption
isotherm equation [19]. The model is conceptually and
thermodynamically developed for anionic surfactants that
reduce the surface tension between oil phase and rock for-
mation based on the contact angle in a preferentially oil-
wet formation. In order to apply the effect of contact angle
on multiphase fluid flow in porous media, existing relative
permeability and capillary pressure models are modified
to become a function of contact angle to mimic the influ-
ence of wettability alteration. Ju, B. and Fan, T. (2012) de-
veloped a numerical simulator considering wettability al-
teration to predict oil production [20]. The simulation in-
dicates that the wettability alteration during water flood-
ing has strong effects on the water cut and oil recovery. It
is found that the increase in water wetness during water
flooding leads to a higher oil recovery and less accumu-
lated production water at a water cut. Flovik et al. (2015)
modeled the change in contact angles due to the injection
of wettability altering agent in an oil-rich porous medium
by a network of disordered pores transporting two immis-
cible fluids [21]. In this article, the authors introduced a
dynamic wettability altering mechanism, where the time
dependent wetting property of each pore is determined by
the cumulative flow of water through it. Simulations were
performed to reach steady-state for different possible alter-
ations in the wetting angle. A thermal mathematical model
of the simultaneous flow of immiscible fluids was devel-
oped and applied for simulating mechanical and chemi-
cal water control (gel/polymer treatment wettability alter-
ation and disproportionate permeability reduction) meth-
ods [22] and [23]. One of the novelties introduced by the
authors was a generalized version of the relative perme-
ability and capillary pressure correlations to model the
performance of post-treatment production taking into ac-
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count gel - reservoir fluid transition zone effect. Most mul-
tiphase models reported in the literature, including the
works mentioned above [16] - [23], are limited in their ap-
plicability in one way or another of the followings: 1- or
2-dimensional modeling, single species, inadequate nu-
merical accuracy, equilibrium mass transfer, lack of mod-
eling miscibility which occurs during surfactant flooding
and simplified surfactant phase behavior and properties.
The mathematical formulation developed in the scope of
this work is extended from the UTCHEM model formula-
tion for the use in chemical flooding studies that does not
have these common limitations. During our model devel-
opment process, it was discovered that the currently used
chemical compositional model estimates the adsorption
effect on the transport of a component reasonably well but
it does not satisfy the species-conservation equation pre-
cisely. From now on, we will refer to the model used in
the references [1] - [4] as "currently used" chemical com-
positional model. The energy conservation equation in the
currently used chemical compositional model does not
take into account any change in pore volume due to ad-
sorption, which leads to inconsistency between the overall
compositional balance equations and the energy conser-
vation equation. With these partial differential equations
as governing equations, several simulators have been de-
veloped to model chemical compositional phenomena in
petroleum reservoirs. The mathematical proof of inaccura-
cies in the mass and energy conservation equations used
in the currently used chemical compositional model is pro-
vided in our published paper [7]. The sequential solution
algorithm is not applicable to the commonly used chemi-
cal compositional model formulation in its original form.
Even if the existing sequential formulations for compo-
sitional models can be applied to the chemical flooding
model, they require significant changes in the current al-
gorithm used in chemical compositional simulators. Our
recent work proposed a new mathematical formulation,
which accounts for the reduction in pore volume due to
adsorption that satisfies the species- and energy conser-
vation equations more precisely. The new mathematical
model formulation is extended from the model formula-
tion used in existing chemical compositional simulator,
UTCHEM, while preserving the advantageous features of
the previous model. Moreover, the new model formulation
allows applying a sequential solution approach to solve
each of the governing equations separately and implic-
itly. The mathematical formulation does not require over-
all change in the currently used algorithm. An improved
chemical flooding simulator has been developed on the
basis of the newly proposed mathematical formulation.
One of the best features of the new simulator is that it
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can be used to simulate multiple processes. It has applica-
tions both in modeling chemical remediation of contam-
inated aquifers and enhanced oil recovery processes. In
this work, we perform a numerical validation of an im-
proved chemical compositional simulation tool based on
the recently developed mathematical formulation.

2 Formulation of mathematical
model

Derivation of the model equations presented in this
paper is given in our previous publication [7] where we the-
oretically proved that the newly developed model satisfies
the conservation laws of mass and energy precisely, as op-
posed to the existing chemical compositional model.

The mass conservation equation for the overall con-
centration ¢; is defined as

0 -
PY: (¢p;&i) +V -

(;Z)pi zp: (Saciaﬁa):| -

a=1
o

V-3 [Kia- V ($piSacia)| = Risi=1,.ome, (1)
a=1

where ¢ is the porosity, p; is the density of pure compo-
nent i and ¢; is the overall concentration of component i.
The modified porosity (i) is defined as the fraction of the
bulk permeable medium occupied by pore space remain-
ing after adsorption. The modified phase saturation Sg is
defined as the fraction of the reduced pore volume occu-
pied by phase a. c;, is the modified volume fraction of
component i in phase a.

The phase flux U o is the modified average pore veloc-
ity vector of phase a owing to convection and calculated
from Darcy’s law

70‘ __ kkra

- (2)
¢Sa}la

(VPa—7aVz),a=1,...,1np,

where k is the permeability tensor, k4 is the relative per-
meability of fluid phase a, uq is the dynamic viscosity of
fluid phase a, pq is the pressure in fluid phase a, 4 is the
specific weight of fluid phase a and z represents depth.

Two components of dispersion tensor K;, for a homo-
geneous isotropic permeable medium [24] are

2 2 2
AgUxa + At (uya + uza)

[l ’

D;
(Kxx)iq = % +
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_ (g — Atq) Uxallya

(I(X)’)ia - T ’

i=1,...,nc;a=1,...,np,

3)

where the subscript I refers to the spatial coordinate in the
direction parallel or longitudinal to bulk flow and ¢ is any
direction perpendicular or transverse to l. D;, is the effec-
tive binary diffusion coefficient of component i in phase a
[25], a;, and a4 are the longitudinal and transverse dis-
persivities and 1 is the permeable medium tortuosity.

For biodegradation model

Ncy

p
R; = -kipp; 1-25]' ZSaCiaJrfi +Q;,i=1,...,nc.
j=1 a=1

(4)

where k; is the reaction rate coefficient in units of inverse
time and Q; represents physical sources. The overall con-
centration ¢; is defined as

Ncy My

&i= 1—2&]' ZSacia+6,~,i=1,...,nc. (5)
j=1

a=1

where ¢; is the absorbed concentration of components j,
nev is the total number of volume-occupying components
and np is the number of phases.

The magnitudes of the vector flux for each phase,
|7a , are computed as follows:

|7a| = \/(uXa)z + (Uya)z + (uZa)z.
The porosity depends on pressure due to rock com-
pressibility. Therefore,

¢ =0¢r[1+cr(p1-ps)l, (6)

where ¢y, is the porosity at a specific pressure pg, p; is the
water phase pressure and c; is the rock compressibility at
ps. For a slightly compressible fluid, the component den-
sity can be written as:

pi=PiR[1+C?(p1_pR)}»i=1’---’nC’ @)

where p;r is the density of component i at the standard
pressure pg. ¢ is the compressibility of component i.

The pressure equation is formed by summing up the
mass balances over all volume-occupying components af-
ter dividing both sides by p;r and substituting Darcy’s law
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in each of the phase flux terms. By using the capillary pres-
sure definition, the pressure equation in terms of the refer-
ence phase pressure (phase 1) will be:

d _
¢Rct% -V- (k/\rTcVIh) =

_M _
=V- (kZAracvpcud) -V (kz (/lmc’ya)VZ> -

a=1 a=1
ne Q
“AF@)+Y =L 8
¢F (&) Zl oo (8)

where c; is the total system compressibility, p; is the pres-
sure of phase 1, p.q; is the capillary pressure, z is the
depth, Arqc is the relative mobility and A, . is the total rel-
ative mobility.

The relative mobilities and total compressibility in (8)
are calculated using the following equations:

ne
_ kra
Arac = Ara Zp,-cia, Ara = —,

a=1,..
i-1 Ha

., np,  (9)

np
Arte = Z/‘rac, (10)
a=1
ne
ce=cr+[1+cr(2pa -ps-pR)]Z (C?Ei)- (11)
i-1
The term
X[ 0 0F;
AF (@)= (p1-Pr)) (c?a—;> (12)
i=1

can be treated as a source type function.

To increase the stability and robustness in numerical
modeling, on the contrary to what is commonly used in the
literature, we do not neglect higher order terms in the con-
servation equations.

The energy conservation equation reads

np
% [&’;Pusacw + (1 - <2>) psCs:| T+

np
+V - <¢ ZpaSanaﬁaT—kTVT> ={qc—4qr, (13)

a=1
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where T is the temperature; Cy, and Cpq are the heat ca-
pacities of phase a at constant volume and pressure, re-
spectively; Cs is the heat capacity of the solid phase; kr is
the thermal conductivity; g is the heat source term; and
qy is the heat loss to overburden and underburden forma-
tions or soil.

All equations other than the basic equations (1), (2),
(8) and (13) and auxiliary relations in the recently de-
veloped model formulation, including the adsorption,
chemical reaction, phase behavior and well modeling
approaches, remain unchanged from the currently used
chemical compositional model, details of which can be
found in [4] and [7].

3 Wettability alteration model

In this section we present a brief description of the
wettability alteration model. Relative permeabilities are
calculated based on the Corey model as follows:

ky=k9S"',1=1,2,3, (14)

where subscript [ indicates water, oil or microemulsion
phase, k(r’l is the relative permeability endpoint for phase [,
e is the Corey exponent of phase l and S, is the normalized
saturation of phase I. The normalized saturations are cal-
culated as

3 S1-Sir

1= 3 ,l=19293y
1_21:151r

(15)

where S; is the saturation of phase I and S, is the resid-
ual saturation of phase I. Residual phase saturations are
modeled as follows

i, SE -S4
_ chig r r _
Slr Slr + 1+TINT1 yl 1,29 3, (16)

where S?righ and SI°" are residual saturations of phase ! at
high and low trapping numbers, respectively (given as in-
put parameters), T; is a positive input trapping parameter
of phase [ and N7y is the trapping number of phase . Sf’righ
are typically zero.

The trapping number for phase I displaced by phase
[ is obtained by a force balance on the displaced blob of
phase [ and is defined as follows:
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—k-V@; - k- [g(py - p)Vh] )
O
1=1,2,3,

Np =

(17)

where 1 and [’ are the displaced and displacing fluids, re-
spectively, @ is the flow potential, g is the gravitational ac-
celeration, k is the permeability tensor, h is the height to a
reference datum, p; and p; are densities of the displaced
and displacing fluids, respectively, and o is the IFT.

The endpoint relative permeability enhancements
caused by residual-saturation reduction of the conjugate
phase as a function of the trapping number are modeled
using the following correlation validated against experi-
mental data:

low
Sl'r - Sl'r
glow _ ghigh
I'r I'r

0 _ OIOW
krl - krl +

(18)

rl rl

x (ko’”g” -KG)L 1=1,2,3,
where k%" and k%" represent the endpoint relative
permeability of phase [ at low and high trapping num-
bers, respectively, S}"rw and S?igh are residual saturations
for phase l at low and high trapping numbers, respectively,
and Sy, is the residual saturation of the conjugate phase
(e.g. oil is the conjugate phase for microemulsion phase).

The following equation gives the relative permeability
exponents as a function of the trapping number:

low
Sl'r B Sl'r
Glow _ Shigh
I'r I'r

e = ef"w +

(19)
< (e —ef), 1=1,2,3,
where ef"w and e;’ig " represent the Corey exponents for low
and high trapping numbers, respectively, specified as in-
put parameters.
The equations above are solved once for the initial
reservoir wettability condition (ki’f“"“’ ) and once for the

altered condition of strongly water-wet (kflnal). Two sets

of relative permeabilities ( K%, Sy, e 1) and trapping param-
eters (T}) corresponding to each wettability state are re-
quired as model inputs. The relative permeability in each
gridblock (k,;) is then obtained by linear interpolation be-
tween the relative permeabilities corresponding to the two
different wettability conditions, provided the concentra-
tion of surfactant in the gridblock is greater than the criti-
cal micelle concentration. Interpolation is based on a scal-
ing factor w.

Numerical Validation of Chemical Compositional Model for Wettability Alteration Processes = 421

k= wkl + (1 - w) k0, 1-1,2,3,  (20)

where w is the interpolation scaling factor and k’fl”“l and
kZ“'“"’l represent the relative permeabilities corresponding
to the two extreme wetting states (i.e., final and initial wet-
tability states, respectively).

The scaling factor is either a constant user input pa-
rameter or related to the adsorbed surfactant concentra-
tion in each gridblock as follows:

Csurf

w = (21)

Csurf + Csurf

where Csu,f and Cj,,r represent the adsorbed and total
concentration of surfactant, respectively.

The capillary pressure P. is scaled with the
oil/microemulsion and oil/water IFT (0om and oow)
as follows:

PC = Jom Cpc(l _EI)EPC,

Oon (22)

where Cpc and Ep are endpoint and exponent for capillary
pressure, respectively. Cp¢ takes into account the effect of
permeability and porosity using the Leverett J-function.
The capillary pressure as a function of wettability is
also modeled using linear interpolation between the initial
and final wetting state capillary pressures, as follows:

Pc = wPimdl (1 —@ypinitial 1 _ 1 2.3 (23)

4 Numerical simulation of
wettability alteration processes

While we developed the mathematical formulation for
chemical flooding simulation, we did not provide enough
numerical evidence to support our theoretical arguments
made in our previous publication [7].

For validation of the enhanced simulation model, two
laboratory experiments on wettability alteration are mod-
eled using the modified code.

The first experiment is a static imbibition cell test
conducted by Hirasaki and Zhang (2004) and the second
is a dynamic fracture block experiment conducted at UT
Austin (Fathi et al., 2008) [13], [14]. Fathi Najafabadi (2009)
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gives full description of the matching procedure and ob-
tained results for each experiment [15].

In this work, an attempt was made to match the simu-
lation results on wettability alteration modeling with those
that have been published in the literature as a validation
of the newly developed chemical compositional model for-
mulation.

4.1 Numerical simulation of wettability
alteration processes in a static
imbibition cell test

To validate the implemented wettability alteration
model described in section 3, the laboratory alka-
line/surfactant imbibition experiments reported by
Hirasaki and Zhang (2004) were used [13]. For numerical
study of wettability effects on oil/water relative permeabil-
ity and oil capillary-desaturation curve, we used the data
measured by Mohanty (1983) and Morrow et al. (1973) [26],
[27]. The parameters of capillary pressure and relative
permeabilities used in our simulation are listed in Table 1.

Table 1: Relative Permeability and Capillary Pressure Parameters
(Low Trapping Number in Matrix)

Oil-wet ‘Water-wet

0il Water 0il Water

Residual saturation 0,28 0,12 0,25 0,12

Endpoint relative 0,80 0,56 1

permeability

0.26

Relative permeability 33 14 13 3
exponent

Trapping parameters 1000 20000 1500 200

(T

Capillary pressure -15 7
endpoint (CPC)

Capillary pressure 6
exponent (EPC)

[

Residual saturations, endpoint relative permeabilities
and relative permeability exponents are given in Figs. 1
through 3 as functions of trapping number for different
wetting conditions. Relative permeabilities calculated us-
ing Eqgs. 14 through 20 with a constant wettability scaling
factor of 0.5 for trapping number of 1077 are given in Fig. 4.
The capillary pressure curves calculated for water-wet and
oil-wet conditions using Eq. 22 and a mixed-wet curve us-
ing the scaling factor of 0.5 in Eq. 23 are shown in Fig. 5.
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Figure 1: Capillary desaturation curves used in simulations
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Figure 2: Endpoint relative permeabilities varying with trapping
number

The properties of the core and liquid are given in Table
2. Surfactant solution is a mixture of 0.025 weight% CS-
330 (C12-3EOQ-sulfate) and 0.025% by weight of TDA-4PO-
sulfate (C13-4PO-sulfate) added with 0.3 mole of sodium
carbonate to reduce the adsorption of surfactants. The al-
kalinity of sodium carbonate is also a reason for the forma-
tion of surfactant. Description of the entire experimental
and modeling procedure can be found in Fathi Najafabadi
(2009) [15].

A 3D numerical model was created to simulate the ex-
periment and validate wettability alteration model. A ho-
mogeneous Cartesian grid with 7x7x7 grid blocks was cre-
ated to simulate the rock and fluids in the cell that sur-
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Table 2: The properties of the core used for the absorption experi-
ment

Parameters Value Parameters Value
Diameter (in) 1.5 Time in brine (days) 8
Length (in) 3 Oil recovery in brine 0

(%00IP)
Porosity 24 Surfactant CS-330+TDA-
4PO
Permeability (md) 122 Surfactantconcentration | 0.025+0.025
(wt%)
Brine 5.815 g/l NaCl | NayCO; (Molar) 0.3
Crude oil viscosity. cp 19 Time in surfactant (days) 138
Initial oil saturation 0.68 Oil recovery in surfactant 44
(%0O0IP)
Aging 24 h at 80°C | Residual oil saturation 0.38

Table 3: The parameters of relative permeability and capillary pres-
sure

Oil-Wet Water-Wet
Properties
Oil | Water | Oil | Water
Residual saturation 0.38 | 0.32 0.38 | 0.32
Endpoint relative permeability 0.59 | 0.23 1 0.15
Relative permeability exponent 3.3 2.9 2 2
Trapping parameters (T;) 1,865 | 59,074 | 59.074 | 1.865
Capillary pressure endpoint (Cp) -5
Capillary pressure exponent (Ep.) 2 2
Wettability scaling factor (w) 0.5
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Figure 3: Relative permeability exponents varying with trapping
number

round the core. The middle 5x5x5 portion of the grids was
given petrophysical properties representing the rock (Ta-
ble 3) and the remaining gridblocks were given properties
representing the imbibition cell.

At first, the simulation model was run to determine
the oil recovery based on the assumption that the wetta-
bility is not altered from the original oil-wet conditions.
It only models the effect of surfactant on interfacial ten-
sion reduction and oil mobilization. Surfactant concen-
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Figure 4: Relative permeability curves for different wettability condi-
tions at low trapping number of 1077
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Figure 5: Capillary pressure curves for different wettability condi-
tions

tration in gridblocks comprising the oil-wet core initially
increases primarily due to an effective molecular diffu-
sion and influences the onset of o0il being produced from
the core, but with very little impact on final oil recovery.
An effective molecular diffusion/dispersion coefficient of
6.5 x 107 ftz/ day was used in the simulation, which is
the same as that used in the previous simulation stud-
ies. Based on published data of Lam and Schechter (1987)
and others, the expected surfactant molecular diffusion
would be several times smaller than that was simulated
[28]. Therefore, the value presented here can be described
as a pseudo diffusion/dispersion coefficient. The vertical
cross section through the center of the model is shown in
Fig. 6.
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Next, the enhanced simulator was used to model com-
bined interfacial tension reduction and wettability alter-
ation effects of surfactant/alkali solution on oil recovery. It
was assumed that the altered wettability state was water-
wet with relative permeability and capillary pressure pa-
rameters as shown in Table 3. The interpolation scaling
factors for this simulation were assumed to be a constant
value of 0.5. The distribution of surfactant concentration
and oil saturation after 10 days of imbibition are given in
Figs. 7 and 8.
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Figure 6: Initial surfactant concentration (volume fraction) for the
imbibition test model. The vertical XZ cross section through the
center (at Y-slice=4) of the model.
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Figure 7: Surfactant concentration (volume fraction) after 10 days
of imbibition. The vertical XZ cross section through the center (at
Y-slice=4) of the model.
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Figure 8: Oil saturation distribution after 10 days of imbibition. The
vertical XZ cross section through the center (at Y-slice=4) of the
model.

There is a good agreement between the surfactant con-
centration and oil saturation as shown in Figs. 7 and 8. The
rock gridblocks with higher surfactant concentration have
lower oil saturation. These two figures also indicate the
role of gravity in the oil recovery from the core plug. The
rock gridblocks in the lower parts of the core have smaller
oil saturations due to gravity drainage of the oil. The result
with wettability alteration gives a much better agreement
with the laboratory data than the case without wettability
alteration. The simulation with wettability alteration has
a faster response to oil production and a higher cumula-
tive oil recovery. This is due to the increase in oil relative
permeability and initial change in capillary pressure from
negative to positive during the wettability alteration pro-
cess. Therefore, more surfactant solution is imbibed into
the rock gridblocks displacing more oil before the interfa-
cial tension reduction decreases the capillary pressure to
zero. Alteration of the wettability towards more water-wet
conditions increases oil mobility, recovery rate and its fi-
nal recovery. Successful modeling of this experiment val-
idates implementation of wettability alteration model in
the modified simulation tool for the spontaneous imbibi-
tion test.

4.2 Numerical simulation of wettability
alteration processes in a fractured block

The test problem for the numerical study of the wetta-
bility change due to surfactants in the fractured reservoirs
in the computational grid with 31x11x3 number of nodes
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was examined. The Fractured Block experiment was car-
ried out by Dr. Q. P. Nguyen and J. Zhang. The details and
steps taken in modeling the fractured block experiment us-
ing the UTCHEM simulator with the wettability alteration
model were described in [15].

A numerical experiment was designed to get a better
understanding of the mechanisms occurring in the flow of
fluids such as alkali and surfactant in naturally fractured
formations. Alkali agent was used as a wettability modi-
fier and surfactant solution was used to lower the interfa-
cial tension and enhance oil recovery by oil emulsification
(Fathi et al., 2008) [14]. A 3D discrete fracture model con-
sisting of 6 fractures was used (Fig. 9).

14.70 14.82 1495 15.07 15.20

0.2566 00000

Figure 9: The computational domain and pressure distribution re-
solved with 31x11x3 (XxYxZ) grid points

Two of these fractures are parallel and four are per-
pendicular to the flow direction. The end caps were mod-
eled as fractures and the injection and production wells
were placed in these openings to model the same condi-
tions as in the experiment. The matrix gridblock size was
1/3"x1/3"x1/3". Fracture aperture was 1 mm (0.039370").
Fracture gridblocks were assumed to have a porosity of 1 as
opposed to 0.298 for matrix blocks (based on laboratory
material balance). A uniform and isotropic matrix perme-
ability of 3.36 x 10~ m? (34 md) was used based on labo-
ratory measurements. A uniform initial saturation was as-
sumed based on the measured values. Table 4 summarizes
the base case simulation parameters.

Table 4: Simulation input parameters for base case model of frac-
ture block experiment

Simulation Parameters Matrix I Fracture
Grid 31x11x3

Grid size (m) 0.0085 0.001
Porosity 0.298 1
Permeability (m?) 3.36x107%2 1.97x107%°
Initial water saturation 0.14 0.99
Flow rate (m?/day) 5.66 X107

Numerical Validation of Chemical Compositional Model for Wettability Alteration Processes = 425

Oil recovery was measured for the three different fluid
injection steps. Injection of 4.8 wt% NaCl solution at 5
ml/hr resulted in an ultimate recovery of about 15% OOIP.
During the first few hours of waterflood, no oil was pro-
duced from the setup. This delay was due to the volume of
the tube connecting the fracture block setup to the sam-
ple collection unit. This was not properly communicated
to the modeling group at the time of modeling of the ex-
periment. Next, water containing 1 wt% sodium metabo-
rate (NaBO,) and 3.8 wt% NaCl injected at the same rate
mobilized additional 15% OOIP. The producing oil cut was
reduced to zero at the end of the alkaline flood. A mix-
ture of alkali/surfactant was then injected at the same
flow rate, rendering incremental recovery of 6% OOIP. The
surfactant solution contained 1.5 wt% PetroStep® S-1 and
0.5 wt% PetroStep® S-2, 2 wt% secondary butanol as co-
solvent, 1 wt% sodium metaborate and 3.8 wt% NaCl. This
surfactant formulation formed a microemulsion with the
crude oil which exhibits an IFT of 0.0008 mN/m. It is im-
portant to note that the pressure gradient was around 0.8
psi/ft throughout the experiment. This pressure gradient
corresponds to the pressure difference at the inlet and out-
let of the setup.

The result of this model for the range of 0 - 4 PV for
average pressure in the form of integral curve is shown in
Figure 10.
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Figure 10: Average pressure vs. injected pore volume

Model results were compared with validated and pub-
lished chemical compositional model results to demon-
strate that the chemical compositional model equations
were solved accurately. New simulator successfully pro-
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vided well-correlated data when compared with the vali-
dated and published results (see Fig. 11).

cop
—— COP - Newmodel

—— COP - Old model
40

CUMOIL (%OO0IP)
-] @
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Figure 11: Comparison of oil recovery curves simulated using the
currently used and the newly developed chemical compositional
models for the waterflood and alkali flood part of the fractured
block experiment

As it can be seen from the above numerical analy-
sis, the new and currently used formulation results are
very much the same. In this work, through its application
to the above-mentioned numerical experiments and com-
parisons with existing chemical compositional model’s
numerical results, the newly developed formulation has
proven to be practical and reliable. The main mechanism
for oil recovery from fractured carbonate reservoirs is a
combination of viscous, gravity and capillary forces. Capil-
lary pressure and relative permeability curves are the main
petrophysical properties affected by the wettability alter-
ation. The capillary pressure shift towards positive values
(more water-wet conditions) and the shift of relative per-
meability curves towards more ideal straight line water-
wet conditions are a good indication of an efficient chem-
ical EOR process. These processes can be modeled in the
newly developed simulator for modeling chemical EOR
processes.

Residual oil saturation does not decrease significantly
due to small trapping number in gridblocks during chemi-
cal process. This process can be simulated by the alkali op-
tion in the new simulator with no effect on IFT and residual
oil saturation.

5 Conclusion

The new chemical compositional model formulation was
validated against existing chemical compositional simu-
lator for imbibition test data using matrix carbonate rocks
and coreflood cell tests. Numerical oil recovery findings for

DE GRUYTER OPEN

imbibitions and coreflood cell tests are in good agreement
with observed results in UTCHEM.

Through its application to the numerical experiment
using a wettability alteration model and comparisons with
existing chemical compositional model’s numerical re-
sults, the new formulation has proven to be practical, reli-
able and more stable.

Test cases’ results of water and alkaline floods in a
3D fractured block were successfully compared with cor-
responding results from UTCHEM simulator. Very good
match between the currently used chemical compositional
model and the new model formulations’ results was ob-
tained.
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