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ABSTRACT

Chemical formulations, including surfactants, polymers, alkalis,
or their combinations, are widely used in different oil recovery
processes to improve water injection performance. However,
based on challenging profit margins in most mature waterfloods
in Colombia and overseas, it is necessary to explore alternatives
that could offer better performance and greater operational
flexibility than the conventional technologies used for enhanced
oil recovery (EOR) processes.

Polymeric surfactants are compounds widely used in the
manufacture of domestic and industrial cleaning, pharmaceutical,
cosmetic, and food products. These compounds represent an
interesting alternative as they can simultaneously increase the
viscosity in water solution and reduce the interfacial tension (IFT)
in the water/oil system, which would increase the efficiency of
EOR processes.

This article shows a methodological evaluation through
laboratory studies, numerical reservoir simulation, and
conceptual engineering design to apply polymeric surfactants
(Block Copolymer Polymeric Surfactants or BCPS) as additives to
improve efficiency in water injection processes. Block copolymer
type products of ethylene oxide (EO) - propylene oxide (PO) -
ethylene oxide (EQ) in aqueous solution were studied to determine
their rheological and surfactant behavior under the operating
conditions of a Colombian field.
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In the conditions studied, these products allow to reduce the
interfacial tension up to 2x10* mN/m values and also cause a
shear-thinning rheological behavior following the power law
at very low shear rates (0.1 s*-1 s), which corresponds to an
increase up to three orders of magnitude in the capillary number
(Nc). The IFT and the viscosity reached are maintained in wide
ranges of salinity, BCPS concentration, and shear rates, making
it a robust performance formulation.

In a model porous medium, BCPS tested have moderate

adsorption, less than conventional surfactants but higher than
HPAM polymers, in any way allowing a favorable wettability
condition. Additionally, it was observed that they offer a resistance
factor up to 16 times, causing greater displacement efficiency
than water injection, allowing better sweeping in low permeability
areas without injectivity restrictions.
Numerical simulation shows that it is possible to reach
incremental production up to 238,5 TBO by injecting a continuous
slug of 0.15 pore volumes of BCPS and HPAM, each with 2,000
ppm concentration and a flow rate of 2,500 BPD. As BCPS are
simple handling and dilution products, these could be injected
directly in water injection flow using a high precision dosing pump
with high pressure and flow rate operational variables.
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RESUMEN

Formulaciones quimicas incluyendo surfactantes, polimeros, alcalis
0 combinaciones de los mismaos, han sido ampliamente usadas en
diferentes procesos de recobro mejorado de petréleo para hacer
mas eficientes los procesos de inyeccion de agua. Sin embargo, en
funcion de los retos del bajo margen de rentabilidad de la mayoria
de proyectos maduros de inyeccién de agua en Colombia y en el
mundo, se hace necesario explorar alternativas que ofrezcan mejor
desempefio y mayor flexibilidad operativa que las tecnologias
convencionales para procesos de recobro.

Los surfactantes poliméricos son compuestos ampliamente usados
para la elaboracion de productos domésticos e industriales de
limpieza, farmacéuticos, cosméticos y alimentos. Estos compuestos
representan una interesante alternativa, ya que pueden proveer
simultaneamente un incremento en la viscosidad del agua y causar
una reduccion de la tension interfacial en sistemas agua/aceite, o
cual aumentaria la eficiencia de los procesos de recobro mejorado
de petrdleo.

Este articulo describe una evaluacién metodoldgica a través de
estudios de laboratorio, simulacién numérica de yacimiento e
ingenierfa conceptual de la aplicacion de surfactantes poliméricos
como aditivos para mejorar la eficiencia en procesos de inyeccion de
agua. Productos de tipo copolimero en bloques ¢xido de etileno (EO)
— Oxido de propileno (PO) - dxido de etileno (EO) en solucién acuosa
(BCPS) fueron estudiados para determinar su comportamiento
reoldgico y poder tensioactivo en condiciones de aplicacion de
yacimiento Colombiano.

INTRODUCTION

Implementing oil recovery technologies is essential to increase the
recovery factor and reserves in Colombian oil fields. To sustain oil
production and expand the company's reserves, Ecopetrol S.A is
evaluating water injection processes and chemical enhanced oil
recovery (cEOR) with Colloidal Dispersion Gels (CDG), polymers, and
surfactants, which were studied at the laboratory level, numerical
simulation, and validated on a pilot scale [1]-[4]. However, the
current hydrocarbon industry market's challenges demand the
search for new products to improve the water injection processes
performance at a lower cost and with less capital investment for
their large-scale implementation.

To mobilize the trapped oil in the reservoir, a favorable change is
required in the fluid displacement effective mobility ratio and/or the
significant reduction of the interfacial tension between the residual
oil and the displacing fluid. Hence, the injection of individual and/or
combined polymers and surfactants have been potentially efficient
recovery methods [5]-[7]. Different injection strategies could be
considered to obtain the best performance of chemical flooding
adapted to reservoir conditions. Indeed, depending on the rock's
mineralogy and the respective adsorption levels of polymer and
surfactant, the polymer front is often injected behind the surfactant
front. As such, the polymer of the SP slug plays its role in controlling
the mobility and improve the sweep to maximize the contact of the
surfactant with the oil-bearing zones. In contrast, the post flush
polymer drives the oil bank created by the surfactant. Nevertheless,
due to different operating conditions, conventional surfactant and
polymer blends tend to separate in a flowing stream through a
porous medium, possibly affecting the SP slug efficiency.

Further problems can be attributed to the incompatibility between
the surfactants and the polymers in the formation, which results in

Bajo las condiciones evaluadas estos productos permiten reducir
la tension interfacial (IFT) hasta el orden de 2x10"'mN/m con un
comportamiento reoldgico pseudoplastico que sigue la ley de
potencia en esfuerzos de corte muy bajos (0,1 s*-1 s?), lo cual
corresponde con un aumento de hasta tres érdenes de magnitud en
el nimero capilar. La tension interfacial y la viscosidad alcanzada
se mantienen en amplios rangos de salinidad, concentracién de
producto y esfuerzos de corte, haciéndola una formulacion de
desempefo robusto.

En medio poroso modelo, estos productos tienen adsorcidn
moderada, menor que los surfactantes convencionales, pero
mayor que las poliacrilamidas parcialmente hidrolizadas (HPAM),
permitiendo la obtencion de una condicion de mojabilidad favorable.
Adicionalmente, se observé que ofrecen un factor de resistencia de
hasta 16 veces causando una mayor eficiencia de desplazamiento
comparada con la inyeccidn agua, permitiendo barrer mejor las
zonas de baja permeabilidad sin restriccién de inyectividad en las
condiciones evaluadas.

La simulacién numérica permitié establecer que se puede alcanzar
una produccion incremental de petréleo de hasta 238500 barriles
correspondiente a 8,2% de factor de recobro incremental inyectando
un bache de BCPS seguido por un bache de HPAM de 0,15 VP cada
uno a una concentracion de 2000 ppm y tasa de flujo de 2500 BPD.
Tratédndose de un aditivo de facil manejo y disolucidn, el producto
puede ser dosificado directamente en la linea de inyeccién de agua
hacia el pozo, por medio de una bomba dosificadora de alta precision
y con variables operativas de alto caudal y presién.

adecrease in product performance because of problems associated
with the aggregation, adsorption, and diffusion in porous media.

The injection of polymeric surfactants could be a unique
chemical approach to Enhanced Oil Recovery (EOR) as favorable
microscopic and macroscopic displacement efficiencies are provided
simultaneously. In this regard, the reduction of the interfacial energy
induced by the presence of surfactant, as well as the non-Newtonian
behavior of the agueous formulation injected, are available avoiding,
at the same time, compatibility or tuning problems.

The amphiphilic polymer's potential for EOR has been recognized,
mainly due to their ability to form a transitional association,
causing viscosity increase under reservoir salinity, temperature,
and flow conditions. Surprisingly, little attention has been paid to
emulsification phenomena and such polymers surface properties,
which are also crucial parameters in EOR processes.

The structure and composition of polymeric surfactants are essential
to determine the surface activity and the rheological behavior
in aqueous solutions. Furthermore, the physical properties can
be significantly affected by temperature, salts content, and flow
velocity.

Choosing a suitable system based on the above considerations is
not trivial. For instance, various polymeric surfactants show very
low or even nil surface activity. Some authors explain this lack of
Interfacial activity by associating it with a very slow equilibrium that
prevents the possibility of macromolecules migrating to interfaces.
Nevertheless, it has been observed that polymeric surfactants can
significantly reduce interfacial tension [8].
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Aqueous solutions of certain polymeric surfactants show a
considerable increase in viscosity with increasing salinity [9] and/
or temperature up to a point where a maximum is reached. The
location of these maximum points is expected to be a function of
concentration and molecular structure. The existence of these high-
performance points is highly positive, particularly when compared
to commercial hydrolyzed polyacrylamides (HPAM), which are
products that undergo degradation by mechanical stress, thermal
or chemical reactions and, therefore, loss of performance in the
EOR process.

This study focuses on determining the experimental/operational
feasibility of using polymeric surfactants in EOR processes through
a conceptual design for a Colombian field. Rheological and phase
behavior studies in brine/crude/polymeric-surfactant systems
showed that the appropriate product choice is critical in reaching
favorable rheological and interfacial tension conditions to displace
residual oil in the porous medium. Optimal operating conditions and
performance parameters were obtained through numerical reservair
simulation and process engineering of technology application.

THEORETICAL
FRAMEWORK

The waterflooding performance decreases in applications where the
porous medium has high heterogeneity and high crude oil viscosity. It
is estimated that after the first two extraction stages (conventional
oil recovery), only about one third of the OOIP is produced, with about
two-thirds of the OQIP remaining to be recovered [10], [11]. The third
stage, known as Enhanced Oil Recovery (EOR), is perhaps the most
demanding in terms of recovery; this is because the oil is trapped by
capillary forces or diverted somehow during extraction [12], thus
hindering their recovery. The chemical EOR processes (cEOR) have
gained wide acceptance due to high efficiency in oil displacement,
both macro (crude oil total displacement) and microscopically (oil
displacement trapped in the pores), as added to its technical and
economic feasibility at a reasonable capital cost [12]. The cEOR
process is characterized by the use of foams [13], nanotechnology
[14], surfactants (S) [15], polymers (P) [16], alkalis (A) [17] or the
combination of these technologies, such as AS [18], AP [19], ASP
[20] or SP [9].

The use of surfactants seeks to reduce the interfacial tension and
modify rock wettability [21], [22]. Meanwhile, polymers increase
their viscosity and reduce the agueous phase mobility, improving
sweep efficiency and recovery factor [23]. Partially hydrolyzed
polyacrylamide (HPAM) is the most widely used polymer in the EOR
industry due to its cost/benefit ratio. It is used as reference in the
development and evaluation of new formulas [24]-[27].

Polymeric surfactants have molecular structures that promote
surfactant and viscosifying properties that favor oil mobility and
the oil recovery factor given the increase in the capillary number
of the system [28]-[31]. On the other hand, without the mechanical
or thermal-chemical stability problems presented by HPAM type
polymers [32], [33], or well-known high adsorption phenomena and
tuning loss in conventional surfactant formulas [34], [35], mostly,
when the injection process was not optimized.

Ecopetrol

STATE OF THE
TECHNIQUE

The cEOR methods became widely known in the 1980s due to
the high oil price and technological progress [12], and since then,
significant technical contributions have been developed. Its proper
application depends on the properties of both, reservoir fluid and
reservoir rock [10]. Regarding the use of polymeric surfactants, a
brief description of the most recent advances is included.

Rai et al. [30] studied the significance of eighteen dimensionless
groups that control oil recovery in surfactant polymer injection
processes. The variables identified with the highest impact on oil
recovery include the initial oil saturation, the ratio of the endpoint
relative permeability of phase L at the high and low capillary number
(ksH/kst), and reservoir heterogeneity groups assuming adequate
mass of chemicals are injected at favorable salinity gradient.

Xu et al. [36] studied the microscopic mechanism of oil displacement
by polymeric surfactant direct injection and by flooding with micro-
emulsion (polymeric surfactant + oil) followed by a polymeric
surfactant. They found that polymeric surfactant injection can
increase the agueous phase viscosity, reduce the water-oil mobility
ratio, and expand the swept area. Furthermore, the micro-emulsion
can sweep areas with dead pores that cannot be swept with water
or polymeric surfactant only.

Co et al. [37] proved than ultralow IFT values are not strictly
necessary toimprove oil recovery, Which seems to be also supported
by a very recent study dealing with a polymeric surfactant rather
than an SP mixture. In this case, the surface-active modified HPAM
solution with ameasured IFT of 10 mN/m gets 5% more oil recovery
than a conventional HPAM in a core-flood experiment, even with
lower viscosity.

Wu et al. [38] reported the synthesis PFSA (fluorine-containing
polymeric surfactant), polymeric surfactant with potential use in
EOR. In terms of displacement and oil sweep efficiency and, according
toits physicochemical properties (critical micellar concentration or
CMC), in 0.1 g/L agueous solution with 100 nm micellar diameter
can reduce the interfacial tension down to around 0.027 mN/m, even
at high NaCl concentrations and high temperature.

In recent years, the Instituto Colombiano de Petréleo (ICP) has
been studying ethylene oxides (EO) and propylene (PO) polymeric
surfactants for application in cEOR projects. Results show both
the interfacial tension reduction and the increase in viscosity in
representative Colombian reservoir conditions.

EXPERIMENTAL
DEVELOPMENT

Commercial Block Copolymer Surfactants (BCPS) EO-PO-EO with
low molecular weight (945-6500 g/mol) were evaluated in this
study. The organization of monomer blocks in the molecules being
assessed is shown in Figure 1.
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lipophilic hidrophilic

Figure 1. BCPS Molecular Structure, ethylene oxide -
propylene oxide - ethylene oxide

For the fluid-fluid and fluid-rock feasibility tests, 25° API
intermediate crude with 60 cP viscosity at 22°C was selected
(dead oil). Synthetic brines between 0.2 and 3.2 wt% of total
dissolved solids (TDS) using 6.2:1 NaCl to CaCl2 ratio according
to the representative composition of field case production brines
used for the different tests in this study. Commercial demulsifying
and clarifying additives were also used to validate the emulsions
behavior under representative operational conditions of the field
case.

METHODS AND EQUIPMENT

The experimental evaluation was carried out using new in-
house protocols developed at the ICP, some of them based on
recommended practices to determine the feasibility of using
polymers and/or surfactants in EOR processes [39]-[41].

Thefirst step of the followed protocolincludes a basic characterization
and evaluation of different properties. Polymeric surfactant viscosity
as a function of the shear rate and performance for different BCPS
types at different concentrations and salinities are among the
main properties determined. This step aims to screen products
with better performance properties in the field case conditions, as
shown in Figure 2.

In a second stage, emulsion stability tests were carried out to
confirm the fluid compatibility with the selected BCPS in different
residual concentrations at reservoir and surface treatment
scenarios, following in-house protocols. Experimental designs
based on variables such as residual BCPS concentration (20 - 40
wt% of injection concentration), water/oil ratio WOR (30/70, 50/50,
70/30) at the wellhead stage, and surface treatment scenarios
were performed. Lower BCPS residual concentrations (5 - 10 wt%
of the initial concentration injected) were projected to simulate the
dilution process of production fluids before entering to the treatment
facilities, keeping the crude/water mix ratio and the dehydration
process temperature (65 °C).

Mechanical (MD) and Thermal-Chemical (TCD) degradation were
assessed according to in-house protocols (Figure 3). In the MD test,
the solution is placed in a stainless steel cylinder and pressurized
with nitrogen. Then, it is forced to flow through a 1/8" capillary by
opening a valve in between. TCD degradation test is a viscosity and
IFT sequential monitoring when the BCPS solution is exposed for a
long term at reservoir conditions (temperature and salinity).

r-—--- - - ------ - - - = A
Emulsions Reservoir fluids compatibility |
Stability - (Scanning residual BCPS [ ],
| Brine Composition, W/O ratio) |
Mechanical_, Scanning Shear Rate —y Brookfield DV2TLV UL |
| Stability (6.6.2 APIRP 63) Viscometer |
| pat 7.1 sect,
before and after |
| Thermal/ 1 . |
; pat7.1sec?, Brookfield DV2TLV UL
| Cshtgg‘ﬁ‘ff;} —>  (TReservor) > Viscometer |
| pat 7.1 sect, ¢
before and after |
Lo — — — _I

Figure 3. Laboratory equipment and Test conditions used
for mechanical/thermal/chemical stability of surfactant
polymers and emulsions behavior.

T T T T T surfactant Payn;u' (BEPS)_Sele:tion_ 77" Finally, rock-fluid interaction tests were
| | performed. According to the field case
—>  Condugctivity/pH (scanning [ ], Fixed Salinity) studied, adsorption isotherms were
| measured by placing one gram of sand in
Characterization —— Refrative Index (scanning [ ], Salinity) a container, adding 10 mL of BCPS solution
| o . | in 0.8wt% TDS brines. After 24 hours at
| g !/ SR Uiy el ) B0°C, the sample is centrifuged, and the
il . - supernatant is extracted to determine the
| — ?3?5_;'£§FE|D(E§$SQWOW)) — Brmk\f/'ieslcdolr?n\é%gr'-v uL equilibrium Qoncentration for Which t‘he
, nephelometric method by reaction with
Eevhsa\[/i]orBCPS Rheological «— Anton Paar Rheometer | tannic acid is used [42]. Contact angles
Rheological and MCR 7.2 were measured at room temperature in a
|  IFT Behavior IFT Vs [] BCPS (scanning salt, Spinning Dro | goniometer and optical tensiometer (OCA
" hydrophilic grade) Tensiometer M6500 25 PMC 750), using dead oil and BCPS (0.2
| L Aqueous satbility, Phase Behavior Llacs turent j wt%) prepared in a brine solution (0.8 wt%).

U ,
l Displacement tests were run in sand packs
(Ottawa 80-110 mesh and Kaolinite, 98:2
BCPS Selected By Screening Methods ratio). The sand packs were contained in
PVC pipes of 1" diameter and 6.5" length.
Two packages of similar dimensions were
Figure 2. Laboratory equipment and Test conditions used for basic used in each test, aligned in parallel, one
characterization and rheological/IFT behavior of surfactant polymers. with high permeability, made up of Ottawa
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80-100 mesh reference sand. The second one with less permeability,
using a 98:2 mix ratio of 80-100 mesh Ottawa sand and kaolin.
The aim is to create a permeability contrast, to evaluate the
performance of polymeric surfactants in terms of flow distribution
in an heterogeneous porous medium.

Three displacement efficiency tests were carried out to compare
both BCPS and HPAM at 0.2 wt% in 0.8 wt% TDS synthetic brines
performance against a waterflooding baseline, and with each other.
The purpose was to conduct a waterflooding step in both tests
roughly until water breakthrough before injecting the chemicals.
Figure 4 shows a flow chart of the injection sequence in the three
scenarios.

— Waterfloooding 2 VP

Brine Crude oil

; T WF HPAM Chase
Saturation ¥  injection = —>» > —
08%TDS  Swicondition 03vp ™ 03VpP water

WF BCPS Chase
—>03vp > 03VP > water

Figure 4. Injection sequence plan flow evaluated in the three
displacement efficiency tests.

The BCPS solution was injected at a constant flow rate (0.067 mL/
min) in sand packing brine saturated SW=1 to measure the dynamic
adsorption on rock following standard procedures [40], [42], [43].
For the evaluation of flow parameters of BCPS solutions (0.2 wt%),
such as reduced mobility curves (resistance factor / RF) and residual
resistance factors (RRF), various pore volumes of BCPS solutions
were injected at different flow rates (0.067; 0.167; 0.25 mL/mi)
and concentrations (500; 1,000; 2,000 ppm) in a Berea sandstone
saturated with 0.8 wt % TDS brine following standard procedures
[40],[42],[43].

The estimated parameters are the input data into the numerical
simulation that contributed to predicting the BCPS slug performance
in a conceptual reservoir model.

NUMERICAL SIMULATION AND CONCEPTUAL
DESIGN OF THE PROCESS

The numerical simulation supports the design of the recovery
processes. In the case of the injection of polymeric surfactants, it
helps define the optimum pore volume of chemicals to be injected,
the flow rate and slug concentration, and the process operating
conditions that allow estimating the injection facilities capacity and
the incremental production expected.

The numerical simulation was performed using a conceptual model
built-in commercial software (CMG STARS®). The propagation of
petrophysical properties in the model was based on a geostatistical
analysis representing the reservoir heterogeneities under evaluation.
Six parameters commonly represent the typical behavior of a
polymeric surfactant injection process: dynamic adsorption,
retention, or entrapment of the BCPS molecules, inaccessible
pore volume (IPV), rheological behavior/mobility control (RF), and

Ecopetrol

interfacial tension (IFT) depending on its concentration, permeability
reduction (RRF), and changes in oil saturation (Sor). Each of them
was included in the numerical modeling.

Different scenarios were simulated, varying operational parameters
to determine the best BCPS solution injection strategy. The injection
process design is based on a simple operation scheme as a polymer
hydration unit such as that used for HPAM type polymers is not
required. Due to its characteristics, the BCPS could be dosed directly
in the water injection pipeline to the well, using a high precision
dosing pump with high flow and pressure operating variables. Then,
it should be homogenized with a static mixer in the pipeline before
entering the reservoir.

RESULTS ANALYSIS

BASIC PROPERTIES CHARACTERIZATION

The turbidity of agueous surfactant solutions represents the
micelles contained quantity and size. The latter is directly correlated
with the solubilizing capacity, rheological behavior, adsorption
tendency, etc. According to the results, the BCPS-containing brines
turbidity depends on the salinity, the surfactant's concentration,
and the hydrophilicity.

The solutions with the highest turbidity are the saltiest and most
concentrated in the least hydrophilic products. The BCPS's studied
easily dissolves in fresh or saltwater and are stable (they do not
separate) at room temperature. The most hydrophilic product
solutions are transparent in all concentrations, salinity, and
temperature in the ranges assessed. The aqueous BCPS solutions
pH, conductivity, and refractive index were also determined. Figure
5 and Figure 6 show an example of the pH and turbidity trends with
some of the products evaluated. In the figures shown as iso contour
plots. Color shaded areas represent boundaries that are interpolated
by the plotting software.

32

Turbidity (NTU)

0.14
018
0.23
0.30
0.39
0.52
0.68
0.88
116

0.8

Salinity (wt% TDS)

0.2
0.02 0.2 2

BCPS (wt%)

Figure 5. Effect of BCPS concentration and salinity of the
aqueous phase on turbidity.
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Salinity (wt% TDS)

N

0,02 02
BCPS (wt%)

Figure 6. Effect of BCPS concentration and salinity of the
aqueous phase on pH.

RHEOLOGICAL BEHAVIOR AND INTERFACIAL TENSION

The BCPS solutions viscosity studied increases up to 3 cP (7.3 s)
when the molecule has low EO content and medium molecular
weight of PO. Based on the salinity and temperature conditions of
the reservoir under study, it is observed that viscosity increases
exponentially with the product concentration. It also exhibits a
shear-thinning behavior following the power law at low shear rates
(0.1 st-1s1). For high shear rates, the polymeric surfactant shows
a Newtonian behavior, similar to that of water. The reofluidizing
feature at low flow velocities is desirable in injected fluids for
improved recovery, as it would improve volumetric sweep efficiency
by homogenizing the advancement front of the chemical formulation
deepin the reservair across strata and permeability contrasts zones.

Figure 7 and Figure 8 show viscosity as a function of the shear
rate, at two different concentrations of a chosen BCPS, varying
the aqueous phase salinity. As observed, BCPS solutions viscosity
increases with salinity maintaining the shear rate, depending slightly
on product concentration. This could represent a technical-economic
advantage since, contrary to what occurs with conventional
HPAM-type polymers, it would not be necessary to inject high
concentrations or soften the injection water to maintain the
rheological behavior target.

3.2+

Viscosity (cP)
0.56
0.72
0.92
117
1.50
191
2.45
313
4.00

0.8

Salinity (wt% TDS)

0.2
0.61 6.1 61

Shear rate(s)

Figure 7. Effect of shear rate and salinity on BCPS's viscosity
at 60 C and 0.02%BCPS.

3.2

Viscosity (cP)

0.50
0.76
116
176
2.68
4.08
6.22
9.46
14.40

0.8+

Salinity (wt% TDS)

0.2
0.61 6.1 61
Shear rate(s™)

Figure 8. Effect of shear rate and salinity on BCPS's viscosity
at 60 C. and 2%BCPS.

The oil crude/brine system interfacial tension is considered the most
important parameter in EOR processes. It allows to minimize the
capillary forces that keep the residual oil trapped in the reservoir.
Under the evaluated conditions, a trend towards decreasing
interfacial tension was observed as both the percentage of EO, and
the BCPS molecular weight evaluated increased (see Figure 9).
Furthermore, according to the HLD principle, the optimal salinity
values correspond to each relative hydrophilicity of surfactants,
which vary if the temperature or the oil phase's composition is
changed.

3500, BCPS7
IFT (mN/m)
0.62
£ 3000 0.75
2 091
111
o
o i 1.35
g 2500 o
- 199
ey
2 2000~ ek
g .
ks
3 1500 BCFPS5
Q
3
=
10004 BC
0 20 40 60 80

Weight percent of EO chain

Figure 9. [FT of crude 0il/BCPS solution systems containing
different molecular weight and EO% in the molecules chain.

Under field case conditions (25°API oil, 60°C, 0.8 wt% TDS), some
formulations lead to interfacial tension values as low as 0.2 mN/m,
representing a reduction of up to two orders of magnitude with
respect to the crude/brine system. Despite reducing the BCPS
concentration even below 0.2 wt%, the interfacial tension remains
low. It was found that a formulation with the optimal BCPS would be
very robust as regards changes in salinity and concentration, which
is not common with conventional surfactant formulas (Figure 10).
A BCPS4 aqueous solution was chosen for further assessment.
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Figure 10. [FT of crude 0il/BCPS4 solution systems as a
function of polymeric surfactant concentration and salinity
at 60°C.

STABILITY OF THE FORMULATION
(THERMAL / CHEMICAL / MECHANICAL)

Even high molecular weight polymer solutions are sensitive to
high shear rates. HPAM solutions typically do not withstand shear
rates above 50,000 s, losing more than 50% of their original
viscosity. The BCPS's evaluated are much smaller molecules. They
self-associate in structures that produce the desired rheological
behavior, which could be disrupted by high shear. However, it is
formed spontaneously a fraction of a second later. Figure 11 shows
an example of shear degradation of polymeric surfactant BCPS4
aqueous solution. The results show that this system does not change
the rheological behavior, nor degrade, at shear rates up to 214,000 s*.
On the contrary, the mechanical degradation of high molecular
weight (VHM) HPAM is higher than 50% at similar shear rates
(Figure 12).
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Figure 11. Effect of very high shear rates on the rheological
behavior of BCPS4 viscosity loss.

Ecopetrol

—e— HPAM VHM

100 +

80

60 -

40

Loss of viscosity (%)
®

/

& e

0 -_;m
————

1000 10000

T T T T
100000 1000000

Shear rate (s?)

Figure 12. Effect of very high shear rates on the rheological
behavior of HPAM viscosity loss.

Conventional sulfonated surfactants tend to undergo hydrolysis,
precipitation, and HPAM-type polymers chains break under harsh
thermal/chemical conditions as when they are exposed to high
temperatures and high mono and divalent ions concentrations
in brines for an extended time [32],[44]-[47]. Nonionic compounds
(EQ/PO) block copolymers, such as those evaluated in this study, prove
to be stable at high temperatures according to thermogravimetric
analysis and IFT behaviors. Furthermore, given their nonionic
characteristic and their covalent atomic bond, they are not affected
by polyvalent ions in aqueous solutions. Additionally, hydrolysis is
practically non-existent [38],[48].

The thermal-chemical stability of BCPS4 shows viscosity as a
function of the shear rate, and the IFT of crude oil / polymeric
surfactant system exposed at 60°C remaining stable over 120
days period. However, the scope of this type of evaluation normally
seeks to evaluate stability for periods of 1 to 1.5 years (Figure 13
and Figure 14).
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Figure 13. Rheological behavior of BCPS4 solution (0.2wt%).
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Figure 14. IFT of crude 0il/BCPS4 systems over time.

EMULSIONS' STABILITY EVALUATIONS

POTENTIAL IMPACT AT RESERVOIR CONDITIONS

The potential effect of the BCPS4 residual concentrations (400
and 800 ppm) on W/O synthetics emulsions at reservoir conditions
was evaluated through changes in BS&W (Table 1) and emulsion
viscosity (Figure 15) after gravity separation for 24 hours. For the
first stage, demulsifiers were not used to break the emulsion. In
this case, both residual concentrations evaluated cause emulsion
viscosities below the reference system. This trend is maintained in
the different water / crude oil ratios (WOR) evaluated.

Table 1. Effect of BCPS4 composition on BS&W

: BS&W (%)
Emulsion Sample
0 hours 24 hours
[Blank] 20 6
[400 ppm] 20 0
[800 ppm] 20 0

—m— W/O Emulsion (Blank) —e@— W/O Emulsion (400 ppm)
—A— W/O Emulsion (800 ppm)

8007 m

600 \

400 = ]
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Temperature (°C)

Viscosity (cP)
>

Figure 15. W/O emulsion viscosity vs. temperature
comparing two different residual concentrations of BCPS4.
Initial WOR 50:50.

The viscosity curves confirm that the residual content of BCPS4 does
not affect the W/O emulsion viscosity, nor its stability at reservoir
conditions in the absence of emulsion breakers, which is directly
associated with the reduction in the BS&W content with respect to
the reference system emulsion after 24 hours. In fact, even scanning
WOR condition; a greater separation of free water was also observed
after 24 hours, confirmed by the BS&W measurements, which in all
cases were also below in emulsion with a residual content of BCPS4
as compared to the reference emulsion system.

IMPACT ON OIL DEHYDRATION AND WATER

CLARIFICATION PROCESSES

The Oil Dehydration process was carried out at surface treatment
conditions (70:30 W:0 mix ratio and 65°C for dehydration process
temperature), with 70 ppm of demulsifier added to dehydrate the
crude oil according to field conditions. However, considering the
laboratory test scale down, it was necessary to obtain the optimum
dose, defined as 380 ppm. It was observed that demulsifiers used
in the field case have good performance in the dehydration process,
even with BCPS4 residual contents evaluated (100 ppm, 200 ppm)
as BS&W values obtained were lower than 2% .

Given the hydrophilic nature of the polymeric surfactant BCPS4, it is
expected that the O/W emulsions to be produced will be stabilized.
Jar tests were performed to evaluate the water clarification process,
adding 6 ppm dosage of clarifier according to the reference system
at field conditions. It was evidenced that the O/W emulsions with
BCPS4 residual content present higher values of F&O and turbidity,
compared to the reference even after 24 hours. This confirms that
water clarification could be affected as a higher creaming effect
in the dehydration process is caused by BCPS4 residual content,
leading to clarifier inefficiency. These results are shown in Figure
16 and Figure 17. This issue should be easily controlled by tuning
the demulsifier formulation or choosing a suitable clarifier for the
O/W emulsion affected by BCPS residual content, but additional
studies are required.

B O/W Emulsion (Blank) [l O/W Emulsion (100 ppm BCSP4)
[ O/W Emulsion (200 ppm BCSP4)
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Oh 24h

Figure 16. F&O of O/W emulsion comparing two different
residual concentrations of BCPS4. Initial WOR 50:50.
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Figure 17. Turbidity of O/W emulsion comparing two
different residual concentrations of BCPS4. Initial WOR
50:50.

STATIC ADSORPTION EVALUATIONS

Figure 18 shows the static adsorption values calculated according to
the equilibrium concentration for two BCPS with different molecular
weights and relative hydrophilicity.
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Figure 18. Static adsorption as a function of equilibrium
concentration for two different polymeric surfactants at
60°C.

The results suggest that the higher the molecular weight and
the lower hydrophilicity, the greater the static rock adsorption.
The difference increases with the corresponding equilibrium
concentration; when it is 100 ppm, the adsorption difference is
one magnitude order. When it is 1,000 ppm, the difference is two
magnitude orders and up to 3 orders when it is 10,000 ppm of the
polymeric surfactant.
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CONTACT ANGLE EVALUATIONS

Figure 19 shows a contour map with the hydrophilicity degree
(abscissa) and the molecular weight (MW) of BCPS's (2,000 ppm)
prepared in 0.8 wt% TDS brine (ordinate). The map is parameterized
in the iso-curve values on the surface, and the contact angle is
measured in the agueous phase at 22 °C. An oil drop was placed in
the center of a glass coverslip, then this set was flipped and placed
on top of a squared section glass cell (smaller than the coverslip),
filled up to the top with each BCPS solution. Measurement of the
contact angle was performed as a function of time until no change
was observed, plotting the equilibrium contact angle.
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Figure 19. Contact angles as a function of the MW and
hydrophilicity degree of polymeric surfactants prepared in
0.8 wt% TDS brine at 22°C (Surface glass).

As can be observed, the contact angle increases as the BCPS
molecular weight increases and as the molecule is less hydrophilic;
the latteris theoretically expected as the product tends to be located
and adsorbed on the oil side, thus favoring the contact of the oil drop
with the substrate.

FLOW EVALUATIONS THROUGH POROUS MEDIA.

Figure 20 shows the dynamic adsorption calculated from the
injection 5 PV of 1,000 ppm BCPS4 formulation in 0.8 wt% TDS
brine and tracer. The sand pack used had 2,680 mD permeability and
0.366 porosity. The procedure was carried out at room temperature
and without confining pressure.
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Figure 20. Dynamic adsorption test (sand pack, 0.8 wt%
TDS, 0.1 wt% BCPS4).
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It was observed that BCPS4 breakthrough occurred after the
injected tracer. This result was expected due to its being adsorbed
on sand grains. The calculated adsorption value is 205 pg of BCPS4
per substrate gram. As in static tests, dynamic adsorption could
vary depending on the molecular weight and hydrophilicity of the
BCPS type. The adsorption behavior will also depend on variations
of salinity, temperature, and mineralogy of the porous media. It is
worth mentioning that desorption is significant according to the
measure in water chase effluents, which would improve recovery
factors despite their adsorption.

The resistance factor represents a more realistic quantification
of the performance using a non-Newtonian fluid behavior in EOR
processes. Figure 21 shows the resistance factor (RF) curves as a
function of the BCPS4 flow rates for three different concentrations.

—m— BCPS (500 ppm) —e— BCPS (1000 ppm) —a— BCPS (2000 ppm) ‘
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Figure 21. Resistance factor as a function of shear rate for
three different concentrations of BCPS4 (0.8 wt% TDS brine,
Sw = 1, T= 60°C).

It may be observed that the flow resistance factor can be increased
up to 16 times for the solution with 2,000 ppm of BCPS at a shear
rate corresponding to 1 ft/day velocity, which is indicated to reduce
the mobility ratio, aimed at the surfactant effect of the BCPS4
formulation.

It is worth mentioning that the shear rate undergone by flowing
phases inside the reservoir is a function of the distance from the
injection wellbore but microscopically it is also a function of the
distance from a grain of sand to the neighbor. Shear-thinning fluids
typically have a flat velocity profile in most of this section around
the center of this microscopic distance, and then very low shear
rates (velocity differences).

The flow behavior in bulk (measured by rheometer) and inside the
porous media does not necessarily correlate. For example, HPAM
solutions are typically shear thinning in bulk, but they thicken in
porous media. Spontaneous self-association structures (micelles)
of small MW polymeric surfactant forming and breaking in a matter
of fractions of seconds bridging with adsorbed molecules on the
surface of sand grains, and microscopic low-shear in the center of
the pores and throats could explain exceptionally high resistance
factors / apparent viscosity of flow behavior inside the porous media
BCPS aqueous solutions.

The RF’s vs. shear rate in the porous medium shows a decreasing
exponential trend. This shear-thinning characteristic in the porous
media results in a more homogeneous displacement front, which
contributes to anincrease in the volumetric sweep efficiency. BCPS's
find a larger applicability window because in a low permeability
reservoir, the HPAM solution has a high resistance to flow through
the porous medium given the elongation effects, thus producing a
rapid injectivity loss and a significant process slowdown.

Figure 22 shows the OOIP recovery percentage as a function of the
injected pore volumes in the three coreflooding tests. As observed, in
the early stage of waterflooding, the oil recovery increases similarly
in the 3 cases evaluated. However, the continuous waterflooding
process reaches a maximum of 46% of OOIP recovered. In
comparison, the displacements with 0.3 VP of HPAM polymer or
BCPS4 solutions (0.1 wt%) achieves 62% of total oil recovery.
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Figure 22. Displacement efficiencies of waterflooding, HPAM,
and BCPS floodings.

Figure 23 and Figure 24 show the variation in oil saturation in the
two sand packs as a function of the injected pore volumes. The
lowest oil recovery in the water injection case corresponds only to
a higher oil saturation at the end of the process.
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Figure 23. Oil saturation vs. pore volumes injected for the
three core floodings in sand pack permeabilities of 6.3 D.
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Figure 24. Oil saturation vs. pore volumes injected for the
three core floodings in sand pack permeabilities of 18 D.

An interesting difference is observed with the final oil saturation,
which is lower in the less permeable packaging when using the
BCPS4 compared to the HPAM polymer. The result is contrary in
the case of the most permeable sand pack. It seems that the IFT
reduction has greater impact in terms of the recovery obtained
in the medium whose capillary action is more important (lower
permeability) and not so much in the most permeable system. It
was observed that the BCPS has the advantage of being injected in
low permeability porous media while conventional polymers have
a higher flow resistance.

Figure 25 shows the differential pressure as a function of the pore
volumes injected for the three cases studied. During the first 0.3
VP of water injected, the differential pressure behaves similarly in
all the scenarios evaluated. Nevertheless, significant differences
are observed in the HPAM and BCPS injection scenarios. At the
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Figure 25. Differential pressure as a function of pore
volumes injected - coreflooding comparison.
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same flow rate, the differential pressure increases in the case
that the HPAM solution is injected, which is in agreement with
the higher RF and RRF of polymer injection processes in porous
media as compared to waterflooding or polymeric surfactants. On
the contrary, the injection of the BCPS4, the smallest differential
pressure values were observed. This can be attributed to the
reduction of capillary forces within the porous medium due to
the decrease of the IFT obtained by the polymeric surfactant, the
decrease in oil saturation in low permeability zones without the
resistance or retention effects in the throat pores, and the very low
bulk viscosity behavior observed for this solution in the rheometer
at the corresponding flow velocities/shear rates.

NUMERICAL SIMULATION AND CONCEPTUAL DESIGN
OF THE BCPS4 FLOODING

The experimental evaluation of the polymeric surfactant BCPS4
generated key information required as input parameters for the
numerical simulation of this recovery process. Table 2 presents
the viscosities in three different concentrations at 10 s, which is a
representative shear rate at the average flow rate in the reservoir
and the rock-fluid interaction parameters of the BCPS4. Table 3
shows the IFT values as a function of BCPS concentration.

Table 2. Polymeric surfactant data set for numerical

simulation.
Parameter BCPS4
IPV (%) 10
Maximum Adsorption (ug/g) 600
RRF 3
u (350 ppm) cP 10 st 12
1 (1,000 ppm) cP 10 s 12
11 (2,000 ppm) cP 10 s* 12
Table 3. Interfacial tension behavior as a function of BCPS4
concentration.
Concentration, ppm IFT (mN/m)
0 25
20 0.70
350 0.60
1,000 051
2,000 0.20

The impact of critical parameters on the injection of polymeric
surfactant was estimated by evaluating various scenarios
considering a sensitivity analysis, as shown in Table 4.

Table 4. Sensitivity analysis variables evaluated for BCPS4

injection.
Parameter Condition
Chemical concentration (ppm) 350; 2,000
Max. Adsorption (ug/g) 100; 600
Injection rate (BPD) 1,000; 2,000; 2,500
Slug Volume injected (PV) 015,03
Injection scenarios BCPS4
BCPS4 + HPAM
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Figure 26 shows the simulation sector model used, which has a
confining ring to represent the reservoir effect on the production
pattern. Before BCPS4 injection, the simulation model underwent
a primary production stage and a water injection stage. For all
scenarios, after the injection of the chemical slug, water was injected
until completing 15 years of prediction. The approach used enabled
us to identify BCPS4 injection performance with different injection
schedules and operating conditions.

; Injector 1 4 q.Pfoducer

Figure 26. Sector model used for the numerical simulation
of polymeric surfactant injection.

It is concluded that the polymeric surfactant adsorption control
allows the product to penetrate more through the porous medium,
managing to contact more crude oil even in low permeability
areas. The reservoir volume affected by the IFT and the viscous
displacement is more significant with the use of BCPS4 and the
oil recavery.

An improvement in the accumulated oil production was observed
at higher injection rates. This behavior is observed for both water
injection and BCPS4 solution flooding. On the other hand, the lower
the BCPS4 concentration, the lower the amount of oil produced as
the performance of the polymeric surfactant is strongly affected
by dilution, which occurs when the chemical slug contacts the
formation water.

The best simulation scenario was achieved by injecting a total of 0.15
pore volumes of BCPS4 (0.2 wt%) at 2,500 barrels per day, followed
by 0.15 pore volumes of HPAM polymer (0.2 wt%) at 1,500 barrels
per day. It was not possible to inject the polymer at the same rate
as the BCPS4 because, at flow rates above 1,500 bpd, the formation
fracture pressure was reached. Furthermore, the BCPS4 injection
did not undergo injectivity problems even at 2,500 bpd. Additionally,
BCPS4 does not degrade at high injection rates, which does occur
with HPAM synthetic polymer, limiting its injection rate (Figure 11).
Figure 27 shows the cumulative oil production forecast for 0.3 pore
volume injection of HPAM/BCPS4, compared to a water injection
scenario (baseline). Oil production increase relative to waterflooding
was 238,500 barrels for the BCPS4 followed by HPAM (0.15 PV each)
and 168,000 barrels for the BCPS4-only scenario, corresponding
to incremental recovery factors of 8.2% and 5.8%, respectively.
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Figure 27. Incremental oil production behavior by
waterflooding and BCPS4/HPAM injection.

Otherwise, Figure 28 shows an acceleration of production due to the
HPAM slug injection after the BCPS4 slug. The noticeable decrease
in the production rate in this scenario is caused by the injection loss
at the beginning of the HPAM slug injection
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Figure 28. Production rates by waterflooding and BCPS4/
HPAM injection.

This scenario maximized oil production by combining two effects
simultaneously. First, the injection of BCPS4 slug allows the low
interfacial tension and simultaneous mability control to release
part of the oil that is immabile to the water due to capillary action.
Second, the polymer injection allows mobile oil to be displaced by
a more viscous fluid than the water and the polymeric surfactant.
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Nonetheless, according to the results obtained, it can be concluded
that BCPS injection in the early stages of secondary recovery could
increase the final recovery factor even without the need to use HPAM
polymer. This is mainly because the decrease in interfacial tension,
due to the injection of BCPS, is enough so that part of the immobile
crude oil can now be pushed and produced by injecting a displacing
fluid such as water or polymer solution.

CONCLUSIONS

[ The addition of small amounts of a properly selected
polymeric surfactant (BCPS) in injection brine can decrease the
interfacial tension of the water-crude oil system and promotes a
favorable change in wettability. IFT remains low over broad BCPS
concentration and salinity ranges, making these formulations
highly robust. At low BCPS concentration, the increase in viscosity
is limited, but still, the rheological behavior promotes a mobility
ratio improvement in the porous media. Additionally, polymeric
surfactants are mechanically and thermo-chemically stable
molecules, conserving their ability to favorably modify the brine
rheological behavior and reduce the TIF in the water/crude system
simultaneously.

B BCPS adsorption is moderate and was set at 300 pg/g
in the simulation. However, the desorption observed in the front of
water post-flow for the dynamic test is significant and favors the
recovery process. Also, from the RF calculations, a reofluidizing
behavior characteristic is observed within the porous medium that
controls the displacement front's mobility, contributing to improve
the volumetric sweep efficiency. The displacement efficiency test
shows that 0.3 VP of BCPS4 injection achieves a total recovery of
up to 62% of the original oil in porous media at laboratory scale.
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Based on preliminary assessments for field implementation, the
injection of polymeric surfactants will not require special injection
facilities. Its injection can be performed by dosing the chemical in
the water flow lines, combined with static mixers thus simplifying
the operation and reducing implementation costs. However, this is
beyond the scope of this paper and will be addressed in a future
publication.

[ | The BCPS4 content does not affect the W/O emulsion
stability. It, undoubtedly promotes a reduction of the emulsified
crude oil viscosity, possibly due to the action of residual BCPS as a
demulsifier. In fact, when the oil fraction is higher in the production
WOR, the emulsified water separation is favored showing a better
performance of the emulsion breaker W/O. Nevertheless, the water
clarification may be affected as it is residual from BCPS4, promoting
higher levels of fats & oils and turbidity in the aqueous phase and
higher stability in O/W emulsions. Therefore, work is required in the
fluid treatment additives formulation.

B Numerical simulation shows that incremental oil
production of up to 238,500 BO, corresponding to an increase of
8.2% recovery factor, can be achieved by injecting a total of 0.15
pore volumes of BCPS4 (0.2 wt%) at 2,500 barrels per day, followed
by 0.15 pore volumes of HPAM polymer (0.2 wt%) at 1,500 barrels
per day. Given its characteristics and the proposed injection design,
the product can be dosed directly in the water injection line to the
well without requiring high capital expenditures.

The authors wish to thank Universidad Industrial de Santander (Master Cooperation Agreement No. 5222395 - Agreement
#25), Instituto Colombiano del Petrdleo (ICP), and Ecopetrol, S.A. for the permission to publish this paper.
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[ Concentration

B viscosity

s Interfacial Tension

AS Alkali Surfactant

ASP Alkali Surfactant Polymer

AP Alkali Polymer

BCPS Block Copolymer Polymer Surfactant (EO-PO-EO)

BO Barrels of Oil

BPD Barrels Per Day

BS&W Basic Sediments and Water Content

CDG Colloidal Dispersion Gel

cEOR Chemical Enhanced Oil Recovery

CMC Critical Micellar Concentration

EO Ethylene Oxide

EOR Enhanced Oil Recovery

F&O Fats and Qil

GTN Gestién de Tecnologia de Negocio

HLD Hydrophilic - Lipophilic Deviation

HPAM Hydrolized poly(acrylamide)

ICP Instituto Colombiano de Petrdleo

IFT Interfacial tension

IPV Inaccesivel Pore Volume

ITE Instructivos Técnicos de Ensayo

kot Endpoint relative permeability of phase L at high
capillary number

kot Endpoint relative permeability of phase | at
low capillary number

TBO Thousands of Barrels of Oil

MD Mechanical Degradation

Mo/Mw Mohility ratio

MW Molecular Weight

Nc Capillary number

o/wW Oil in Water

00IP Original Oil In Place

PFSA Fluorine-containing polymeric surfactant

PO Propylene Oxide

PV Pore Volume

PVC Polyvinyl chloride

RF Resistance Factor

RRF Resistance Residual Factor

SP Surfactant Polymer

Sor Residual oil saturation

Sw Water saturation

TCD Thermal-Chemical Degradation

TDS Total Dissolved Solids

w/0 Water in Oil

WF Water flooding

WOR Water Oil Ratio
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