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a b s t r a c t

This paper presents an experimental and analytical study of comprehensive effects of surfactant and
polymer in aqueous solutions on the propagation in carbonates. Single-phase flow tests of surfactant,
polymer and surfactant-polymer mixture were respectively conducted on natural carbonate core plugs at
high temperature and high salinity reservoir conditions. The effect of different factors on chemical
propagation was taken into account by use of a convection-dispersion model. The dynamic adsorptions
of two amphoteric surfactants at 2000 mg/L concentration onto the carbonate rocks were 0.21 and 0.17
mg/g-rock, respectively. The dynamic adsorptions of a sulfonated polymer at 2000 and 5000 mg/L were
0.11 and 0.17 mg/g-rock, respectively. Surfactant-polymer mixtures in aqueous solutions were co-
injected to evaluate their competitive adsorption, showing the surfactant adsorption was reduced by
approximately 50%. The dispersion coefficient of the chemicals in the carbonate cores was in the
magnitude of 10�3 cm2/s. Caused by dispersion and adsorption, chemical concentration reduction
occurred obviously during the propagation in carbonate porous media. Chromatographic separation took
place in the surfactant-polymer co-injection scheme, which was estimated by modeling as well.

© 2020 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Chemical flooding technologies have been studied and applied
in the field for decades [1,2]. Most of the field applications were
implemented in sandstone reservoirs [3e7]. In recent years, great
interests have been shifted toward carbonate reservoirs [8e15].
Sheng [16] presented an extensive review on models of wettability
alteration using surfactants and upscaling models related to oil
recovery in carbonate reservoirs. Unlike sandstone reservoirs,
which form through erosion and transportation of existing silici-
clastic rock and cement with a variety of minerals, the mineralogy
of carbonate reservoirs is mainly calcite and dolomite developed
through biological activity. The carbonate is positively charged at
neutral pH condition, which could absorb the polar component of

crude oil and yield an oil-wet surface. Carbonate reservoirs are
usually characterized as low permeability matrix with fracture,
whereas a considerable portion present high permeability matrix
with decent porosity and permeability [8]. All these make it
necessary to study the chemical flow process in carbonates.

In a chemical flooding such as polymer and/or surfactant
flooding process, chemicals in aqueous solutions are injected into
subterranean oil bearing formations, and the interaction between
the injected chemicals and rock surfaces of either sandstone or
carbonate reservoirs could not be avoided. Considerable efforts
have been made to study all kinds of factors during the chemical
injection in sandstone reservoirs, including adsorption, dispersion,
viscous finger and chromatographic separation. When chemicals
flow through reservoir rocks, part of the chemicals adsorb onto the
rock surfaces owing to the chemical-rock interaction, resulting in a
decrease in chemical concentration. Chemical loss due to the
adsorption is a significant concern for the application from both
technical and economic points of view [17e23]. Hydrodynamic
dispersion, which refers to the macroscopic outcome of the mixing
of one fluid in a second miscible fluid during flow through porous
media, includes mechanical dispersion and molecular diffusion.
Molecular diffusion caused by concentration gradient is usually
much smaller than mechanical dispersion [24e26]. Microscopic
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heterogeneities of reservoir rock result in variations in fluid velocity
and additional mixing known as mechanical dispersion. Dispersion
dilutes the chemical slug, reducing its effectiveness [27,28]. Viscous
fingering occurs when a more viscous fluid is displaced by a less
vicious fluid. The unfavorable viscosity ratio makes finger-shaped
intrusions of the displacing fluid to the displaced fluid zone
[29,30]. Owing to inaccessible pore volume (IPV), the polymer
cannot enter the volume of pore space, thus, polymer molecular
does not invade all the pores and therefore propagates in the
reservoir faster than smaller molecular weight chemical like sur-
factants. Chromatographic separation may occur when polymer is
injected with other chemicals [31e33].

Although the extensive investigations of chemical flow have
been performed in sandstone reservoirs, there has been limited
work devoted to studies of carbonate reservoirs. Ahmadi et al.
[34e36] comprehensively studied the static adsorption of new
plant-derived surfactants onto both sandstone and carbonate. The
work revealed the adsorption behavior of this surfactant satisfied
pseudo-second order kinetics and Freundlich isotherm model. The
salt in water increased the positive charge of carbonate and sur-
factant adsorption. The adsorption of surfactant increased with
increasing surfactant concentration. Zhou et al. [37] andWang et al.
[38] have investigated the dynamic adsorption of surfactant and
polymer on natural carbonate core plugs. The studies showed
positive results by several amphoteric surfactant and sulfonate
polymer candidates for the use in carbonate reservoirs at high
pressure and high temperature conditions. Han et al. [9,39] per-
formed a systematic evaluation of the polymers for carbonate
reservoirs under harsh reservoir conditions. A competitive
adsorption between polymer and surfactant was observed. Ghosh
et al. [40] and Zhang et al. [41] developed surfactant-polymer
systems for carbonate reservoir, which mainly discussed the oil
production performance. Adsorption of novel surfactant/nano
particle system was also studied to support the potential applica-
tion in chemical flooding and stimulation [42e44]. Most of the
studies for carbonates in the literature involved only few factors
such as adsorption for the surfactant and/or polymer flow in the
porous media.

In this paper, different from the previous work, the propagation
of surfactant and polymer in aqueous solutions into carbonate
cores were investigated at high temperature and high pressure
reservoir conditions. Competitive adsorption between surfactant
and polymer in the mixed solution onto carbonate rocks was
examined by dynamic adsorption evaluations. The polymer inac-
cessible pore volume, chemical dispersion, adsorption and chro-
matographic separation were estimated for propagation process in
carbonate cores.

2. Methodology

2.1. Brines and chemicals

Synthetic connate water with total dissolved solids (TDS) of
229,870 mg/L was used to saturate dry core samples. Synthetic
injection water with 57,670 mg/L TDS was used as the injection
water and to prepare the chemical solutions. Table 1 shows the ion
compositions of the two brines.

Surfactants and polymers in aqueous solutions were used in the
coreflooding tests. The surfactants were betaine-type amphoteric
surfactant OCT-1 and OCT-4 with 50% purification from Oil Chem
Technologies (USA). The two surfactants were in the same pro-
duction series with different proportions in component. Their
molecular weight were around 400. The polymer was sulfonated
polyacrylamide PST-10 with 89% solid content from SNF Floerger
(France). Its molecular weight was 8 million Dalton containing 32%
sulfonation in mole. All the chemicals showed good compatibility
with the two brines of interest. Fig. 1 shows the molecular struc-
tures of the surfactant and polymer.

2.2. Core samples

Natural carbonate core plugs from a permeable carbonate
reservoir were used in the coreflooding tests. Gas permeability,
pore volume and porosity of the core plugs were determined by
routine core analysis as shown in Table 2. The dry core samples
were saturated with connate water under vacuum. The saturated
core plugs were then submerged in the connate water to establish
the ionic equilibrium between rock and brine for the coreflooding
tests. Note: All coreflooding tests were conducted using single
carbonate core plug with a length about 4 cm.

2.3. Coreflooding procedure

Single-phase flow tests of chemical solution were conducted on
brine saturated nature carbonate core plugs at 100�C and 3100 psi
pore pressure. A FDES-645 coreflooding system from Coretest
Systems with horizontally oriented core holder was used for the

Table 1
Composition of connate water and injection water.

Ion Naþ, mg/L Ca2þ, mg/L Mg2þ, mg/L Cl�, mg/L HCO3
�, mg/L SO4

2�, mg/L TDS, mg/L

Connate water 66,052 19,008 2239 140,580 384 1620 229,870
Injection water 18,300 650 2110 32,200 120 4290 57,670

Fig. 1. Molecular structures of the amphoteric surfactant and sulfonated polymer.
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coreflooding tests. In the system, a Quizix pump drove the injection
fluids in piston accumulators into the core samples. The confining
pressure and pore pressure were set by the computer control sys-
tem. The injection pressure, differential pressure and flow ratewere
recorded automatically. The produced fluid was collected by the
fractional collector at constant volume or time interval. The core-
flooding test procedure was as follows.

(1) Fill the accumulators with injection water and chemical
solutions.

(2) Load the core sample into the core holder and apply a
confining pressure of 1400 psi. Pre-flush the core plug with
injection water for at least 5 pore volumes (PV). Set the
temperature to 100�C and increase the confining pressure
and pore pressure to 4500 psi and 3100 psi stepwisely during
heating.

(3) Inject the surfactant or polymer solution at 0.5 cc/min.
Around 5 PV of chemical solution is injected to ensure the
equilibrium of the flow. Collect the produced fluid in 10 cc
tubes by fractional collector at constant time interval.

(4) Inject the injection water at flow rate of 0.5 cc/min after
chemical slug and collect the produced fluid in tubes by
fractional collector at constant time interval. The injection
water flushes out the mobile chemical solution in the pore
space, leaving only absorbed chemicals in the core.

2.4. Determination of effluent concentration

The concentration of the effluents from the coreflooding test
was measured by a total organic carbon analyzer from Shimadzu
(Japan) and titration method. Due to organic carbon nature of the
polymers and surfactants, the value of total organic carbon (TOC)
analysis was in linear relationship to the concentration of polymer
or surfactant at low concentration. A calibration curve was first

obtained by determining the TOC values of several known con-
centration solutions. The concentration of the effluent samples was
calculated by interpolation on the TOC calibration curve. An
effluent concentration-injection pore volume curve was then
plotted.

A two-phase titration method was used to determine the
effluent surfactant concentration. The amphoteric surfactant was
first converted into cationic surfactant by adding HCl. Excess
anionic surfactant, sodium dodecyl sulfate (SDS), was added to the
test sample to neutralize the positive charge. The amount of excess
anionic surfactant SDS was then quantitatively determined by a
titration with standard cationic surfactant, Hyamine-1622, in the
presence of dimidium bromide and chloroform. The concentration
of the test sample was determined based on the amount of
Hyamine-1622 used in the titration.

2.5. Determination of dynamic adsorption

The calculation of dynamic adsorption was conducted in two
steps. First, the amount of chemical adsorption during the chemical
injection was obtained. In the chemical injection, the chemical
concentration in the core plug increased with the injection, so did
the chemical adsorption. After plenty of chemical injection, the
chemical concentration and adsorption would reach equilibrium.
The equilibrium adsorption could be calculated by material bal-
ance. The second step was to calculate the chemical desorption,
referred to as the release of “free” or temporarily trapped chemicals
against adsorbed chemicals during subsequent water injection. The
injection water displaced the chemicals in the core plug. Chemical
desorption value could be calculated by material balance. The dy-
namic adsorption was the total retention value minus by the
desorption value. Fig. 2 shows detailed calculation using the
effluent concentration profile over injection volumes in Test 2 as
example.

Adsorption during chemical injection was calculated from the
frontal region of effluent concentration curve (the blue points) by
Eq. (1). The chemical adsorbed was the chemical injected minus by
the total chemical produced and those left in the pore space. In the
calculation, it was assumed that the entire pore volume was uni-
formly occupied by injected chemical after the effluent chemical
concentration reached to a constant value.

Gads ¼
minj �mprod �mpore

mcore
¼VinjCinj �

Pn
i¼1ðViCiÞ � PV Cinj
mcore

(1)

where minj is the mass of chemical injected into the core, Vinj is
chemical injection volume, Cinj is chemical injection concentration,
mprod is the chemical produced during the chemical injection
period, Vi is the volume of effluent in the ith tube, Ci is the con-
centration of effluent in the ith tube,mpore is the chemical left in the
pore space, PV is pore volume, Gads is the chemical adsorption on
unit mass of rock during chemical injection period, and mcore is the
mass of dry core plug.

Chemical desorption during the subsequent water injectionwas

Table 2
Core plug and test information.

Injection mode Test No. Core No. Length, cm Diameter, cm Porosity, fraction Air perm., md Chemical, wt.%

Surfactant injection 1 328 4.430 3.780 0.271 148 0.2% OCT-1
2 65 3.897 3.775 0.248 425 0.2% OCT-4

Polymer injection 3 96 4.007 3.775 0.230 582 0.2% PST-10
4 58 3.785 3.774 0.256 660 0.5% PST-10

Co-injection 5 135 4.424 3.768 0.275 445 0.2% OCT-1þ 0.2% PST-10

Fig. 2. Typical effluent concentration from the coreflooding test (Test 2).
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calculated from the tail region of effluent concentration curve (the
red points) by Eq. (2). Assuming the entire pore volume was uni-
formly occupied by the injected chemical before post-
waterflooding and the chemical produced at the end of the post-
waterflooding was negligible, the chemical desorbed is the chem-
ical produced during water injection minus the chemical left in the
pore space after chemical injection. If there is no desorption, this
value should be zero.

Gdes ¼
m’

prod �mpore

mcore
¼
Ptoltal

i¼nþ1ðViCiÞ � PV Cinj
mcore

(2)

where Gdes is the chemical desorption from unit mass of rock during
post-waterflooding,mprod’ is the chemical produced during the
subsequent water injection.

The dynamic adsorption during the whole process was calcu-
lated by Eq. (3):

Gdyn ¼Gads � Gdes (3)

where Gdyn is the chemical dynamic adsorption during the whole
injection.

2.6. Model for surfactant flow

The transport of a chemical solution in brine saturated porous
media can be described by the convection-dispersion model
[45e48]. In the model, the fluid was assumed to be incompressible,
and the surfactant and polymer were assumed to be not volume-
occupying. The flow in the core flooding test was one-
dimensional and single phase, so the model was set as one-
dimensional.

For the surfactant flow, the adsorption and dispersion need to be
included in the model, which can be written as:

�V$
vC
vx

þ K$
v2C
vx2

±
qC
Afx

¼ r

f
$
vG

vt
þ vC

vt
(4)

where V is the superficial velocity at position x, A is the cross-
section area, Dt is time interval, C is concentration of chemicals, f
is porosity, r is the density of dry core sample, K is dispersion co-
efficient, q is the source or sink flow rate, G is the adsorption of
chemical.

Assuming the adsorption is a function of concentration C only,
the dimensionless form of the above equation is Eq. (5), assuming
no source or sink.

�vCD
vX

þ 1
Npe

$
v2CD
vX2 ¼ FR

vCD
vtD

(5)

where tD is time in PV’s; X is fractional length; CD is concentration as
a fraction of injection concentration; Npe is Peclet number; FR is
retardation number. The dimensionless forms are given by Eq. (6).

tD ¼V$t
L

; X ¼ x
L
; Npe ¼ V$L

K
; FR ¼ 1þ r

f
$
vG

vC
(6)

2.7. Model for polymer flow

For polymer flow, the molecule of polymer presented large hy-
drodynamic size and could not enter some small pores in the core
sample. So there would be an IPV for polymer. The effective
porosity of polymer was noted as fp. The model would change to

Eq. (7) [45,46].

�vCD
vX

þ 1
Npe

$
v2CD
vX2 $ f ¼ f $

 
1þ vG

vC
$
r

fp

!
$
vCD
vtD

(7)

where f is ratio of polymer effective porosity to total porosity; fp is
effective porosity of polymer.

When the viscosity of displacing fluid was higher than that of
displaced fluid, the flow could be described by Eq (7). But in the
subsequent water injection after polymer injection, the viscosity
ratio was not favorable and viscous fingering should be taken into
account [49,50]. To macroscopically describe viscous fingering, a
fractional flow termwas introduced into the convection term in the
model. This ensured that the finger zone would grow linearly with
time t, rather thanwith t1/2 as in pure dispersion [51]. The fractional
flow model assumed polymer solution and brine are two different
phases, and the flow was analogous to two-phase flow. The frac-
tional flow of polymer phase was given by certain mixing rule be-
tween polymer and water. The model is as Eq. (8).

�vfp
vSp

$
vCD
vX

þ 1
Npe

$
v2CD
vX2 $ f ¼ f $

 
1þ vG

vC
$
r

fp

!
$
vCD
vtD

(8)

where Sp is saturation of the assumed polymer phase, given by
Sp ¼ C/Co; fp is fractional flow of the assumed polymer phase, given
by fp ¼ Qp/Q.

The fractional flow of polymer was given by expression of Eq. (9)
[46]:

fp ¼
1�

h
ð1� SÞ þ S M

1�
r
ir

1�M
(9)

where S is volume fraction of injection polymer solution, M is vis-
cosity ratio of injection polymer solution to brine; r is the param-
eter for the mixing rule of water and polymer.

2.8. Boundary condition and solving process

In a coreflooding test, the core was horizontally oriented. The
inlet end boundary was a constant flow rate injection of chemical
solution or brine. The literature reported that the Dirichlet
boundary condition, which specifies the chemical concentration at
the inlet, could result in the mass balance error in the calculation
[52]. So the mixing boundary condition was used, which gave a
constant amount of chemical flow into the inlet. The outlet end
boundary was a constant flow rate of effluent. Assuming there was
no dispersion at the outlet face of the core sample, Neuman
boundary condition was applied at the outlet boundary [53].

�K $

�
vC
vx

�
x¼0

þV $Cx¼0 ¼V$Cinjection t > 0

�
vC
vx

�
x¼L

¼ 0 t >0 (10)

Before the chemical injection, the core was saturated with brine,
so the initial condition was

Ct¼0 ¼0 0< x< L (11)

The equations were solved numerically by the Crank-Nicolson
finite difference method. It is a second-order method in time, and
it is unconditionally stable for diffusion equations and many other
equations. For each time step, the concentration of chemical in each
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cell was obtained from the concentration value of former time step
by solving one linear system of equations. The input parameters for
the calculation were routine core parameters, injection slug infor-
mation and adsorption parameters. The unknown parameters were
those associated with dispersion, IPV and viscous fingering. These
parameters were determined by conducting simulation runs using
different sets of unknown parameters to fit the experimental re-
sults of the effluent concentration profile.

3. Results and discussion

3.1. Dynamic adsorption in permeable carbonates

Three groups of single phase flow tests were conducted at 100�C
and 3100 psi pore pressure: 1) surfactant injection, 2) polymer
injection, and 3) surfactant-polymer (SP) co-injection. Two sur-
factants OCT-1 and OCT-4 were used in Group 1 at 2000 mg/L as
shown in Table 2. One polymer PST-10 was used in Group 2 tests at
two different concentrations of 2000 mg/L, and 5000 mg/L. The SP
co-injection test was conducted using a mixture of 2000 mg/L
surfactant (OCT-1) and 2000 mg/L polymer (PST-10).

All the chemical solutions were prepared using injection water.
The critical micelle concentration (CMC) of surfactant OCT-1 and
OCT-4 were 65 and 40mg/L, respectively. The interfacial tensions of
2000mg/L OCT-1 and OCT-4 solutions against a selected light crude
oil were 0.012 and 0.015 mN/m, respectively, at 25�C. The viscos-
ities of the surfactant solutions were 1 mPa,s at 25�C. The polymer
mPa,s showed very good compatibility and thermal stability in the
injection water. The overlapping concentration was 783 mg/L. The
viscosities of 2000 mg/L and 5000 mg/L solutions at 100�C were
4.1 mPa$s and 26.8 mPa$s, respectively. The values were calculated
from the viscosity data at 25�C, 60�C and 90�C by Arrhenius-type
correlation. For the SP mixture with 2000 mg/L OCT-1 and
2000 mg/L PST-10, the viscosity and interfacial tension was
4.0 mPa,s and 0.019 mN/m.

By the material balance between the chemical injection and
production, the dynamic adsorption was calculated (Table 3). For
surfactants OCT-1 and OCT-4, the dynamic adsorption was 0.208
and 0.169mg/g-rock, respectively. Surfactant adsorption depended,
to some extent, on the type of surfactant, the mineralogical char-
acteristics and surface charge of the rock. The carbonate rock was
usually positively charged in water near neutral pH. Cationic sur-
factants exhibited significantly less adsorption on carbonate min-
erals than anionic surfactants [54]. Both surfactants in this study
were amphoteric, and showed low adsorption on the carbonate
rock. A desorption process was observed during the subsequent
water injection as the desorption value was positive [37]. Besides
the mineralogy, core plug permeability also played important role
on the adsorption. The core in Test 1 had lower permeability and
higher porosity than the one in Test 2. This means that the specific
surface area of Test 1 core was higher than that of Test 2, which
resulted in higher adsorption.

The dynamic adsorptions of 2000 and 5000 mg/L polymers
were 0.109 and 0.173 mg/g-rock, respectively. Assuming that the

pore volume is fully occupied by the polymer solution in the
calculation, the polymer desorption during subsequent water in-
jection is negative for Test 4 as shown in Table 3. This may be
caused by inaccessible pore volume for the polymer solution.When
calculating the polymer left in the pore, mpore, the pore volume
should be the polymer accessible pore volume, not the total pore
volume. Polymer retention includes adsorption, mechanical trap-
ping, and hydrodynamic retention [55]. Usually, polymer adsorp-
tion is considered irreversible [56]. The mechanical trapping, and
hydrodynamic retention could be reversible. It is generally believed
that the polymer adsorption increases with the polymer concen-
tration. The experimental results are clearly in consistence with the
case of sulfonated polymer against carbonate rock. Due to the
adsorption and other interaction with rock surface, the polymer
concentration do not keep uniform during the flow in the porous
media. This concentration variation should be taken into account in
the application.

For SP co-injection scheme, the total SP adsorption was 0.161
mg/g-rock and the adsorption of surfactant was 0.082 mg/g-rock.
Assuming total adsorption of polymer and surfactant mixture was
equivalent to the adsorption of surfactant if only surfactant was
injected, the surfactant adsorptionwas reduced by 48.2% due to the
co-injection with polymer. The reduction comes from the
competitive adsorption between polymer and surfactant onto the
carbonate rock surface.

The breakthrough times for two surfactant flow tests (Test 1 and
Test 2) appeared at 0.8 P V and 0.7 PV, respectively. The polymer
solutions in Test 3 and Test 4 broke through at 0.4 PV and 0.5 PV
respectively, which appeared a little earlier than the surfactant
solutions. It is known that large molecular weight polymer could
not enter part of pores in the core, so it propagated faster and broke
through earlier than small molecular weight surfactant in solution.
This phenomenon could result in chromatographical separation
effect in the SP co-injection scheme as to be discussed in Section
3.4.

3.2. Propagation of surfactant solution in permeable carbonates

The propagation of surfactant in porous media was simulated by
the convection-dispersion model. The effluent concentration pro-
files of surfactant injection tests were fitted by the model to
determine the adsorption and dispersion parameters.

The adsorption of surfactant was a key factor governing the
convection-dispersion process. Trogus et al. [57] proposed a kinetic
model. When the adsorption occurred rapidly as compared to
convection and dispersion, the model yielded to the Langmuir
isotherm and could be written as follows [47,58].

G¼ d$C
1þ b$C

(12)

where b and d are parameters for adsorption.
Both surfactant adsorption and desorption processes were

described by Eq. (12). By changing the values of b and d, different

Table 3
Dynamic adsorption results.

Injection mode Test No. Chemical injection volume, PV Subsequent water injection volume, PV Gads, mg/g-rock Gdes, mg/g-rock Gdyn, mg/g-rock

Surfactant injection Test 1 4.75 4.0 0.2760 0.0678 0.2082
Test 2 5.00 4.o 0.2421 0.0735 0.1686

Polymer injection Test 3 5.30 4.7 0.1436 0.0348 0.1088
Test 4 5.00 5.0 0.1601 �0.0125 0.1726

Co-injection Test 5 Total 5.00 7.0 0.1440 �0.0168 0.1607
Test 5 Surfactant 5.00 7.0 0.1704 0.0885 0.0820
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amount of adsorption and desorption can be described. The
parameter b was assumed to be 100 in the following calculations.
Based on the experimental results, the parameter d was calculated
as shown in Table 4. In Eq. (12), the ratio of d to bwas themaximum
adsorption value Gmax. According to the value of b and d in Table 4,
the maximum adsorption in adsorption and desorption process
ranged from 0.5 mg/g-rock to 1.5 mg/g-rock.

The full set of transport parameters to depict the surfactant flow
includes flow rate (convection), dispersion, adsorption, as well as
injection slug information. By changing the only unknown

parameter Npe, the effluent concentration profile could be fitted.
The input parameters for the calculations are presented in Table 4
and the model simulation result of Test 1 is shown in Fig. 3. The
dispersion coefficient can be calculated by theNpe at the best fitting.
The dispersion coefficients for the two surfactant flow tests were
0.001214 and 0.001463 cm2/s, respectively.

3.3. Propagation of polymer solution in permeable carbonates

The inaccessible pore volume can affect polymer propagation
significantly. It is a quite complicated phenomenon involving
polymer molecular size, salinity, rock geometry. The IPVs of
commonly used polymers varied from 0.2 to 0.4 PV in typical Berea
cores or sandpacks [31,59]. In this work regarding to the permeable
carbonate cores with permeability ranged from 100 md to 600 md,
an IPV value of 0.2 PV was first selected for the interpretation of
effluent concentration profile in polymer flooding. With the
method described in Section 3.2, the adsorption, desorption and
dynamic adsorption were calculated (Table 4). The parameters
describing the polymer flow were all known except for the
dispersion coefficient. By the fitting process, Npe of the two tests
were 6.8 and 7.5. The dispersion coefficients were 0.002383 and
0.001835 cm2/s, respectively.

Table 4
Parameters for model interpretation.

Test No. IPV Gads, mg/g-rock Gdes, mg/g-rock Gdyn, mg/g-rock Adsorption Desorption Npe

b d b d

Test 1 e 0.2760 0.0678 0.2082 100 0.16570 100 0.04060 10.0
Test 2 e 0.2421 0.0735 0.1686 100 0.14530 100 0.04410 8.0
Test 3 0.2 0.1357 0.0349 0.1007 100 0.10770 100 0.04220 6.8
Test 4 0.2 0.2893 0.1166 0.1726 100 0.08680 100 0.03490 7.5
Test 4 0.3 0.3538 0.1812 0.1726 100 0.10614 100 0.05436 7.7
Test 4 0.1 0.2247 0.0520 0.1726 100 0.06743 100 0.01560 7.6
Test 5 surfactant e 0.1704 0.0885 0.0820 100 0.1022 100 0.05310 7.0
Test 5 polymer 0.3 0.1096 0.0315 0.0781 100 0.0658 100 0.01890 7.0

Fig. 3. Effluent concentration profile and model fitting result of Test 1 using surfactant
OCT-1 at 2000 mg/L.

Fig. 4. Effluent concentration profile and model fitting result of Test 4 using polymer
PST-10 at 5000 mg/L.

Fig. 5. Effluent concentration profile and model fitting result of Test 4 using polymer
PST-10 at 5000 mg/L including viscous fingering.

Table 5
Fractional flow model parameters.

Test No. r mp mw

Test 3 2 1.0 0.3
Test 4 40 1.2 0.3
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Fig. 4 showsmodel fitting result of 5000 mg/L polymer injection
test. The frontal part of effluent concentrations was fitted well by
the model. In subsequent water injection, which was water dis-
placing polymer, the fitting was not good, especially for Test 4 with
higher polymer concentration. This could be attributed to adverse
mobility ratio betweenwater and polymer. To fit this concentration
tail, viscous fingering was taken into account. Fig. 5 presents the
simulation result including viscous fingering. Table 5 shows the
concentration tail was fitted by the model with r, mp and mw of 40,
1.2 and 0.3, respectively.

3.4. Propagation of SP system in permeable carbonates

In SP co-injection scheme, the effluent concentration profile of
polymer and surfactant was interpreted separately. The concen-
tration of polymer was the total concentration subtracted by sur-
factant concentration. Figs. 6 and 7 show the experimental and
simulation results. The simulation results fit the experimental data
well, which validates the model. The dispersion coefficient was
0.001717 cm2/s.

The concentration profile along the core plug at certain time
could be calculated by convection-dispersion model. Fig. 8 shows
the concentration profile of the two chemicals at 1 PV injection. It is
noticed that the polymer concentration was higher than the sur-
factant all along the core plug. Surfactant and polymer were both
injected at 2000 mg/L. During the propagation in the cores, poly-
mer and surfactant behaved quite differently. Polymer flowed faster
than the surfactant due to the IPV and had lower adsorption, which
resulted in the concentration difference along the core sample.
Chromatographic separation was obvious during the co-injection
process along with 4-cm long core plug. Therefore, it is crucial to
take into consideration in the application design of surfactant and
polymer co-injection.

3.5. Discussion

3.5.1. Dispersion and adsorption of chemicals in permeable
carbonates

The propagation of surfactant solution in porous media was
mainly affected by two factors, dispersion and adsorption. 4 runs of
model calculation were performed, in which a 5.0 PV surfactant
slug was injected into a 4 cm long core sample. The adsorption and
dispersion were equivalent to those in Test 1. Different factors were

considered separately in the four runs.
Fig. 9 shows effluent concentration profiles of 4 different

simulation runs. The blue line is the base case with no dispersion
and adsorption. As piston-like flow, chemical breakthrough
occurred at exact 1.0 PV of chemical injection and the subsequent
water breakthrough occurred at 6.0 PV. The red line is the case
taking into account of dispersion only. The dispersion of chemical
resulted in a transition zoon at the flow front, in which the con-
centration of chemical varied from zero to initial injection con-
centration, rather than a shock as in the base case. Therefore, the
chemical propagated faster by dispersion than the case without
dispersion, which resulted in earlier breakthrough than the base
case. The adsorption also had influence on the propagation of
chemical. Unlike dispersion, the adsorption of surfactant resulted in
the loss of chemical and retarded the travel of concentration wave.
This is shown by the right shift of effluent concentration profile
(green line). When reversible adsorption was included in the
model, the effluent concentration profile would shift further to the
right. But the total area under the curve was the same in the two
conditions.

Fig. 10 presents concentration profiles along the core at 1.0 PV of
chemical injection for four different simulation scenarios
mentioned above. After 1.0 PV of injection, the concentration of
chemical at different part of the core was lower than the initial

Fig. 6. Effluent concentration profile of surfactant and model fitting result of Test 5 for
S/P co-injection.

Fig. 7. Effluent concentration profile of polymer and model fitting result of Test 5 for
SP co-injection.

Fig. 8. Concentration profile along the core at 1 PV SP co-injection.
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injection concentration. The dispersion diluted the injected
chemical and adsorption lowered the concentration even further.
When chemical flooding is applied, chemical slug size was usually
less than one pore volume. Therefore, chemical dispersion and
adsorption need to be carefully considered in an application design.

It was reported that type and shape of the adsorption curve had
controlling influences on the transport behavior in single phase
flow [57,60]. The effect of adsorption on the chemical propagation
was analyzed by changing the Langmuir parameters, as shown in
Table 6 with three examples, Ex. 1, Ex. 2 and Ex. 3. Fig. 11 shows the
calculated effluent concentration profiles for these three cases with
different adsorption parameters. These three examples had the
same adsorption values at chemical concentration of 2000 mg/L.
But the maximum adsorptions were different, which were 1.5,

Table 6
Example of convection-dispersion model.

Adsorption Desorption L, cm D, cm f r, g/cm3 C, wt.% Chemical slug, PV Npe

b d b d

Ex. 1 100 0.1500 100 0.0300 4.00 3.78 0.25 2.01 0.2 5 10
Ex. 2 1000 0.3750 1000 0.0750
Ex. 3 10 0.1275 10 0.0255

Fig. 9. Examples of effluent profile by convection-dispersion model.

Fig. 10. Concentration profile along the core at 1 PV chemical injection.

Fig. 11. Fitting results for different maximum adsorption.

Fig. 12. Fitting results for different IPV values.
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0.375 and 12.75 mg/g-rock. It was noticed that the effluent con-
centration profile became steeper when the maximum adsorption
was lower. Decreasing of maximum adsorption had larger effect on
the shape of the effluent concentration profile than increasing of
maximum adsorption.

3.5.2. IPV of polymers in carbonate porous media
In additional to the dispersion and adsorption, the polymer flow

in the reservoir was also affected by IPV. The change of IPV value
could result in the change of adsorption and desorption in the
calculation, but not dynamic adsorption. In model fitting process of
polymer flow, IPV value was hypothetical. To estimate the effect of
IPV, another two IPV values of 0.1 and 0.3 were used to calculate the
adsorption and desorption as shown in Table 4. Model simulations
were performed for Test 4 using three different IPV values. Fig. 12
shows that the effluent concentration profiles are very close to
each other.

The term f�(1þvG/vC�r/fp) in Eq. (7) was usually referred to as
retardation factor FR. There were two competing effects on the
retardation factor: retention, tending to make FR > 1, and inacces-
sible pore volume, which tended to make FR < 1. The increasing of
retention could be counteracted by increasing of inaccessible pore
volume. Therefore, similar fitting results might be obtained with
different combinations of retention and inaccessible pore volume.
IPV value cannot be solely determined by this model simulation
method. Traditionally, IPV is experimentally determined by the
breakthrough time difference between polymer and tracer. This is
based on the assumption of the absence of polymer adsorption.
Superposition model based on the analytical solution of flow
equation is another option [59]. Similarly, elimination of adsorption
and properly estimated dispersion are critical to this method.

4. Conclusions

This paper presents a core scale study of effects of surfactant and
polymer in aqueous solutions on the propagation in permeable
carbonates. The following conclusions can be drawn:

(1) The dynamic adsorptions of two amphoteric surfactants
OCT-1 and OCT-4 at 2000 mg/L on carbonate core samples
were 0.208 and 0.168 mg/g-rock, respectively. The dynamic
adsorptions of polymer PST-10 at 2000 and 5000 mg/L were
0.109 mg/g-rock and 0.173 mg/g-rock, respectively. The sur-
factant adsorptionwas reduced by approximately 50% for the
surfactant-polymer co-injection scheme. This demonstrates
the competitive adsorption of given polymers and surfac-
tants onto the carbonate cores.

(2) The dispersion coefficient of the surfactants in carbonate
cores was determined in the order of 10�3 cm2/s. Both
dispersion and adsorption caused chemical concentration
reduction during the propagation in the carbonate cores,
whereas adsorption presented dominant effect.

(3) The polymer desorption by subsequent water injection relied
on IPV value. However, the overall effluent concentration
profile does not change much if polymer release and IPV are
considered inter-dependently.

(4) Viscous fingering occurred during subsequent water injec-
tion after polymer injection. This phenomenon was obvi-
ously more severe when polymer concentration was higher.
A gradual decrease of polymer concentration should be taken
into account before subsequent water injection to avoid
more polymer retention in the porous media.

(5) The chromatographic separation of surfactant and polymer
occurred during the surfactant-polymer co-injection in

carbonate cores. It is necessary to estimate this effect in any
potential application.
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