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Abstract
Foam injection contributes to improved oil recovery through flow diversion,
reduction of interfacial tension (IFT), and wettability alteration of the rock while
its stability is an issue. In this article, nitrogen-foam was optimally formulated
using fluorocarbon tubiguard protect (FTP) surfactant stabilized with sodium
dodecyl sulfate (SDS) co-surfactant that was later experimentally considered
for oil recovery in a fractured carbonate rock taken from an oil field in the Middle
East. The results showed that the 5:1 volume ratio of fluorocarbon surfactant
and SDS (FS51) generates a stable foaming agent with ability of changing the
wettability of the carbonate rock surfaces to an intermediate gas-wet state. A
series of core-flood experiments at HPHT conditions were also carried out and
designed to properly represent matrix-fracture media using both a horizontally
and vertically oriented setup. The oil saturated cores were flooded with nitrogen
gas first followed by foam injection. It was concluded that foam can divert the
gas to flow from fractures to the matrix blocks and result in a significant oil
recovery. The contact angle tests that performed after core-flood experiments
revealed the wettability changes of fracture surfaces from an oil-wet to a gas-
wet state. This allows gas to be imbibed into the matrix blocks by capillary force
and results in enhancement of ultimate oil recovery. This study revealed that
trapped oil in matrixes blocks that had not been drained during the gas injection
process could be produced by designing a stable foam that sustainably diverts
injected fluid from fractures to matrix zone.
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INTRODUCTION

Nearly, 60% of total oil reserve in the world is placed in
carbonate reservoirs (Chopra et al., 2005). Approxi-
mately 20% of the carbonate reservoirs are naturally
fractured (Firoozabadi, 2000). The carbonate naturally
fractured reservoirs (NFRs) compromise at least 20%

of the Middle East reservoirs. Naturally fractured reser-
voirs are mostly heterogeneous with high difference
between the permeability of fractures and matrix blocks
(Rohilla & Hirasaki, 2011). NFRs consist of fractures
and matrix blocks, however a great portion of fluid is
preferred to flow through fractures. Therefore, matrix
blocks store reservoir fluid. Secondary recovery of

Received: 21 December 2021 Revised: 13 June 2022 Accepted: 18 July 2022

DOI: 10.1002/jsde.12617

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Journal of Surfactants and Detergents published by Wiley Periodicals LLC on behalf of AOCS.

J Surfact Deterg. 2022;1–14. wileyonlinelibrary.com/journal/jsde 1

https://orcid.org/0000-0003-4038-7572
https://orcid.org/0000-0002-7890-6852
mailto:soltani.b@put.ac.ir
mailto:jalal.foroozesh@gmail.com
mailto:jalal.foroozesh@port.ac.uk
mailto:jalal.foroozesh@port.ac.uk
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/jsde
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjsde.12617&domain=pdf&date_stamp=2022-08-15


carbonate reservoirs, either through water injection or
immiscible gas injection, is approximately 10% which is
a low, because of the heterogeneous nature of these
reservoirs (Montaron, 2005). The difference in perme-
ability between matrix and fracture in the NFRs is sig-
nificant. As a result, when an enhanced oil recovery
(EOR) project is implemented in NFRs, injected fluid
tends to flow in fractures rather than matrix blocks.
Therefore, hydrocarbon-saturated matrix blocks remain
un-swept (Manrique et al., 2007).

A desirable mobility ratio between oil bank and
injected chemical is required for mobilization and dis-
placement of the residual oil in chemical enhanced oil
recovery (CEOR). Polymer can be used to acquire a
favorable mobility ratio for displacing fluid, although poly-
mer flooding in carbonate reservoirs results in relatively
low oil recovery, typically 0%–13%, with an average of
5% recovery (Lake, 1989). Additionally, polymers can
have different disadvantages. Polymers with high molec-
ular weight may plug the low permeable rocks. Using
polymers with lower molecular weight may be costly and
at some points, uneconomical. Polymers can degrade in
low permeability reservoirs due to high shear stress.
Also, the high salinity of injected fluid or formation water
would require a large volume of polymer to control the
displacing fluid’s mobility. Water alternating gas (WAG),
another mobility control method, also can have different
problems, such as gravity segregation and water block-
ing effects. Gravity segregation results from the differ-
ence in the densities of water and CO2 in the reservoir in
which water flows downward and CO2 flows upwards
through the reservoir (Majidaie et al., 2012).

Foam is generally referred to as a discontinuous gas
phase dispersed in a continuous liquid phase
(Kovscek & Radke, 1994; Schramm, 1994). Foam is
formed by a large number of gas/liquid interfaces or
lamella for mobility control purposes. In gas swept layers,
foam can be generated to divert the injected gas to oil-
saturated layers of the reservoir (Kam et al., 2007;
Qingfeng et al., 2012). Moreover, foam increases gas
saturation resulting in a lower oil saturation. So, increas-
ing the saturation of trapped gas causes a higher pres-
sure gradient, which reduces the mobility of gas (Sharma
et al., 1982). Therefore, it can increase oil recovery factor
in secondary or tertiary recovery processes. The advan-
tage of foam behavior rather than other chemical agents
(i.e., polymer) is that foam is stronger and its viscosity is
higher in more permeable zones than in low permeability
zones (Nguyen, 2010). The generated foam in high per-
meable layers diverts the injected fluid into the low per-
meable layers providing mobility and conformance
control. The selective reduction mobility (SRM) function
of foam has been studied by different researchers
(Hanssen et al., 1994; Tsau et al., 1992). Bertin et al.
(1999) investigated gas and foam injection both in homo-
geneous and heterogeneous systems with and without
crossflow. Despite the fact that gas flooding in high

permeability layers results in gas channeling foam suc-
cessfully drained high and low permeable layers both
with and without crossflow with only about 1 PV (pore
volume of the rock) of gas injection (Bertin et al., 1999).
Haugen et al. (2012) compared the amount of oil recov-
ered from foam flooding by two modes of foam genera-
tion (two foam injection strategies) after water-flood and
observed that the pre-generated foam could improve the
oil recovery factor to 63% while the co-injection foam
strategy gave only 0.2% recovery enhancement. They
also used a pre-generated nitrogen foam after gas flood-
ing in a fractured 6.4 mD core and the reported recovery
factor was 77.8% for foam flooding while the recovery
factor for N2 injection was 4% (Haugen et al., 2012).
Gauteplass et al. (2015) flooded foam in a layered dou-
ble permeability micromodel. They observed a success-
ful fluid diversion from the high permeable zone to the
low permeable zone. Zhang et al. (2018) made a low per-
meable fractured system with two parallel columns of
high and low permeability cores. They optimized the for-
mulation of low IFT and stable foam with four different
chemicals and stated that the foam plugging effect is
more desirable for higher permeability layers at the same
foam quality. Wei, Li, et al. (2018) and Wei, Pu, et al.
(2018) examine the synergistic effects between surfac-
tants and surface-grafted nano-cellulose (sgNC) in the
stabilized foam injection in the micro-flow experiments.
They observed, adding the sgNC into the APG surfactant
solution leads to reducing the oil/water IFTs and the pres-
ence of sgNC in the foam film caused more increase in
the film thickness even in the vicinity of oil. Furthermore,
they observed the sgNC stabilized foam injection caused
further reduction in the residual oil saturation after water-
flooding compared to the nonionic surfactant alkyl poly-
glycoside (APG)-only foam injection. Ren et al. (2018)
investigated CO2-foam flooding into a one-foot fractured
core which was mixed wet or slightly oil wet. They
flooded CO2, WAG, and CO2-foam with two different
qualities in the fractured core. In all of the core-flood
experiments, they observed the highest oil recovery for
CO2-foam injection with quality of 75% (Ren et al., 2018).
Wei, Pu, et al. (2018) investigated gas, WAG, and foam
flooding into a three-layer system in two cases of high
and low heterogeneity. Nitrogen flooding and CO2 flood-
ing in heterogeneous systems caused early break-
through and their WAG injection could delay this effect
and increase oil recovery. But these injections were
unable to sweep low permeable layers in high heteroge-
neous cases. According to the recovery factor of different
injections, it was concluded that nitrogen-foam injection
could divert flow to the least permeable zones in a strong
heterogeneous formation. Also, CO2-foam can improve
oil displacement in higher permeability layers.

Fluorocarbons are organic compounds which most
of the hydrogen attached to carbon atoms are replaced
by fluorine. Li and Firoozabadi (2000) studied the
results of wettability alteration to preferential
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gas-wetting and investigated oil and water imbibition,
oil drainage and relative permeability in chalk and
Berea rocks for the first time in their experiments. They
used a water-soluble chemical named FC754 and a
polymer named FC722 which is soluble in fluorocarbon
solutions. A significant decrease was observed both in
capillary tube rise and the amount of water and oil
imbibed in the cores after treatment. Adibhatla et al.
(2006) implemented some experiments to investigate
the wettability alteration of near wellbore of gas reser-
voirs to gas-wetting. To alleviate water blocking effects
after hydraulic fracturing. Different chemicals were
used in this studied. They measured the gas permeabil-
ity before and after treatment and observed higher gas
permeability after treatment due to the wettability alter-
ation of the rock and increasing gas productivity. Al
Ghamdi et al. (2013) studied chemical treatment in a
gas-wetting gas condensate reservoir. The gas rate,
condensate, and flowing bottom-hole pressure were
recorded before and after treatment. The gas rate
increased 75%, the increase in condensate production
was 300% and the flowing bottom-hole pressure
increased 90% (Al Ghamdi et al., 2013). Esmaeilzadeh
et al. (2015) used several nano-fluids, soluble in etha-
nol, containing fluorochemicals to change the wettabil-
ity of carbonate rocks to gas-wetting for gas
condensate reservoirs. Contact angle and imbibition
tests confirmed the change in rock wettability. Also,
SEM images confirmed the adsorption of nanoparticles
on rock surfaces. EDX analysis determined the surface
chemical composition of treated carbonated rocks
(Esmaeilzadeh et al., 2015). Hoseinpour et al. (2019)
used a water-based fluorinated chemical to alter the
wettability of sandstone rocks to gas-wetting in gas
condensate reservoirs. N-decane and water contact
angles before and after treatment showed wettability
alteration of sandstone rocks to preferentially
gas-wetting condition. Spontaneous imbibition of water
and n-decane for air saturated sandstones before and
after treatment showed a reduction in the amount of
n-decane and water imbibed from 0.65 and 0.625 PV to
0.159 and 0.033 PV. The results of core-flood tests
indicated an improvement in liquid mobility due to rock
treatment with fluorinated carbon chemicals. Also, the
treatment of rock surface was characterized by FTIR,
SEM, EDX, and EDX map (Hoseinpour et al., 2019).
Hoseinpour et al. (2021) used a fluorinated chemical in
a carbonated core and used contact angle to verify wet-
tability alteration from oil wet towards gas wet. They
also used SEM, FTIR, and EDXS to investigate the
adsorption of a fluoro-chemical surfactant on the sur-
face of carbonated rock. Nowrouzi et al. (2020) added
nanoparticles (TiO2, MgO, and γ-Al2O3) to a carbonated
saline water system. They observed that the mixture of
carbonated water and nanofluids as carbonated nano-
fluids changed the wettability of rocks to highly hydro-
philic rocks and contact angles between the oils and

substrate decreased by increasing nanoparticles con-
centration in a carbonated nanofluid. They also con-
ducted imbibition experiments and stated nanofluid
efficiency is more effective in decreasing the oil contact
angle, which has a better effect on oil production under
this mechanism (Nowrouzi et al., 2020).

Darvish et al. (2006) designed a core-holder with a
gap around the core to simulate the fracture. For fluid sat-
uration, they used a sealing material to fill the gap.
Because of the fact that the gap can be sealed, the fluid
saturation would be uniform. Also, the fracture aperture
was known as the core-holder was made before (Darvish
et al., 2006). Another method is to saturate the core first
with brine, oil, and so on, then split it lengthwise (Aleidan
et al., 2011; Haugen et al., 2012). The main advantage of
this method is the uniform fluid saturation of the core. But
there are some problems including oil loss during the cut-
ting process, potential wettability alteration of cutting sur-
faces, blocking the surface of cutting part, and difficulties
related to the measurement of fractured core permeability
(Dong et al., 2019). Also, Dong et al. (2018) cut the core
plug lengthwise and controlled the fracture aperture by
applying different confining pressure (Dong et al., 2018).
They also used blend of surfactants to improve foam sta-
bility in high temperature and high salinity conditions
(Dong et al., 2019).

Li et al. (2012) used a 2D sand-packed setup with a
permeability contrast and a combined anionic surfac-
tant to reduce IFT and increase foam stability in order
to mobilize oil from a low permeability layer. Bourbiaux
et al. (2017) used a wettability modifier surfactant with
foam injection to change the wettability of a carbonated
fracture core from an oil-wet to a water-wet state in
order to investigate the effect of water imbibition on the
recovery of remaining oil in the matrix.

This article introduces an optimized foam formulation
by combining two surfactants that is tested for EOR in car-
bonate fractured rocks as explained later in detail. Vari-
ous static and dynamic tests are designed to study the
fluid diversion from fracture into matrix and wettability
modification which include the determination of optimum
foaming chemical volume, contact angle measurement
and foam stability in room and HPHT conditions. In
dynamic foam flooding experiments, a vertical core sys-
tem with a side fracture is designed to study the effect of
gravity drainage in addition to a horizontal core setup.

METHODOLOGY

Material

Two native carbonate cores with a crude oil sample
taken from a Middle Eastern oil field were used in this
study for core-flood tests and for air/water and air/oil
contact angle measurements. The properties of the car-
bonate cores are shown in Table 1. The composition of oil
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and its density and viscosity under 25 and 45�C are
shown in Table 1. The brine used for saturating cores and
measuring contact angle was prepared with the same
composition as that obtained from the field (see Table 1).
In this study, distilled water was the basis of surfactant
solutions and air and N2 with the purity of 99.99% were
used for the contact angle and foam stability tests at atmo-
spheric condition, and high pressure-high temperature
(HPHT) foam stability and core-flood tests, respectively.

Two surfactants named Fluorocarbon Tubiguard Pro-
tect (FTP) (TUBIGUARD PC3-F) a product from CHT
Company (Tubingen, Germany) and sodium dodecyl sul-
fate (SDS) from Sigma-Aldrich (St. Louis, Missouri, USA)
were chosen for this study. FTP with white color is a liquid
fluorinated surfactant which has a specific weight of 1 at
20�C and a pH in the range of 4.5–6.5. Sodium dodecyl
sulfate with purity of 98.5% is an anionic surfactant with a
chemical formulation of NaC12H25SO4. The reason of
using SDS was that SDS has been proved as an excel-
lent foaming agent and is being extensively used
(Aronson et al., 1994). Therefore, it has been used as a
co-surfactant to improve the quality of producing foam.

Core and slice preparation

Rock aging

The cores (core # 1 and #2) were washed using toluene
and methanol in a Soxhlet extractor to remove oil and
salt, respectively. Next, they were put in an oven at 75�C
for 2 days. Then, each of them was vacuumed for 6 h
with a vacuum pump. Petrophysical properties of cores
(porosity and permeability) were measured through brine
flooding tests. Afterwards, the crude oil was injected into
the brine saturated cores until no more water was pro-
duced and after that, 2 PVs of crude oil were injected to
make sure that the oil saturated cores had reached the

irreducible water saturation. Then core #1 was fractured
which will be explained in the next section. Finally, both
cores were soaked in crude oil in an oven under the tem-
perature of 75�C for 8 weeks to be aged. The measured
properties including fluid saturation and core permeability
and core porosity are listed in Table 1.

The core slices attained from carbonate cores and
polished by sandpaper were washed with toluene and
methanol for several days and then kept in an oven at
75�C for 2 days to be anhydrous. Afterwards, they were
immersed in crude oil in an oven at 75�C for 8 months.

Core fracturing

After saturating the core #1 with the oil, it was cut along
the length using a rock cutting machine in which diesel
was used as a cooling fluid to prevent changes in its oil
saturation. Nonetheless, the slight changes in the pore
volume and bulk volume of the core were calculated.
Then the core was again kept in the crude oil in an
oven at 75�C for a two-week time.

For the core #2 after aging time, to represent the
fracture, two curved metal plates with the size of
8.2 � 4.1 cm were prepared to create fractures around
the core. It is worth mentioning that some wire strings
were placed in the fracture around the core to ensure
the fractures are kept open.

Fracture characterization

Fracture reservoirs consist of two porosity systems
including inter-granular porosity and fracture porosity
that is normally caused by rock fracturing. Fracture
porosity and permeability are very important parame-
ters that could affect fluid flow and recovery of fractured
reservoirs. Therefore, it is necessary to determine the

TAB LE 1 The properties of the core rocks, oil and brine fluids

Rock properties

Core Lithology Size (cm) φ (%) km (mD) kt (mD) So (%) Sw (%) kf (mD) b (cm) Vf (cc)

#1 Dolomite 3.7 � 8.03 12.13 0.24 2.8 78.6 21.4 7728 9.63 � 10�4 0.0286

#2 Calcite 3.7 � 8.44 13.76 1.58 2.6 61.46 38.53 1294 3.94 � 10�4 0.0114

Crude oil properties

Composition nC4 nC5 iC5 C6 C7 C8 C9 C10 C11 C12+

wt% 0.04 0.13 0.43 10.11 11.09 7.41 7.8 6.54 5.13 51.31

Property Specific gravity Viscosity (cP)

0.9120 @ 25�C 0.8869 @ 45�C 115 @ 25�C 33.6 @ 45�C

Brine water properties

Salts NaCl MgCl2 �6H2O CaCl2 NaHCO3

Mass (g/L) 157.48 22.363 29.3 0.168

Total salinity ¼209:311 (g/L)
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fracture porosity and permeability for the core samples.
Bulk density for homogeneous samples could be found
as follows:

ρb ¼ 1�φð Þρmþφρf , ð1Þ

where φ is porosity, ρm is the matrix density, ρf is the
fracture density and ρb is the bulk(total) density. In the
case of cutting some parts of the cores to induce frac-
ture along the core’s length, if the core sample is
assumed to be homogeneous, the porosity and matrix
density are constant. Therefore, the matrix area of the
core (AMatrix) could be calculated using the following
equation by measuring the weight of core before and
after cutting that was saturated with water.

AMatrix ¼mcut�core

ρb�L
, ð2Þ

where L is the core’s length and mcut�core is the mass of
the core after being cut. The average permeability of a
fractured core is determined by the permeability of the
fracture and the matrix. Permeability of the fracture is a
function of the fracture aperture (b), which is affected
by the amount of overburden pressure applied to the
core. The fracture permeability could be found by:

kf ¼ ktAt �km At �Afð Þ
Af

, ð3Þ

where, kf is the fracture permeability, Af is the fracture
area, km is the matrix permeability, At is the total area
and kt is the total permeability. The fracture permeabil-
ity can be obtained using the following equation by
assuming the flow in the fracture is similar to the flow in
a pair of parallel plates:

kf ¼ b2

12
¼54:4�106�b2, ð4Þ

where b is the fracture width or aperture. By inserting
fracture permeability into the Equation (3), the following
equation is derived that could be solved to find the frac-
ture aperture:

54:4�106�b3�kmbLþAtkt þkmAt ¼0: ð5Þ

PROCEDURE

Critical micelle concentration of fluorocarbon
tubiguard protect

To find the critical micelle concentration (CMC) of
FTP, several solutions vary in concentration of FTP

from 3 to 30 wt% were prepared using magnet and
stirrer. To determine CMC, a JENWAY conductivity
meter model 4320 was used for measuring the con-
ductivity of these solutions. The probe was immersed
in the solution and then left for several minutes to
become immobile.

Contact angle measurement

Oil/rock/air and brine/rock/air contact angles were
measured by analyzing the photos taken using a
Dino camera. First, contact angles were measured
using 6, 8, and 10 wt% for treatment solution to
ensure to use 8 wt% concentration FTP as obtained
by CMC of the surfactant before and after treatment.
Next, it was discovered that the 8 wt% FLS solution
forms an un-stable foam which is hard to measure
the stability of the foam. Accordingly, different vol-
umes of 8 wt% FTP and 0.9 wt% SDS were mixed
(FTP/SDS = 5:1, 5:3, 5:5, 3:5, and 1:5) to achieve
the optimum ratio for creating a stable foam in order
to alter wettability status to an intermediate gas-wet.
Subsequently, contact angles were measured before
treatment and after immersing the slices in the pre-
pared solutions for 3, 6, 12, 24, and 48 h. Finally,
based on the acquired information, the solution
which formed the most stable foam and was able to
change the contact angle to intermediate gas-wet
was chosen.

Foam stability measurement

Foam stability was evaluated under ambient and also
HPHT conditions. Under both circumstances, the mea-
surements were conducted with and without the pres-
ence of oil which is explained below.

Atmospheric foam stability
Foam is made by stirring the surfactant solution at the
speed of 1200 rpm for 1 min. Foam stability is
appraised by its half-life (t1/2) which refers to the time
that foam height decreases by 50%. Therefore, the
foam was poured into a graduated cylinder and then
the reduction in foam height was recorded.

Atmospheric foam stability was also carried out in
the presence of oil. For this purpose, 3 cc of crude oil
was poured into a 50-cc graduated cylinder with a
diameter of 2.75 cm. Then, the resulted foam was
slowly added into the cylinder. It should be pointed out
that the foam and crude oil should not be shaken. The
diameter of the graduated cylinder was 2.75 cm, so
there would be a contact surface of 5.94 cm2 between
the foam and crude oil. In all the atmospheric foam sta-
bility tests, foam generated by the optimized solution
was compared to SDS foam.
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High pressure high temperature foam stability
The HPHT foam stability setup was designed to mea-
sure the foam stability under high pressure and temper-
ature conditions. The setup consists of different
sections having two ISCO syringe pumps of 260D
(266.12 cc) and 100DM (103.06 cc) model with a maxi-
mum pressure of 7500 and 10,000 psia, respectively.
The pumps were connected to two stainless steel fluid
accumulators for injecting surfactant solution and gas
phase with a constant flow rate. A flow line with a diam-
eter of 0.5 inches filled with glass beads is used as a
foam generator. Other parts of the setup are a back-
pressure regulator, two pressure gauges and two check
valves to avoid fluid transfer from one accumulator to
another. A Jerguson® Armored Level Gauge Model
T-32 was mounted to record foam height under high
pressure high temperature conditions. The setup also
included several valves and flow lines with the size of
1/8 inches as connections.

The stability of foam made using SDS solution and
the optimized solution of FTP + SDS from previous
sections were measured at the P = 400 psia,
T = 25�C, and P = 900 psia, T = 25�C. Then, the effect
of increasing pressure was investigated and compared
for both. This test also has been done at P = 400 psia,
T = 60�C, and P = 900 psia, T = 60�C. The foam qual-
ity was fixed at 80% in each test. The HPHT foam sta-
bility tests were mainly carried out to investigate the
foam stability under core-flood conditions.

High pressure high temperature core-flood
experiments

A high-pressure high temperature core-flood apparatus
was designed, fabricated and calibrated having two
syringe pumps, two fluid accumulators made of stain-
less steel, a foam generator, a back-pressure regulator,
two pressure gauges, two check valves, a stainless-
steel core-holder, and a differential pressure transducer.
The differential pressure transducer is connected to the
inlet of core-holder to record the injection pressure to the
core. The pressure gradient was calculated using pres-
sures recorded by the differential pressure transducer.
Moreover, a scaled cylinder was placed after the back-
pressure regulator to collect the effluent fluid. The HPHT
apparatuses for both horizontal core-holder is shown in
Figure 1.

Two core-flood tests on two fractured carbonate
specimens were carried out at the overburden pressure
of 2500 psia and the temperature of 60�C. It should be
noted that in both tests, the back-pressure regulator
was set at 400 psia.

Core-flood test #1
An oil-saturated dense dolomite sample with the matrix
permeability of 0.24 mD was cut along the length and

then aged for 8 weeks. Six pieces of aluminum sheets
were posited in the fracture to keep it open and then,
the core was placed in a sleeve to undergo the core-
flood test.

In this test, as shown in Figure 1, the core-holder
was placed horizontally. When the system temperature
reached 60�C, the test was started. First, N2 injection
was implemented with the rate of 0.5 cc/min. The gas
injection was continued until reaching irreducible oil
saturation. Then, N2-foam was injected at the total rate
of 0.5 cc/min. The foam quality was set at about 80%
by adjusting the surfactant solution and gas rate to 0.1
and 0.4 cc/min, respectively. Foam injection was car-
ried out until no more oil was produced. Oil recovery
and pressure gradient were recorded during both tests.

After the end of the test, the core was washed using
toluene and methanol in the Soxhlet apparatus and
subsequently dried in an oven. The fractured core was
then placed at the similar position as it was put for the
test and afterwards, its total permeability was mea-
sured. The fracture aperture and permeability were cal-
culated based on the concept of average permeability
and fracture permeability in a simple system. Consider-
ing the fracture aperture, its permeability and volume
are computable. These calculated parameters can be
found in Table 1.

Core-flood test #2
The second specimen was a calcite core with the per-
meability of 1.58 mD. The fracture was simulated by
mounting two metal plates around the core and putting
it in a rubber sleeve. It is worth mentioning that a few
wire strings were placed in the gap created around the
core and sleeve to ensure that the fracture remains
opened during the experiment was placed in a vertical
position in the core-holder.

The core-flood test was started after reaching the
temperature of 60�C in the system. First of all, nitrogen
was injected at the rate of 0.1 cc/min until no more oil
was produced. After the system was stabilized, foam
injection was started with the quality of 80%. The sur-
factant solution and gas rate were fixed at 0.1 and

F I GURE 1 Fabricated HPHT core-flood apparatus (horizontal
core-holder)
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0.5 cc/min, respectively, with total flow rate of
0.5 cc/min. The foam injection was stopped after it was
made sure that there was no oil production. Oil recov-
ery and pressure gradient during gas injection and
foam injection were recorded and will be presented in
the next part.

Foam stability in porous media

Foam stability can be determined according to appar-
ent viscosity which is defined in porous media during
gas and surfactant flow. Apparent viscosity formula is
achieved by rearranging Darcy’s law in which steady
state pressure drop is converted to apparent viscosity
just as defined by Equation (6).

μapp cPð Þ¼ k mDð Þ�A cm2
� ��ΔP psigð Þ

14, 700�QT
cc
s

� ��L cmð Þ : ð6Þ

The occurred reduction in gas permeability due to
apparent viscosity during foam flow in porous media
can be measured by mobility reduction factor (MRF).
As expressed in Equation (7), MRF can be determined
by dividing pressure drop caused by foam injection and
steady state pressure drop during gas injection.

MRF¼ΔPfoam

ΔPN2

: ð7Þ

RESULTS AND DISCUSSION

CMC measurement

As explained before, to specify the CMC of FTP solu-
tion, the electrical conductivity of FTP solution with vari-
ous concentrations was measured. The CMC value
was obtained at a concentration of 7.867 wt%.

Contact angle

Based on the described steps taken for selecting the
best FTP solution which was used for measuring oil
and water contact angles in presence of air, 8 wt% FTP

was chosen. Table 2 includes three FTP concentrations
(6, 8, and 10 wt%) which could approximately change
oil contact angle the same amount while water contact
angle was not significantly altered by 6 wt% FTP. It was
also recognized that water contact angle increased
about 60� while using 8 or 10 wt% FTP solutions. This
confirms that the CMC value measured above in which
the concentrations above that will not be more
effective.

The oil and water contact angles on oil wet rocks
before and after treatment by 8 wt% FTP solution are
illustrated in Figure 2. The change in oil and water con-
tact angles can be attributed to wettability alteration
towards intermediate gas-wetting.

Contact angle against foam stability under the
ambient condition

First, the stability of 8 wt% FTP foam was measured.
Since it was low, different volume ratios of 8 wt% FTP
and 0.9 wt% SDS such as 5:1, 5:3, 5:5, 3:5, and 1:5
were combined and then foam stability and contact
angles were measured to find the optimum ratio (see
Figure 3). According to Figure 3, in addition to 8 wt%
FTP, only the mixture of five volumes of 8 wt% FTP
and one volume of 0.9 wt% SDS resulted in the desired
oil and water contact angle. The foam stability of the
aforesaid mixture was gauged and to make a compari-
son, SDS foam stability was measured too, and the
results are presented in Figure 4. It implies that by add-
ing a small amount of SDS solution to FTP solution, the
foam stability has improved enormously as its half-life
is raised from nearly 18.5–130 min.

As demonstrated in Figure 3, 0.9 wt% SDS solution
is able to alter the wettability of an oil-wet rock to water-
wet. Therefore, by increasing the portion of 0.9 wt%
SDS in the mixture of FTP and SDS, the treatment
solution can change the wettability status of the rock
surface to a water-wet state. Regarding the water con-
tact angle curves, the appropriate volume ratios for this
purpose are 5:3 and 5:5 of FTP to SDS.

In this study, to mutate the wettability of rock
towards intermediate gas-wet and also produce high
stability foam in the absence of oil, the 5:1 volume ratio
of FTP to SDS solutions (henceforward called FS51)
was selected as the most ideal one.

TAB LE 2 Oil and water contact angles for 6, 8, and 10 wt% FTP solutions

6 wt% 8 wt% 10 wt%
Contact angle Contact angle Contact angle

Concentration of FTP Oil Water Oil Water Error (%) Oil Water

Before treatment 12� 63� 14� 45� +1.2 14� 47�

After 72 h treatment 30� 68� 33� 92� �2.3 30� 90�
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Atmospheric foam stability in the presence
of oil

Oils have a detrimental effect on foam stability. As illus-
trated in Figure 4 the oil has diminished the foam stabil-
ity for both SDS and FS51 solutions. By comparing the
foam stability of SDS and FS51 solutions in Figure 4, it
can be seen that in the presence of oil, the FS51 solu-
tion shows a higher stability compared to SDS solution.
This represents that FTP as a fluorinated surfactant is
more stable than hydrogenated surfactants just as

explained in the introduction. This is because of the
stronger C F bond than C H bond in its chemical
structure.

HPHT foam stability

Pressure effect

The main purpose of foam stability measurement under
HPHT conditions was simulating core-flood conditions

F I GURE 2 (a) Oil contact angle before treatment, (b) oil contact angle after treatment, (c) water contact angle before treatment, and
(d) water contact angle after treatment

F I GURE 3 Oil contact angle (OCA)
and water contact angle (WCA) for
different volume ratios of SDS 0.9 wt%
and FTP 8 wt%
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to reach a reliable evaluation of foam stability. The
HPHT foam stability tests were carried out with the
setup shown in Figure 1. According to the results, as
pressure increases, a more stable foam is generated.

Figure 5 displays that foam stability of FS51 was
slightly lower than that of SDS at the end of tests. This
small difference also existed while evaluating foam stabil-
ity in atmospheric conditions. This implies that adding a
small amount of SDS to FTP solution can significantly
enhance foam stability (FTP alone generates rather a
non-stable foam) has a poor stability. By comparing the
stability of foam made of SDS and FS51 under 900 psia
and 25�C conditions as shown in Figure 5, it can be found
that the difference between foam decay curves for SDS
and FS51 solutions was significantly higher compared to
being under 400 psia and 25�C conditions (Figure 5).

Temperature effect

The measurements show that the increment of tem-
perature adversely affects the foam stability as it
causes faster reduction in foam decay and also its
half-life. Foam stability decreases with increasing
temperature due to liquid phase drainage caused by a
significant decrease in liquid viscosity and gas diffu-
sion to lamella (Gu & Mohanty, 2015). Comparing the
foam stability of FS51 and SDS solutions at P = 400
psia, T = 60�C revealed the fact that due to the strong
C F bond in FTP, it has higher thermal stability than
FS51 (see Figure 6). However, the outcomes were
different under the pressure of 900 psia. Under these
circumstances, the foam stability of SDS was consid-
erably higher than FS51 at P = 900 psia and,

F I GURE 4 Atmospheric foam
stability of SDS, FTP, FS51 solutions with
and without oil

F I GURE 5 Foam stability of SDS and
FS51 solution at P = 400 and
900 psia, T = 25�C
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T = 25�C. This high difference was also seen at 60�C
as shown in Figure 6.

The stability of foams generated by SDS and
FS51 were compared at 60�C under two different
pressures. It was revealed that the stability of FS51
foam was higher than the SDS foam at the low pres-
sure (i.e., 400 psia). However, at the pressure of
900 psia, the stability of FS51 foam was lower than
SDS foam (see Figure 6) that follows the same trends
as those observed at T = 25�C (see Figure 5). This
shows that the temperature effect is diminished to
some extend at higher pressures.

HPHT core-flood tests

Core #1

The core-flood test that was performed horizontally
started by injecting gas with the rate of 0.5 cc/min. As
Figure 7 depicts, the pressure gradient has an upward
trend until reaching 0.66 PV point, it starts declining.
This peak is caused by gas breakthrough in the fracture
since the amount of oil produced, which is 2.65%, is
equal to the fracture pore volume.

At the beginning, the fracture was oil-free but by
setting the system temperature at 60�C, a thin oil film
was appeared on the fracture surface. Later, the
injected gas invaded the matrix blocks over time and
produced a small amount of oil from matrix edges. As
soon as the oil production stopped and the pressure
gradient stabilized, gas injection was stopped as well

and then foam injection was started. Oil recovery was
5.2% at the end of gas injection in the horizontal core
which included oil production from the fracture and
matrix blocks. It was observed that, almost all of the
oil in the fracture was produced, and 2.55% of the oil
was recovered from the matrix blocks. By injecting
more two-pore volume of gas, oil production was not
increased. In other words, injected gas was produced
exactly at the outlet of core showing gas being flowed
through the fracture pathway. As a result, further gas
injection did not sweep the remaining oil out of the
matrix blocks. At the beginning of foam injection, a
sharp rise in pressure was occurred. Immediately
after starting foam injection, oil flowed, and pressure
gradient began to increase. It is noted that a small
decrease in pressure difference was recognized at
the initial time. This happened when foam was proba-
bly entering fracture and before being able to block
fracture path and cause fluid diversion. During foam
injection, the pressure drop increased continuously. It
did not reach pseudo steady state condition even
after the injection of almost 15 PVs. As reported in the
literature, Wassmuth et al. (2000) observed a similar
behavior too. They reported that pseudo steady state
was not obtained even after 9 PVs injection. They
claimed that this could be due to the generation of
excessive lamella (Wassmuth et al., 2000). As shown
in Figure 8, this could happen during foam injection
too. When a large number of lamellae is generated
repeatedly, it leads to mobility reduction and viscosity
increment which subsequently results in an increase
in pressure drop.

F I GURE 6 Foam stability of SDS and FS51 solution at P = 400 and 900 psia, T = 60�C
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Core #2

The core-flood experiment was carried out vertically
when nitrogen gas was first injected into the core with a
flow rate of 0.1 cc/min. As illustrated in Figure 7, the
increment of pressure drop was milder in this case as
compared to that in the core #1. In this case, the
injected gas could push out almost all of the oil of the
fracture zone (0.0114% of total oil in the system) before
being able to partly enter the matrix block and results in
the production of 9.97% oil. Two forces of gravity and
viscous supported the recovery of oil in matrix block.
The drop of pressure stabilized at 29.6 psia when the
gas injection was stopped due to not having any addi-
tional oil recovery. Afterwards, that foam injection was
started with a rate of 0.5 cc/min. Similar to the previous
core-flood test, a sudden pressure increase followed by
a continuous incremental rate was observed.

As can be observed in Figure 8 and Table 3, an
increase in the apparent viscosity and foam stability
was observed in both core-flood tests. Since the MRF
of the core #1 and the core #2 are 5.35 and 10.39,
respectively, foam can reduce gas mobility and divert
gas to the un-swept area of the cores. Thus, injected
gas is being entered into the matrix to improve sweep
efficiency and recover more oil.

As can be seen in Figure 8, ultimate oil recovery in
the core #2 is approximately 16.6% more than that in
the core #1. This could be due the fact that the matrix
permeability of the core #2 is larger than that of the core
#1 and also the impact of gravity drainage mechanism
in the core #2 since it is located vertically in the system.

As mentioned before, the FS51 foaming agent is a
mixture of FTP and SDS which is able to alter rock wet-
tability condition to gas-wet with the aid of FTP. Chang-
ing the wettability of fracture surface to gas-wet will
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decrease capillary pressure (Pc) and its negative effect.
Therefore, oil production rate from matrix blocks will
increase. As depicted in Figures 7 and 8, after injecting
approximately 4 PVs of foam, oil production tends to be
stabilized and then, a sudden rise in oil production
occurs. This rise in oil production might be a result of
capillary pressure reduction after the treatment of frac-
ture surface.

The range of changes in contact angle before and
after core-flood tests for the both cores together with
recovery factors (RF) are summarized in Table 3.

SUMMARY AND CONCLUSIONS

In this study, a novel surfactant solution with ability of
wettability alteration to gas-wetting was used to generate
foam. Contact angle tests, atmospheric foam stability in
the absence and presence of oil, high pressure high tem-
perature stability tests, and two foam core-flood experi-
ments in fractured carbonate rocks at reservoir
conditions were carried out (nitrogen gas injected first fol-
lowed by foam). The final conclusions and recommenda-
tions for further studies are summarized below.

• The solution of FTP 8 wt% can change the wettability
of oil-wet carbonate rocks to intermediate gas-wet-
ting. While FTP 8 wt% has low foam stability, adding
a small amount of SDS 0.9 wt% improves foam sta-
bility. The optimized formulation obtained in this
study was 5:1 volume ratio of FTP 8 wt% and SDS
0.9 wt% solutions, named FS51, generating a stable
foam in the presence and absence of oil and chang-
ing the contact angle to intermediate gas-wetting.
Even more alteration of contact angle was observed
after foam flooding in core-flood tests.

• During HPHT foam stability tests, it was observed that
higher pressures make foams to be more stable as
they decay at a longer time. Additionally, foam could be
destroyed more easily at higher temperatures. High
thermal stability of FS51 could also be observed at the
pressure of 400 psia compared with SDS foam.

• The first core-flood experiment was carried out hori-
zontally using a tight dolomite with a permeability of
0.24 mD resulted in 5.2% oil recovery by gas injec-
tion. Foam flooding improved oil recovery further up
to 42.4% due to the combination mechanism of fluid
diversion and wettability alteration.

• The second core-flood test was carried out vertically
while gas/oil gravity drainage was an active mecha-
nism resulting in 10.07% oil recovery factor by nitro-
gen injection. Oil recovery further increased to 59%
after foam flooding due to foam mobility control and
wettability alteration of rock to gas-wetting.

• By comparing the ultimate oil recovery of the two
cores, the more amount of oil recovered in core #2
could be due to gravity drainage effect in core #2 and
also because of higher matrix permeability of core #2
compared to that of core #1.

• An enhancement in oil recovery after approximately
4 PVs of FS51 foam in both core-flood tests can indi-
cate the combination of two mechanisms for oil pro-
duction. That is, wettability alteration to intermediate
gas-wetting and fluid diversion mechanisms. The
contact angles before and after core-flood tests con-
firmed the wettability alteration of rock surfaces to an
intermediate gas-wetting condition.

ORCID
Bahram Soltani Soulgani https://orcid.org/0000-
0003-4038-7572
Jalal Foroozesh https://orcid.org/0000-0002-7890-
6852

NOMENCLATURE

φ porosity
μapp foam apparent viscosity
A cross-section area
b fracture width or aperture
EOR enhanced oil recovery
HPHT high pressure high temperature
k effective gas permeability
kf fracture permeability
km matrix permeability (mD)
kt total fracture and matrix permeability
L core length
MRF mobility reduction factor
ΔP pressure differential across the core
ΔPN2 pressure drop caused by nitrogen injection
ΔPfoam pressure drop caused by foam injection
QT total gas and surfactant flow rate
So oil saturation of core
Sw water saturation of core
Vf fracture volume (cc)
WAG water alternating gas

TAB LE 3 A summary of oil recovery factors (RF) and contact angles before and after core-floods

Core
no.

Oil contact angle Water contact angle

RF by gas
injection (%)

RF by foam
injection (%)

RF
(Total) (%)

Before
flood

After
flood

Before
flood

After
flood

#1 15�–28� 67�–70� 71�–80� 115� 5.2 37.2 42.4

#2 0� 50�–80� 57�–71� 128�–131� 10.07 48.99 59.06
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