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Abstract
Factors limiting foam injection for EOR application are exceptionally low rock permeability and exceedingly high salinity of 
the formation water. In this regard, foam formation using internal olefin sulfonate is investigated over a wide salinity range (1, 
5, 8, 10, and 12% NaCl) through 10 mD limestone. The relationships between pressure drop (dP), apparent viscosity, liquid 
flow rate, total flow rate, salinity, foam texture, and length of foam drops at the outlet used as an indicator of viscosity are 
studied. Foaming is observed up to 12% NaCl, compared to a maximum of 8% NaCl in similar core-flooding experiments 
with 50 mD limestone and 255 mD sandstone. Thus, the salinity limit of foam formation has increased significantly due to 
the low permeability, which can be explained by the fact that the narrow porous system acts like a membrane with smaller 
holes. Compared to the increasing dP reported for highly permeable rocks, dP linearly decreases in almost the entire range 
of gas fraction (fg) at 1–10% NaCl. As fg increases, dP at higher total flow rate is higher at all salinities, but the magnitude 
of dP controls the dependence of apparent viscosity on total flow rate. Low dP is measured at 1% and 10% NaCl, and high 
dP is measured at 5, 8, and 12% NaCl. In the case of low dP, the apparent viscosity is higher at higher total flow rate with 
increasing gas fraction, but similar at two total flow rates with increasing liquid flow rate. In the case of high dP, the appar-
ent viscosity is higher at lower total flow rate, both with an increase in the gas fraction and with an increase in the liquid 
flow rate. A linear correlation is found between dP or apparent viscosity and liquid flow rate, which defines it as a governing 
factor of foam flow and can be considered when modeling foam flow.
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Introduction

Impact of salinity on foamability and foam stability

The main technologies of enhanced oil recovery (EOR) 
in carbonate reservoirs are  CO2,  N2, and hydrocarbon gas 
injections (Memon et al. 2020). Gas fingering and early 
gas breakthrough can be prevented by injecting a foamy 

surfactant solution to reduce gas mobility and redirect gas 
flow (Spirov and Rudyk 2015).

The choice of surfactants for foam injection depends on 
their ability to withstand the harsh conditions of oil reser-
voirs such as high salinity, temperature, and pressure. The 
structure and stability of foams are determined by the abil-
ity of surfactant molecules to stabilize foam films, which 
depends on the type of surfactant and its concentration in the 
solution (Varade and Ghosh 2017). Foam stability decreases 
at higher temperature, but increases at higher salinity (Fuseni 
et al. 2018; Kahrobaei and Farajzadeh 2019).

An increase in salt concentration causes a decrease in 
the repulsion between the charged head groups of surfactant 
molecules. This leads to an increase in the adsorption and 
concentration of surfactant molecules at the interface and 
the binding of salt ions to the adsorbed surfactant ions. This 
results in subsequent compression of the electrostatic double 
layer (EDL) and a decrease in surface and interfacial ten-
sions (Ruckenstein and Bhakta 1996). The surface tension 
gradient changes the tangential stress along the interface 
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and reduces the rate of film thinning (Firouzi and Nguyen 
2014). The foam lamellas become rigid and resistant to local 
deformation or rupture when thinning. Instead of collapse, a 
transition to a stable state occurs (Varade and Ghosh 2017).

Increase in foam stability due to a decrease in the foam 
collapse rate in saline surfactant solutions has been shown in 
experimental studies using bubble columns, but the bubbles 
size and initial foam volume decrease (Varade and Ghosh 
2017; Behera et al. 2014; Nasr et al. 2020). For each type of 
surfactant solution, there is a limiting salinity, above which 
the lamellas rupture.

The results of experiments in bubble column cannot 
be directly transferred to a foam flow through the porous 
medium, which is determined by several global factors such 
as fluids velocity, pregenerated foam texture, gas fraction, 
length of core sample, geometry of porous channels, and 
permeability (Nguyen et al. 2000).

Foam formation is typically investigated in foam-flooding 
experiments (foam scans) through core samples at constant 
total flow rates and different gas fractions (fg).

The measured pressure gradient is converted into the 
apparent viscosity using Darcy’s equation:

where k  (m2) is the core permeability, ut  (m3/s) is the total 
Darcy velocity, ∆P (Pa) is the pressure drop over the core, 
and L (m) is the core length.

Apparent viscosity increases with increasing dP and per-
meability and decreasing velocity for the specific core sam-
ple. dP and apparent viscosity are also dependent on foam 
viscosity, foamability, and foam stability. The presence of 
salt in the solution increases the viscosity of the flowing 
fluid but may inhibit foamability.

Data on salt tolerance obtained from foam core-flood-
ing experiments are reported for several surfactants. The 
improved oil recovery has been reported in the presence of 
22% of total dissolved solids for an ethoxylated amine sur-
factant (Elhag et al. 2018), Ethomeen C12 (Cui et al. 2016), 
and Duomeen TTM (Jian et al.2019). At 20% salinity, good 
foaming ability and foam stability have been observed for 
a system consisting of polyoxyethylene ether sulfonate and 
sulfobetaine (Sun et al. 2016) and for a system consisting 
of a hydrophone and alkoxy chain type (Puerto et al. 2012).

Most core-flooding experiments are conducted through 
sandstones with relatively high porosity and permeability. 
Higher apparent viscosity is achieved with higher perme-
ability rock samples (Kahrobaei and Farajzadeh 2019). A 
point close to fg of 0.8 or 0.9, at which the rising curve 
falls sharply, indicates a transition foam quality, separating 
the low- and high-quality regimes. For example, an increase 
in apparent viscosity with increasing fg is observed in the 

(1)�app =
k

ut

|ΔP|
L

Berea sandstone at 90 mD (Kapetas et al. 2016) and in the 
Fontainebleau sandstone at 55 mD (Gassara et al. 2017). 
However, permeability and pore geometry can have a sig-
nificant impact on the shape of the apparent viscosity curve 
and transition foam quality. For the Fontainebleau sandstone 
with permeabilities of 121, 368, and 465 mD (Gassara et al. 
2017) and for the Sister Berea sandstone at 160 mD (Kapetas 
et al. 2017), �app is close to constant in low-quality regime. 
For the Bandera Gray sandstone at 6 mD, �app decreases over 
most of fg range (Kapetas et al. 2017).

Carbonate rocks have relatively high porosity with lower 
permeability compared to sandstone rocks. The blocking 
capacity of foams increases with increasing permeability, 
which allows fractures or cavities to be plugged, solving 
the problem of channeling in heterogeneous formations. 
Foam can also be diverted from high-permeability zones to 
unswept zones in the upper part of reservoirs due to gravity 
override (Ma et al. 2013). The foam flow in a low-permea-
bility medium is restricted by a narrow porous space. In our 
previous study, IOS foam formation was observed for 50 mD 
Indiana limestone with up to 8% NaCl and 0.6 gas fraction 
(Rudyk et al. 2019). No foam was formed at 9–11% NaCl.

To investigate whether foam can form at even lower per-
meabilities, the salinity effect on foam flow through tight 
Indiana limestone of 10 mD permeability is presented for 
internal olefin sulfonate (IOS) in the range of 1–12% NaCl 
(10–120 g/L NaCl) and compared to similar experiments 
with 50 mD Indiana limestone.

Materials and methods

Materials

The tests are carried out using Indiana Limestone of 10 
mD of permeability purchased at Kochurek company. The 
diameter x length = 3.81 cm × 26 cm, porosity is 13.5%, 
and core pore volume (PV) is 40  cm3. Nitrogen  (N2) gas 
and carbon dioxide  (CO2) gas both with a purity of 99.98% 
are purchased from Oman Gas Company. The internal ole-
fin sulfonate (IOS) Enordet 322 surfactant is provided by 
Shell Chemical. The surfactant concentration of 0.5% IOS 
is added in NaCl solution at the salinity of 1, 5, 8, 10, and 
12% NaCl for the core-flooding experiments.

Experimental procedure

The core flood rig built for this study is shown schemati-
cally in Fig. 1. All the details of the operational procedure 
are given in (Rudyk et al. 2019). A limestone core sample in 
a coreholder is placed horizontally in an oven at 60 °C. An 
ICS hydraulic pressure pump is used to generate a confining 
pressure of 2000 psi. Nitrogen gas is injected at a total flow 
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rate of 0.2 and 0.3  cm3/min to match the gas injection rate 
of the target oil field. For a specific total flow rate and gas 
fraction (gas fraction), the gas flow rates are calculated under 
normal conditions and then converted to 400 psi, as set by 
the Back-Pressure Regulator (BPR).

The surfactant solution and  N2 gas are injected simultane-
ously at a constant total flow rate 

(
qt
)
 , liquid flow rate 

(
ql
)
 , 

and gas flow rate 
(
qg
)
 , corresponding to a specific gas frac-

tion (fg). Gas and liquid flow rates for specific gas fractions 
are shown in Fig. 2. Injection continues until steady-state 
pressure is observed for the selected gas fraction (fg), which 
occupies at least 4 pore volumes of the injected fluid. The 
dP is measured, and apparent viscosity (�app) is calculated 
by Eq. 1.

The foam exiting the system is collected in a graduated 
cylinder at atmospheric pressure and laboratory temperature. 
The foam flow is recorded using a camera for the examina-
tion of foam texture. The length of the foam droplets (Ld) 
at the end of the pipe before falling is measured at each gas 
fraction (fg).

Results and discussion

dP and apparent viscosity at 1–12% NaCl

Experiments are performed using IOS surfactant solutions 
with 1, 5, 8, 10, and 12% NaCl to measure dP, calculate 
apparent viscosity, and observe the foam texture at the exit 
from the system. The permeability calculated prior to each 

foam scan is 10 mD for surfactant solutions at 1, 5, and 8% 
NaCl and 5 mD at 10% and 12% NaCl. The foam scans are 
performed using two total flow rates of 0.2 and 0.3  cm3/min.

An example of a foam scan is shown for 10% NaCl at 
0.2  cm3/min in Fig. 3. Gas fractions are tested in a random 
order to reduce the effect of the previous state. Compared to 
the tests using 50 mD limestone described in (Rudyk et al. 
2019, 2021), the curves are exceptionally smooth for all gas 

Fig. 1  Layout of the experimen-
tal setup
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min and gas fractions (fg)
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fractions. The fluctuations usually increase with increase in 
gas fraction as bursting gas bubbles affect the outlet pressure 
measurements. They are only noticeable at fg = 0.5, because 
in this test the surfactant solution in the supply container 
runs out. At the beginning of the next fg, dP remains at the 
same value as in the test at the previous fg for some time 
until all the previously formed foam has been displaced.

dP and apparent viscosity ( �app ) are plotted versus cor-
responding gas fraction in Fig. 4. Linear decreasing trends 
in the graphs of apparent viscosity allow comparison with 
the liquid flow rates (ql) shown in Fig. 2. The correspond-
ing total flow rates are indicated by dashed lines across the 
apparent viscosity graphs in Fig. 4.

At 1% NaCl, both dP graphs of 0.2 and 0.3  cm3/min 
decrease linearly starting at fg = 0.3 at about 400 psi 
(Fig. 4a). The slightly different slopes are caused by the dif-
ference in total flow rate. Both �app graphs at 1% NaCl also 
closely follow the ql lines of the respective total flow rates, 
except for two points: fg = 0.2 at 0.3  cm3/min and fg = 0.3 
at 0.2  cm3/min (Fig. 4b). The apparent viscosity does not 
exceed 0.04 Pa s and 0.02 Pa s at 0.3  cm3/min and 0.2  cm3/
min, respectively. Both dP and �app of 0.3  cm3/min are 
higher than of 0.2  cm3/min.

At 5% NaCl, the dP graph of 0.2  cm3/min decreases lin-
early within 0.2–0.6 fg interval but deviates from the general 
trend at 0.7 and 0.9 (Fig. 4c). The graph of 0.3  cm3/min is on 
average close to 440 psi in the 0.2–0.5 range but decreases 
at higher fg values. On each graph, two inflection points can 
be observed: 0.6 and 0.8 on the graph of 0.2  cm3/min and 
0.5 and 0.7 on the graph of 0.3  cm3/min. This leads to the 
effect that the dP graphs of 0.2  cm3/min and 0.3  cm3/min 
have similar shape, but the graph of 0.3  cm3/min is visually 
shifted by 0.1 in the direction of decreasing fg. After conver-
sion of dP to apparent viscosity, the graphs shift in such a 
way that the inflection points have similar values: on aver-
age 0.028 Pa s and 0.02 Pa s for the first and second inflec-
tion points, respectively (Fig. 4d). Only two points 0.6 and 

0.9 deviate from the ql line at 0.2  cm3/min. The deviation 
from the ql line of 0.3  cm3/min is significant in the range of 
0.4–0.7. The dP of 0.3  cm3/min is higher than of 0.2  cm3/
min, but the opposite is true for apparent viscosity.

At 8% NaCl, the dP graph of 0.2  cm3/min decreases lin-
early in the range of 0.2–0.7, sharply decreasing at higher 
values (Fig. 4e). The dP graph of 0.3  cm3/min decreases 
almost to linear, starting from 0.4. Linear intervals on the 
�app graphs have different slopes, which fully correspond 
to the slopes of the ql lines for the corresponding total flow 
rates (Fig. 4f). The dP of 0.3  cm3/min is higher than that of 
0.2  cm3/min, but the apparent viscosity of 0.2  cm3/min is 
higher than that of 0.3  cm3/min.

The highest dP does not exceed 420 psi and 516 psi at 
0.2  cm3/min and 0.3  cm3/min, respectively, and the apparent 
viscosity of 0.06 Pa s at both 5% and 8% NaCl.

At 10% NaCl, the dP graphs decrease over the entire 
range of gas fraction. An increase is observed at fg = 0.6 for 
0.2  cm3/min and fg = 0.5 for 0.3  cm3/min (Fig. 4g). As with 
5% NaCl, the graphs have similar shapes, but the graph of 
0.3  cm3/min is shifted from 0.2  cm3/min by 0.1 in the direc-
tion of decreasing fg. This shift can also be observed in the 
graphs of apparent viscosity (Fig. 4h). Points 0.5 and 0.9 at 
0.3  cm3/min and points 0.6 and 0.9 at 0.2  cm3/min deviate 
from the corresponding ql lines. dP does not exceed 200 psi 
and 300 psi for 0.2  cm3/min and 0.3  cm3/min, respectively, 
and an apparent viscosity of 0.01 Pa s. Both dP and apparent 
viscosity are higher for 0.3  cm3/min.

At 12% NaCl, dP is above 800 psi for 0.2  cm3/min and 
above 940 psi for 0.3  cm3/min, which is close to the 1000 
psi limit pressure for this equipment. For both total flow 
rates, dP is close to constant in the 0.2–0.5 range, decreasing 
with high gas fraction. As with lower salinities, bends are 
observed at 680 psi on average at 0.6–0.7 for 0.2  cm3/min 
and 0.7–0.8 for 0.3  cm3/min. dP is higher for 0.3  cm3/min, 
while the apparent viscosity is higher for 0.2  cm3/min. The 
shape of the graphs for 12% NaCl differs from the graphs 
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for lower salinities, showing a Newtonian plateau at low fg 
and a decrease at high fg values.

Taking into account the permeability of 10 mD, calcu-
lated before testing 1, 5, and 8% NaCl and 5 mD before test-
ing 10% NaCl and 12% NaCl, the maximum apparent vis-
cosity is 0.01 Pa s at 10% NaCl and 0.04 Pa s at 12% NaCl.

For all salinities, dP of 0.3  cm3/min is higher than of 
0.2  cm3/min, as for ql and qg in Fig. 2. However, apparent 
viscosity of 0.3  cm3/min is higher than of 0.2  cm3/min for 
1% and 10% NaCl due to low dP. In contrast, the apparent 
viscosity at 0.2  cm3/min is higher than at 0.3  cm3/min for 
5, 8, and 12% NaCl due to high dP. This shows that the dP 

values affect the dependence of apparent viscosity on the 
total flow rate when converting dP to apparent viscosity. 
Thus, the dependence of the apparent viscosity on the total 
flow rate may not be as straightforward as for dP and may 
vary from case to case.

Dependence of dP and �app on salinity

The dP and apparent viscosity are compared for the specific 
total flow rates in Fig. 5. For both total flow rates, the dP 
and �app increase in the following order of salinity: 10%, 
1%, 5% and 8%, and 12%. The graphs of 5% and 8% NaCl 
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overlap closely at both total flow rates showing insensitivity 
to salinity. Compared to 5% and 8% NaCl, dP of 12% NaCl 
at both total flow rates is significantly higher, but the appar-
ent viscosity does not show such a significant difference.

The results of 0.3  cm3/min are compared with our pre-
vious results for 50 mD limestone at 1, 5, and 8% NaCl 
(Fig. 5c, d). For 50 mD, dP and �app increase in the follow-
ing order: 8, 1, 5% NaCl. Compared to 1% NaCl, dP and 
�app were higher at 5% NaCl due to higher foam density and 
viscosity and lower at 8% NaCl due to reduced foamability 
(Rudyk et al. 2019).

For the same salinities of 1, 5, and 8% NaCl, dP in 
the experiment with 10 mD limestone is higher by about 
100–400 psi than with 50 mD limestone dependent on fg, 
while the apparent viscosities of 1% and 5% NaCl are higher 
for 50 mD (Fig. 5c, d). The graphs for 8% NaCl are close and 
have similar shapes for both 10 mD and 50 mD (Fig. 5d). 
The slopes are sharper for �app graphs of 50 mD limestone 
in higher gas fraction regime (dotted lines).

The limiting salinity for IOS foam formation through 50 
mD Indiana limestone and 255 mD Berea sandstone was 
determined at 8% NaCl as fine foam was observed up to 0.7 
(Rudyk et al. 2019, 2020). At the higher salinity of 9% and 
10% NaCl, only slight pressure drops of less than 10 psi and 
single bubbles bigger 0.4 cm in diameter were observed. At 
the same 10% and 12% NaCl, dP and apparent foam viscos-
ity through limestone of 10 mD limestone are much higher, 
compared to 50 mD limestone.

The experiments are not conducted above 12% NaCl due 
to lack of surfactant. Therefore, the highest salinity level at 
which the foam is formed for 10 mD limestone is taken as 
12% NaCl. Thus, the lower permeable system of the lime-
stone pore space significantly increases the salinity limit at 
which the foam can form.

Kukizaki and Baba 2008 found a linear correlation 
between foam bubble sizes and membrane pore diameters 
formed in different surfactant solutions. The pore walls sup-
port the existence of lamellas and smaller bubbles, which 
would otherwise transform into larger bubbles due to gas dif-
fusion caused by the pressure drop across the bent lamellas 
(Nguyen et al. 2000). However, if the slip between the bub-
bles and the grain wall is significant, as for aqueous foams, 
the yield stress of the foam due to low permeability may be 
negligible and the foam flows freely. Therefore, the increased 
limiting salinity, which is 12% NaCl at 10 mD compared to 
8% NaCl at 50 mD and 255 mD, can be explained by a nar-
rower porous system acting as a membrane.

On the other side, the presence of salt in the surfactant 
solution reduces foamability, making the foam texture 
coarser as fg is increased, but the foam lamellas become 
denser, more viscous and stable up to the limiting salin-
ity. For example, the �app of foam in brine is 1.5–3 times 
higher than in deionized water, starting from fg = 0.5 (Cui 

et al. 2016). In addition, the deposition of salt and surfactant 
in a porous medium can reduce permeability leading to an 
increase in dP and apparent viscosity.

Thus, the very low dP and apparent viscosity at 10% NaCl 
can be explained by the reduced foamability, while the very 
high dP and apparent viscosity at 12% NaCl by the higher 
viscosity of the saline solution.

The difference between total flow rates can be expected 
to be eliminated by Darcy’s equation after dP is converted to 
apparent viscosity, resulting in overlapping of �app graphs at 
different total flow rates. However, they do not overlap at any 
salinity in Figs. 4 and 5, even with such a small difference in 
total flow rates. Most of the literature data also indicate the 
flow rate dependence (Nguyen et al. 2000).

According to Fig. 4, dP of 0.3  cm3/min is higher than 
of 0.2  cm3/min for all salinities. At low dP, dividing by the 
total flow rate using Eq. 1 keeps the apparent viscosity graph 
of higher total flow rates above the lower ones like for 1 
and 10%. At high dP, dividing by the total flow rate shifts 
the apparent viscosity graphs for lower flow rates above the 
higher total flow rates like for 5%, 8%, and 12% NaCl. We 
previously observed such a shift in experiments with 50 mD 
Indiana limestone (Rudyk et al. 2019). For example, the dP 
value measured at different pressures and the total flow rate 
at 5% NaCl were close. After conversion to apparent viscos-
ity, the graphs of lower total flow rate shifted significantly 
higher the higher total flow rate.

Transition foam quality

Transition foam quality divides the foam scan into a low-
quality regime (low gas fraction) and a high-quality regime 
(high gas fraction) using the criterion of maximum appar-
ent viscosity. In most publications, the apparent viscosity 
increases with fg up to transition foam quality at fg = 0.9 
(Farajzadeh et al. 2015). Some researchers did not find 
experimentally either the lower limit of the limiting capillary 
pressure regime, or the sharp boundary of the low-quality 
regime (Nguyen et al. 2000).

The criterion of breakdown point at maximum apparent 
viscosity can be applied to both graphs of 12% NaCl which 
are constant up to 0.5 for 0.2  cm3/min and 0.6 for 0.3  cm3/
min and decrease at higher fg (Fig. 5a, c). The graphs of 
5% and 8% NaCl at 0.3  cm3/min do not vary significantly at 
lower fg (Fig. 5c). Breakdown points of 0.4 can be selected 
as transition foam quality ( f tr

g
 ) for 8% NaCl and 0.5 for 5% 

NaCl.
However, the graphs of 5% and 8% at 0.2  cm3/min lin-

early decrease up to 0.6 and 0.7, respectively, before break-
ing down (Fig. 5a). In addition, the graphs have more linear 
shape at 0.2  cm3/min, than at 0.3  cm3/min. This indicates 
that the foam creates a higher resistance to flow through the 
porous channels at 0.3  cm3/min, while the foam arranges 
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quickly enough to more freely pass through the porous 
medium at 0.2  cm3/min. Likewise, both graphs at 10% NaCl 
decrease linearly over the entire fg range. Humps can be 
observed at the same fg as at 5% NaCl for both total flow 
rates.

Similar to 1% NaCl, a linear decrease over almost the 
entire fg range was previously observed for 50 mD lime-
stone at 8% NaCl (Rudyk et al. 2019) and for the low foam-
ing Soloterra 963 surfactant (Rudyk et al. 2021). Thus, the 
transition foam quality is 0.4 for 0.2  cm3/min and 0.3 for 0.3 
 cm3/min at 1% NaCl, which implies that almost all graphs 
are in high-quality regime.

Transition foam quality shifts along fg axis depending on 
the permeability or the total flow rate. An increase in f tr

g
 with 

increasing total flow rate has been reported in (Alvarez et al. 
2001). For Indiana limestone of 50 mD, we also observed 
a shift in f tr

g
 to higher values with increasing total flow rate 

(Rudyk et al. 2019).
With increase in total flow rate, we observed a shift in 

f tr
g

 to higher values for IOS surfactant, but to lower values 
for Soloterra 963 when injecting through 50 mD limestone 
(Rudyk et al. 2019, 2021).

However, all graphs of 0.3  cm3/min are shifted toward 
decreasing fg by 0.1 compared to 0.2  cm3/min, with the 
exception of 12% NaCl. This may be due to the higher foam 
viscosity at a lower total flow rate.

Shifts of  f tr
g

 toward higher fg with increasing permeabil-
ity are noted in (Farajzadeh et al. 2015). Indeed, f tr

g
 of 0.5 

for 10 mD limestone is lower than 0.6 for 50 mD limestone 

or 0.7 for 255 mD Berea sandstone, all at 5% NaCl and 0.3 
 cm3/min (Rudyk et al. 2019, 2020).

Dependence dP and �app on ql and qt

Liquid or gas flow rates can affect foam flow in different 
ways, even if they are fractions of the total flow rate. The 
gas flow rate is reported to mainly regulate the foam flow 
but it depends on the regime (Behera et al. 2014; Alvarez 
et al. 2001). Most of the authors agreed that gas velocity is 
the governing factor in low-quality regime and liquid veloc-
ity in high-quality regime. According to Osterloh and Jante 
(1992), dP was linearly proportional to gas velocity in low-
quality regime and dependent on liquid velocity in high foam 
quality regime. According to Ettinger and Radke (1992), dP 
was linearly proportional to liquid velocity in high-quality 
regime.

The linearity of the graphs of dP or �app over a significant 
range of gas fraction allows determining that they follow the 
lines of liquid flow rate of the corresponding total flow rates.

The dP and �app are plotted depending on the correspond-
ing ql in Fig. 6. Four dP graphs of 5% and 8% NaCl at both 
total flow rates are superimposed, showing a low sensitivity 
of dP to differences in salinity and total flow rate. The dP 
graphs of 1% and 10% NaCl do not overlap while they are 
close for 12% NaCl (Fig. 6a).

The opposite picture can be observed for apparent viscos-
ity plots (Fig. 6b). The overlapping of apparent viscosity 
graphs of 0.2 and 0.3  cm3/min at 1% and 10% NaCl (low 
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dP) shows that the influence of the total flow rate has been 
eliminated, resulting in the overlapping of apparent viscos-
ity graphs (Fig. 6b). Mean function for 0.2  cm3/min and 0.3 
 cm3/min begins at (0;0) like at 1% NaCl for 50 mD lime-
stone, while the mean functions of higher salinities have 
higher y-intersections.

In contrast, the �app graphs for 5% and 8% NaCl are not 
grouped by equal salinity. They are grouped according to 
equal total flow rates, which can be explained by the insen-
sitivity of the foam to the difference in salinity in this range. 
The line of mean function for 0.2  cm3/min is higher than for 
0.3  cm3/min for 5, 8, and 12% NaCl. The lines of the mean 
functions of 1% NaCl and the two total flow rates for 5 and 
8% NaCl are almost parallel.

It can be concluded that ql is the factor that controls foam 
flow for 10 mD limestone in high-quality regime because it 
starts at  f tr

g
 less than 0.5 for most of graphs. However, the 

line of mean function of 0.2  cm3/min for 5 and 8% NaCl 
crosses the low-quality regime and not the high-quality 
regime if  f tr

g
 is determined at breakdown points of 0.7 for 

8% NaCl and 0.6 for 5% NaCl. Then, for these cases, the 
opposite conclusion can be made that ql is the governing 
factor in the low-quality regime and, probably, the gas flow 
rate in the high-quality regime. On the other hand, break-
down points could be mistaken for f tr

g
 because they do not 

meet the criterion for maximum apparent viscosity. The 
sharp decrease at higher fg can be caused by changes in 
foam texture in the intermediate state between the fine and 
coarse foam. Gauglitz et al. (2002) explained such fluctua-
tions as a third, unstable steady state, in which the state of 
the foam spontaneously changes due to perturbation of the 
pressure gradient. Similar deviations were also observed for 
the surfactant Soloterra 963 in a similar experiment using 50 
mD limestone (Rudyk et al 2021).

In the described experiment, the decreasing functions of 
the dP and �app demonstrate that the foam flow is highly 
dependent on the liquid flow rate, which can be used to 
simulate the foam flow. The linear correlations between 
apparent viscosity and ql allow prediction of �app at most fg 
values. Deviations, however, are expected at the highest and 
lowest ql and corresponding fg.

Length of foam droplets

A high dP can be produced with a flow of very coarse foam 
due to the high viscosity of the saline solution and the low 
rock permeability. A high dP alone and the resulting high 
apparent viscosity do not necessarily signify the generation 
of a strong foam.

However, the fine foam is more effective in gas trap-
ping and blocking. Since the foam cannot be seen inside 
the coreholder, attempts have been made to find a relation-
ship between bubble size at the exit and mobility reduction 

(Nguyen et al. 2000). A correlation between the bubble size 
of the foam exiting the core and the dP is reported in (Tang 
and Kovscek 2006).

Instead of bubble size, we measured the length of the 
foam droplets before they fall to indicate the viscosity of 
the flowing foam at the outlet because the bubble size often 
exceeds 0.5 cm. (Rudyk et al. 2020). It has been found that 
the length of the foam droplet is inversely proportional to 
the apparent viscosity, that is, higher apparent viscosity is 
accompanied by shorter foam droplets. The length of foam 
droplets (Ld) is plotted vs. fg in Fig. 4 for the specific salin-
ity. As the foam droplet length increases, the foam texture 
changes from very fine to coarse in the fg range from 0.2 
to 0.9.

Almost linearly, �app decreases and Ld increases in the 
range of 0.4–0.9 for 0.2  cm3/min and in the range of 0.3–0.8 
for 0.3  cm3/min at 1% NaCl (Fig. 4b, k). A similar picture is 
observed for 8% NaCl at 0.2  cm3/min, for which the Ld and 
apparent viscosity change in opposite directions (Fig. 4f, m).

In other cases, although minor deviations are repeated, 
the apparent viscosity decreases over almost the entire fg 
range, while the Lg graphs are nearly constant between 
0.4 and 0.8. For example, two humps at 0.5 and 0.7 can be 
observed in both �app and Ld graphs, indicating that these 
deviations are not random and are associated with changes 
in foam viscosity at 5% NaCl (Fig. 4d, l). Very fine foam 
texture with undistinguishable bubble size is observed at 
fg = 0.2 and 0.3 at both total flow rates while distinguishable 
bubbles appear at fg > 0.4.

Ld graph of 8% NaCl at 0.3  cm3/min is also near constant 
while the corresponding �app graph decreases in the range of 
0.5–0.8 (Fig. 4f, m).

Both �app graphs of 10% NaCl decrease while the cor-
responding Ld graphs increase up to inflection points of 0.5 
and remain nearly constant in the range of 0.6–0.9.

This is the opposite to what we have observed for 50 mD 
limestone. For 50 mD limestone, the apparent viscosity was 
constant in low-quality regime, but the Ld increased (Rudyk 
et al. 2019).

The explanation may be that the droplet volume occupies 
a small fraction of the pore volume in the higher permeabil-
ity rock. The displacement of the increasing lengths of drop-
lets due to the increase in fg does not significantly affect dP 
in low-quality regime. In contrast, droplet volume occupies 
a big portion of the pore volume in low permeability rock. 
Insignificant changes in the length of displaced droplets due 
to the increase in fg lead to a significant decrease in dP.

At 12% NaCl, �app graphs and Ld graphs have close val-
ues from 0.2 to inflection points of 0.5. Fine foam texture 
is observed in the range of 0.2–0.5 while the foam consists 
of a garland of three big bubbles with some fine foam on 
the boundaries between bubbles at 0.6 and 0.7 and bigger 
bubbles at 0.8. Compared to the experiment with 50 mD 
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limestone, gas breaks through starting at fg = 0.4 at salin-
ity above 8% NaCl.

Longer foam droplets should indicate a lower foam vis-
cosity at the outlet. For the exception of 1% NaCl, higher 
dP is accompanied by longer droplets at higher total flow 
rate of 0.3  cm3/min. However, longer droplets accompany 
lower apparent viscosity at 0.3  cm3/min for 5% and 8% 
NaCl, and at 0.2  cm3/min for 1% NaCl, as in the experi-
ment with 50 mD limestone. This shows that the droplet 
length correctly indicates the apparent viscosity. For 10% 
and 12% NaCl, Ld at the two total flow rates are very 
close over at most of fg, which makes it difficult to capture 
the difference. In addition, the factor of high salinity and 
reduced permeability due to possible precipitation of salt 
can be important.

Foam texture

The changes of foam texture with fg are examined to study 
if the similarity in foam textures may explain the overlap of 
the dP or �app curves at different salinities or total flow rates.

The visual inspection of the foam droplets reveals that 
the foam is finer at 0.3  cm3/min than at 0.2  cm3/min at the 
same fg and salinity. The example is shown for 8% NaCl at 
0.2  cm3/min and 0.3  cm3/min in Fig. 7.

At 0.3  cm3/min, the foam textures of 5% NaCl and 8% 
NaCl are similar at a specific fg, which may explain their 
close length of droplets and overlap of apparent viscosity. 
However, irrespective the overlap of the corresponding 
apparent viscosity graphs, the foam is finer and the droplets 
are shorter for 5% NaCl, compared to 8% NaCl, at 0.2  cm3/
min. In addition, the foam texture for 10 mD limestone at 
8% NaCl is very different, compared to 50 mD limestone, 
regardless of the overlapping of the apparent viscosity 
graphs in Fig. 5d.

Meanwhile, foam textures are similar at the limiting salin-
ities for 50 mD limestone (8% NaCl) and 10 mD limestone 
(12% NaCl), but the apparent viscosities are different.

Consequently, foam textures can indicate apparent viscos-
ity when the same rock samples are compared, but different 
foam textures can produce the same dP/apparent viscosity 
values in different rock samples. Thus, apparent viscosity 
alone cannot reflect foam quality and texture.

Conclusions

1. Foam formation was observed up to 12% NaCl, while 
no foam is formed even at 9% NaCl through a 50 mD 
limestone core. Thus, a porous system with a lower per-
meability increases the limiting salinity at which foam 
can form. This expands the rock types and reservoir con-
ditions in which the surfactants can be applied.

2. dP and apparent viscosity decrease over almost the 
entire gas fraction range at 1–10% NaCl, compared to 
an increase in �app in highly permeable rocks. With an 
increase in the gas fraction, dP increases in accordance 
with the flow rates of injected liquid and gas, but the 
apparent viscosity depends on the magnitude of dP. Low 
dP is measured at 1% and 10% NaCl, and high dP is 
measured at 5%, 8% and 12% NaCl. Thus, at higher total 
flow rate, the dP is higher for all salinities, but the appar-
ent viscosity is higher at 1 and 10% NaCl (low dP) and 
lower at 5%, 8%, and 12% NaCl (high dP).

3. Linear correlations found between apparent viscosity 
and liquid flow rate in high-quality regime allow pre-
dicting �app , which can be considered when simulating 
foam flow.

4. As the liquid flow rate increases, the apparent viscosity 
overlap based on salinity for cases exhibited low dP and 
based on total flow rate for the cases exhibiting high dP.

Fig. 7  Photographs of the foam droplets exiting the system at increasing gas fraction at 8% NaCl and 0.2 and 0.3  cm3/min of total flow rate
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5. Changes in apparent viscosity are mimicked by changes 
in the length of the foam droplets, which also corre-
spond to the dependence on the total flow rate. Apparent 
viscosity alone is not representative of foam texture, as 
different foam textures can generate similar apparent vis-
cosities for different rocks and experimental conditions.

Funding The authors are grateful to Petroleum Development Oman for 
sponsoring this project CR/DVC/OGRC/17/01.

Declarations 

Conflict of interest The authors declare that they have no conflict of 
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Alvarez J, Rivas H, Rossen W (2001) Unified model for steady-state 
foam behavior at high and low foam qualities. SPE J 6:325–333. 
https:// doi. org/ 10. 2118/ 74141- PA

Behera M, Varade S, Ghosh P, Paul P, Negi A (2014) Foaming in 
micellar solutions: effects of surfactant, salt, and oil concentra-
tions. Ind Eng Chem Res 53:18497–18507. https:// doi. org/ 10. 
1021/ IE503 591V

Cui L, Ma K, Puerto M, Abdala A, Tanakov I, Lu L, Chen Y, Elhag A, 
Johnston K, Biswal S, Hirasaki G (2016) Mobility of Ethomeen 
C12 and carbon dioxide (CO2) foam at high temperature/high 
salinity and in carbonate cores. SPE J 21:1151–1163. https:// doi. 
org/ 10. 2118/ 179726- PA

Elhag A, Da C, Chen Y, Mukherjee N, Noguera J, Alzobaidi S, Reddy 
P, AlSumaiti A, Hirasaki G, Biswal S, Nguyen Q, Johnston K 
(2018) Viscoelastic diamine surfactant for stable carbon diox-
ide/water foams over a wide range in salinity and temperature. J 
Colloid Interface Sci 522:151–162. https:// doi. org/ 10. 1016/j. jcis. 
2018. 03. 037

Ettinger R, Radke C (1992) Influence of texture on steady foam flow in 
Berea sandstone. SPE Res Eng 7:83–90. https:// doi. org/ 10. 2118/ 
19688- PA

Farajzadeh R, Lotfollahi M, Eftekhari A, Rossen W, Hirasaki G (2015) 
Effect of permeability on implicit-texture foam model parameters 
and the limiting capillary pressure. Energy Fuels 29:3011–3018. 
https:// doi. org/ 10. 1021/ acs. energ yfuels. 5b002 48

Firouzi M, Nguyen V (2014) Effects of monovalent anions and cati-
ons on drainage and lifetime of foam films at different interface 

approach speeds. Adv Powder Technol 25:1212–1219. https:// doi. 
org/ 10. 1016/j. apt. 2014. 06. 004

Fuseni A, AlSofi A, AlJulaih A (2018) Development and evaluation of 
foam-based conformance control for a high-salinity and high-tem-
perature carbonate. J Petrol Explor Prod Technol 8:1341–1348. 
https:// doi. org/ 10. 1007/ s13202- 018- 0431-x

Gassara O, Douarche F, Braconnier B, Bourbiaux B (2017) Cali-
brating and interpreting implicit-texture models of foam flow 
through porous media of different permeabilities. J Petrol Sci 
Eng 159:588–602. https:// doi. org/ 10. 1016/j. petrol. 2017. 09. 069

Gauglitz P, Friedman F, Kam S, Rossen W (2002) Foam generation 
in homogeneous porous media. Chem Eng Sci 57:4037–4052. 
https:// doi. org/ 10. 1016/ S0009- 2509(02) 00340-8

Jian G, Zhang L, Da C, Puerto M, Johnston K, Biswal S, Hirasaki 
G (2019) Evaluating the transport behavior of CO2 foam in the 
presence of crude oil under high-temperature and high-salinity 
conditions for carbonate reservoirs. Energy Fuels 33:6038–
6047. https:// doi. org/ 10. 1021/ acs. energ yfuels. 9b006 67

Kahrobaei S, Farajzadeh R (2019) Insights into effects of surfactant 
concentration on foam behavior in porous media. Energy Fuels 
33(2):822–829. https:// doi. org/ 10. 1021/ acs. energ yfuels. 8b035 
76

Kapetas L, Bonnieu S, Danelis S, Rossen W, Farajzadeh R, Eftekhari 
A, Shafian S, Bahrim R (2016) Effect of temperature on foam flow 
in porous media. J Ind Eng Chem 36:229–237. https:// doi. org/ 10. 
1016/j. jiec. 2016. 02. 001

Kapetas L, Bonnieu S, Farajzadeh R, Eftekhari A, Shafian S, Bahrim 
R, Rossen W (2017) Effect of permeability on foam-model param-
eters: an integrated approach from core-flood experiments through 
to foam diversion calculations. Colloids Surf A Physicochem Eng 
Asp 530:172–180. https:// doi. org/ 10. 1016/j. colsu rfa. 2017. 06. 060

Kukizaki M, Baba Y (2008) Effect of surfactant type on microbubble 
formation behavior using Shirasu porous glass (SPG) membranes. 
Colloids Surf A 326:129–137. https:// doi. org/ 10. 1016/j. colsu rfa. 
2008. 05. 025

Ma K, Lopez-Salinas JL, Puerto MC, Miller CA, Biswal SL, Hirasaki 
GJ (2013) Estimation of parameters for the simulation of foam 
flow through porous media. Part 1: the dry-out effect. Energy 
Fuels 27(5):2363–2375. https:// doi. org/ 10. 1021/ ef302 036s

Memon M, Elraies K, Al-Mossawy M (2020) Performance of sur-
factant blend formulations for controlling gas mobility and foam 
propagation under reservoir conditions. J Petrol Explor Prod Tech-
nol 10:3961–3969. https:// doi. org/ 10. 1007/ s13202- 020- 00996-0

Nasr H, Mahmood N, Akbari S, Hematpur H (2020) A comparison of 
foam stability at varying salinities and surfactant concentrations 
using bulk foam tests and sandpack flooding. J Petrol Explor Prod 
Technol 10:271–282. https:// doi. org/ 10. 1007/ s13202- 019- 0707-9

Nguyen Q, Alexandrov A, Zitha P, Currie P (2000) Experimental and 
modeling studies on foam in porous media: a review. Presented 
in SPE international symposium on formation damage control, 
Lafayette, Louisiana, February 23–24. https://doi:https:// doi. org/ 
10. 2118/ 58799- MS.

Osterloh W, Jante M (1992) Effect of gas and liquid velocity on steady-
state foam flow at high temperature. SPE-24179 presented at EOR 
Symposium, Tulsa, Oklahoma. https:// doi. org/ 10. 2118/ 24179- MS

Puerto M, Hirasaki G, Miller C, Barnes J (2012) Surfactant systems 
for EOR in high-temperature, high-salinity environments. SPE J 
17:11–19. https:// doi. org/ 10. 2118/ 129675- PA

Ruckenstein E, Bhakta A (1996) Effect of surfactant and salt concen-
trations on the drainage and collapse of foams involving ionic 
surfactants. Langmuir 12(17):4134–4144. https:// doi. org/ 10. 1021/ 
la960 193x

Rudyk S, Al-Khamisi S, Al-Wahaibi Y, Afzal N (2019) Internal olefin 
sulfonate foam coreflooding in low-permeable limestone at vary-
ing salinity. Energy Fuels 33:8374–8382. https:// doi. org/ 10. 1021/ 
acs. energ yfuels. 9b017 62

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2118/74141-PA
https://doi.org/10.1021/IE503591V
https://doi.org/10.1021/IE503591V
https://doi.org/10.2118/179726-PA
https://doi.org/10.2118/179726-PA
https://doi.org/10.1016/j.jcis.2018.03.037
https://doi.org/10.1016/j.jcis.2018.03.037
https://doi.org/10.2118/19688-PA
https://doi.org/10.2118/19688-PA
https://doi.org/10.1021/acs.energyfuels.5b00248
https://doi.org/10.1016/j.apt.2014.06.004
https://doi.org/10.1016/j.apt.2014.06.004
https://doi.org/10.1007/s13202-018-0431-x
https://doi.org/10.1016/j.petrol.2017.09.069
https://doi.org/10.1016/S0009-2509(02)00340-8
https://doi.org/10.1021/acs.energyfuels.9b00667
https://doi.org/10.1021/acs.energyfuels.8b03576
https://doi.org/10.1021/acs.energyfuels.8b03576
https://doi.org/10.1016/j.jiec.2016.02.001
https://doi.org/10.1016/j.jiec.2016.02.001
https://doi.org/10.1016/j.colsurfa.2017.06.060
https://doi.org/10.1016/j.colsurfa.2008.05.025
https://doi.org/10.1016/j.colsurfa.2008.05.025
https://doi.org/10.1021/ef302036s
https://doi.org/10.1007/s13202-020-00996-0
https://doi.org/10.1007/s13202-019-0707-9
https://doi.org/10.2118/58799-MS
https://doi.org/10.2118/58799-MS
https://doi.org/10.2118/24179-MS
https://doi.org/10.2118/129675-PA
https://doi.org/10.1021/la960193x
https://doi.org/10.1021/la960193x
https://doi.org/10.1021/acs.energyfuels.9b01762
https://doi.org/10.1021/acs.energyfuels.9b01762


3332 Journal of Petroleum Exploration and Production Technology (2021) 11:3321–3332

1 3

Rudyk S, Al-Khamisi S, Al-Wahaibi Y (2020) Governing factors of 
foam flow in porous media of Berea sandstone at 1–8% NaCl. J 
Nat Gas Sci Eng 83:103528. https:// doi. org/ 10. 1016/j. jngse. 2020. 
103528

Rudyk S, Al-Khamisi S, Al-Wahaibi Y (2021) Dependence of pres-
sure drop on surfactant solution flow rate in foam coreflooding 
experiments through 50 mD limestone. J Pet Sci Eng 207:109052. 
https:// doi. org/ 10. 1016/j. petrol. 2021. 109052

Spirov P, Rudyk S (2015) Testing of Snorre field Foam Assisted Water 
Alternating Gas (FAWAG) performance in new foam screening 
model. Oil Gas Sci Technol 70(6):1025–1033. https:// doi. org/ 10. 
2516/ ogst/ 20131 93

Sun L, Wei P, Pu W, Wang B, Wu Y, Tan T (2016) The oil recov-
ery enhancement by nitrogen foam in high-temperature and 

high-salinity environments. J Pet Sci Eng 147:485–494. https:// 
doi. org/ 10. 1016/j. petrol. 2016. 09. 023

Tang G, Kovscek A (2006) Trapped gas fraction during steady-state 
foam flow. Transp Porous Med 65:287–307. https:// doi. org/ 10. 
1007/ s11242- 005- 6093-4

Varade S, Ghosh P (2017) Foaming in aqueous solutions of zwitte-
rionic surfactant: effects of oil and salts. J Disper Sci Technol 
38:1770–1784. https:// doi. org/ 10. 1080/ 01932 691. 2017. 12835 09

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.jngse.2020.103528
https://doi.org/10.1016/j.jngse.2020.103528
https://doi.org/10.1016/j.petrol.2021.109052
https://doi.org/10.2516/ogst/2013193
https://doi.org/10.2516/ogst/2013193
https://doi.org/10.1016/j.petrol.2016.09.023
https://doi.org/10.1016/j.petrol.2016.09.023
https://doi.org/10.1007/s11242-005-6093-4
https://doi.org/10.1007/s11242-005-6093-4
https://doi.org/10.1080/01932691.2017.1283509

	Effects of water salinity on the foam dynamics for EOR application
	Abstract
	Introduction
	Impact of salinity on foamability and foam stability

	Materials and methods
	Materials
	Experimental procedure

	Results and discussion
	dP and apparent viscosity at 1–12% NaCl
	Dependence of dP and  on salinity
	Transition foam quality
	Dependence dP and  on ql and qt
	Length of foam droplets
	Foam texture

	Conclusions
	References




