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Bulk foam analysis (static test) is simple and fast, which makes it a cost-effective method for screening 
and ranking hundreds of surfactants being considered for foam applications. Coreflood tests (dynamic 
test) can also be used, but it is quite laborious and costly. However, previous reports show that ranking 
based on static tests sometimes differs from ranking based on dynamic tests. To date, the reason for 
such a discrepancy is not well understood. Some believe that it may be due to faulty experimental 
design while some others believe that there is no discrepancy if the right foam performance indices 
are used to describe and compare the results from both methods. For the first time, this study 
reports a systematic series of static tests conducted on different foaming solutions (with surfactant 
concentration ranging from 0.025 to 5 wt%) and duplicated in dynamic tests using the same core 
sample for all the surfactant solutions. The dynamic test was also repeated on three different rocks of 
a wide permeability range (26–5000 mD) for each of the surfactant solutions. Unlike previous studies, 
here multiple dynamic foam indices (limiting capillary pressure, apparent viscosity, trapped foam, and 
trapped to mobile foam ratio) were measured and compared with the performance indices measured 
from the static tests (foam texture and foam half-life). Dynamic tests were in total agreement with 
static tests for all the foam formulations. However, it was observed that the pore size of the base filter 
disk used in the static foam analyzer can be a potential source of conflicting results when comparing 
with dynamic test. This is because a threshold pore size exists above which some foam properties 
(apparent viscosity and trapped foam) significantly decreased compared to the properties before 
that threshold. Foam limiting capillary pressure is the only foam property that does not show such 
a trend. It also appears that such threshold occurs above a certain surfactant concentration (0.025 
wt%). Apparently, it becomes imperative that the pore size of the filter disk used in the static test 
and the porous medium used in dynamic tests must be on the same side of the threshold point, 
otherwise there may be disparity in their results. The threshold surfactant concentration should also 
be determined. The role of these two factors (pore size and surfactant concentration) requires further 
investigation.

Foam has many industrial applications including food, pharmaceuticals, the oil and gas industry, etc. In petro-
leum engineering applications, aqueous foam is mainly used to reduce gas mobility during gas injection projects, 
and hence improve oil recovery. Furthermore, foam is used in  CO2 geo-sequestration applications due to its high 
capabilities to reduce gas relative permeability and gas  trapping1. Aqueous foam is formed by dispersing gas into 
a continuous surfactant solution. The gas–liquid interface is stabilized during foam generation due to surfactant 
aggregation at the interface. At the pore scale, the generated foam consists of flowing gas and trapped gas. The 
former occupies large pores which have a low resistance to flow, while the latter occupies small to medium pore 
 spaces2. The foam bubbles are separated by a continuous liquid film called lamellae, which causes an increase in 
the viscous force during flow by creating a high resistance to the gas  flow3.

The generated foam must be strong and stable to achieve the intended results. Different types of surfactant 
and nanoparticles can give different degrees of foam strength and stability. For this reason, many commercial 
surfactants and/or nanoparticles solutions must be screened and ranked for their suitability for application in 
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specific porous media and environmental conditions. Such large-scale screening can be done on bulk foam 
(static foam analysis) or micro foam flowing in porous media (coreflood or dynamic foam analysis). Coreflood 
is laborious and costly. On the other hand, bulk foam analysis is simple and fast, which makes it a cost-effective 
method for screening tens or hundreds of surfactants being considered for foam applications. However, there 
have been some reports on the lack of relationship between static foam and dynamic foam  analysis4. The rela-
tionship between static foam and dynamic foam can be of two types. The first is comparing the ranking of foam 
formulations (based on some defined indices) from static tests with the ranking from dynamic tests. The second 
is a direct comparison of foam performance (strength and stability) of a given foam formulation as measured 
from a static test compared to measurement in dynamic tests. For both cases, there should be a similarity in the 
results if the methodology used is correct and the right indices are compared. For the case of ranking surfactant 
formulations, Mannhardt et al.5 used different experimental methods (coreflood, bulk foam, micromodel obser-
vations, and interfacial parameters) to evaluate and rank the performance of six different foam formulations. 
They found out that each experimental method gave a different performance ranking for the six foam formula-
tions tested, making it difficult to screen or choose the appropriate foam formulation. Similar disparity was also 
reported by Jones et al.6. These researchers then concluded that the evaluation of foams for field applications 
must be done using Core flood experiments at reservoir conditions. For direct comparison, some researchers 
reported that there was no correlation between the foam stability test conducted in static test and those conducted 
in dynamic  tests7,8. On the other hand, some other researchers reported a good correlation between the  two9–14. 
The cause of such disparity is not clear. Some authors simply attribute it to the fact that foam behavior in porous 
media is different from foam behavior in its bulk form. Certainly, foam flow in porous media experiences many 
influencing factors that affect foam behavior in porous media. These include surfactant concentration, injection 
rate, gas fraction (foam quality), temperature, salinity, the presence of impurities (e.g., crude oil), mechanical 
shear and stretching as they pass through pores and throats, adsorption on rock surfaces, and then of course 
the properties of the porous media. Different surfactants will respond differently because of these factors. The 
desired surfactant must have the least adsorption tendency on rock surface and must also be able to gener-
ate strong and stable foam. Hence, adsorption, strength, and stability are the main criteria for screening and 
selecting surfactant for any foam project. Bulk foam analysis can explicitly give an indication of foam stability 
through ‘half-life’ measurement while foam strength can be evaluated based on the bubble texture observed 
through microscopic images of the bulk foam. Adsorption tests can then be conducted on rock samples from 
the reservoir rock of interest. For fairness in ranking among many surfactants, bulk foam analysis is done on all 
the surfactants at the same fluid and experimental conditions (temperature, brine salinity, surfactant concentra-
tion). The Coreflood test can also give an indication of foam strength and stability which are inferred from its 
limiting capillary pressure, apparent viscosity, and resistant factor. Similarly, for fairness in ranking, coreflood 
tests must be conducted in the same rock type for all the surfactants and at the same experimental and fluid 
conditions (brine salinity, surfactant concentration, temperature, pressure, foam quality, injection rate, etc.). If 
after this, disparity occurs in the ranking, then attention may be drawn to experimental errors or in technical 
definition of what the performance indices used in both methods represent. There is therefore the need to carry 
out a well-designed and systematic study to investigate whether results from static foam tests and dynamic tests 
correlate. To the best of the authors’ knowledge, this study is reporting for the first time, a one-to-one comparison 
between multiple static tests (from a single static foam analyzer) and multiple dynamic tests (from the same core 
sample) for a wide range of foam formulations/strength and a wide range of core properties. Many performance 
indices were also obtained from the dynamic tests and compared with bulk test performance indices namely 
half-life, foam volume, and bubble texture. Also, rather than investigating different types of surfactants, here the 
same surfactant is used but with varying concentration, since different surfactant concentration generate foam 
of different strength, texture, and  stability15.

Methodology
The methodology section is divided into bulk foam analysis, rock characterization, and core flooding.

Bulk foam analysis. A conventional static foam analyzer was used to measure foam height and foam half-
life as a function of time at room conditions (23 °C). The static foam analyzer consists of a vertical transparent 
glass column (25 cm high and 4 cm inner diameter) and a filter disc of pore size ranging from 40 to 100 µm at 
the base. A volume of 50 cc of the bulk fluid (various concentrations of surfactant solutions in seawater) was 
placed in the glass column. The bulk foam was then generated by sparging nitrogen gas through the filter disk 
mounted below the bulk fluid at a gas rate of 0.3 L per minute for the duration of 12 s. Foam volume/height, 
half-life/stability, and microscopic images/texture were then measured over time. The surface tension of the sur-
factant solutions was also measured using a dynamic contact angle tensiometer. The details of the measurement 
apparatus and procedure are provided in a previous  study16.

Rock and fluid characterization. Three outcrop rock samples covering both sandstone and carbonate 
with a wide permeability range were acquired and cut into cylindrical plugs whose dimensions and petrophysi-
cal properties are listed in Table 1. The pore structure of the rock samples was analyzed using a high-resolution 
micro-CT scanner on the end pieces extracted from the edge of the rock samples. The details of the procedure 
and experimental apparatus are provided in a previous  paper17,18. A pore network modeling conducted on the 
micro-CT images generated information about the average pore size and average pore throat size of the rock 
samples.

Nuclear magnetic resonance relaxation measurements were also conducted on the samples when they were 
100% saturated with brine, using a low field (2 MHz) benchtop NMR apparatus. Such measurements provide 
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information on the pore size distribution of the rocks in terms of the relaxation rate of the hydrogen nuclei of 
the fluid in the different pores.

Porous plate measurements were conducted on the rock samples to obtain the capillary pressure distribution 
for the different rock samples. Such capillary pressure curves are needed to identify the limiting capillary pressure 
at which foam begins to coalesce or rupture.

A synthetic brine with a salt concentration of 67,479 ppm was prepared in the laboratory (Table 2). Different 
concentrations of a nonionic surfactant (Triton X-100) were then dissolved in the brine to form the surfactant 
solutions. A non-ionic surfactant was used because our previous study showed that it outperformed other types 
of  surfactants11. Nitrogen gas with 99.9% purity was used as the gas phase in all experiments. Brine with differ-
ent surfactant concentrations was prepared in batches namely: 0.025 wt%.; 0.05 wt%.; 0.1 wt%.; 0.5 wt%.; 1 wt/
vol %.; 2.5 wt%.; and 5 wt%.

Coreflood procedure. For a given batch of surfactant solution, the rock samples were initially saturated 
with the solution by a vacuum saturation method. Coreflood experiments were conducted at an atmospheric 
temperature of 23 °C, confining pressure of 2200 psi, and back pressure of 1450 psi. Before the gas injection, the 
rock sample was further injected with about 2 pore volumes of the surfactant solution at an injection rate of 0.5 
 cm3/min to ensure full saturation with surfactant and to reduce the impact of surfactant losses by adsorption 
to the rock surface. Differential pressure transducers were installed on the Coreflood apparatus to measure and 
record pressure data on the computer station at an interval of 5 s. Electrical resistivity ports were also installed 
on the core holder to monitor the electrical resistivity of the rock sample and recorded on the computer. The 
adopted coreflood procedure for foam injection was described in our previous articles and allowed for trapped 
and mobile foam saturation to be monitored  continuously17,19,20. In this method, about 0.1 pv of gas was injected 
into the rock sample initially saturated with surfactant solution at a rate of 0.5  cm3/min and followed by a con-
tinuous brine (containing surfactant) injection until a steady state was reached. The trapped gas at this steady 
state is then measured through resistivity measurement. This is then followed by a second cycle, where a higher 
pore volume of gas (e.g., 0.2 pv) is injected and followed by a continuous brine injection until another steady 
state and the new trapped gas saturation and mobile foam were measured. The experiment was stopped when 
there were no significant changes in resistance and pressure drop measurement with an increase in the PV of gas 
injected into the rock sample. Here, the global steady of trapped gas was attained.

Results and discussions
Bulk foam. Figure 1 shows the foam texture analysis at different concentration of surfactant solutions and 
at the different elapsed times after they were generated in the static foam analyzer. Moving from left to right 
for each surfactant concentration in Fig. 1, foam bubbles collapse with elapsed time due to Ostwald ripening 

Table 1.  Summary of rock samples.

Rock properties

Rock samples

AC B IDG

Helium porosity (%) 26.8 22.1 29.2

Absolute helium perm. (mD) 26 278 5000

Length (cm) 10.44 9.35 10.41

Diameter (cm) 3.78 3.78 3.77

Rock type Chalk Sandstone Sandstone

Calcite (%) 98 – –

Quartz (%) – 92 80

Kaolinite (%) – 7 –

Montmorillonite (%) 2 1 11

Muscovite/Illite (%) – Trace 1

Feldspar (%) – – 8

Table 2.  Brine composition.

Salt Weight (g/L)

NaHCO3 0.17

Na2S04 6.34

NaCl 41.17

CaCl·2H20 2.39

MgCl2·6H20 17.42

Total 67.48
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or bubble coalescence. This results in larger bubble sizes and smaller bubble density (numbers) as the foam 
ages and its height decreases. However, an increase in surfactant concentration (moving from top to bottom in 
Fig. 1) at each elapsed time, results in a better foam texture. The effect of surfactant concentration appears to be 
optimum at a concentration of 2.5 wt%. Hence, there was no substantial improvement in foam texture beyond 
this concentration.

In terms of the foam stability, as shown in Fig. 2, foam half-life increases with an increase in surfactant con-
centrations. However, at concentration above 2.5 wt%, the increase of the half-life is not so significant. Similarly, 
in Fig. 3, the measurement of the surface tension was very steep up to 2.5–5 wt%, after which the reduction 
was founds to be gradual. It is clear from Figs. 2 and 3 that an asymptote has not been reached, which indicates 
that slight changes in foam properties occur as surfactant concentration is increased. Nonetheless, an optimum 
surfactant concentration value is required, which is the concentration beyond which the properties of the foam 
do not change significantly to justify the associated cost of increasing the concentration. From the analysis of the 
bulk foam in this study, 2.5 wt% appears to be the optimum concentration. The findings from the investigation 
of optimum surfactant concentration for foam performance in porous media are presented in the next section.

Foam in rock samples. First, the pore characteristics of the rock samples are presented in terms of their 
capillary pressure curves (Fig. 4) and NMR  T2 relaxation distribution (Fig. 5). Table 2 also summarizes other 

Figure 1.  The texture of bulk foam at different time steps after bulk foam was generated (0–3600 s). The texture 
is shown for different surfactant concentrations ranging from 0.02 to 10 wt%.
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Figure 2.  Foam half-life versus surfactant concentrations.
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Figure 3.  Surface tension of surfactant solution at various concentrations.
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data on pore structure based on micro-CT image-based pore network models and XRD analysis. It is obvious 
from these figures that the three rock samples are significantly distinct from one another in terms of porosity, 
permeability, capillary pressures, and pore size distribution. This paves the way for a more holistic study of the 
impact of a wide range of rock pore structures on foam properties. Sample IDG has a low capillary pressure 
regime because of the large pore sizes (as illustrated by the long  T2 relaxation in Fig. 5), while sample AC has the 
highest capillary pressure because it has the lowest pore size (short  T2 relaxation). Sample B lies between the two 
extremes in all definitions of pore characters as shown in Table 3.

Trapped and mobile foam saturation of the rock samples were estimated from measured resistivity values by 
using Archie’s equation (Eq. 1).

where Sw is the in-situ water saturation in the rock sample (in fraction), R0 (ohm-m) is the electrical resistivity 
of the rock when it is 100% saturated with brine (with dissolved surfactant), Rt (ohm-m) is the resistivity of the 
rock at partial water saturation, and ‘n’ is the saturation exponent, a parameter derived during a porous plate 
resistivity index experiment. Since only two phases were flowing through the porous medium, i.e., liquid and 
gas, gas, or foamed gas saturation ( Sg ) at any instance is estimated with Eq. (2).

Figures 6, 7, 8, 9, 10 and 11 show different foam properties (trapped foam, apparent viscosity, limiting capil-
lary pressure, mobile-to-trapped foam ratio) versus surfactant concentration in all three rock samples. These 
foam properties changed as surfactant concentration increased to different degrees.

In terms of the effect of surfactant concentration on given foam properties, a good agreement was observed 
among all measured bulk foam properties and foam properties in the rock samples. All static and dynamic foam 
properties were improved with an increase in surfactant concentration (foam strength). However, disparity occurs 
when the effect of pore properties was considered in the comparison, which suggests that the comparison of 
foam properties in different rocks must be done cautiously.

Figures 6, 7, 8, 9, 10 and 11 show how surfactant concentration affects trapped foam, apparent viscosity, 
and limiting capillary pressure in a variety of rocks with a wide range of pore character: permeability range of 
26–5000 mD; average pore size of 4–9 µm; average throat size of 2.7–6 µm. The saturation of trapped foam and 
consequently the apparent viscosity of foam increase for every increase in surfactant concentration (by exten-
sion for every increase in foam strength) and with each rock pore character, represented by a data point in the 
figures. However, the character of the pores above a threshold value has a reverse effect on the foam properties as 
seen in Fig. 6. Based on these figures, it appears that an optimum permeability value exists somewhere between 

(1)Sw =

(

R0

Rt

)1/n

(2)Sg = 1− Sw

Table 3.  Summary of rock properties and pore geometry.

Pore character

Rock samples

AC B IDG

Helium porosity (%) 26.8 22.1 29.2

Absolute helium perm. (mD) 26 278 5000

Average pore radius (µm) 4.06 5.67 8.87

Average throat radius (µm) 2.72 3.5 5.89

Average aspect ratio 1.5 1.62 1.5

T2LM (ms) 60 117 571

Figure 6.  Effect of surfactant concentration on (A) trapped foam (B) Apparent viscosity of foam, for different 
permeability.
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278 and 5000 mD at which foam properties reverse its trend from the initial trend. Interestingly, the reversal 
(or drop in) trapped foam saturation and apparent viscosity only occur when the surfactant concentration is 
higher than 0.025 wt%. As the surfactant concentration increases, the severity of the reversal increases (i.e., the 
curve becomes more concave). The exact reason for this requires a more comprehensive study. There is almost a 
complete overlap between surfactant concentration of 2.5 wt and 5 wt%, for foam trapping (Fig. 6) and limiting 
capillary pressure (Fig. 7).

The similarity between the behavior of foam trapping and the apparent viscosity of foam shows that trapped 
foam saturation is mainly governed by the apparent viscosity of foam.

Figure 7.  Effect of surfactant concentration on (A) limiting capillary pressure of foam (B) mobile-to-trapped 
foam ratio, for different permeability.

Figure 8.  Effect of surfactant concentration on (A) trapped foam (B) mobile-to-trapped foam ratio for different 
pore sizes.

Figure 9.  Effect of surfactant concentration on (A) limiting capillary pressure of foam (B) mobile-to-trapped 
foam ratio, for different pore sizes.
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The limiting capillary pressures of foam also increase when surfactant concentration increases (Fig. 7A). 
However, with respect to changes in permeability, the limiting capillary pressure of foam differs from other foam 
properties (i.e. trapped foam saturation and its apparent viscosity). The limiting capillary pressure decreases 
as permeability increases. This is expected because the capillary pressure regimes in high-permeability rocks 
are not as high as in lower-permeability rocks. Hence, since foam limiting capillary pressure is the most direct 
measure of foam  strength12, foam is stronger in low-permeability rock than in high-permeability rock, and with 
an increase in surfactant concentration, it further increases the strength of generated foam (Fig. 7A). There is 
also no reversal in the limiting capillary pressure trend as was observed in the case of trapped foam saturation 
and apparent viscosity in Fig. 6.

Since increasing surfactant concentration increased trapped foam saturation (Fig. 6A), it is then expected 
that mobile foam saturation decreases as surfactant concentration increases as shown in Fig. 7B. Similarly, for 
the same reason, the mobile-to-trapped foam decreases with an increase in permeability, with a similar reversal 
at the same threshold permeability value in Fig. 6A.

Based on the results in Figs. 6 and 7, it can be suggested that trapped foam saturation directly affects apparent 
viscosity and mobile-to-trapped foam ratio. Hence, trapped foam saturation or any of its dependent variables can 
be used to compare foam performance in rocks of the same pore character. However, it cannot be said that foam 
strength increases with increased trapping when comparing two different rock pore geometry since trapping and 
limiting capillary pressure have a different correlation with the change in pore geometry.

It was earlier shown that foam with large bubbles corresponds to weak foam based on bulk foam analysis in 
Fig. 1. Also, rocks with large pores, large throats, and high permeability enhance the formation of large bubbles 
(large foam texture) since foam assumes the structure of the pores where they are generated. The tendency of 
weak (coarse) foam to flow is also lower because of low differential pressure and low flow velocity across high 
permeability  rock19,21,22. Hence, they remain trapped due to insufficient pressure drop present in high perme-
ability rocks. As a result, trapped foam saturation is expected to rise with increased permeability and vice versa. 
The limiting capillary pressure of foam also decreases with an increase in permeability (Fig. 7), a confirmation 
that high permeability rocks generate weaker foam than lower permeability rocks. It therefore becomes difficult 
to judge if higher trapped foam saturation in one rock sample relative to another is an indication of stronger 
foam or weaker foam.

The aforementioned foam properties were plotted with other rock pore characters (average pore size, average 
throat size, and the log mean of  T2 relaxation). These foam properties have similar responses to the variation in 
these pore characters as shown in Fig. 8 (Trapped foam and apparent viscosity versus pore size); Fig. 9 (limiting 

Figure 10.  Effect of surfactant concentration on (A) trapped foam (B) apparent viscosity, for different  T2LM.

Figure 11.  Effect of surfactant concentration on (A) limiting capillary pressure of foam (B) mobile-to-trapped 
foam ratio, for different  T2LM.
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capillary pressure and mobile-to-trapped foam ratio versus pore size); Fig. 10 (trapped foam and apparent vis-
cosity versus NMR  T2); and Fig. 11 (limiting capillary pressure and mobile-to-trapped foam ratio versus NMR 
 T2). Average pore size can also be represented in terms of the logarithmic mean of NMR  T2 relaxation since  T2 
relaxation has a one-to-one relationship with pore size. The larger the pore size, the longer the  T2 relaxation time.

To determine the optimum surfactant concentration for foam in porous media, each of the foam properties 
was plotted against surfactant concentration for the three rock samples tested (Figs. 12, 13, 14 and 15). From 
the results, it can be concluded that the optimum surfactant concentration for foam trapping, apparent viscos-
ity, mobile-to-trapped foam ratio, and limiting capillary pressure appears to be 1 wt%, in sample B and IDG, 
while that for sample AC appears to be 2.5 wt%. This optimum value is similar for bulk foam, which is 2.5 wt%.

Comparison between bulk foam and foam in porous media. The findings above have a signifi-
cant implication when comparing foam properties measured by a different group of researchers or measured 
using different experimental procedures. Static foam analyzers have a porous disk at their base with varying 
permeability or pore size distributions. For example, the pore size distribution of the porous disk in the static 
foam analyzer used in this study is 40–100 µm. If another group of researchers working elsewhere with a foam 
analyzer (with an average pore size of say 4 µm) conduct a similar experiment with the same surfactant type 
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and concentration, they may not be able to replicate the results. This is because both research groups use static 
foam analyzers with different base porous disks, whose individual pore sizes fall on two different extremes of the 
threshold pore size/permeability values reported in Figs. 8 and 10. There is a variety of specifications of static 
foam analyzers available, with the pore sizes of the base porous disk (filter) ranging from 0.5 to 100 µm11,12,16,23, 
which makes the experimental conditions differ, especially the capillary pressure. Some other foam analyzers do 
not use a porous disk to generate foam, but by mere mixing gas and surfactant solution at defined speeds like 
in a  blender9,24. Since the foam texture or bubble size is dependent on the pore size of the porous  discs25 or the 
mixing speed, the rate of foam decay, half-life, and other foam properties can defer among the foam analyzers for 
the same foam formulation. It is therefore a good practice for researchers to report more information about the 
static foam analyzer used in the reported tests such as the average pore size of base porous disk, the procedure 
for generating foam in the foam column (gas sparging or blender method), gas bubbling rate through the disk 
(for gas sparging foam analyzer), the stirring rate (for a blender type of foam analyzer). There is also a concern 
about whether static foam tests measure foam stability only or whether it gives an indication of foam  strength26. 
Hence, for a fair comparison between static foam and dynamic foam, the porous disk or filter in the static foam 
analyzer must have a similar pore geometry as the rock samples used in core flooding experiments.

Conclusions
In this study, we investigated and compared the properties of both bulk foam and foam in porous media for 
different foam solutions. To do so, static foam analysis was conducted using a conventional static foam analyzer. 
Foam volume/height, half-life/stability, and microscopic texture were measured over time. Core flooding experi-
ments were also conducted to obtain various foam properties in porous media. Based on the results of this study 
and under the experimental conditions, the following main conclusions are drawn:

• Bulk foam performance is in total agreement with foam performance in porous media when the appropriate 
performance indices are compared.

• Increasing surfactant concentration increased bulk foam half-life and foam texture until an optimum sur-
factant concentration above which increasing the concentration did not yield a significant change in foam 
properties. Similarly, increasing surfactant concentration increased trapping, apparent viscosity, and limiting 
capillary pressure of foam in porous media until an optimum surfactant concentration. Further increase in 
concentration did not show a significant change in foam properties. The optimum surfactant concentration 
in the static test was 2.5 wt%. while that of dynamic test was 2.5 wt% for one of the core samples and 1 wt%. 
for the other two samples.

• At a surfactant concentration above 0.025 wt%, trapped foam and apparent viscosity of foam increased in 
porous media with larger pore size/permeability until above a certain threshold value where foam trapping 
and apparent viscosity decreased. The reverse trend did not occur at a surfactant concentration of 0.025 wt% 
and for the foam limiting capillary pressure. The reason for this is not clear and requires further studies.

• Where comparison is to be made between static test and dynamic test, adequate information must be provided 
about specifications of the static foam analyzer used and the procedure for generating foam in it. To have a 
match between the two methods, the pore size of static foam analyzer must match that of coreflood sample. 
The flow rate of gas used in both experiments must also match. Researchers must therefore report more 
information about each method such as the average pore size of base porous disk, the procedure for generat-
ing foam in the foam column (gas sparging or blender method), gas bubbling rate through the disk (for gas 
sparging foam analyzer), the stirring rate (for a blender type of foam analyzer). It is also recommended that 
coreflood tests for screening purposes be conducted on the same rock type.

Data availability
The datasets generated during and analyzed during the current study are available from the corresponding author 
on reasonable request.
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Figure 15.  Limiting capillary pressure of foam versus surfactant concentration in three rock samples.



11

Vol.:(0123456789)

Scientific Reports |         (2023) 13:8058  | https://doi.org/10.1038/s41598-023-35278-2

www.nature.com/scientificreports/

Received: 1 March 2023; Accepted: 16 May 2023

References
 1. Føyen, T., Brattekås, B., Fernø, M. A., Barrabino, A. & Holt, T. Increased  CO2 storage capacity using CO2-foam. Int. J. Greenh. Gas 

Control 96, 103016. https:// doi. org/ 10. 1016/j. ijggc. 2020. 103016 (2020).
 2. Kovscek, A.R., Patzek, T.W002E & Radke, C.J. Simulation of foam transport in porous media. 115–163. https:// doi. org/ 10. 2118/ 

26402- ms (1993).
 3. Kahrobaei, S. & Farajzadeh, R. Insights into effects of surfactant concentration on foam behavior in porous media. Energy Fuels 

33, 822–829. https:// doi. org/ 10. 1021/ acs. energ yfuels. 8b035 76 (2019).
 4. Zhang, Z. F., Freedman, V. L. & Zhong, L. Foam Transport in Porous Media - A Review (Elsevier, 2009).
 5. Mannhardt, K., Novosad, J. J. & Schramm, L. L. Comparative evaluation of foam stability to oil. SPE Reserv. Eval. Eng. 3, 23–34. 

https:// doi. org/ 10. 2118/ 60686- PA (2000).
 6. Jones, S. A., Laskaris, G., Vincent-Bonnieu, S., Farajzadeh, R. & Rossen, W. R. Effect of surfactant concentration on foam: From 

coreflood experiments to implicit-texture foam-model parameters. J. Ind. Eng. Chem. 37, 268–276. https:// doi. org/ 10. 1016/j. jiec. 
2016. 03. 041 (2016).

 7. Osei-Bonsu, K., Grassia, P. & Shokri, N. Relationship between bulk foam stability, surfactant formulation and oil displacement 
efficiency in porous media. Fuel 203, 403–410. https:// doi. org/ 10. 1016/j. fuel. 2017. 04. 114 (2017).

 8. Dalland, M., Hanssen, J. E. & Kristiansen, T. S. Oil interaction with foams under static and flowing conditions in porous media. 
Colloids Surf. A 82, 129–140. https:// doi. org/ 10. 1016/ 0927- 7757(93) 02628-R (1994).

 9. Suleymani, M., Ghotbi, C., Ashoori, S., Moghadasi, J. & Kharrat, R. Theoretical and experimental study of foam stability mechanism 
by nanoparticles: Interfacial, bulk, and porous media behavior. J. Mol. Liq. 304, 112739. https:// doi. org/ 10. 1016/j. molliq. 2020. 
112739 (2020).

 10. Hanamertani, A. S. & Ahmed, S. Probing the role of associative polymer on  scCO2-foam strength and rheology enhancement 
in bulk and porous media for improving oil displacement efficiency. Energy 228, 120531. https:// doi. org/ 10. 1016/j. energy. 2021. 
120531 (2021).

 11. Rezaee, M., Hosseini-Nasab, S. M., Fahimpour, J. & Sharifi, M. New Insight on improving foam stability and foam flooding using 
fly-ash in the presence of crude oil. J. Pet. Sci. Eng. 214, 110534. https:// doi. org/ 10. 1016/j. petrol. 2022. 110534 (2022).

 12. Wei, P., Zhai, K., Guo, K., Xie, Y. & Huang, X. Highly viscous liquid foam for oil-displacement: Surface & phase behavior enhance-
ment. J. Pet. Sci. Eng. 212, 110274. https:// doi. org/ 10. 1016/j. petrol. 2022. 110274 (2022).

 13. Yu, Y., Hanamertani, A.S., Korsah, P.K., Jiao, Z. & McLaughlin, J.F. Feasibility of bulk  CO2-foam screening for carbon storage 
evaluations at reservoir conditions. in SPE Western Regional Meeting Proceedings. https:// doi. org/ 10. 2118/ 209315- MS (2022).

 14. Vikingstad, A. K. & Aarra, M. G. Comparing the static and dynamic foam properties of a fluorinated and an alpha olefin sulfonate 
surfactant. J. Petrol. Sci. Eng. 65, 105–111. https:// doi. org/ 10. 1016/j. petrol. 2008. 12. 027 (2009).

 15. Li, B., Li, H., Cao, A. & Wang, F. Effect of surfactant concentration on foam texture and flow characteristics in porous media. Col-
loids Surf. A 560, 189–197. https:// doi. org/ 10. 1016/J. COLSU RFA. 2018. 10. 027 (2019).

 16. Sakthivel, S., Adebayo, A. & Kanj, M. Y. Experimental evaluation of carbon dots stabilized foam for enhanced oil recovery. Energy 
Fuels 33, 9629–9643. https:// doi. org/ 10. 1021/ acs. energ yfuels. 9b022 35 (2019).

 17. Adebayo, A. R. A graphical interpretation technique to evaluate strength and stability of foam in porous media based on mobile-
trapped foam ratio. Transp. Porous Media 139, 327–355. https:// doi. org/ 10. 1007/ s11242- 021- 01668-1 (2021).

 18. Adebayo, A. R. Foam flow in different pore systems—part 1: The roles of pore attributes and their variation on trapping and appar-
ent viscosity of foam. SPE J. 26, 3908–3925. https:// doi. org/ 10. 2118/ 206719- pa (2021).

 19. Adebayo, A. R. Foam flow in different pore systems—part 2: The roles of pore attributes on the limiting capillary pressure. Trapp. 
Coeff. Relat. Permeab. Foamed Gas SPE J. 26, 3926–3948. https:// doi. org/ 10. 2118/ 205523- pa (2021).

 20. Adebayo, A. R. Measurements of capillary pressure and relative permeability curves for foam transport in porous media—A capil-
lary bundle approach. J. Petrol. Sci. Eng. 172, 1048–1056. https:// doi. org/ 10. 1016/j. petrol. 2018. 09. 012 (2019).

 21. Cohen, D., Patzek, T. W. & Radke, C. J. Onset of mobilization and the fraction of trapped foam in porous media. Transp. Porous 
Media 28, 253–284. https:// doi. org/ 10. 1023/A: 10065 52320 036 (1997).

 22. Gauglitz, P.A., Friedmann, F., Kam, S.I. & Rossen, W.R. Foam generation in porous media. in Proceedings - SPE Symposium on 
Improved Oil Recovery 508–522 (2002).

 23. Khristov, K., Exerowa, D., Christov, L., Makievski, A. V. & Miller, R. Foam analyzer: An instrument based on the foam pressure 
drop technique. Rev. Sci. Instrum. 75, 4797–4803. https:// doi. org/ 10. 1063/1. 18092 94 (2004).

 24. Vikingstad, A. K., Skauge, A., Høiland, H. & Aarra, M. Foam-oil interactions analyzed by static foam tests. Colloids Surf. A 260, 
189–198. https:// doi. org/ 10. 1016/j. colsu rfa. 2005. 02. 034 (2005).

 25. Wang, Y., Yue, X., Liu, K., Bo, Z. & Qing, L. Effect of permeability on foam mobility and flow resistance distribution—an experi-
mental study. Colloids Surf. A Physicochem. Eng. Aspects. 582, 123769. https:// doi. org/ 10. 1016/j. colsu rfa. 2019. 123769 (2019).

 26. Ibrahim, K. Z., Adebayo, A. R., Isah, A. & Muhammed, N. S. A literature review of strength and stability of foam and their relation-
ship with the absolute permeability of porous media. J. Pet. Sci. Eng. 211, 110195. https:// doi. org/ 10. 1016/j. petrol. 2022. 110195 
(2022).

Acknowledgements
The authors thank the college of petroleum engineering & geosciences for research funding.

Author contributions
A.R. provided conceptualization, analyzed results, and wrote the manuscript. S.B. and S.S. carried out experi-
ments and data curation. M.R. and R.B. analyzed data and edited the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.R.A.

Reprints and permissions information is available at www.nature.com/reprints.

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

https://doi.org/10.1016/j.ijggc.2020.103016
https://doi.org/10.2118/26402-ms
https://doi.org/10.2118/26402-ms
https://doi.org/10.1021/acs.energyfuels.8b03576
https://doi.org/10.2118/60686-PA
https://doi.org/10.1016/j.jiec.2016.03.041
https://doi.org/10.1016/j.jiec.2016.03.041
https://doi.org/10.1016/j.fuel.2017.04.114
https://doi.org/10.1016/0927-7757(93)02628-R
https://doi.org/10.1016/j.molliq.2020.112739
https://doi.org/10.1016/j.molliq.2020.112739
https://doi.org/10.1016/j.energy.2021.120531
https://doi.org/10.1016/j.energy.2021.120531
https://doi.org/10.1016/j.petrol.2022.110534
https://doi.org/10.1016/j.petrol.2022.110274
https://doi.org/10.2118/209315-MS
https://doi.org/10.1016/j.petrol.2008.12.027
https://doi.org/10.1016/J.COLSURFA.2018.10.027
https://doi.org/10.1021/acs.energyfuels.9b02235
https://doi.org/10.1007/s11242-021-01668-1
https://doi.org/10.2118/206719-pa
https://doi.org/10.2118/205523-pa
https://doi.org/10.1016/j.petrol.2018.09.012
https://doi.org/10.1023/A:1006552320036
https://doi.org/10.1063/1.1809294
https://doi.org/10.1016/j.colsurfa.2005.02.034
https://doi.org/10.1016/j.colsurfa.2019.123769
https://doi.org/10.1016/j.petrol.2022.110195
www.nature.com/reprints


12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:8058  | https://doi.org/10.1038/s41598-023-35278-2

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, 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/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	A systematic investigation of the relationship between properties of bulk foam and foam in porous media
	Methodology
	Bulk foam analysis. 
	Rock and fluid characterization. 
	Coreflood procedure. 

	Results and discussions
	Bulk foam. 
	Foam in rock samples. 
	Comparison between bulk foam and foam in porous media. 

	Conclusions
	References
	Acknowledgements


