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Dimensionless analysis of
foam stability for application in
enhanced oil recovery
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The stability of foam during injection into oil reservoirs is critical, especially under high-temperature
and high-salinity conditions. This study formulates foam stabilizers using one polymer, two
surfactants, and six types of nanoparticles (NPs). Foam stability was assessed with a static setup,
examining factors such as interfacial tension (IFT), bubble characteristics, and solution viscosity
through dimensionless numbers: Bond number (Bo), Worthington number (We), and Neumann
number (Ne). A new formula for dimensionless electrical conductivity was also introduced. Results
showed that at optimal concentrations of the four additives, foam stability improved with NPs due
to enhanced surface charge from in situ physiochemical reactions, promoting their migration to the
fluid interface. Notably, Ne proved more effective than Bo and We in describing foam stability as it
accounts for droplet height’s impact on IFT. Acidic NPs demonstrated greater electrostatic force than
amphoteric NPs, correlating with improved foam stability reflected in a downward trend in the Ne
plot. Additionally, we analyzed the coarsening rate of foam bubbles over time and its relationship
to stability. Our findings suggest that dimensionless numbers serve as valuable benchmarks for
evaluating foam stability across various additive mechanisms.

Keywords Bond number, Dimensionless numbers, Foam stability, Modified foam, Neumann number,
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Because of imbalance between the supply and demand for hydrocarbon fuels on one side and the depletion
of oil resources on the other side, applying enhanced oil recovery (EOR) methods are gaining more attention
to improve reservoir yields'~>. Gas injection is a prevalent process for residual oil recovery after primary and
secondary processes*; however, it associates with various challenges. For instance, it may not have adequate
sweep efficiency due to viscous fingering, and gravity segregation®. Various recovery techniques like water-
alternative-gas (WAG) are employed to control the mobility of gas in the reservoir. However, WAG suffers from
several disadvantages such as the complexities of the operational conditions, high operational costs, and gravity
segregation problems®. As an alternative method, gas could be injected in the form of foam to control the gas
mobility”®. Foam is composed of a continuous liquid phase and dispersed gas phase’. Due to the resistance
generated by the liquid film (lamella), the foam viscosity is more compared to that of gas, which helps to control
high gas mobility!®!!. Thus, foam movement in the porous media is more piston-like especially in heterogeneous
porous media, leading to a decent recovery factor. In addition, foams can block the high-permeability paths, and
move towards low permeability area'?~'°, making foam injection a more suitable candidate for recovering oil
from fractured reservoirs. It also increases the capillary number by diminishing IFT and raising the displacing
fluid viscosity, which are the main objectives of any EOR method. Other applications of foams include leakage
sealing in the gas storage reservoirs'’, aquifer remediation'®, water production control in reservoirs'®, and
acid diversion during well stimulation processes?’. Nonetheless, the thermodynamic instability of foams is a
challenging issue, preventing its long-term use in industrial applications®!2.

Different foam stabilizing agents have been used to enhance the foam stability through different mechanisms
including improvement in bubbles durability?»*! and viscoelasticity?®, reduction in surfactant adsorption in
porous media®®, and decrease in foam drainage?’. In recent years, a mixture of NPs and surfactants have been
widely used as foam stabilizer’®?’. Nanotechnology has provided a new opportunity to apply foam for EOR
applications®*-32. The NPs have prominent characters including the high ratio of surface area to volume, small
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size (that prevents blockage of the pore throats), dispensability, and appropriate physicochemical properties*3-3.

Moreover, NPs could decrease gas diffusion between the foam bubbles, preventing bubbles coalescence, and
increasing their durability’’~*!. Considering the positive impact of NPs on the foam stability, six acidic and
amphoteric NPs (namely Sio,, Alzos’ ZrOZ, TiOz, Fe,0,, and NiO) were used for enhancing foam stability
by our research team and the results are available elsewhere*?. Besides the nanoparticle type, we examined the
influence of other factors on foam stability such as pressure, temperature, nanoparticle concentration, polymer
and surfactant type and concentration as foam stabilizers.

So far, the stability of foams has been evaluated using various methods such as the data of foam height
over time**~*? and recovery data from core flooding experiments®*->* and micromodel tests**-4>5-8, To better
understand the correlation between various parameters and the effect of different phenomena involved in the
foam stability, dimensionless numbers were used in this study.

Dimensionless numbers are a set of dimensionless quantities that are employed to analyze the behavior of
a system, particularly in fluid dynamics and transport phenomena. Because they allow for the comparison of
different systems that may have different physical properties or be operating under different conditions. This
approach reduces the number of parameters describing a system, thus subsiding the required number of
experimental data for developing empirical correlations®. Generally, dimensionless numbers are defined as the
proportion of different forces; therefore, they could be employed to clarify the effect of those forces on the
process under study®.

Surface tension force plays the key role on the behaviour of colloidal systems including foam, wherein this
force directly affects the formation, shape, and stability of foam bubbles®!. Furthermore, the gravity forces
significantly affect foam shape and stability.

Limited research has explored into the impact of dimensionless numbers on foam stability, particularly
within the area of EOR. Recently, Reynolds number (Re) and the Ohnesorge number (Oh) have been used to
study foam stability®>%3. When the flow regime is intermediate (3 10* < Re <8x 10%), an increase in Reynolds
number correlates with foam expansion rates, indicative of enhanced foam stability. Conversely, in turbulent
flow regime (Re> 10°), an increase in Reynolds number triggers a decline in foam expansion rate, showing
diminished foam stability®2. Also, high Ohnesorge values corresponded to more stable foams due to increased
viscosity and surface tension, preventing the foam bubbles against collapse®®. The Reynolds number, which is a
measure of the ratio of inertial forces to viscous forces, is typically used to predict flow patterns in different fluid
flow situations. Although it is important in fluid dynamics, it is less relevant to the specific phenomena of foam
stability, which is more influenced by surface tension and gravitational forces rather than inertial forces. Besides,
the Ohnesorge number is a dimensionless number that relates the viscous forces to the inertial and surface
tension forces. It is often used in the study of droplet dynamics and spray formation. While it is relevant in some
aspects of foam formation, it does not directly address the balance of forces that are critical for foam stability,
including gravity and surface tension. Consequently, the Bond number, Worthington number, and Neumann
number were chosen in this study because of their direct relevance to the forces and dynamics that govern foam
stability, making them more suitable than the Reynolds or Ohnesorge numbers for this specific investigation.

Application of dimensional analysis in correlation of data
Bond number

(Bo) is defined as the ratio of gravitational forces to the surface tension force. Worthington first calculated
IFT of a droplet under gravity force by measuring drop pressure from a curved droplet in a glass tube®*. The
axisymmetric drop shape analysis (ADSA)® was used to measure the surface/interfacial properties of different
fluid pairs. This method involves fitting the Young-Laplace equation into the interface of the drop®*®’. In 1883,
Bashforth and Adams®® presented the numerical solution to the Young-Laplace equation and concluded that
gravitational and surface tension forces compete to affect the shape of a pendant drop. Later on, the ratio of
gravitational to the surface tension force was named “Bond Number (Bo)” by Merrington and Richardson in
1947 ¢

2
Bo— 2p9Y (1)
g

where o is the surface/interfacial tension of the fluid pair, Ap is the density difference between the two fluids, g
is the gravitational acceleration, and b is the radius of curvature at the apex of the drop. A high Bond number
indicates that the gravitational force is dominant, resulting in more elongated shape of bubbles and drops.
Conversely, when the bond number becomes less than one, it shows that the shape of the interface is mainly
affected by the surface tension force, resulting in more spherical shapes. Intermediate values of Bond number
demonstrate a balance between the surface tension and gravitational forces’®. Even though not explicitly
highlighted in the search findings, we ascertain that the Bond number significantly influences foam stability by
characterizing the balance between gravitational and surface tension forces. Understanding and controlling this
parameter can lead to improved foam formulations and stability in enhanced oil recovery applications.

Worthington number

(Wo), is a dimensionless number that shows how the bubble volume influences IFT measurement accuracy. It
represented the ratio of the actual volume of a bubble (V,) and maximum bubble volume that should detach
from the needle for a given IFT (Vmax):

Wo=Vy/Vyax (2)
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Harkins and Brown described V___as the largest volume of a droplet that can be theoretically preserved by a
needle and called it an "ideal droplet” expressed as

ApgVa
Wo = 3
0 woD, 3)
where D is the needle diameter. Hence, the Worthington number can be expressed as Eq. (4):
7o Dy
Vmax = 4
Aog (4)
. . . . . Vq ~ 71

Wo in Fig. 1 is also considered as Bo with a length scale of | / 5. Berry and co-workers’" argued that Wo could

be used more effectively as a post-measurement “sanity check” to give an important indication of measurement
accuracy. This observation highlights the significance of the relative size of droplets and the Wo scale ranging from
0 to 1 when considering the volume effect. Higher values of Wo indicate higher level of precision. Consequently,
this can serve as a validation step after measurements to verify the adequacy of the obtained data in terms of
accuracy. The higher the precision of the interfacial tension data, the more reliable the stability measurements of
the foam. While search outcomes lack comprehensive insights into the Worthington number’s impact on foam
stability, we show its significance in interfacial tension measurement and droplet formation-a pivotal factor for
evaluating and predicting foam stability.

Neumann number

(Ne) demonstrates the impact of the bubble height on IFT. According to Yang et al.,°> when the droplet volume
is very small, the precision of the drop shape analysis and the measurement of IFT by dimensionless number Bo
are adversely affected. To address this issue, they proposed Ne as another dimensionless number to consider the
impact of the drop height on IFT.

1,65

_ApgbH
N o

Ne (5)

where b is the apex radius of curvature, and H is the drop height.

A low Ne indicates that capillary force is more dominant than the gravitational force. Yang et al., also showed
that Bo and Wo produce error in measuring IFT in very small droplets. Consequently, the Neumann number
assumes significance in describing foam behavior dynamics, particularly concerning coarsening phenomena
within foams. Increased liquid content can block gas diffusion at the Plateau borders, altering the coarsening
dynamics and thus the stability of the foam. These three dimensionless numbers are utilized to investigate the
accuracy of drop-shaped analysis. The precision of drop-shaped analyses directly influences IFT values and
subsequently determines foam stability accuracy. In this context, Wo precision surpasses that of Bo while Ne
exceeds Wo accuracy level-thus affirming data validity regarding stability assessments further.

In this study, we employed different dimensionless numbers for describing the foam behaviour in the
presence of different chemicals including NPs, surfactants, and polymer using foam half-life time, bubble size
and foaming solution viscosity and electrical conductivity data.

Materials and methods

Materials

We used six different NPs (SiO,, Al,O,, ZrO,, TiO,, Fe,0,, and NiO), one type of polymer [polyvinyl alcohol
(PVA)], one type of salt (NaCl), two types of surfactants with different surface charges including cetrimonium
bromide (CTAB) and alpha olefin sulphonate (AOS) and a sample of heavy crude oil (u=160 cP at 25 C).
Foaming solutions were prepared using brine at the concentrations of 2, 31, and 60 g/L as well as surfactant,

Wo << 1 s ‘

APg
[ncreasing of drop volume Wo ~ 1
Fig. 1. Effect of drop volume on Worthington number.
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polymer, and nanoparticle at three concentrations (0.01, 0.06, and 0.1 wt%). The details of material specifications
are available elsewhere??.

Foam stability, foaming solution viscosity, and bubble size measurement

The experimental procedure for foaming solution preparation, foam generation and stability test is illustrated
in Fig. 2. At first, the foaming solution was prepared using different chemicals, then, 100 g/L of the foaming
solution was transferred to the glass cell. Next, the nitrogen gas was injected in the cell to create foam, then the
injection of gas was stopped and the foam height was recorded over time. All the experiments were performed at
operational conditions of 40 °C and 10 bar, and each test was repeated three times to ensure the repeatability of
the results. The optimum concentrations of chemicals for achieving maximum foam stability were determined
as follows: surfactant (S)=0.01 wt%, polymer (P)=0.06 wt%, NPs (N)=0.06 wt%, and brine (B) =2 g/L, with
more information provided in*2 The highest foam stability is obtained with AL O, nanoparticle at a moderate
concentration and in the presence of a low concentration of polymer and NaCl. This foaming solution features
over 16 times higher half-life time, t, ,, compared to the nanoparticle-surfactant system alone.

The changes in surface wettability of various nanoparticles were assessed using the interfacial tension and
foam stability data. The results show that Al,O, nanoparticles exhibit a favorable surface area for absorption,
compared to the other nanoparticles. This results in partial hydrophobicity of nanoparticles when surfactant
adhere to them, subsequently increasing surface elasticity. This ultimately enhances the stability of the lamella
and the foam itself. Additionally, the surface tension results reveal that increasing surfactant concentration
leads to reduction in equilibrium interfacial tension values due to the Gibbs effect. When the concentrations of
surfactant and nanoparticles at the interface of the two fluids are low, their effects on the electrostatic interactions
at the solution interface diminishes, resulting in increase in the interfacial tension*2.

A rolling ball viscometer was employed to measure the viscosity of the foaming solution at 40 °C and 10 bar.
Also, a high-resolution monochrome camera was utilized to capture snapshots of foam bubbles in order to
evaluate bubble size, foam formation time and foam half-life time. The image-J software was applied to determine
the distribution of bubble size, the mean bubble size, and the rate of bubble size change. Using the radius of foam
bubbles (r) Eq. (6) was applied to calculate the rate of bubble deformation’*:

20 12
Rate = L.Ap (6)
9 u

where p is the viscosity of the foaming solution.

Electrical conductivity measurements

The correlation between electrical conductivity and foam stability is a captivating research area, as electrical
conductivity can act as an indirect measure of foam characteristics like liquid content and density. Different
properties of surfactant solutions undergo significant changes near their critical micelle concentration (CMC),
including IFT as used by Jones et al.”? for determining the CMC of AOS, and conductivity measurements as
applied by Panahpoori et al.’® for CTAB surfactant. In this study, conductivity data for foaming solution were
plotted as a function of surfactant concentration to determine the CMCs. Moreover, electrical conductivity
measurements were performed to determine surfactant adsorption on NPs and nanoparticle hydrophobicity.

Foam stability device
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Fig. 2. Schematic of the experimental procedure.
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Several solutions were prepared at the optimal concentration of different additives in deionized water, and their
conductivity was monitored using a HQ40D53 Portable Multi Meter Conductivity. This device can measure
conductivity ranging from 0.01 puS/cm to 20,000 mS/cm with an accuracy of +0.5%.

Results and discussion

The stability of the modified foam was evaluated based on the rate of foam bubbles coarsening and electrical
conductivity. The behaviour of the modified foam was further elucidated by applying the dimensionless groups
such as Bond number, Worthington number, and Neumann number.

The rate of foam bubbles coarsening

The morphology of bubbles was evaluated using the microscopic images of the foam. Foams with different
bubble size and high interfacial free energy are thermodynamically unstable. Because charge accumulation on
small bubbles is greater than on large bubbles, therefore, mass transfer occurs, leading to a decrease in liquid
film thickness and stability. The rate of foam bubble growth over time for different NPs is reported in Fig. 3. As
shown, the size of bubbles increases for all cases. Figure 3A and B demonstrate the effect of NPs type on the foam
coarsening rate when using polymer in the presence of the anionic and cationic surfactants, respectively. In the
presence of ZrOz, Fe,0,, and TiO2 NPs, a continuous increase of bubble size was observed over time, while in
the presence of other NPs, the size changed with lower intensity. Moreover, NiO NPs in the presence of CTAB
surfactant show a different trend compared to AOS surfactant. The observed phenomena may be attributed
to the strong interaction between NiO, as an acidic nanoparticle, and the cationic surfactant. Consequently,
the foam lamellae become closer together and eventually collapse. Generally, in the case of the simultaneous
presence of four additives at optimal concentration, the variation in the internal pressure of the bubbles occurs
due to the change in their size, which intensifies the Ostwald-ripening phenomenon’?. Therefore, the bubbles
are rapidly connected and the liquid drains out from the foam films due to bubble coalescence. The presence of
the amphoteric NPs such as Fe,O, and ZrO,, not only leads to a lower IFT, but also improves repulsive forces
significantly over time, resulting in formation of stable foams. Figure 3A and B also show that A1,O, NPs cause
more resistance to bubble size enlargement and hence the highest foam stability because they create higher
repulsive forces in the foam lamellae.

The effect of salt concentration on foam bubble growth over time is indicated in Fig. 3C and D, in the
absence of nanoparticles. The trend of the two diagrams is ascending for both AOS and CTAB surfactants;
nonetheless, this change becomes more significant by increasing the salinity. This is because when polymer
and surfactant have similar surface charge, intermolecular forces result in enhancing the viscosity and surface
elasticity, therefore, the bubbles do not stick together. These chemicals also increase the electrostatic repulsive
force between the charged surfaces. Also, at lower salinity, increasing the Debye length reduces the disjoining
pressure, and the bubble deformation occurs at a lower rate. Meanwhile, increasing the salt concentration reduces
the flexibility of the polymer molecules, which in turn decreases friction between polymeric chains and increases
the intermolecular gravity. This raises the rate of bubble growth. However, excess salts act as a disturbing agent
in the system and surfactant molecules move following Le Chatelier’s principle’? to reduce this inconstancy.
Therefore, the surfactant molecules do not perform their primary role which is moving to the surface of two
fluids. These phenomena ultimately promote the rate of bubble growth and declines the foam stability.

Figure 3E demonstrates how different types of NPs affect the growth rate of the foam bubbles over time in
the absence of polymer. According to Fig. 3E, change in the bubble size occurred over time. The lowest change
occurred for AL,O, nanoparticle, whereas other NPs caused significant changes in the bubble size. At low anionic
surfactant concentration, the hydrophilic NPs do not move to the surface, increasing the attraction dipole-dipole
gravity force and adhesion rate of the bubbles. Furthermore, the Debye length and the duration of the fluid
remaining in the film reduces due to increasing the adhesion rate of the bubbles; this weakens lamella stability.
In the meantime, the utilized NPs were different in size and surface charge. The Al,O, NPs had an appropriate
specific surface area (SSA), but this characteristic was not high enough for the other types of NPs. Therefore, the
surfactants and ions do not fit properly on the surface, leading to a reduction in surface elasticity”>. Also, unlike
other tested NPs, in the presence of A1203 NPs, the mass transfer between foam bubbles was low, therefore, the
foam bubbles had the least change in size.

Foam stability using dimensionless electrical conductivity

Electrical conductivity was measured for foaming solutions containing salt/surfactants/polymers/NPs, salt/
surfactant/polymer, and salt/surfactant/NPs. Using the conductivity data, it is possible to measure the surfactant
adsorption on NPs and the hydrophobicity of the nanoparticle. The adsorption index (AI) is calculated as the
difference between the total conductivity of soluble components and the conductivity of the solution itself as
follows”:

Al = {CDW + Csu'rfactant solution T CbTine + Cpolyme'rsolution + Cnanofluid} - {CSNberine} (7)

where C is the electrical conductivity. To obtain the dimensionless form of electrical conductivity, we developed
the following equation:

De = < (8)
P

where p is the charge density and can be calculated by dividing the total electric charge (Q) by the volume of
the solution (V), having the unit of coulomb per cubic meter (C/m?).  is the mobility and shows how easily
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Fig. 3. Rate of foam bubbles coarsening at optimum concentrations of different chemicals: (A) SNP, anionic
surfactant; (B) SNP, cationic surfactant; (C) SP, anionic surfactant; (D) SP, cationic surfactant; (E) SN, anionic
surfactant.

charged particles move through a media under the influence of an electric field, with the unit of square meter
per volt-second (m?/V.s). Mobility (p= %) represents the charge velocity under an electric field, determined
experimentally and calculated from applied voltage. The electrical conductivity of foam closely links to its
liquid volume fraction; as liquid content rises, so does the foam conductivity. This connection is crucial since
liquid fraction significantly influences foam stability. Higher liquid content generally enhances foam stability by
providing a more robust network of liquid films between bubbles.

Figure 4 schematically shows that increasing chemical concentrations after optimal concentration increases
the value of conductivity, which is probably because of increasing the number of charged particles. As a result,
the adsorption of NPs to the interface decreases, and the foam stability decreases due to increasing the surface
gravity forces and reducing osmotic repulsion force”?.

Figure 5A and B indicate the influence of nanoparticle and surfactant type on dimensionless electrical
conductivity at the optimal concentration of additives. Among all NPs tested, AL,O, NPs had the greatest change

Scientific Reports |

(2024) 14:29842

| https://doi.org/10.1038/s41598-024-81381-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Increasing additives concentration *
I 32— Conductivity
> we
Nanoparticles Surfactant Polymer

Fig. 4. Schematic representation of nanoparticle hydrophobicity modification by increasing concentration of
additives.
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Fig. 5. Effect of nanoparticle type on dimensionless electrical conductivity of SNP-brine at optimum
concentration of additives, (A) AOS (B) CTAB.

in surface properties compared to other tested NPs, making them ideal to be coated with surfactant and polymer
to achieve maximum hydrophobicity. Therefore, these additives are deposited on the NPs surface, increasing
the rate of migration of NPs to the contact surface of two fluids, thereby improving the foam stability. Other
NPs are smaller, therefore, fewer surfactant and polymer molecules could adsorb on their surfaces. However,
reducing the concentration of these NPs at the fluid pair interface, the charged surfaces become closer’®. The
surface charge of the polymer and CTAB as a cationic surfactant are similar in Fig. 5B. For the Fe,O, NPs,
because of changing the surfactant surface charge, the foaming solution has the highest conductivity; however,
for the other NPs the surface properties do not have a noticeable alteration. As a consequence, with the addition
of surfactant and polymer on Fe,O, nanoparticle surfaces, the conductivity increases, and the NPs become
excessively hydrophobic. This causes the NPs to deposit from the interface of the two fluids, and decreases the
foam stability. Table 1 demonstrates how salt concentration affects the dimensionless electrical conductivity
in the absence of NPs when the surfactant concentration is 0.01 wt% and polymer concentration is 0.06 wt%.
According to the results in Table 1, conductivity enhances by increasing the salt concentration due to the effect
of monovalent ions and surfactants. However, there exist both the dispersion and ion bonding forces between
the molecules of water. Adding electrolyte to the aqueous solution boosts these forces””. Although after a certain
salinity due to rising the gravitational force, the double layer would be compressed, and instability in the ionic
clouds of the charged surfaces happens. In the absence of NPs in foaming solution, the results show that at
constant concentrations of surfactants and polymers, conductivity increases by enhancing the brine salinity. Due
to the reduction of electrostatic and steric forces, the migration rate of the surfactant molecules to the interface
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Salt concentration Foam half-life time
(ppm) Surfactant concentration (wt%) | Dimensionless electrical conductivity | (min)

2000 0.01 (AOS) 0.203 (% 0.081) 83.20 (+1.20)
31,000 0.01 (AOS) 6.560 (+1.64) 71.30 (+1.40)

2000 0.01 (CTAB) 0.620 (+0.053) 105.60 (+1.70)
31,000 0.01 (CTAB) 9.850 (+1.15) 93.80 (+1.60)

Table 1 Effect of salt concentration on dimensionless electrical conductivity (polymer concentration: 0.06
wt%).
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optimum concentration.

Salt concentration (ppm) | k™!(m)
2000 5.22x107°
31,000 1.32x107°
60,000 9.49x10710

Table 2. Values of Debye length at three salt concentrations.

of the two fluids decreases, resulting in a decline in the lamella thickness and the foam stability. The effect of
nanoparticle type on the dimensionless electrical conductivity of the foaming solution in the absence of polymer
is shown in Fig. 6. Based on the results shown in Fig. 6, TiO, NPs result in the highest solution conductivity. In
the absence of polymer, the viscosity of foaming solution was smaller and the surfactant movement to the surface
of the NPs was easier; therefore, the surface properties of TiO, NPs altered properly and they could transfer to
the interface of two fluids faster than the other NPs. In the meantime, placing surfactant on the surface of the
TiO, NPs leads to changing their surface from hydrophobic to hydrophilic, reducing their diffusion rate to the
surface and the double-layer forces®.

Evaluation of foam stability using the bond number

The Bond number is a dimensionless number that shows the balance of the gravity and the capillary forces”.
In the context of foams, it characterizes the balance between these forces that affect bubble shape and stability.
A lower Bo signifies dominance of surface tension forces over gravitational forces, generally promoting foam
stability, while a higher Bo indicates gravitational influence, potentially causing drainage and instability. The
effect of various types of nanoparticle and surfactant on the Bond number for the foaming solution of (S/P/
N/B) at the optimal foam composition is depicted in Fig. 7A and B for the anionic and cationic surfactants,
respectively. The Bond number values increase for all NPs in the presence of AOS as an anionic surfactant,
indicating that the capillary force overcomes the gravity force and foam stability decreases. Capillary force in
an optimum value can improve foam stability®’, beyond which, by increasing capillary force, the electrostatic
repulsive force reduces’?. Moreover, when the gravity force increases, the fluid films become thinner and the
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Fig. 7. Bond number versus time: (A) SNP, anionic surfactant; (B) SNP, cationic surfactant; (C) SP, anionic
surfactant; (D) SP, cationic surfactant; (E) SN, anionic surfactant

liquid inside the film stays stable for a shorter period. Besides, the diffusivity of the gas inside the film increases
that causes adhesion of the bubbles and ultimately the decay of foam. Figure 7C and D depict the impact of salt
concentration and surfactant type on the Bond number at the optimal foam formulation. For this system, no
nanoparticle was utilized. Figure 8C shows that the effect of the polymer decreases at a constant concentration
of surfactant, in the absence of NPs. Upon rising the salinity, Bo decreases and the drainage rate of liquid from
lamella increases.

For understanding the effect of salinity, Debye length (x~!) can be calculated using Eq. (9) 7%

—1/2

k™t = [5.404 x 10" ) 2250 ©)

i

where z, is the valence of the ions dissolved in the solution and ¢, is the concentration of ions of type i expressed
in mol/m?>. The Debye length was calculated at three salt concentrations of 2000, 31,000, and 60,000 ppm and is
shown in Table 2. According to Table 2, adding more salt, the value of x~! decreases. Therefore, increasing the
concentration of salt causes the attractive forces to dominate the repulsive forces’?.

When surfactant and polymer have similar surface charge, increasing the salinity leads to increasing the
Bond number. The sudden rise of Bo under the salinity of 2000 ppm can be attributed to the London forces
that are temporarily dominant, causing the charged surfaces to become separated®!. On the contrary, increasing
salt concentration reduces the viscosity of the solution by placing the Cl~ ion on the polymer surface, which
resulted in polymer degradation and polymer chain agglomeration®?. However, it strengthens the Coulomb
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force’?, causing the charged particles to approach each other and push the attractive force to each other. This
mechanism is demonstrated schematically in Fig. 8.

Figure 7E indicates the effect of nanoparticle type on the Bond number in the absence of polymer at a constant
concentration of anionic surfactant, NPs, and salt. As it is observed, Bo declines over the period shown. Also,
all NPs follow a similar trend over the tested period. When the polymer is not present in the system, due to the
absence of steric force, the charged surfaces get closer together and the stability decreases. Meanwhile, since the
surfactant concentration is low and there is no polymer in the system, the NPs remain in the bulk, therefore, the
IFT increases, and subsequently, Bo decreases. A significant decrease in Bo causes a change in the intermolecular
forces, and the repulsive force dominates’2. This decreases the bubbles adhesion rate, which reduces the liquid
drainage from the lamella, making the foam more stable.

Evaluation of foam stability using the worthington number

The Worthington number not only reflects the interplay of gravity and surface tension in interface deformation,
but also serves as a key dimensionless parameter for evaluating foam stability during droplet and bubble
formation processes. In foams, individual bubbles stability (which can be considered as inverted droplets) for
overall foam stability. It could be used to determine the position of the charged surfaces by considering the
volume of droplet that is extruded from a needle with the diameter of 0.45 mm. Over time, the volume of
droplet increased and IFT changed because of the presence of polymer in the aqueous system. The Worthington
number is indeed a significant dimensionless parameter that can provide insights into the dynamics of foam
generation, particularly in porous media. Wo can reflect the characteristics of foam generation in pores. In
other words, the Worthington number depends on the momentum of the fluid, the size of the pores, and the
surface tension and viscosity of the gas. These parameters are directly related to the snap-off process, where the
size of the pores and the properties of the fluid (such as surface tension and viscosity) play a significant role in
determining the stability and size of the bubbles formed. As a result, the Worthington number is a pertinent
parameter for understanding foam generation in pores because it captures the essential balance between viscous
stress and surface tension, which are fundamental to the snap-off process and the overall dynamics of foam
formation. Figure 9A and B indicate the effect of nanoparticle and surfactant types on the Worthington number
for the foam of (S/P/N/B) at the optimal foam concentration. As it is presented in Fig. 9A and B, increasing
the Wo values resulted in decreasing the foam stability, and the simultaneous presence of four additives creates
a retarded condition. The retarded force acts in the direction that the charged surfaces have the maximum
distance from each other’?. Furthermore, NPs form a cork in the plateau border®, reducing the diffusivity
of gas and increasing the bubble stability. Figure 9C and D indicate how salt concentration and surfactant
type influence the Worthington number at the optimal foam concentration in the absence of nanoparticles.
When the concentration of polymer and surfactant is constant, increasing the salt concentration, the shielding
charge phenomenon occurs at the fluid interface’?, which increases the Worthington number. This increase is
particularly significant because of the opposite surface charge between surfactant and polymer that decreases
repulsive forces. Therefore, Debye length reduction, results in more gas diffusivity and increases the rate of
liquid outflow from lamella®!. Figure 9E demonstrates the impact of nanoparticle type on the Worthington
number in the absence of polymer at a constant concentration of salt, anionic surfactant, and NPs. As shown in
Fig. 9E, due to the lack of adequate and sufficient stabilizers, the NPs separate from the interface, Wo increases,
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Fig. 9. Worthington number at optimum concentration of additives: (A) SNP, anionic surfactant; (B) SNP,
cationic surfactant; (C) SP, anionic surfactant; (D) SP, cationic surfactant; (E) SN, anionic surfactant.

and foam stability decreases. The Fe,O, NPs, due to their high magnetic properties, deposit on the surface at
early times; however, absorbing natural surfactant (asphaltene) of oil leads to Wo increasing relatively. Even
though the Fe,O, NPs absorbs asphaltene, mass transfer increases between foam bubbles and alters the bubble
size. Consequently, Wo declines and the stability of the lamella increases. The Fe,O, NPs have high adsorption
capacity because of their particle size, surface area, and composition; therefore, they can quickly absorb the
available asphaltene®>%¢. Due to the fact that the attractive forces overcome the repulsive forces and the foam
stability deteriorates, the TiO, NPs has the lowest values of Wo. The decrease in Wo does not always mean
increased stability and decreased bubble adhesion rates. When Wo decreases or increases greatly, it causes the
disjoining pressure gravity force to overcome charged surfaces and to increase the rate of fluid discharge from
foam films (i.e., for ZrO, NPs).

Evaluation of foam stability using the Neumann number

One dimensionless number that is used to measure foam stability is Ne, which takes into account the height of
droplets on the IFT. Besides, the Neumann number is vital in understanding the coarsening process of foams,
which involves the growth and shrinkage of bubbles over time. When compared to Wo and Bo, it can represent
the position of thin fluid films relative to each other more effectively. Over time, the competition between the
gravitational force and the capillary force causes different NPs having a different effect on Ne. Additionally,
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it seems that acidic NPs produce more electrostatic force than amphoteric NPs due to the higher pH*? and
lower ionic strength®’; therefore, charged surfaces are separated and foam stability get improved. The influence
of nanoparticle and surfactant type on Neumann number for the solution of (S/P/N/B) at the optimal foam
concentration are demonstrated in Fig. 10A and B for the anionic and cationic surfactants, respectively. As can
be noticed in Fig. 104, all NPs except Fe,0, have a downward trend. When Ne decreases, the stability of liquid
films decreases and long-range forces dominate in the system. Even though the Fe,O, NPs have lower the IFT,
the attractive forces increase among the charged surfaces, and the foam stability decreases. Delaying in the
discharge of liquid leads to reducing the bubble coalescence rate and the Ostwald-ripening mechanism, leading
to improved durability of the liquid inside the film.

Figure 10C, D depict the effect of salinity and surfactant type on Neumann number when there is no NP in
the foaming solution. What is conspicuous from these figures, Ne decreases for both AOS and CTAB surfactants.
This reduction of Ne can be related to the surface charge of polymer, which decreases the steric repulsion force
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because of its overlap with the organic chain of surfactant, causing worse foam stability. Figure 10E shows the
impact of nanoparticle type on Neumann number in the absence of polymer at a constant concentration of salt
and an anionic surfactant. As can be observed in this figure, in the absence of the polymer, different NPs show
various effects on Ne. At the constant concentration of salt and surfactant, NPs are deposited from the interface
due to insufficient stabilizers in the system. This causes irregularities in the charged clouds of contact surfaces
and decreasing the osmotic repulsive forces®, the long-range gravity forces increase and consequently stability
decreases.

Comparison of the effectiveness of dimensionless numbers for evaluating foam
stability

Through a comparative analysis of dimensionless numbers, it was observed that increase in the Ne, coupled
with a decrease in the Bo and Wo, correlates with an improvement in foam stability. Concerning the Bo, the
omission of consideration for the volume and height of the droplet, which affect surface tension, impedes a
confident assertion regarding the specific nanoparticle contributing to foam stability. This discrepancy arises
because research has revealed that the highest stability occurs for SiO,, highlighting the limited accuracy of
the Bo in showing the nanoparticles giving the most foam stability (Fig. 7A). Subsequently, it was proved that
the most foam stability is related to AL,O,*2. Within the Wo framework, accounting for the droplet volume
in relation to surface has enhanced the precision of examining maximum foam stability. The findings show
that the highest stability is linked to Al,O, (Fig. 9A). The Ne stands out as the dimensionless number with the
most precision in discerning foam stability. This numerical measure, excluding considerations for the impact
of droplet height on surface tension, scrutinizes foam stability with greater accuracy compared to the Wo. The
results conclusively point out Al,O, being linked to the highest level of foam stability (Fig. 10A), supporting the
previous conclusions®2.

While this study addressed various nanoparticle properties on foam stability, nanoparticle aggregation
remains as a critical phenomenon in this context. Aggregation can either enhance and disrupt foam stability,
depending on factors such as concentration, surface properties, and their interaction with surfactants. Proper
aggregation can lead to the formation of stronger foams, whereas excessive aggregation may negatively affect
stability. Therefore, further research is required to evaluate the impact of nanoparticle aggregation on foam
stability, employing appropriate dimensionless numbers.

Conclusions

Experimental results demonstrate how dimensionless numbers can be used to characterize and predict foam
stability across different systems and conditions. In the light of the investigations we have considered, these
conclusions can be drawn:

The presence of nanoparticles (NPs) and other additives at optimal concentrations can enhance foam stability
by reducing bubble growth rate and mass transfer between bubbles. Electrical conductivity serves as a reliable
indicator of foam stability, with higher conductivity often signifying increased stability. The newly developed
dimensionless conductivity number, De, effectively captures the impact of NPs surface charge on foam stability,
with acidic NPs promoting better stability due to their enhanced absorption properties. Increasing Bo decreases
lamella thickness, which can negatively impact foam stability by increasing gas mobility.

By considering droplet volume effect on IFT, foam stability measurements can be improved. NPs decrease
gas diffusivity and increase lamella thickness, which enhances intermolecular forces and boost stability. The
dimensionless number Ne, which consider droplet height and thin-film positioning, proves more effective than
Bo and Wo for evaluating foam stability. Higher Ne values improve stability by altering force field positions and
reducing gas bubble adhesion. Accurate drop-shape analysis leads to more precise IFT values and, consequently,
more reliable foam stability measurements. Thus, Ne offers the highest accuracy, followed by Wo and Bo.
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The details of the calculations of dimensionless numbers are presented in the supplementary material.
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