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The understanding of the mechanisms behind foam generation and the structure of foam itself form the
basis of foam-related experiments for its application in Enhanced Oil Recovery and overcoming gas in-
jection limitations. Novel insights in this paper towards the theory of foam generation can help explain
experimental results and lead to improved formulas of the applied substances and concentrations. This
study aims to investigate the mechanisms behind foam generation and the structure of foam by specific
laboratory experiments and theoretical analyses. The liquid drainage through interconnected Plateau
borders was found to be the most critical foam decay mechanism for this particular research. The
justification of the foam drainage equation was demonstrated by comparing the numerical solution with
the outcome of a few bulk experiments. The discrepancies were described according to the limitations of
both the theory and the experimental settings. Foam modelling gives more profound knowledge in more
detail of the different stages in foam drainage than experimental data can deliver, which is because of the
lack of continuous measurement of foam conductivity for the foam bulk test. Therefore, a comprehension
of foam modelling investigation and comparison is required to gain a deeper understanding of foam
behaviour.
© 2024 The Authors. Publishing services provided by Elsevier B.V. on behalf of KeAi Communication Co.
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
1. Introduction

Foam is a two-phase system with a structure of gas cells sur-
rounded by a continuous liquid phase in which a surfactant is
dissolved (Abdelaal et al., 2020; Ardakani et al., 2020; Skauge et al.,
2020; Issakhov et al., 2022). To create foam, an amount of energy is
needed equal to the product of the area created and the surface
tension of the liquid (Ahmed et al., 2019; Burrows et al., 2020). The
foamability of the liquid is measured as the quantity of foam
generated during the gas sparged through a liquid (Xu et al., 2017;
Yusuf et al., 2022).

Additives to the bulk solution can modify the foam's properties,
like the solution's viscosity, aiming to improve the foam's stability.
The stabilizing additive aims to slow down the mechanisms that
lead to the eventual decay of the foam (Roozbahani et al., 2024).
osseini-Nasab), mohammad.
ft.nl (P.L.J. Zitha).

rovided by Elsevier B.V. on behalf o
d/4.0/).
Additives can stabilize the foam by decreasing the diffusion of gas,
increasing the thickness of the electrical double layer, increasing
the bulk viscosity of the liquid, slowing down the drainage and
increasing the elasticity of the foam film (Hosseini-Nasab et al.,
2015; Rezaee et al., 2022). Hydrophobic chemicals form an adsor-
bed layer at the interface of the gas and liquid in the film, increasing
the resistance to rupture and forming a diffusion barrier. Chemicals
that are hydrophilic (and consist of high molecular weight) are
adsorbed in the liquid in the films, which will increase the bulk
liquid viscosity and therefore slow down gravity drainage (Razavi,
2020; Hosseini-Nasab et al., 2022).

In order to research the suitability of certain fluids, solutions or
other materials for oil recovery, field tests can be performed when
the likelihood of success has been established by examination on a
smaller scale. One of the methods of choice is core flooding, where
a core sample from the subsurface can be used to measure (the
change of) rock properties like permeability or be a subject of
flooding by liquids and/or gases. Core flooding is relatively time-
consuming, and therefore, it is helpful to perform other types of
experiments to have a quicker screening of the desired subject of
f KeAi Communication Co. Ltd. This is an open access article under the CC BY-NC-ND
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research, which can lead to more accurate core flooding
experiments.

The foaming properties of solutions can be examined in foam
bulk experiments, where a foam column is created from a gas in-
jection under controlled conditions through a liquid solution. These
experiments take up less time per experiment than core flood ex-
periments and can also be done more rapidly, while core flooding
experiments need extensive cleaning time to prepare the setup for
the next experiment. The behaviour of foam in porousmedia can be
understood by examining its bulk properties, which reveal signifi-
cant correlations. Foam density is a key factor, as higher density
enhances stability and resistance to collapse in porous media. Foam
viscosity also plays a role, with higher viscosity resulting in slower
flow rates and potentially better stability. Foam stability, including
resistance to coalescence and drainage, affects its behaviour in
porous media, as more stable foams maintain their structure and
flowability for more extended periods. The wetting properties of
foam, such as its contact angle with porous media, impact its ability
to displace fluids and improve sweep efficiency. Lastly, foam
rheology, including elasticity and yield stress, influences its flow
behaviour in porous media, potentially improving resistance to
flow blockage and channeling (Yang et al., 2019; Abdelaal et al.,
2020). It is essential to realize that these screening types of ex-
periments are related to the core flood experiments but do not have
a total overlap due to different experimental conditions. For
example, in core flooding, the system is often pressurized to mimic
subsurface conditions, leading to the different behaviour of gases
compared to bulk experiments at atmospheric pressure. The foam
bulk experiments form the basis for comparing non-Newtonian
and Newtonian viscofying agents in foam EOR. It will show
insight into the foam properties and foam behaviour in time for
injected fluids containing Glycerol and polymer to see if Glycerol
can be a worthy substitute for specific oil recovery projects where
the use of polymer is not feasible (Emami et al., 2022).

When using polymers to stabilize foam in Enhanced Oil Re-
covery (EOR) processes, challenges can arise at high polymer con-
centrations, affecting foam capacity. Factors contributing to this
behaviour include polymer adsorption, which creates a thick
polymer layer around bubbles, hindering foam formation and sta-
bility (Davarpanah andMirshekari, 2020). Viscosity increase at high
concentrations impedes liquid flow and foam stability. While
polymers can act as coalescence inhibitors at lower concentrations,
excessive polymer layers can promote coalescence and destabilize
foam at high concentrations (Hanamertani and Ahemd, 2021).
Polymer-polymer interactions and shear sensitivity further impact
foam stability and capacity. To overcome these challenges, careful
optimization of polymer concentration and consideration of poly-
mer characteristics are necessary. Experimentation and studying
rheological properties can help determine the optimal concentra-
tion range for achieving stable foam with high capacity in EOR
processes (Akbari et al., 2019; Bai et al., 2022).

Previous work in bulk foam experiments has provided
tremendous information on the foaming properties of several sur-
factants and fluids. In previous research on surfactant screening,
Alpha Olefin Sulfonate (AOS) C14eC16 showed a high foam stability
in both the absence and presence of oil. When different additives
are used, the creation and distribution of foam are governed by
mechanisms such as surface tension reduction, stabilization of
foam films, and modification of bubble size and stability. Surface
tension reduction allows for easier spreading of the liquid and the
formation of smaller bubbles. Stabilization of foam films prevents
their rupture and collapse. Additives can also influence bubble size
and stability, either inhibiting coalescence for increased stability or
promoting coalescence for larger bubbles. The behaviour of
additive-stabilized foams can vary depending on factors like
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temperature, pH, additive concentration, and the nature of the
liquid. These conditions can affect foam stability and properties,
emphasizing the importance of considering specific conditions
when assessing the consistency of additive-stabilized foams
(Hernando et al., 2016; Ahmed et al., 2019; Imuetinyan et al., 2022).
Additives play a crucial role in modifying foam's physical and
chemical properties to maintain its structure and prevent collapse
or degradation. Several mechanisms contribute to foam stabiliza-
tion, including surfactant action, viscosity modification, coales-
cence inhibition, and rheology modification. Surfactants reduce
surface tension and form a protective layer around bubbles to
prevent coalescence and drainage. Viscosity modification resists
drainage and maintains foam structure. Coalescence inhibitors
prevent bubble merging. Rheology modification enhances stability
by providing resistance to deformation and collapse. The choice of
additives and their concentrations depend on the specific applica-
tion and desired foam properties, and understanding their in-
teractions is vital for optimal foam stabilization (Yusuf et al., 2022).

Foam destruction can occur through various mechanisms when
oil is present in enhanced oil recovery (EOR) applications. Some of
the mechanisms behind foam destruction in the presence of oil
include Coalescence: Oil droplets can coalesce with the foam
lamellae, leading to the rupture and collapse of the foam structure.
Drainage: Oil can displace the liquid phase in the foam column,
causing drainage and thinning of the foam films. This can result in
reduced foam stability and collapse. Emulsification: Oil can emul-
sify within the foam structure, forming oil-in-water emulsions. This
can disrupt the foam stability and lead to foam destruction.
Bridging: Oil droplets can bridge between foam lamellae, causing
the collapse of the foam structure. These mechanisms can vary
depending on factors such as the properties of the oil, the surfac-
tant used, and the specific conditions of the EOR application. It is
essential to consider these mechanisms when designing and opti-
mizing foam-based EOR processes (Hosseini-Nasab and Simjoo,
2018; Goodarzi and Zendehboudi, 2019; Zoeir et al., 2020).

2. Theoretical backgrounds

The amount of liquid present in the foam changes throughout
the foam column. As liquid drains out of the foam, the foam at the
top of the column becomes drier (Hosseini-Nasab and Zitha, 2017;
Wang et al., 2021). The lamellae contain very little liquid and are
thin, making the foam cells take on a polyhedral shape. The
structure of foam changes when it contains more than 1% liquid is
present (Zhang et al., 2015; Zhao et al., 2022). The liquid is
distributed in the foam column between the lamellae and Plateau
borders. The increased amount of liquid in the foam is located in the
Plateau borders. As the liquid fraction in the foam increases (for
example, due to the continuous addition of liquid on top of the
foam column), the shape of the Plateau borders changes
(Imuetinyan et al., 2022). The edges of the gas bubbles become
rounder when liquid is added until no more liquid can be stored in
the foam, as exhibited in Fig. 1.

Foam is the limit of a wet foam, and the bubbles are of a
spherical shape. When less liquid is present in the foam, the shape
of the bubbles deforms to a polyhedral shape, and thin films of the
bulk liquid are present at the locations where the deformed bub-
bles are in contact (Hosseini-Nasab et al., 2016; Bouquet et al.,
2019).

From Fig. 2, it can be observed that wet foam exhibits the closest
packing. It also shows the foam cells' shape change for changing
liquid content. As foam becomes drier and the films become
thinner, the viscosity of the foam increases (Yu and Saraji, 2021;
Dong et al., 2016).

According to the Fig. 3, the molecules inside the bulk liquid are



Fig. 1. The large liquid volume in the Plateau border wet foam (left) and the small liquid volume in the Plateau in a dry foam (right).

Fig. 2. Left: As the foam begins to dry, the liquid content decreases, and the bubbles start to deform against each other, transitioning into a polyhedral structure. Right: Wet foam
bubbles stays spherical shape. In a wet foam, the bubbles maintain a nearly spherical shape because they are closely packed with a visible layer of liquid between them, allowing
them to only loosely contact each other.

Fig. 3. Molecular attraction within the bulk solution and at the gas-liquid interface.

Fig. 4. Illustration from Kornev et al. (1999), in which the disjoining pressure is shown
for stable films (1), metastable films (2) and unstable films (3).
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subject of hydrogen bonding in all directions and are, therefore, in
equilibrium. However, the hydrogen bonding of the molecules at
the liquid-gas interface is not balanced, with the resulting force
being directed towards the bulk phase. When a surface is created or
588
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extended, it requires molecules to be transported from the solution
to the surface; the work which is required resembles the surface
tension. The surface tension is higher if the bulk liquid molecules
have larger attractive forces, such as hydrogen bonding in water
(Ferreira, 2019) (see Fig. 4).

The Plateau borders are connected to each other and form the
network in which the liquid's gravitational drainage occurs
(Soleymanzadeh et al., 2018; Akbari et al., 2019). Almost all the
liquid is present in the Plateau borders for a dry foam. The two faces
of a liquid film exhibit a repulsive force, which is called the dis-
joining pressure, working against the thinning of the film. There-
fore, equilibrium in film thickness is reached when the disjoining
pressure is equal to the bulk pressure of the liquid (Weaire et al.,
2012; Yang et al., 2019). The difference between the gas pressure
in the foam bubble and the liquid pressure in the Plateau borders is
called the capillary pressure:

pc ¼ pg � pl (1)

Where pg is the pressure of gas phase and pl pressure of liquid
phase. When a positive capillary pressure is present, the disjoining
pressure between the two gas-liquid interfaces prevents the films
from rupturing.

The YoungeLaplace equation relates the pressure difference
between the gas inside a bubble and the liquid outside the bubble;
the larger the bubble, the more negligible the pressure inside it. For
spherical bubbles with an equal radius, the Young-Laplace equation
is given:

pg � pl ¼
2,g
r

(2)

Where g is the bubble radius size. However, for foam, the bubble
size is usually not uniformly distributed, and therefore, the equa-
tion has to be slightly adjusted for the bubbles inside a foam
(Hutzler and Weaire, 1999):

pg � pl ¼
4,g
r

(3)

Since the gas pressure in the bubble is uniform, the result is that
the liquid pressure in the Plateau borders is lower than the pressure
in the thin films. This mechanism drives the drainage from thin
films towards Plateau borders. The liquid films are continuously in
contact with the bulk liquid in the Plateau borders. Heat or me-
chanical perturbations can also influence the liquid film's thickness
(Gugl, 2020).

Once the foam is generated, the stability of the foam determines
how fast the foam decay takes place, which is governed by liquid
drainage, coalescence and Ostwald ripening (Simjoo, 2020). Coa-
lescence occurs when the film between two bubbles ruptures,
forming one larger bubble. Mechanical shock, temperature vari-
ance, and chemicals that destroy the foam structure can also induce
film rupture. Ostwald ripening is the process in which bubbles
disappear due to gas diffusion from smaller to larger bubbles driven
by their pressure difference (Wang et al., 2023). The diffusion
mainly occurs through the thin films separating the cells, as this is
the path of least resistance. As diffusion continues, the smaller
bubbles will become smaller and smaller until they disappear,
while the large cells grow and the foam becomes coarser (Bello
et al., 2023; Bhatt et al., 2023). In the case of a homogeneous dis-
tribution of gas cells and Plateau borders, there is no variation in
the pressure between cells, leading to solely gravity-driven flow.
Diffusion is more difficult inwet foams as the thickness of the liquid
film is larger and requires more energy to travel through. There is
also a shorter distance over which diffusion can take place since the
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Plateau borders take upmore space. Both diffusion and coalescence
cause the redistribution of gas bubble sizes in the foam (Da et al.,
2018; Jalilian et al., 2019).

Plateau border suction causes the liquid to be transferred from
the films to the Plateau borders, fromwhere the net buoyancy force
determines the direction of gravitational drainage. The driving
mechanism behind Plateau border suction is the pressure differ-
ence between the pressure in the Plateau borders and the pressure
in the films (Hosseini-Nasab et al., 2019). The foam-liquid interface
rises in the column as drainage takes place. As liquid drains from
the films and the thickness decreases to around a few hundred
nanometers, disjoining pressure (PðhÞ) is described as follows:

PðhÞ¼Pvan þPel þPster (4)

Which Pvan is van der Waals component, Pel is electrostatic and
Pster is steric forces components. The main factors influencing
these are surfactant type, concentration, ionic strength, and other
macromolecules used to stabilize foam (Lim et al., 2023). The dis-
joining pressure results from an overlap of the electrical double
layers as film surfaces get close to each other (Rattanaudom, 2022).
The disjoining pressure slows additional drainage from the film
into the Plateau borders. When the Plateau border suction is equal
to the disjoining pressure in the film, mechanical equilibrium is
present. Since the Plateau border suction is a function of the height
position in the foam column, the equilibrium of the film thickness is
as well.

This study aims to provide a comparative study of the foam
stability of solutions by examining both the foam decay in time and
the liquid drainage from the foam in time by offering fresh insights
into the theory of foam generation, which can aid in explaining
experimental results and lead to improved formulas for applied
substances and concentrations. The study seeks to understand the
mechanisms and structure of foam generation through laboratory
experiments and theoretical analyses. The research also tries to find
the importance of liquid drainage as a foam decay mechanism
through interconnected Plateau borders. By comparing numerical
solutions with bulk experiment outcomes, it is tried to validate the
foam drainage equation and gain a more profound knowledge of
foam decay mechanisms. While experimental data is limited by the
lack of continuous foam conductivity measurement, foam model-
ling provides a more detailed understanding of different stages in
foam drainage. Therefore, a comprehensive comparison and
investigation of foammodels are necessary to gain a deeper insight
into foam behaviour.

This work advances the field of foam EOR in several ways. This
study provides experimental data on foam properties, such as
density and stability, under different Glycerol and polymer con-
centrations. It uses the Foam Scan apparatus to analyze foam
behaviour over time, focusing on drainage and decay mechanisms.
The study links microstructure changes to macroscopic behaviour
by correlating liquid drainage with foam collapse. A mathematical
model for foam drainage is presented, allowing for predictions of
foam behaviour under reservoir conditions. The results indicate
that higher viscosity solutions result in slower drainage rates and
better liquid distribution within the foam, which could help design
more stable foams for enhanced oil recovery (EOR) applications.

3. Experimental description

In order to study the properties of foams stabilized by AOS at a
range of concentrations of Glycerol and polymer, the FoamScan
apparatus from Teclis Instruments is used. The setup is shown in
Fig. 5. A solution is injected at the side of the bottom of the glass
column (D ¼ 3.6 cm) through a connected tube, after which gas is



Fig. 5. The setup of the Foam Scan experiment (left), the glass column with the electrode pairs attached to it (right).
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sparged from the bottom through a glass frit. Gas injection is
stopped at a pre-set value for the foam height, after which the foam
volume is continued to be monitored in time. The data obtained
from the experiment gives insight into the behaviour of the foam in
time as well as specific foam parameters such as maximum density
(MD).

All experiments were conducted at room temperature and at-
mospheric pressure. The gas injection rate was 16 ml/min, the
initial liquid volume injected was 50 cm3, the set foam volume for
which gas injection stops was 150 cm3 and the experiment was run
until at least a foam volume of 50 cm3 or less was recorded. The
nitrogen gas was used for foam generation, and a built-in mass flow
meter was used for controlling the flow rate during the experiment.
One wt% sodium chloride (NaCl, purchased from J.T Baker) was
dissolved in deionized water for all experiments. Alpha Olefin
Sulfonate C14-16 surfactant (AOS C14-16, Stepan, active content 39%)
is used to stabilize the foam. Hydrolyzed polyacryl-amide polymer
(HPAM) with a degree of hydrolysis of between 25% and 30% is used
during the experiments (FLOPAAM 3530s from SNF Floerger).
Glycerol Anhydrous Biochemica was purchased from Applichem
Pancreac. The HPAM solution is prepared by slow vortex mixing/
stirring while slowly adding the HPAM.

Research from Vikingstad et al. (2006) showed that for AOS
C14eC16 no increase in foam height was noticed when the surfac-
tant concentration was increased from 0.5 wt% to 1.0 wt%. There-
fore, in this experiment, a 0.5 wt% AOS C14eC16 is used in all
experiments. This is well above the critical micelle concentration of
0.003 wt% (Laskaris, 2015). It was shown that lower gas velocities
used for foam generation lead to a smaller rate of foam drainage
and a smaller extent of foam drainage. This is caused by the gas
entraining less bulk solution as the foam is formed. The liquid hold
profile is steeper because there is less bulk solution in the total
foam column. Therefore, a fixed gas injection rate is chosen for all
experiments. Even when the outcome of an experiment is that no
foam is created, the gas injection rate will not be changed in order
to avoid unequal experimental conditions as described (Emami
et al., 2022). When gases are soluble in water (for example, CO2),
it leads to faster gas transport through the aqueous solution, which
means a less stable foam than insoluble gas like nitrogen (Rio et al.,
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2014). This is the reason nitrogen will be used as the sparging gas.
Foam generation phase with the sparging of gas starts. After

reaching the pre-set value of the foam, the gas injection and foam
generation stops. CCD camera is used to capture images from foam
column to analysis foam height. Foam is homogeneous when
generated; therefore, the level of greyness is uniform through the
foam. Foam column grey level analysis results in the actual foam
height calculation. Another factor essential to measure in this
experiment is the amount of liquid in the foam. The liquid level in
the glass column is determined by measuring the resistance of the
liquid with four electrode pairs connected to the glass tube. Before
starting the experiments, the same measurement is done with the
pre-injected solution to provide the conductivity of the liquid.

The quantity of liquid in the foam can be determined by
analyzing the liquid level in the glass column, which can further
help in establishing a correlation between the collapse of foam due
to drainage and the liquid solutions applied. The FoamScan
equipment can measure the foam conductivity at four levels of the
glass column. The electrode pairs are measured sequentially
instead of simultaneously to prevent any electrical interference and
measurement errors. The relative conductivity is calculated by
dividing the measured foam conductivity by the bulk liquid con-
ductivity, and it is significantly influenced by the liquid fraction, as
previously discussed by Lemlich (1978) and Weaire et al. (2012).

During the collapse phase, drainage occurs and the column's
liquid height increases. A general overview of the phases in a Foam
Scan experiment is shown below in Fig. 6, with Fig. 7 coinciding
with points 1, 2 and 3 in Fig. 6. At point 1, time is zero, and gas
sparging has not started yet. As gas sparging is initiated, point 2,
foam generation starts and liquid from the pre-injected solution is
distributed into the developing foam. This leads to a drop in the
liquid level in the column. Point 3 is reached when the foam col-
umn has reached the pre-set foam height. At this point, the lowest
liquid volume is recorded, as the liquid in the foam has reached its
maximum. Gas sparging stops, after which the collapse of the foam
starts. In this phase, liquid drains out of the foam, reversing the
mechanism sketched in Fig. 6. The liquid eventually accumulates at
the bottom of the glass column, while the foam column collapses in
time from the top to the bottom.



Fig. 6. Simplification of the phases during a Foam Scan experiment, with the focus on
the generation of the foam.

Fig. 7. Sketch of foam volume and liquid volume during the generation of foam, cor-
responding with Fig. 16. Left: Before gas sparging (1), Middle: During gas sparging (2),
Right: End of gas sparging (3).
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In order to determine the drainage of liquid, the software of the
FoamScan setup calculates the liquid content based on the
measured conductivity. This is built upon the findings of Lemlich
(1978), who presented the relationship between the conductivity
of the foam relative to that of the liquid (sf

sl
) and liquid content 4l,

which is a linear approximation:

sf
sl

¼ 1
3
4l (5)

A spatial discretization method developed by Skeel and Berzins
(1990) is used to obtain numerical solutions for the foam drainage
equation. This method allows for the discretization of the equation
in space, which is necessary for numerical computations. The
specific software or programming language used to implement this
method is MATLAB Programming language software.

The foam drainage equation is a partial differential equation that
describes the mass conservation in the foam's Plateau border. It
relates the cross-section area of the Plateau border (A) and the
foam's average velocity (u). If u is the average velocity in the Plateau
border, then conservation of mass relates the Plateau border cross-
section Aðx; tÞ and u:
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vA
vt

þVðuAÞ ¼ 0 (6)

For only one dimension, this becomes:

vA
vt

þ v

vz
ðuAÞ ¼ 0 (7)

The geometry of the Plateau border has been established as
presented by Verbist et al. (1996) for monodispersed bubbles:

A¼ C2r2 (8)

C¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

p
� p

2

r
(9)

Formula (2.8) is rewritten to write r as a function of A for future
steps:

r¼C
ffiffiffiffi
A

p
(10)

When one volume element A dz is considered, a balance of the
forces working on the volume element can be constructed. The
three components are the gravitational force, the viscous force per
unit volume and the capillary force. Laplace-Young provides the
dependence of the radius of the curvature on the pressure differ-
ence between the gas in the foam bubble and the liquid present in
the Plateau border:

pg � pl ¼
g

r
(11)

By combining (10) and (11):

pl ¼ � g

r
þ pg ¼ �Cgffiffiffi

A
p þpg (12)

vpl
vz

¼CgA�3
2

2
vA
vz

(13)

The gravitational forces working on the volume element are
given by r*g.

The dissipation (the viscous forces per unit volume) is given by
� hu

A .
The total force balance:

rg � hu
A

� CgA�3
2

2
vA
vz

¼0 (14)

Rewriting the formula to obtain the velocity function:

u¼Arg
h

� CgA�1
2

2h
vA
vz

(15)

Finally, (13) is inserted in (5) to obtain the foam drainage
equation:

vA
vt

þ v

vz

 
A2rg
h

� CgA
1
2

2h
vA
vz

!
¼0 (16)

This foam drainage equation for one dimensionwas first derived
by Gol'Dfarb et al. (1988). Using dimensionless variables makes it
easier to solve numerically, which is why it is applied here.

Dimensionless variables: t ¼ t
t0
, x ¼ z

z0
, a ¼ A

z20
, x0 ¼

ffiffiffiffiffi
rg
Cg

q
and



S.M. Hosseini-Nasab, M. Rezaee and P.L.J. Zitha Petroleum Research 9 (2024) 586e598
t0 ¼ hffiffiffiffiffiffiffiffiffi
rgCg

p (Hutzler and Weaire, 1999).

The final dimensionless foam drainage equation is given in (15).

va

vt
þ v

vx

 
a2 � a

1
2

2
va

vx

!
¼0 (17)

In order to solve the dimensionless foam drainage equation, two
boundary conditions and one initial condition need to be specified.
The initial condition is the uniformly wet foam column:

aðx > 0;0Þ¼1 (18)

For the left boundary, z ¼ 0, where no incoming flux is present
(Hutzler and Weaire, 1999)

a
3
2ð0; tÞ � v

vx
að0; tÞ¼0 (19)

The second boundary condition is given by the liquid fraction
being one at the right boundary, which is due to the presence of the
liquid pool at the bottom of the foam column in the experiment.

aðz¼ LÞ¼1 (20)

The spatial discretizationwhich is used is themethod developed
by Skeel and Berzins (1990), which is a spatial discretization
method for parabolic equations in one space variable. The Matlab
function ODE15s does time integration. The axis is chosen with the
top of the foam being zero and increasing downwards; this is done
to match the drainage direction with a positive step at the axis.

ODE15s is a function in MATLAB that is used to solve stiff dif-
ferential equations. Stiff differential equations are a type of ordi-
nary differential equations (ODEs) that involve awide range of time
scales. These equations can be challenging to solve numerically
because the standard ODE solvers may require very small time
steps to accurately capture the system's behaviour. ODE15s is spe-
cifically designed to handle stiff ODEs efficiently. It uses a variable-
step, variable-order numerical integration method known as the
backward differentiation formula (BDF) method. This method is
particularly effective for stiff systems because it can automatically
adjust the time step size based on the stiffness of the equations.

4. Results and discussion

4.1. Base case: 0.5 wt% AOS

To compare the foam quality and longevity of solutions con-
taining surfactant, polymer, or Glycerol, it is necessary to conduct
an experiment. The experiment involves a 0.5 wt% AOS C14eC16
and 1 wt% NaCl solution, which is repeated several times to reduce
the impact of temperature and mechanical disturbance. The foam
column reaches a volume of 150 cm3, after which gas sparging is
stopped, and the foam decay phase begins. The time taken for the
foam volume to reach one-third of its original volume (t1/3 (V1/
3 ¼ 50 cm3)) is used to compare the foam stability of the different
experiments.

According to Fig. 8, the height of the foam column increases
linearly during gas injection without any visible signs of foam
destruction. The control experiment consistently shows a decay
time of 3200 ± 200 s for a volume of 75 cm3 and 4100 ± 200 s for a
volume of 50 cm3. These times are measured from the moment gas
sparging stops. The liquid volume in the foam increases rapidly
during the foaming phase, followed by a decrease at almost the
same rate as it increased during injection until a liquid volume of
approximately 5 cm3 is reached. After this point, the drainage rate
slows until no liquid is detected in the foam after 1500 s day time.
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Film thinning due to drainage is the primary factor leading to film
rupture and further foam decay.

After a period of minimal foam decay, known as the plateau
phase, a second, more extensive decay phase of the foam volume
occurs. This decay is not caused by drainage, as all liquid has already
drained out of the foam, but rather by either bubble coalescence or
Oswald Ripening. The experiment is halted once the foam volume
reaches a final volume of 50 cm3 or less.

It is crucial to differentiate between these foam decay mecha-
nisms to understand the potential differences in decay trends for
various solutions. The initial decrease in foam volume from
t ¼ 500 s to t ¼ 900 s in Fig. 8 is primarily due to liquid draining out
of the foam under the influence of gravity, which is evident from
the significant drop in liquid volume in the foam during the same
time frame. This can be confirmed by plotting both data sets
together, as seen in Fig. 9 for the mentioned period. The foam
volume decay during this period is (150.8e136.9)¼ 13.9 cm3, while
the liquid volume decay in the foam is (17.3e5.0)¼ 12.3 cm3. Liquid
drainage is the dominant mechanism for foam decay in the early
stages after gas sparging has ceased.

The result of the numerical simulation is shown in Figs. 10 and
11. Initially, the drainage of the liquid at the top of the column
occurs fast, while no change occurs at the bottom of the foam
column where the foam stays wet. After some time, the profile of
the liquid content in the foam is a linear profile, fromwhere it starts
to converge to the steady-state solution as the front propagates
through the column and reaches the bottom.

Fig. 11 shows the total numerical solution of the foam drainage
equation for the Plateau border area for each time and depth. It
shows the transformation of the Plateau border area profile in more
detail; the rapid liquid drainage out of the very top of the foam
column followed by a more linear profile, resulting in an equilib-
rium state with a finite Plateau border area.

The choice of dimensionless parameters shows that when a
change is made in the viscosity of the fluid, for example, h2 ¼ 2*h,
the solution would only be affected for the dimensionless time.
Hence, for h2 ¼ 2*h, the solution of the foam drainage equationwill
reach the equilibrium state after a dimensionless time that is twice
as large as for h1 ¼ h. The profile of the distribution of the liquid
content throughout the vertical column is not altered by a change
in viscosity.

An implementation of the viscosity of the fluid subjected to
drainage into the foam drainage equation leads to Fig. 12, Figs. 13
and 14. These figures show the numerical solution at dimension-
less times 5, 10 and 50 for h1 ¼ 1*h, h2 ¼ 2*h and h3 ¼ 3*h< !��
Q4 : Fig: 15 was not cited in the text: Please check that the citation
ðsÞ suggested are in the appropriate place; and correct if
necessary:��> (see Fig. 15).

As the foam drainage at t ¼ 10 in Fig. 13 reaches the linear state
for the least viscous solution, the double and triple viscous solu-
tions still exhibit asymptotic behaviour.

Fig. 14 shows the solutions converging towards the steady state
solution, which is reached earlier for the less viscous solutions.

The numerical solutions show the foam drainage rate's de-
pendency on the bulk liquid's viscosity. This aspect will be inves-
tigated thoroughly in the following. To gain a more profound
knowledge and analyze the viscosity effect on foam stability, it was
tried to compare the effect of different concentrations of polymer
and Glycerol. In the following, this comparison can be observed.

As the figures exhibit, the higher the concentration, the higher
the liquid content in the foam (see Fig. 16). It means that the high
concentrations of Glycerol and HPAM polymer are able to hold up
liquid content in foam lamella longer compared to lower concen-
trations. This result is in accordance with the experimental results
of foam stability with different concentrations of Glycerol and



Fig. 8. Foam volume versus time for the control experiment (left) and the liquid volume in the foam versus time for the control experiment (right).

Fig. 9. Observation of liquid drainage as the main cause for initial foam height decay
showing that they are completely in direct convergence.

Fig. 10. Numerical solution of the foam drainage equation. It indicates the liquid
drainage is significantly faster at the top of the foam column.

Fig. 11. Complete numerical solution of the Plateau border area in time and depth,
obtained from solving the foam drainage equation.

Fig. 12. Numerical solution of foam drainage equation for different viscosities, at t ¼ 5.
It indicates the higher the viscosity, the higher foam can contain liquid contents in
lamella.
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Fig. 13. Numerical solution of foam drainage equation for different viscosities, at
t ¼ 10. Less viscous foam shows faster drainage and reaches the steady-state solution
faster.

Fig. 14. Numerical solution of foam drainage equation for different viscosities, at
t ¼ 50. Foam with higher viscosity contains higher liquid content at the upper parts of
the column and slower drainage.

Fig. 15. Numerical solution of foam drainage equation for different viscosities of
Glycerol. a: T ¼ 5 s, b: T ¼ 25 s, c: T ¼ 50 s. It can be observed that higher concen-
trations lead to foam with higher liquid content and lower foam drainage.
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HPAM. The results are provided in Figs. 17 and 18.
These figures represent the decrease in drainage and higher

foam stability by increasing the viscosity of the bulk liquid. The
liquid volume in the foam during the experiment gives insight into
the ability of the bulk liquid solution to be brought into the foam
and the ability of the foam to retain the liquid once it is there. Foam
destruction is an effect of film thinning. Film thinning is due to
liquid drainage until almost all liquid is gone and other destruction
mechanisms take over. Therefore, the liquid volume in the foam
provides information about which destruction mechanism is
dominant.

4.2. Comparison of the numerical solution with the bulk foam
experiment

The previously described numerical solution of the foam
594
drainage equation gives the distribution of the liquid fraction over
the height of the foam column but then in dimensionless param-
eters. In order to compare the solution with a bulk foam experi-
ment, it would be beneficial to have a continuous measurement of



Fig. 16. Numerical solution of foam drainage equation for different viscosities of HPAM
polymer. a: T ¼ 5 s, b: T ¼ 25 s, c: T ¼ 50 s. It shows that higher concentrations of
HPAM polymer can hold liquid content more than lower concentrations, which leads to
foam stability improvements. According to it, for the least viscous solution reaches
linear stage solution faster, viscous solutions still exhibit asymptotic behaviour.
Compared with glycerol foam liquid content simultaneously, HPAM polymer, due to
higher viscosities than Glycerol, results in higher liquid content and higher foam
stability.

Fig. 17. Retained liquid volume in foam for different concentrations of HPAM. As
observed and concluded in numerical solution of foam drainage equation, experi-
mental results show that a higher concentration of HPAM polymer results in higher
foam stability and drainage.

Fig. 18. Retained liquid volume in foam for different concentrations of Glycerol.
Glycerol foam with higher viscosity shows a lower drainage rate and higher liquid
content than others. However, it still shows a faster drainage rate than HPAM polymer
foam.

S.M. Hosseini-Nasab, M. Rezaee and P.L.J. Zitha Petroleum Research 9 (2024) 586e598

595
the conductivity over the height of the foam column to establish
the liquid fraction over the whole foam column. Unfortunately, the
Foam Scan apparatus does not provide continuous measurement
over the height, but it has four pairs of electrodes at several in-
tervals over the height of the column instead. The previous bulk
foam experiments were conducted with a pre-set maximum foam
height, after which gas sparging was stopped. During these ex-
periments, not all four electrode pairs were reached by the foam,
while the information of four electrode pairs is beneficial for the
comparisonwith the numerical solution. Therefore, the same setup
is used, with the difference that the pre-set value of the foam height
is set at the maximum height. The gas injection rate is set at 30 ml/
min to ensure the desired foam height will be reached. After the
experiment is finished, the data from the four electrode pairs is
used to create Fig. 19. The numerical solution is shown in Fig. 20. It
shows that it indeed is a satisfactory approximation of the liquid
drainage in the foam, the general trend of the liquid fraction
converging to a linear profile from its original value at t0, after
which the equilibrium profile is reached. However, both results
have a large difference concerning the liquid fraction profile at
t ¼ 0. First, the numerical solution starts with the initial condition



Fig. 19. Liquid volume fraction as measured in FoamScan experiment. By comparing
the numerical solution result of foam drainage, satisfactory resemblance and similar
trend is observable.

Fig. 20. The numerical solution of the foam drainage equation. Due to the appointed
boundary condition, at t ¼ t0, a high liquid fraction can be observed, which contrasts
with real experiment result.
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of a fully wet foam column, while in reality, this cannot be achieved
by the generation of foam with the method described above. The
liquid at the top of the foam will already drain out during the for-
mation of the foam.

The second significant difference occurs at the lower limit of the
liquid fraction. The numerical solution has a finite limit due to the
boundary condition which is in place. For the result from the bulk
experiment, however, there is no information on the lower limit of
the liquid fraction due to the lack of continuous electrodes along
the column height. Therefore, the liquid-gas interface gives the
lower limit, where the liquid fraction is of a value of 1.

Third, the foam drainage equation is constructed upon certain
assumptions which are not 100% in accordance with the actual
physics, mainly the assumption that the foam is entirely homoge-
nous (this assumption describes the Plateau border area). The
possibility of evaporation occurring is also not considered, which,
although it could be a small factor, is present in experimental
conditions. Despite these discrepancies, the foam drainage equa-
tion proves to be a satisfactory model of drainage in standing foam.

5. Conclusions

In conclusion, the experiment aimed to compare the foam
quality and longevity of solutions containing surfactant, polymer,
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or Glycerol. The foam stability was evaluated bymeasuring the time
taken for the foam volume to reach one-third of its original volume
(t1/3). The results showed that the initial decrease in foam volume
was primarily due to liquid drainage under the influence of gravity.
Film thinning due to drainage was identified as the primary factor
leading to foam decay.

Numerical solutions of the foam drainage equation were ob-
tained to further analyze the foam behaviour. The results indicated
that higher concentrations of Glycerol and HPAM polymer led to
higher liquid content in the foam and lower foam drainage rates,
resulting in improved foam stability. The numerical solution pro-
vided a satisfactory approximation of the liquid drainage in the
foam, although there were discrepancies with the actual experi-
mental results, particularly at the initial and lower limits of the
liquid fraction.

It is important to note that the foam drainage equation assumes
certain ideal conditions, such as a completely homogeneous foam
and the absence of evaporation. These assumptions may not fully
align with the actual experimental conditions. Despite these dis-
crepancies, the foam drainage equation proved helpful in under-
standing foam behaviour and predicting foam stability.

Further experiments with continuous measurement of con-
ductivity over the height of the foam column would provide more
accurate data for comparison with the numerical solution. Overall,
the study contributes to our understanding of foam stability and
provides insights into the effects of different solutions on foam
quality and longevity.

The numerical solution of the foam drainage equation starts
with a high liquid fraction at t ¼ t0 due to the specified boundary
condition. However, in real experiments, the liquid at the top of the
foam drains out during the formation of the foam, resulting in a
lower initial liquid fraction. This is a discrepancy between the nu-
merical solution and the actual experimental results. However,
further investigation is necessary to fully understand the physical
dynamics of foam stability and decay and to validate the model
assumptions, such as exploring the influence of external parame-
ters such as temperature, pressure or other foam properties such as
foam density bubble size distribution.
Parameters list

Q ¼ volumetric flow rate
�
m3

s

�

D¼ Foam Column Diameter ðmÞ

r¼ Foam column radius ðmÞ

A¼ Foam column Area
�
m2
�

u¼ Flow velocity
�m
s

�

k¼pearmeability ðDarcyÞ

4¼Prosity

_ypm ¼a0*
4uffiffiffiffiffiffiffiffiffiffiffiffiffi
8*k*4

p ¼ Shear Rete ða0 ¼ constantÞ
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