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ABSTRACT: In three-phase gravity separators used in gas and oil production, foaming can occur by either depressurization or
injection of gas in the equipment. This formed foam can be harmful, causing various problems such as liquid carry-over, gas carry-
under, decreased capacity, and difficulty in level measurement. The mechanism of foam formation by gas injection in separators
motivated the present study. Thus, this work proposes the analysis of the influence of certain physical−chemical parameters such as
temperature (20−40 °C), pressure (1−10 bar), and types of gases (nitrogen and methane) on the formation of the column and
stability of the foam formed, in ISO14 mineral oil + sodium laureth sulfate + water, through gas injection in separator conditions. To
carry out this analysis, an experimental apparatus was designed and assembled consisting of a transparent foam formation cell of 0.5
m height and 5 cm internal diameter. Parameters such as foamability, foaminess, and the collapse curve were also evaluated to
characterize the foam formed. In addition, simplified models of foam formation and decay by gas injection were proposed based on
models already available in the literature, which were validated with the experimentally obtained results. The experimental results
showed good agreement when compared to the literature, referring to the behavior of temperature (higher temperature, lower
stability), pressure (higher pressure, higher stability), and type of injected gas (dependency on solubility). In addition, maximum
errors of 26% (in height) and 11% (decay phase) were obtained for the formation and decay models, respectively.

1. INTRODUCTION
Foams are dispersed systems of small gas bubbles in a
continuous liquid or solid phase, which may be stabilized by
surfactants.1,2 These systems can be found in many day-to-day
situations, from solutions used for cleansing to fire extinguishers.
However, there are unwanted foams, such as the ones that may
form during primary petroleum separation process.3−5

In the oil industry, foams can be harmful to some production
process, for example, during the separation step.4−6 In this step,
foams can be formed at the three-phase gravity separators’s inlet
due to the pressure drop, forming gas bubbles that will
consequently distend the gas−liquid interface causing the
formation of these structures.3,4 However, according to the
patent developed by Monteiro and Silva,7 foams can also be
formed in the separator due to gas and water injected through
the lower portion of the equipment, mechanism used in order to
improve the separation of a three fluid phase mixture. The

formation of those structures can cause several problems in
petroleum gravitational separators, such as the decrease of its
capacity due to the increase in the residence time required for
complete separation and due to the large volume occupied by
the foams.3−5,8 In addition, foaming contributes to incorrect
measurement of the level of the separator interfaces, another
very common problem. Problems such as oil carry-over in the
gas line can also occur, which can cause the contamination of
this line, besides hydrolock in the gas compressors, or even gas
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carry-under in the oil line, consequently causing cavitation in the
pump’s intake line.3,5,6,8,9

In the literature, few studies addressing the issue of foam
formation in separators have been found. To this day, only
Shaban’s work6 deals specifically with foaming in life-size
separators. Nonetheless, there are other works that deal with
foam formation in simpler geometries whose motivation is to
simulate the formation of foams in separators.3−5,8−13 These
works showed the influence of defoamers or paraffins,
asphaltenes, and resins on the formation and decay of foams.
However, properties such as temperature, pressure, and the type
of gas injected are also important in the formation and decay of
foams. Thus, investigating the effect of these properties, under
separator conditions and through this new mechanism of foam
formation in this equipment is essential to understanding the
behavior of such structures.
Some authors evaluated the influence of physicochemical

parameters on foam formation and decay. Regardless of the
material and method used for the formation and decay of the
foam, some results are common to these structures and indicate
how they behave when such parameters change. Regarding the
temperature, the literature shows that an increase in this
parameter generates, in most cases, a reduction in the viscosity,
in the surface tension, or in the foam stability1,14−25 Regarding
the pressure, two different behaviors can be observed. The first
behavior is that stability increases with the increase in
pressure.23,25 In addition, some other authors confirm that
stability behaves differently with an increase in pressure, as this
also depends on the type of injected gas.18,24 Regarding the
influence of the gas type on the formation and decay of foams, it
is noticed that several authors share the same conclusions. There
is the influence of the gas solubility, whose rate will change the
foam formation and decay properties according to its increase or
decrease.26−29

In addition to the analysis of foam formation and decay
parameters, a simplified mathematical modeling of formation
and decay is presented separately. Some authors in the literature
such as Bikerman,30 Pilon et al.31 and Pilon et al.32 modeled the
foaming problem, while Sita Ram Sarma et al.,33 Narsimhan,34

Dedhia et al.,35 and Fortkamp and Barbosa17 studied the foam
decay model.
The contribution of this work is to address the issue of the

influence of physicochemical parameters on the formation and
decay of foams composed mainly of mineral oil. The type of
foam formation mechanism (gas injection) investigated in this
work, which is closely linked to the Monteiro and Silva7 patent,
differentiates it from other foam formation works applied to the
petroleum industry. Additionally, the study investigates how
certain physical factors, namely, temperature, pressure, and the
composition of injected gas, influence the formation of foams
primarily composed of mineral oil. To the authors’ knowledge,
the combined effects of these parameters have not been
investigated for foams formed by mineral oil in a scenario for
primary separators and foams formed by gas injection in oil
production. However, given the innovative technology of this
patent, the approach for foam generation in this study is the
pneumatic method. As a result, one of the challenges faced is the
increased complexity involved in creating and analyzing foams.
This complexity arises due to the inherently less predictable
nature of the foam generation mechanism when compared with
the depressurization-induced mechanism. Nevertheless, the
experimental setup specially designed for this research enables
an evaluation of all of the specified parameters in the study.

Furthermore, although the present work uses a model oil, the
intention is to evaluate the impact of physical parameters on
foams formed by gas injection under gravitational separator
conditions. Besides that, two simplified mathematical models
will also be presented for both foam formation and decay.

2. MATERIALS AND METHODS
2.1. Test Bench. First, for the formation of the foam

structure, the pneumatic method, also known as the dispersion
method, was chosen. It consists of foaming by injecting gas
through one or more holes at the bottom of the foaming cell.3

Figure 1 presents an illustration of the foaming method by
dispersion. In this method, the foam is formed by injecting gas at

the bottom of the cell. This gas is fed into the cell through a
pump and is inflated through a porous medium positioned at the
bottom of the liquid bulk. Thus, gas bubbles are injected into the
system, which will later distend the liquid−gas interface,
consequently forming a foam column.
Figure 2 illustrates a schematic of the apparatus designed for

foaming using the dispersion method. The gas cylinder (1) has
two main functions: to pressurize the foam cell (8) and to inject
gas, in a flow rate of 50 mL/min, at the bottom of the porous
media (10 μm porosity) in order to create the foam column for
the assessment. Starting from the gas cylinder (1), there are two
lines. The first line has the sole function of pressurizing the cell
(8) to the set-point pressure so that the test can start. The
second line plays a fundamental role in the experiment since it
will determine the foam formation mode. For having a steady
and stable gas injection, it was necessary to use two syringe
pumps in parallel (4) connected through a pneumatic module
that controlled the communication between these equipment.
With the gas flow under control, the next step is to flow this gas
through the cell (8) after flowing it through a porous media that
will start the process of formation of gas bubbles that distends
the liquid−gas interface so that the foam forms as intended. This
foam was formed inside a cell (8) composed of stainless-steel
flanges connected by a 500 mm long acrylic tube with 50 mm
inner diameter, as shown in Figure 3. This length was
determined in such a way that the foam has enough space to

Figure 1. Dispersion method.
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grow without any physical barrier blocking this growth. In the
upper flange, the cell is instrumented with a pressure transducer
(10) that measures its internal pressure. The apparatus also
counts on a service line (11) to inject the oil to be tested inside
the test cell.
Additionally, the experimental apparatus also includes a

thermal bath (9) to control the temperature of the foaming cell
(8), which is inserted in a transparent tank (7). A camera (17)
connected to a computer (16) was used to capture the images.
Finally, a high-speed camera was used to capture images relative
to the physical phenomena of foam formation and decay.
2.2. Fluid Selection. Initially, examinations were conducted

exclusively using ISO14 mineral oil (CAS number: 8042-47-5
from Sigma-Aldrich), with low viscosity (14.2−17.0 cst at 40
°C) and density (0.838−0.854 g/cm3 at 25 °C) that closely
resemble those of the Brazilian oil fields. Additionally, ISO14 is
translucent, facilitating the observation of foam growth and
decay during experimental trials. However, foam formation was
not verified with this pure oil or the tested gases. Thus, the use of

a foaming additive (sodium lauryl ether sulfate, anionic
surfactant diluted in water) became necessary. There are several
other studies that used water as a diluting agent for the foaming
additive.36−40 Therefore, all tests were performed with 50 mL of
ISO 14 mineral oil plus 2 mL of sodium lauryl ether sulfate
diluted in 5 mL of water.
Regarding the gases used, they were chosen based on

conventional oil fields found in Brazil. The main hydrocarbon
in natural gas is methane, and nitrogen can be considered a
contaminant. Therefore, the use of these gases for evaluating the
results was essential.
2.3. Test Grid.The test grid, Table 1, was conceived in order

to evaluate the desired parameters, such as the influence of

pressure, temperature, and type of gas injected. The tests were
compared with those carried out under other conditions, so that
the influence of such parameters on the foamability and stability
of the foam formed could be verified.
Table 1 shows all 16 experimental points that were tested.

This table is divided into two main columns where the influence
of the gas type is evaluated. This is done by repeating all

Figure 2. Schematic test loop composed by (1) gas cylinder, (2) needle valve, (3) sphere valve, (4) 2× syringe pumps, (5) sphere valve, (6) check
valve, (7) temperature control reservoir, (8) foaming cell, (9) thermostatic bath, (10) pressure transducer, (11) cap, (12) sphere valve, (13) quick
connector, (14) back pressure, (15) sphere valve, (16) computer, and (17) cam.

Figure 3. Foaming cell.
Table 1. Test Grid

nitrogen methane

T P gas T P gas

Temperature
P1 20 °C 1 bar N2 P9 20°C 1 bar CH4

P2 25 °C 1 bar N2 P10 25°C 1 bar CH4

P3 30 °C 1 bar N2 P11 30°C 1 bar CH4

P4 35 °C 1 bar N2 P12 35°C 1 bar CH4

P5 40 °C 1 bar N2 P13 40°C 1 bar CH4

Pressure
P6 20°C 1 bar N2 P14 20°C 1 bar CH4

P7 20°C 5 bar N2 P15 20°C 5 bar CH4

P8 20°C 10 bar N2 P16 20°C 10 bar CH4
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experimental points for both gases, so that the influence of such
parameters can be compared. Furthermore, the Table is divided
into two main parts. The first one, from points P1 to P5 and P9
to P13, aims at determining the influence of temperature since
all parameters but the temperature are kept constant. Likewise,
points P6−P8 and P14−P16 aim at determining the influence of
pressure on foam formation and stability, as only the pressure
varies in these cases and temperatures of 20 °C were chosen, as
this temperature allowed a greater mechanical resistance of the
rig used for the tests. Yet, points with higher temperatures might
have been chosen to increase the foam decay rate.
The experimental points herein presented were chosen to fill

an information gap present in the literature. This gap is related to
the formation and decay of mineral oil-based foams regarding
the evaluation of temperature, pressure, and type of injected gas
influence. In addition, because this is a work motivated by the
formation of foam in oil industry separators, the temperature
and pressure measurement ranges were chosen while field
parameters were taken into account and the physical limitations
of the experimental rig. Also, methane gas was chosen as a model
since it is the most common gas found in the natural gas.
2.4. Experimental Procedure. Before starting the experi-

ments, it was necessary to inject the mixture oil [50 mL] +
sodium lauryl ether sulfate [2 mL] + water [5 mL] through the
injection line at the top of the test cell, but for the mixture to be
homogeneous, an initial agitation process was necessary during 5
min by means of a magnetic agitator. The cell was then
pressurized with the test gas until the pressure of the interest was
reached. After this, the gas−liquid mixture in the cell requires
some time to stabilize. This timemust be long enough for the gas
to solubilize in the liquid to be tested and for the entire system to
reach the equilibrium. When this occurs, the thermal bath must
already be set at the desired temperature, and the system is

expected to reach thermal equilibrium. At this moment, the
image acquisition must start. It will allow verification of the
height of the foam column formed, as well as the decay time after
the gas injection is stopped. The back-pressure valve must be set
to the pressure of interest to guarantee a stable pressure during
the experiment. Thus, the role of this equipment is to regulate
the pressure whenever it exceeds the previously set pressure.
With all of these parameters adjusted, gas injection must occur,
causing the formation of the desired foam column. For this
purpose, the required flow rate in the syringe pumps must be set
to 50 mL/min. Gas injection must occur until the height of the
foam column becomes stable. From this moment onward, the
foamability (the ratio between the formed foam column and the
initial liquid volume) of the fluid can be measured. Thus, the gas
injection must be shut down, and the time count for the
complete decay of the foammust be started. With the given time
and the intermediate foam volume measurements, a decay curve
can be plotted whose collapse slope (the inclination of the decay
stage) will be analyzed to determine the stability of the foam
formed. To obtain the height points (H) that generate the
aforementioned graphs, a graduated ruler coupled to the
foaming cell was used. Each 10 s, the camera acquired an
image that recorded the height of the foam layer during the
execution of the experiment. This way, the formation and decay
graphs can all be all plotted.
2.5. Image Analysis. Images obtained experimentally were

used to obtain the graphs presented in the next subsections.
With these graphs, the height of the foam column at a particular
time could be evaluated. The following sequence of images
illustrates the test performed at point P5.
The images illustrated by Figure 4 were obtained by repeating

the experimental point P5 using a high-speed camera. This was
done with the sole objective of visualizing some typical

Figure 4. Illustration of the test carried out for P5. (a) t = 0 s, (b) t = 260 s, (c) t = 530 s, (d) t = 620 s, (e) t = 1000 s, and (f) t = 1270 s.
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phenomena during foam formation and decay. The images used
for the construction of the foam column graphics were taken
with a GoPro HERO5 Black camera. However, because of the
quality of the images obtained, the images from the high-speed
camera were used to illustrate the details. Figure 4a−c is related
to the injection and subsequent foam formation at different time
points. Figure 4d−f is related to instants of decay time of the
formed foam.
2.6. Mathematical Modeling of Foam Formation. In

this section, an approach based on Pilon et al.32 is presented.
These researchers developed a mathematical model for the
prediction of foam layer thicknesses as a function of time for
foams formed by gas injection (pneumatic test).
The model is based on the following assumptions: (1) the

problem is one-dimensional and transient; (2) wall effects are
negligible; (3) the foam is isothermal; and (4) during transient
formation, there will be no bursting on the foam surface.
Figure 5 illustrates the schematic diagram of the problem and

the geometry.

Figure 5 shows a circular compartment for the formation of
the foam column with a cross-sectional area equal to A. At time t
= 0, gas is injected into the system through the lower part of the
compartment at a constant superficial velocity j, which is faster
than the minimum speed required for foaming, also known as jm.
H(t) is the height of the foam column at any instant of time t.
The origin of the chosen coordinate system is located at the top
of the foam, and its growth direction is the z axis. The control
volume is delimited by the red rectangle and indicates the foamy
volume formed in the compartment.
The foamwill grow until it reaches a steady state. At this point,

the height will remain stable until the gas injection is stopped,
and the height in steady state is called H∞. This happens at a
time called τ. The derivation process leading to the (1) can be
found in the Appendix Section.

(1)

This is the simplest expression one can find to calculate the
foam layer height as a function of the time for foams formed
through gas injection.
Yet it is still necessary to calculate the critical time, that is, the

moment when the foams stop growing and reach a plateau. This
should be done from the following correlation described by
Pilon et al.32

(2)

where τ is the critical time, H∞ is the plateau foam layer, and j is
the superficial gas velocity.
However, to define H∞ another correlation presented by

Pilon and Viskanta41 must be used

(3)

where H∞ is the steady-state height of the foam, σ is the surface
tension of the fluid, r is the bubble radius estimated through
foam column images and a code developed in MATLAB to
obtain the average bubble radius of the structure, μl is the liquid
viscosity, jg is the superficial gas velocity, jm is the superficial gas
velocity for onset of foaming, ρl is the liquid density, and g is the
gravity.
Estimating the minimum superficial velocity necessary to

form foam is a quite complicated task, but the correlation
presented by Pilon and Viskanta41 can be used in this case

(4)

where ν∞ is the bubble terminal speed, f(r*) is a function of
dimensionless radius r*and the flow pattern, FiM is the
maximum void fraction for onset of foaming, and n is a constant
experimentally determined.
All the information necessary in order to calculate the

parameter jm are described in Pilon and Viskanta.
41 The only

difference is the variable FiM; in this work, it was used to
calibrate the model using the experimental results of maximum
foam height in steady-state. Unlike Pilon and Viskanta,41 where
the variable jm was measured experimentally, in this study, this
variable was calculated. To accomplish this, the variable FiMwas
determined through several tests to fit the model results in
comparison to the experimental data. Additionally, a linear
regression was performed between this variable and temperature
to provide a physical interpretation of FiM. The use of FiM in
calibrating the model produced satisfactory results, and further
information on this variable can be found in Section 3.3.
2.7. Mathematical Modeling of Foam Decay. The

drainage model developed in this section is based on the
model presented by Fortkamp and Barbosa,17 with some
modifications. As the original model was for foams formed
through the condensation method (foam formation due to
depressurization), some properties such as pressure, gas
solubility, specific mass of the mixture, and others vary over
time. However, as the present work uses the pneumatic foaming
method, it is not necessary to consider such variations of
properties. Therefore, the model to be developed in this section
presents some modifications.
Based on visual observations of foam decay, the drainage rate

can bemodeled as being directly proportional to the foam height
given the following expression17

(5)

where ṁL is the foam drainage rate, m0″ is the proportionality
term,A is the cross-sectional area,C4 is an empirical constant, t is
the time, and τ is the characteristic time.
The proportionality term can still be written as follows

Figure 5. Scheme of foam generation through gas injection. Source:
adapted from Pilon et al.32
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(6)

where C3 is an empirical constant (equivalent to a discharge or
flow coefficient, that is, related to the drainage velocity, the
velocity within the liquid flows through the Plateau borders42 of
the foam), ρ̅ is the average density of the foam, g is the gravity,
and Hf is the foam height.
The variable τ is used to make the time in the exponential

function dimensionless. This variable can be defined as the ratio
between the characteristic height and the characteristic velocity
that will be defined soon

(7)

However, the characteristic height can be defined as the initial
height of liquid HL.

17

To define the characteristic velocity, that is, the superficial
velocity of the liquid in the Plateau borders, Fortkamp and
Barbosa17 used an analogy with porous media, determining such
velocity fromDarcy’s law for low-velocity flows. Thus, according
to Kaviany43

(8)

where is the hydrostatic pressure gradient, μl is the liquid
viscosity, andK is the porous media permeability. Assuming that
the foam is in mechanical equilibrium, the hydrostatic pressure
gradient can be written as follows

(9)

The average density can be written as

(10)

where ϕ is the void fraction, ρl is the liquid density, and ρg is the
gas density.
From (8)−(10), an expression for the surface velocity of the

liquid in the Plateau borders can be obtained

(11)

A correlation for the permeability of the foam is still required.
Thus, the Carman−Kozeny model can be used43

(12)

3. RESULTS AND DISCUSSION
Initially, tests were carried out to validate the experimental
methodology used and to verify the repeatability of the
experimental procedure. After that, tests with nitrogen were
conducted in order to compare the influence of the temperature
and pressure on the formation and decay of foams through the
gas injection method. Finally, the test grid was repeated
completely for methane gas so that it was possible to evaluate
the influence of the type of gas injected.
Several numerical computations were performed using

MATLAB software to obtain the results through the
mathematical modeling of foam formation and decay. The
experimental results were used to calibrate the mathematical
models.

Figure 6. Experiment repeatability verification. One bar, 35 °C, injected
gas: N2, liquid mixture: 50 mL of ISO14 mineral oil +2 mL of sodium
lauryl ether sulfate +5 mL of water.

Figure 7. Experimental results for temperature influence with 1 bar of
nitrogen gas.

Figure 8. Experimental results for temperature influence with 1 bar of
methane gas.
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3.1. Repeatability Verification. To verify the repeatability
of the experiment, two identical experimental points were
performed. All parameters of pressure (1 bar), temperature (35
°C), type of injected gas (N2), and mixture composition were
kept constant (experimental point P4). To perform each test,
the same cleaning procedures were performed on the
experimental rig, and the mixture was performed identically
and with the same agitation time to minimize any differences

due to the procedure. Both tests were performed with the
mixture used for the entire experimental grid: 50 mL of ISO14
mineral oil +2 mL of sodium lauryl ether sulfate +5 mL of water.
Figure 6 presents the results obtained through the tests carried

out for point P4. As it can be seen, the two tests showed similar
results, indicating that there is repeatability in the experimental
methodology used.
There are some visual differences between the foams formed

when comparing P4_r1 to P4_r2, although these differences are
due to the randomness of the foam formation and decay due to
the physical characteristics of this structure. Thus, it is possible
to perform the experiments following the suggested method-
ology.
3.2. Experimental Results. 3.2.1. Temperature. In order to

evaluate the influence of the temperature parameter on foam
formation and decay, some tests varying this parameter between
20 and 40 °C were performed. In addition, the foamability, the
collapse slope, and the collapse time were calculated, allowing
the evaluation of these experimental points and a future
discussion on the results obtained.
Figures 7 and 8 present the experimental results obtained for

the formation and decay of foams for nitrogen and methane,
respectively.
Evaluating the graphs qualitatively, a very clear trend of an

increasing decay rate can be observed as the temperature
increases for both gases. This was an expected behavior, as some
authors had previously verified.14−17,19,20,22,44 Although the
authors cited above used different gas and liquid compositions
for the formation of the foam column, many of the results can be
compared with those of the present work because of the physical
characteristics/properties of the foams.
This decrease in the stability of the foam column formed can

be explained by some phenomena that occur in the foam
structure due to an increase in temperature. However, the most
common is due to a decrease in viscosity as a consequence of
increasing temperatures. This decrease in viscosity increases the
flow velocity through the Plateau borders, i.e., the liquid
drainage through the bubbles become easier, and consequently
the liquid film between the bubbles tends to become thinner
quicker, which ends up contributing to phenomena such as
bursting (rupture of bubble) and bubble coalescence (this
phenomenon occurs when the interstitial film connecting two or
more bubbles is disrupted due to its inherent fragility, leading to

Figure 9. Experimental results for mixture viscosity (50 mL of ISO14
mineral oil +2 mL of sodium lauryl ether sulfate +5 mL of water).

Table 2. Quantitative Results for Foam Formation and
Decay: Temperature

experimental point foamability collapse slope [cm/s] collapse time [s]

Nitrogen
P1 22.63 −0.0012 1990
P2 13.83 −0.0019 960
P3 17.33 −0.0044 530
P4 16.87 −0.0144 160
P5 10.57 −0.0138 160

Methane
P9 16.77 −0.0010 2240
P10 15.03 −0.0019 810
P11 9.83 −0.0119 190
P12 9.47 −0.0090 160
P13 10.53 −0.0279 60

Figure 10. Experimental results for pressure influence with 20 °C
nitrogen gas.

Figure 11. Experimental results for pressure influence with 20 °C
methane gas.
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a consequent reduction in the overall bubble population45).
These phenomena are directly related to foam collapse, so there

is an increase in the decay rate, that is, a decrease in foam
stability. To corroborate the analysis presented here, the

Figure 12. Experimental results for type of gas injected evaluated for (a) T = 20 °C, (b) T = 25 °C, (c) T = 30 °C, (d) T = 35 °C, and (e) T = 40 °C.
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viscosity of the mixture was evaluated by using a Brookfield
LVDV-II+P viscometer. The results obtained are presented in
Figure 9.
It is also possible to see through Figures 7 and 8 that there are

some “steps” during the foam decay phase, especially at lower
temperatures. These “steps” occur because of the stabilization of
large bubbles in the structure. The larger the bubbles, the greater
the step presented because the foam volume drops considerably
when one of these large bubbles collapses.
To quantitatively evaluate the results, the parameters of

foamability, collapse slope, and foam collapse time were
calculated. These data are presented in Table 2.
Two main points can be evaluated in Table 2. First, there is a

trend toward reduced foamability, for both nitrogen and
methane, except points P2 and P13. This reduction in
foamability due to the increase in temperature can also be
explained by the increase in the flow velocity through the Plateau
borders. This is because the growth of a foam column is a
competition between the phenomena that make that structure
grow (e.g., creaming), forces that act on foam growth (such as
buoyancy), those that cause the foam to decay (e.g., bursting,
bubble coalescence, and drainage velocity), and the gravitational

force. With an increase in temperature and, consequently, an
increase in drainage velocity, the forces related to the decay of
the foam end up prevailing. This way, the foam ends up not
growing as much as it would at lower temperatures, which is in
agreement with what was observed by Fortkamp and Barbosa.17

Furthermore, it can be observed that both the collapse slope
and the collapse time tend to increase at higher temperatures.
This is in line with what was qualitatively observed through the
graphs, that is, the higher the temperature, the lower the foam
stability, a fact that was also observed by other authors in the
literature as Abd Rahim et al.14 and Jackman et al.20

3.2.2. Pressure. The influence of the pressure through
pneumatic foam formation and decay tests was also evaluated.
In this case, six tests were performed for both gases and pressures
ranging between 1 and 10 bar. Figures 10 and 11 present the
results obtained from the experiments.
According to the literature, the influence of this parameter is

quite controversial because in addition to the influence of
pressure in the system, the type of gas also influences the
behavior of the foam during its decay.18,25

For foams formed by nitrogen, a clear increase in stability can
be observed with an increase in pressure. This can be explained

Figure 13. Experimental results for type of gas injected for (a) P = 1 bar, (b) P = 5 bar, and (c) P = 10 bar.
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on the grounds of pressure-related phenomena in the foam
structure. Among these phenomena, the decrease in the bubble
radii that form the foam can be highlighted. This decrease causes
an increase in stability, as it is already known that smaller
bubbles tend to have a longer life before collapsing.46 In
addition, a structure composed of smaller and more uniform
bubbles tends to be more stable. This could be because some
phenomena such as the Ostwald ripening, which is the smaller
species gradually vanish over time, while the dissolvedmaterial is
transferred to the larger species,2 and bubble coalescence
become less accelerated. Furthermore, this increase in stability
can be linked to the decrease in the size of the Plateau’s borders.
Because of a decrease in the bubbles’ radii presented in the
structure, the Plateau borders, consequently, exhibit smaller
dimensions, and thus, the flow through these channels becomes
slower, generating a decrease in the decay rate of the foam, that
is, a significant increase in its stability.
However, upon evaluation of the foam formed by methane, a

slightly different behavior is found. An increase in stability can be
observed between 1 and 5 bar, where the stability of the foam
clearly increases with the increase in pressure. However, when
the pressure is increased from 5 to 10 bar, a decrease in stability
can be observed. A behavior similar to this one had already been
observed in the literature24 for CO2 foams. This fact can be
explained by an increase in the solubility of the gas with an
increase in pressure. In this case, the foam would tend to decay
more quickly since part of the gas present in this structure would
solubilize into the liquid, causing some phenomena such as
Ostwald ripening and bubble coalescence to accelerate further,
thus causing a decrease in stability.
3.2.3. Type of Gas Injected. Finally, the influence of the type

of gas injected on the formation and decay of foams was
evaluated. To achieve this, all experimental cases were tested for
both nitrogen and methane. Figures 12 and 13 present the
results obtained.
As can be seen, methane foams show a strong trend to grow

less and decay faster when compared to nitrogen for all cases
except the 25 °C or P2 point. This can be explained on the
grounds of a higher solubility of methane. This characteristic of

the gas influences several phenomena responsible for foam
formation and decay. First, gases with higher solubility will
enhance phenomena, such as Ostwald ripening and bubble
coalescence. This happens because gaseous mass transfer
accelerates these processes. An increase in these phenomena
will cause a decrease in the size of the foam column as there is
greater competition between the forces of growth and decay of
this structure. In addition, such phenomena will accelerate the
foam decay process, as they will increase the size of the bubbles,
causing Plateau borders to become bigger and, consequently, an
acceleration of the flow velocity through these regions.
Furthermore, an increase in the aforementioned phenomena
will contribute to a more prominent bursting phenomenon,
which will accelerate the decay of the foam formed. Such a
behavior was already observed by Hartland et al.,28 where gases
with higher solubility tended to form smaller foam columns and
accelerate the decay process; thus, the results herein presented
are in agreement with those shown in the literature.
Moreover, the influence of the type of gas can be evaluated

through the calculation of foaminess, which represents the
amount of foam formed by the ratio of the injected gas; that is,
the greater the foaminess, themore foam a certain type of gas can
form using the same injection rate. The results of the foaminess
calculation are shown in Table 3.
It can be seen that with the exception of points P2 and P10,

the other corresponding pairs comparing nitrogen and methane,
that is, P1 and P9, P3, P11, and so on, all nitrogen points have
higher foaminess. This means that the quantitative results
presented herein are in agreement with the graphical analysis
previously performed and only reinforces the supposition that
foams formed by methane tend to grow less than those formed
by nitrogen gas.
3.3. Mathematical Modeling. 3.3.1. Formation. In this

section, the results obtained through themathematical modeling
based on Pilon et al.32 will be presented. This model depends on
an experimentally adjusted variable called the maximum void
fraction for the onset of foaming (FiM). Next, the results
obtained when this variable was adjusted for each temperature
will be presented, and later, the results will be presented after a
linear regression of the points obtained. Figures 14 and 15
present the results for which the variable was independently
adjusted.
To adjust the foam column formation curves, a linear

regression was performed on the results obtained through the
mathematical modeling in order to make the FiM variable
temperature-dependent. Figure 16 illustrates this linear
regression.
The results obtained with temperature-dependent FiM are

shown in Figures 17 and 18.
It can be seen through the results herein presented that there

is a small difference between the individual adjusted formation
modeling results and the results adjusted through a linear
regression of the maximum void fraction for the onset of
foaming. This difference is illustrated in Tables 4 and 5 with the
results of deviations as a function of height and time for both
cases.
It can be observed that the adjustment of the FiM variable

brings good results for the model when compared to the
experimental data for foam height column, but the errors
regarding the time required to reach the maximum height are
still quite high. This originates from the simplified formulation
of the mathematical modeling, and therefore some phenomena
that occur during the foam formation stage, such as bursting at

Table 3. Quantitative Results of Foaminess: Influence of
Type of Gas Injected

experimental
point

steady-state foam volume
[mL]

gas rate
[mL/min]

foaminess
[s]

Nitrogen
P1 139.21 50 167.05
P2 87.38 50 104.85
P3 107.99 50 129.59
P4 105.24 50 126.29
P5 68.13 50 81.76
P6 139.21 50 167.05
P7 225.02 50 270.02
P8 245.83 50 295.00

Methane
P9 104.65 50 125.59
P10 94.44 50 113.33
P11 63.81 50 76.58
P12 61.65 50 73.98
P13 67.94 50 81.52
P14 104.65 50 125.59
P15 223.05 50 267.66
P16 226.59 50 271.90
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the top of the column, are not taken into account, making the
model reach the steady state before the experimental procedure.

In addition, the type of foam formed through the experiment is
in line with the results shown in the article of Pilon et al.32 as type

Figure 14. Formation model results for 1 bar nitrogen. (a) T = 20 °C, (b) T = 25 °C, (c) T = 30 °C, (d) T = 35 °C, and (e) T = 40 °C.
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2 foam, that is, a foam that has oscillations around the total
height value in steady state. As the model considers that the
formation of the foam column presents a linear behavior, this is
also linked to the observed time error, as also observed by Pilon
et al.32 Finally, it can be pointed out that the model has a
satisfactory correlation with the experimental data when
observing the maximum values of foam height in steady state

as well as a good convergence with respect to the behavior of
foam heights with increasing temperatures, where the model is
able to capture this behavior of foam layer decrease due to
viscosity reduction.

3.3.2. Decay. In this section, the results of the mathematical
modeling of foam decay based on Fortkamp and Barbosa17 will
be presented. Given the difference in the type of foam formed,

Figure 15. Formation model results for 1 bar methane: (a) T = 20 °C, (b) T = 25 °C, (c) T = 30 °C, (d) T = 35 °C, and (e) T = 40 °C.
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themodeling presented by Fortkamp and Barbosa was simplified
so that it could be applied to gas-injected foam.
In this model, the two coefficientsC3 andC4 must be adjusted.

However, the C4 coefficient does not significantly influence the
decay model for gas injection foams, and hence, the value
presented by Fortkamp and Barbosa17 (5.0 × 10−3) was used to
obtain the results. Mathematical computations were performed
for each of the experimental points in order to obtain an
optimized C3 coefficient. For each computation, the root-mean-
square error (RMSE) was evaluated. The achievement of the
optimized C3 coefficient was given by the smallest error

obtained. Table 6 shows the results obtained from C3 as well
as the RMSE and normalized RMSE which is the RMSE
normalized with the maximum height of foam for each case.
It can be seen that the average deviation of the normalized

RMSE is 7%, indicating a good correlation between the
mathematical modeling and the experimental points used.
Each point has an individual C3 coefficient as this coefficient is
mainly related to the flow of liquid through the Plateau borders.
Besides, the C3 coefficient still has the function of correcting
deviations from the presented model, a fact that was also
observed by Fortkamp and Barbosa17 The results obtained

Figure 16. Linear regression results carried out for FiM parameter with temperature. (a) Nitrogen and (b) methane.

Table 4. Quantitative Results of Foam Column Formation Modeling

temperature [°C] FiM experimental height [cm] model height [cm] height deviation experimental time [s] model time [s] time deviation

Nitrogen
P1 20 0.8875 7.1 7.083 0.095% 210 142 32%
P2 25 0.8932 4.5 4.440 0.235% 430 89 79%
P3 30 0.9143 5.5 5.487 0.235% 430 110 74%
P4 35 0.9285 5.4 5.337 0.421% 380 107 72%
P5 40 0.9299 3.5 3.492 0.627% 450 70 84%

Methane
P9 20 0.8797 5.3 5.337 0.139% 400 107 73%
P10 25 0.8948 4.8 4.789 0.443% 540 96 82%
P11 30 0.9030 3.3 3.242 0.235% 420 65 85%
P12 35 0.9160 3.1 3.143 0.082% 190 63 67%
P13 40 0.9299 3.5 3.442 0.524% 380 69 82%

Table 5. Quantitative Results of Adjusted Foam Column Formation Modeling

temperature [°C] FiM experimental height [cm] model height [cm] height deviation experimental time [s] model time [s] time deviation

Nitrogen
P1 20 0.8866 7.1 6.884 2.909% 210 138 34%
P2 25 0.8986 4.5 5.587 25.547% 430 112 74%
P3 30 0.9106 5.5 4.789 12.933% 430 96 78%
P4 35 0.9226 5.4 4.390 18.104% 380 88 77%
P5 40 0.9346 3.5 4.190 20.753% 450 84 81%

Methane
P9 20 0.8797 5.3 5.337 0.139% 400 107 73%
P10 25 0.8917 4.8 4.090 14.961% 540 82 85%
P11 30 0.9037 3.3 3.392 4.369% 420 68 84%
P12 35 0.9157 3.1 3.093 1.506% 190 62 67%
P13 40 0.9277 3.5 3.093 10.615% 380 62 84%
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Figure 17. Adjusted formation model results for nitrogen. (a) T = 20 °C, (b) T = 25 °C, (c) T = 30 °C, (d) T = 35 °C, and (e) T = 40 °C.
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Figure 18. Adjusted formation model results for methane. (a) T = 20 °C, (b) T = 25 °C, (c) T = 30 °C, (d) T = 35 °C, and (e) T = 40 °C.
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Figure 19. Decay mathematical modeling results for 1 bar nitrogen. (a) T = 20 °C, (b) T = 25 °C, (c) T = 30 °C, (d) T = 35 °C, and (e) T = 40 °C.
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Figure 20. Decay mathematical modeling results for 1 bar methane. (a) T = 20 °C, (b) T = 25 °C, (c) T = 30 °C, (d) T = 35 °C, and (e) T = 40 °C.
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through mathematical modeling and coefficient adjustment are
shown in Figures 19 and 20.
As can be seen, the decay model is similar, in its behavior, to

the results obtained experimentally. It is also possible to observe
that generally, the model predicts a more accelerated decay of
the foam. This happens because in the inputs of the models,
some simplifying hypotheses are used. In addition, the
adjustment of the C3 contributes to maintain a good correlation
between the experimental results and the mathematical model.
This nevertheless indicates that the model still lacks some
corrections to become less dependent on this adjustment
variable. From a graphical analysis of the results, as well as from
the analysis related to the RMSE, it can be said that the results
shown here are satisfactory.

4. CONCLUSIONS
The experimental results show that the temperature and
pressure significantly affect foam formation and decay. Higher
temperatures accelerate foam decay due to increased Ostwald
ripening and decreased viscosity. Higher pressures increase foam
stability by producing smaller bubbles, reducing Plateau borders,
and slowing down Ostwald ripening. The type of gas injected
also influences foam behavior, with gases of higher solubility
causing an inversion of the decay curve. Two mathematical
models were presented that require further development to
improve accuracy. The foam formation model is limited by
simplified assumptions, leading to linear curves instead of amore
realistic steady state. The decay model depends heavily on
empirical variables due to simplifying assumptions; therefore, a
more complex model would improve results without the need
for calibration. Overall, the study shows that despite differences
in foam-forming fluids, foam behavior is comparable to the
existing literature, allowing for direct comparison of results.

■ APPENDIX A
According to the hypotheses made previously in the Section 2.6,
applying the conservation of mass in the gas phase inside of the
control volume yields

(13)

where ρg is the gas phase density, j is the superficial gas velocity,
A is the compartment cross-sectional area, mg is the mass of gas
in the system, and t is the time.
The total mass of gas trapped in the foam can also be written

as a function of gas volume fraction as follows

(14)

It is also known that the average gas volume fraction of the
foam will be given by the following equation

(15)

where H(t) is the foam height as a function of time, ϕ̅(t) is the
average gas volume fraction of the foam and φ(z,t) is the gas
volume fraction as a function of position and time, obtained
through the correlation presented by Pilon et al.32

Considering that the density of the gas is constant and the
cross-sectional area also remains constant, (14) can be rewritten
as follows

(16)

Relocating the term of (15) one can write

(17)

Substituting (17) into (16) the following expression is
obtained

(18)

Relocating the terms of (18) the following expression for the
height of the foam layer is obtained as a function of time

(19)

However, (13) can be integrated as follows

(20)

Then

(21)

Substituting (21) into (19)

(22)

Simplifying

(23)

It is possible to find the (1) showed in Section 2.6.
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