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ABSTRACT: Foam, a versatile underbalanced drilling fluid, shows potential for [AAES Foam at pH~9.5@T = 60 °C
improving the drilling efficiency and reducing formation damage. However, the
existing literature lacks insight into foam behavior under high-pH drilling
conditions. This study introduces a novel approach using synthesized seawater,
replacing the conventional use of freshwater on-site for the foaming system’s
liquid base. This approach is in line with sustainability objectives and offers novel
perspectives on foam stability under high-pH conditions. Experiments, conducted
with a high-pressure, high-temperature (HPHT) foam analyzer, investigate how
pressure and temperature affect foam properties. The biodegradable foaming
agent ammonium alcohol ether sulfate (AAES) is employed. Results demonstrate
that the pressure significantly impacts foam stability. Increasing pressure enhances . po. - - o
stability, reducing decay rates and promoting uniform bubble sizes, especially at
lower temperatures. This highlights foam’s capacity to withstand high-pressure
conditions. Conversely, the temperature plays a substantial role in foam decay,
particularly at elevated temperatures (75 and 90 °C). Decreased liquid viscosity accelerates the liquid drainage and foam decay.
While pressure mainly influences the AAES foam stability at temperatures up to 50 °C, temperature becomes the dominant factor at
higher temperatures. Temperature’s impact on foamability is minimal under constant pressure, maintaining consistent gas volume for
maximum foam height. However, foam stability is sensitive to temperature variations, with increasing temperature leading to a more
significant bubble size increase gradient. These findings stress the importance of considering temperature effects in foam drilling,
particularly in deep and high-temperature environments. AAES foam exhibits stability at lower temperatures, making it suitable for
surface and intermediate drilling. Understanding temperature-induced changes in foam structure and bubble size is essential for
optimizing performance in high-temperature and deep drilling scenarios.

1000 |

a
3
=3

Testing Pressure (psi)

»
3

Foam Half-Life, H, (min)

1. INTRODUCTION V,(foam)
REV(t) = —-—— x 100%

Foam has emerged as a versatile fluid for underbalanced drilling Vinitial(foam) (1)
applications.' Its unique properties and characteristics make it
particularly useful for enhancing underbalanced drilling where V represents the foam volume observed in a transparent
operations. Foam comprises a two-phase system wherein gas cell; the subscript ¢ refers to the measured foam volume at a
bubbles are dispersed within a liquid phase, often water or oil.” It specific time; and Vi, denotes the initial foam volume right
enhances drilling efficiency and hole stability by reducing the after the bubbling stops.* By continuously monitoring the RFV
influx of gormation fluids, thereby mitigating the risk of wellbore values over time, one can estimate H, by calculating the duration
collapse.” Its low density and high viscosity enable efficient required for the foam volume to decrease to 50% of its initial
transport of drilled cuttings to the surface, leading to improved value, which is represented by RFV equal to 0.5.°

.1 ) o~
hole cleaning. In the realm of foam applications, the principal factor

Foam Stability. Foam stability is a crucial characteristic in
foaming systems, describing how the foam volume or height
changes over time after its formation. To quantify foam stability,
scientists assess the foam bubbles’ half-life (H,), representing
the time it takes for the foam volume to decrease to half of its
initial value due to foam decay. Determining H, involves
calculating the relative foam volume (RFV), which indicates the
percentage of remaining foam volume compared to the
maximum foam volume after foaming has ceased. The RFV is
obtained using the following equation:

influencing surfactant selection is commonly acknowledged to
be foam stability.” Upon the generation of foam, there exists the
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potential for liquid drainage driven by gravitational forces,
leading to foam destabilization.” It is noteworthy that higher
foam viscosity does not consistently yield enhanced foam
stability; its impact can vary, depending on the application. In
some scenarios, increased viscosity can improve stabilit
through film thinning, while in others, it can impede stability.

Numerous factors impact the stability and formation of foam,
including surfactant adsorption at the liquid/gas interface,
pressure, temperature, and salinity.” For instance, higher
pressure has a favorable impact on foam stability, as evidenced
by a study indicating that increasing pressure leads to a
prolongation of foam half-life.” Additionally, another inves-
tigation examined the characteristics of foam using Armovis as a
surfactant, comparin§ conditions at ambient pressure and 1000
psi (6894.76 kPa)."” This analysis revealed that an elevated
pressure resulted in smaller bubble radii and denser foam.
Conversely, elevated temperatures tend to diminish foam
stability due to surfactant degradation."'

The current literature presents a range of conflicting findings
pertaining to the impact of salts on foam characterization. For
instance, Guo et al.'” conducted an investigation into the
influence of salt concentration on foam stability under ambient
conditions. Their findings indicated a notable increase in foam
half-life with an escalating NaCl concentration, attributed to a
reduced drainage rate and reinforced bubble film strength. They
claimed that the enhancement in foam stability arose from the
heightened electrostatic forces between micelles, consequently
resulting in increased viscosity.

Furthermore, Majeed et al."* conducted multiple experiments
to investigate the effect of NaCl concentration on foam
properties, including foamability and stability under ambient
conditions. Interestingly, their results unveiled that the influence
of salt on foam could be stabilizing or destabilizing contingent
on the surfactant concentration. With the addition of 1 M NaCl
to a 0.025 wt % surfactant solution, foam decreased 7-fold, but
when surfactant concentration was elevated to 0.25 wt %, the
foam’s half-life improved 6-fold with the inclusion of 1 M NaCl.

Moreover, AlYousef et al.'* performed an evaluation of the
impact of water chemistry on foam stability under ambient
conditions, employing a-olefin sulfonate surfactant, and differ-
ent water types, including DI water, seawater, and low-salinity
water, were examined. The study concluded that low saline
water contributed to greater stability compared with DI water.
Additionally, Jiang et al." studied the role of various salt types
(NaCl, CaCl,, KCI) and their concentrations on foamability and
foam stability. It was observed that foam generation was
markedly affected by the type of salt, with foam volume
decreasing rapidly upon the addition of CaCl, and KCI due to
interactions between Ca** and K ions with the SDS surfactant,
resulting in crystal formation.

Foam Structure. The structure of foam can be classified into
different categories based on the amount of liquid present: dry
foam and wet foam. In dry foam, the gas bubbles take on a
polyhedral shape with distinct edges, whereas in wet foam, the
bubbles are more spherical and stable.'® However, foam is
inherently unstable and has the potential to separate into gas and
liquid phases due to its high surface energy.” Literature has
identified three primary phenomena that contribute to the
instability of foam: liquid drainage, coarsening, and bubble
coalescence.'”'® The process of liquid drainage plays a
significant role in the degradation of foam, reducing its liquid
content, which determines the thickness of the film.'” This
process is driven by gravity and capillary pressure, where the
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capillary pressure transfers liquid from the foam film to the
plateau borders, while gravity drains the liquid from the network
of plateau borders.”” Bubble coarsening occurs when gas diffuses
through the liquid film due to a pressure difference, leadin
larger bubbles to grow while smaller ones tend to disappear.”
Bubble coalescence refers to the breaking of adjacent films. To
mitigate these phenomena, various chemical additives, primarily
surfactants, are employed to enhance foam stability by
increasing liquid viscosity and establishing a network of
connections between films to minimize liquid drainage and
coarsening.22

Limited research has delved into the dimensions of bubbles
and the mean bubble count during the static test, offering
valuable insights into how surfactants, salts, and additives
function at the microscopic level to stabilize foam.”> Foam
texture pertains to the dimensions, configurations, and spatial
arrangement of bubbles. In general, foam bubbles exhibit
diameters ranging from approximately 10 ym to 1 mm.** Fine-
textured foam refers to instances where bubble sizes are small,
while coarse-textured foam describes scenarios with larger
bubble sizes.”> Smaller bubbles, characteristic of fine-textured
foam, engender higher viscosity due to a larger interfacial area
and augmented film strength, which subsequently results in
elevated flow resistance. When the distribution of bubble sizes is
narrow and bubbles are uniformly distributed, viscosity tends to
be higher.26

Foam Drilling Challenges. The challenges posed by the
instability of foam in foam drilling are manifold. Foam instability
gives rise to a weak structure, high drainage, and low viscosity. In
contrast, drilling foams are characterized by their structured
nature and high viscosity, which enable them to effectively
transport coarse particles.”” The instability of foam directly
impacts the structure of these fluids, resulting in a diminished
capacity to carry solids. Moreover, the structural integrity not
only affects the foam’s lifting capability but also influences its
drainage and flow behaviors. Consequently, unstable foams
exhibit a lower viscosity compared to their stable counterparts,
even when they possess identical compositions. This reduced
viscosity, coupled with high drainage, leads to poor hole cleaning
and creates various challenges in drilling operations. Stable
foams, on the other hand, offer a high level of homogeneity and
exhibit consistent and predictable rheological properties. When
a flowing foam becomes unstable, it exhibits segregation, the
presence of free liquid, and the formation of a two-phase flow.
These phenomena cause fluctuations in downhole pressure and
temporary overbalance, giving rise to severe formation damage,
compromised cleanout performance, and issues with well
control.”**° Therefore, addressing the challenges associated
with unstable foam is crucial for achieving successful foam
drilling operations.

When formulating a foam system for use in drilling, the
primary consideration is its ability to retain stability under
demanding drilling conditions while being compatible with
formations sensitive to water. To be deemed an appropriate
foam system for underbalanced drilling, specific requirements
must be satisfied. These prerequisites encompass the need for
adequate stability to facilitate the removal of drill cuttings to the
surface, a mild alkaline pH level falling within the range of 9.5 to
10.5 through water treatment, and the ability to withstand the
introduction of salts from the formation into the wellbore during
underbalanced scenarios, including saline water.**™>*

To the best of the authors’ knowledge, while numerous
studies have explored surfactants for foam drilling applications,
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there is a noticeable gap in the existing literature regarding the
assessment of foam properties such as stability, foamability,
bubble characteristics, and structure under alkaline conditions
that are of paramount importance in drilling environments. This
gap is particularly significant in the context of drilling, where
variations in the pressure and temperature play a crucial role. In
this study, we utilized an HPHT (high-pressure, high-temper-
ature) foam analyzer to evaluate these foam properties using an
eco-friendly foaming agent. Tests were conducted at different
pressure levels [14.7 psi (101.35 kPa), SO0 psi (3447.37 kPa),
and 1000 psi (6894.75 kPa)] and temperatures (25, 50, 75, and
90 °C) in a mildly alkaline environment, mirroring actual field
drilling conditions.

Furthermore, this study introduced a unique approach by
employing synthesized seawater as the base liquid for the
foaming system, which markedly distinguishes it from previous
research in the field. Unlike conventional practices that use
freshwater for onsite drilling fluid preparation, this innovative
step aligns with sustainability and eco-friendly objectives. It
delves into the performance of the tested foaming system in a
more realistic context, where the liquid base contains a
combination of salts, a scenario that differs from the individual
salt studies frequently covered in the existing literature. This
shift in focus provides a novel perspective on foam stability and
behavior.

2. MATERIALS AND METHODS

2.1. Materials. Ammonium alcohol ether sulfate (AAES), an
anionic surfactant provided by a service company, was used as

Table 1. Mineral Compositions of Synthesized Seawater

# Composition Synthetic sea water (g/L)
1 Na,50, 6.34
2 NaHCO, 0.16
3 CaCL,2H,0 239
4 MgCl,-6H,0 17.64
S NaCl 41.17
Total dissolved solids (TDS), g/L 67.70

the foaming agent in the tested foam systems. AAES has a
chemical structure of [CH;-(CH,)n-O],-SO5-NH,, while CH,
represents a methyl (hydrophobic) group; (CH,), represents a
variable-length hydrocarbon chain; SO; stands for a sulfonate
(hydrophilic) group; and NH, represents an ammonium
(positively charged) group. It exhibits high biodegradability
and has a dual hydrophobic—anionic nature, making it versatile
for various applications and enhancing solubility, emulsification,
and foaming properties. Nitrogen was selected as the gas phase
for the experiments because of its extensive application in foam
drilling operations in the field.”® A synthetic seawater solution
with a total salinity of 67.70 g/L and both monovalent and
divalent cations was prepared using ACS-grade salts listed in
Table 1.>* To mimic a typical drilling environment, the pH of
the foaming solutions was adjusted to a range of 9—10 using a
pH buffer solution containing 5 M potassium hydroxide
(KOH).

2.2. Sample Preparation. The foaming solutions were
prepared by blending 0.5 wt % of the surfactant (AAES) with
water using a volumetric flask and a magnetic stirrer. The pH of
the solutions was adjusted to the range of 9—10 with the
addition of a S M KOH solution. To achieve homogeneity, the
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solutions were thoroughly mixed for several hours before
foaming experiments.

2.3. Testing Devices. High-Pressure Foam Analyzer
(HPFA). A commercial HPHT foam analyzer (Figure 1) was
utilized to assess the foam stability, structure, and bubble size of
AAES foam. This sophisticated instrument comprises a high-
pressure (HP) view cell for visualizing foam structure and decay,
an electric heating jacket for precise temperature control,
cameras, transmitted lights, and specialized prisms. It allows the
simultaneous measurement of foam height and structure over
time through optical methods. Bubble shape and size were
analyzed by using high-resolution prisms. The experiment
commenced with filling the HP view cell with a surfactant
solution followed by heating to the desired temperature. Once
the desired temperature was achieved, the solution in the cell
was partially drained to a specific level, and then the HP cell view
was pressurized with N to reach a pressure of 1000 psi (6894.75
kPa). Foam generation occurred by pumping N, from the
bottom through a porous plate at a rate of 50 mL/min. A back-
pressure regulator was employed to manage increased pressure.
Specially installed software facilitated video recording and
analysis of the entire foaming and collapsing process, set with a
duration of 300 min before automatic termination.

Rheometer. The viscosity of the liquid base is a crucial factor
influencing the overall foaming properties in foaming systems.*>
In this research, the viscosity of AAES liquid solutions employed
for foam generation was evaluated using an Anton-Paar
Rheometer at a shear rate of 600 s™".

3. RESULTS AND DISCUSSIONS

3.1. Pressure Effect on Foaming. 3.1.1. Testing Con-
ditions. In this section, AAES foam systems have been
experimentally investigated under different pressures [14.7 psi
(101.35 kPa), 500 psi (3447.37 kPa), and 1000 psi (6894.75
kPa)] at the same temperature of S0 °C to assess the impact of
varying pressures on AAES foam stability, foamability, and
bubbles’ structure.

3.1.2. Foam Stability. Figure 2 displays the relative volume of
AAES foam at different pressures [14.7 psi (101.35 kPa), 500 psi
(3447.37 kPa), and 1000 psi (6894.75 kPa)] and a temperature
of 50 °C in a mildly alkaline environment (pH ~ 9.5). The foam
decay exhibited variations with pressure, with higher pressures
showing reduced foam decay rates, indicating improved foam
stability. Figure 3 illustrates the foam half-life, with the AAES
foam having the shortest half-life at 14.7 psi (101.35 kPa) (97
min), which more than doubled at 500 psi (3447.37 kPa).
Notably, at 1000 psi (6894.75 kPa), the foam stability
significantly improved, with only a 20% volume decrease over
350 min, demonstrating highly stable foams. These findings
align with prior research, highlighting the Gpositive impact of
elevated pressure on foam bubble stability.**”

The observed changes in foam stability with varying pressures
can be attributed to the effect of this parameter on the physical
properties and behavior of foam. At higher pressures, the gas
phase in the foam is compressed, leading to a reduction in the
gas volume. This compression of the gas phase helps to stabilize
the foam structure by reducing bubble coalescence and
promoting stronger bubble films. Consequently, the foam
exhibits a slower decay over time, resulting in increased stability.
On the other hand, at lower pressures, the gas phase expands,
leading to increased bubble coalescence and weaker bubble
films, which contribute to faster foam decay and reduced

stability.
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Figure 1. Schematic illustration of the high-pressure foam analyzer HPFA employed for assessing the foam properties.
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Figure 2. Relative volume of AAES foam under different pressures and at a temperature of 50 °C.

3.1.3. Foamability. Foamability, which assesses a surfactant’s
inherent capacity to produce foam, is characterized by both the
generated foam quantity and the count of gas bubbles (BC)
entrapped within the liquid phase. In the foam generation
process, nitrogen (N, ) was introduced from the bottom through
a porous plate at a consistent flow rate of 50 mL/min until the
foam reached its maximum height in the high-pressure (HP) cell
view. After gas injection was stopped, the resulting foam
underwent evaluation to determine its initial foam volume and
the bubble density expressed in bubble count per unit area
(bubbles/mm?). Table 2 presents the average gas volume
required to achieve the maximum foam height in each
experiment along with the corresponding initial bubble density
of the AAES foam.

Increasing the pressure led to a decrease in the amount of gas
necessary to attain the maximum foam height in the HP cell.

1045

Specifically, while 149 mL of N, gas was needed to generate a full
foam column at 14.7 psi (101.35 kPa), this gas volume decreased
by 15% at SO0 psi (3447.37 kPa) and by 20% at 1000 psi
(6894.75 kPa). This phenomenon can be attributed to the rising
pressure causing the density of the gas to increase and
subsequently reducing surface tension.’”** Surface tension is
responsible for holding the gas bubbles within the liquid phase
and is a critical factor in the foam stability. When the surface
tension is lowered, it becomes easier for the gas bubbles to form
and stabilize in the liquid, resulting in improved foamability.
Furthermore, the results in Table 2 indicate that the initial
bubble density is influenced by the system pressure. Elevating
the pressure led to an increase in the initial bubble density
observed after stopping the injection of the N, gas. At 14.7 psi
(101.35 kPa), the AAES foam exhibited the lowest foamability
with 35 bubbles per mm? However, increasing the pressure to

https://doi.org/10.1021/acsomega.3c07263
ACS Omega 2024, 9, 1042—1055
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Figure 3. Bubbles’ half-life of AAES foam under different pressures and at a temperature of 50 °C.

Table 2. Gas Volume Required to Generate a Full Foam Column under Different Pressures and at Temperature of 50 °C,
Expressed in Milliliters (mL), as Well as the Initial Bubble Density

Testing Conditions

Temperature (°C)
50

Pressure
14.7 psi (101.35 kPa)
500 psi (3447.37 kPa)
1000 psi (6894.75 kPa)]

Injected N, volume (mL)

Initial bubble density (bubbles/mm?)

149 35
126 S1
119 80

500 psi (3447.37 kPa) resulted in smaller bubble sizes, leading to
a22% increase in the bubble count per unit area. Further raising
the pressure to 1000 psi (6894.75 kPa) enhanced the bubble
density to 80 bubbles/mm?® The reduction in gas volume
needed to achieve the maximum foam height at higher pressures
suggests that the gas is more efficiently trapped and distributed
within the liquid phase.

3.1.4. Foam Structure. Table 3 presents the bubble size
distributions as a function of time under different pressures and
temperature of 50 °C. Images of AAES foam were captured at
various time intervals, 1, 30, and 60 min, under different
pressures and at a temperature of 50 °C (Table 4). At a pressure
of 14.7 psi (101.35 kPa), the analysis revealed the evolution of
the foam structure over time. Initially, a nonuniform distribution
of bubble sizes was observed, with larger bubbles positioned at
the top of the HP cell and smaller ones at the bottom, along with
fine-textured bubbles just above the liquid solution. Over time,
bubble coarsening occurred as a result of gas diffusion through
liquid films due to pressure differences, leading to an increase in
bubble size and a reduction in the bubble count per area. After
approximately 60 min, a distinct bubble configuration featuring
multiple border plateaus was observed at the top of the HP cell.
However, when the pressure was increased to 500 psi (3447.37
kPa) and 1000 psi (6894.7S kPa), the bubble size distributions
displayed greater uniformity at the beginning of the test, with
reduced dominance of bubble coarsening. As time elapsed,
numerous small bubbles were observed, indicating the influence
of higher pressure on bubble dynamics. The increase in pressure
hindered bubble coarsening and enhanced the mechanical
strength of the foam structure, preventing bubble merging and
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coalescence. Consequently, more small bubbles were retained,
resulting in a more uniform bubble size distribution.

The recorded bubble density data in Figure 4 confirmed the
observations from the captured images, demonstrating that as
time progressed the bubble density decreased with varying rates
based on the system pressure. At 14.7 psi (101.35 kPa), a rapid
reduction in bubble density to nearly one-third of its initial value
was evident, while at S00 psi (3447.37 kPa) and 1000 psi
(6894.75 kPa), the rate of bubble count per unit area decrease
was notably lower, sustaining a higher bubble count for an
extended period. This behavior can be attributed to the
pressure’s effect on foam stability and bubble coalescence
kinetics. At lower pressures, rapid coalescence of gas bubbles led
to larger bubbles, thus reducing bubble density. In contrast, at
higher pressures, hindered gas diffusion through liquid films
resulted in a more uniform distribution of smaller bubbles,
contributing to higher bubble density and improved foam
stability over time.

Regarding the mean bubble size presented in Figure 5, notable
differences are observed primarily at low pressures. Specifically,
the initial mean bubble size at 14.7 psi (101.35 kPa) significantly
differs from that at higher pressures of S00 psi (3447.37 kPa)
and 1000 psi (6894.75 kPa). Over time, the mean bubble size
increases at all pressures, with this effect diminishing as the
pressure increases, particularly at elevated pressures of 500 psi
(3447.37 kPa) and 1000 psi (6894.75 kPa), where the bubble
size remains relatively constant. This constancy of bubble size at
higher pressures indicates a higher foam stability. The variations
in mean bubble size can be attributed to the pressure-dependent
bubble coarsening and coalescence kinetics.””

https://doi.org/10.1021/acsomega.3c07263
ACS Omega 2024, 9, 1042—1055
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Table 3. Histograms of AAES Foam Bubble Distributions at Various Time Intervals under Different Pressures and Temperatures
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3.2. Temperature Effect on Foaming. 3.2.1. Testing
Conditions. According to the previous section, the findings
indicate that pressure positively influences both foam stability
and foamability. In light of these results, this section aims to
explore AAES foam systems under an elevated pressure of 1000
psi (6894.75 kPa) and varying temperatures (25, 50, 75, and 90
°C) to assess how temperature variations impact AAES foam
stability, foamability, and bubble structure.

3.2.2. Foam Stability. Figure 6 illustrates the impact of
varying temperatures, along with a pressure of 1000 psi (6894.75
kPa), on the relative volume of AAES foam within a mildly
alkaline environment (pH ~ 9.5). The findings indicate a
significant influence of temperature on the rate of foam decay,
with a notable effect observed at higher temperatures of 75 and
90 °C. Conversely, lower temperatures of 25 and 50 °C
exhibited a limited impact on foam decay. These observations
can be attributed to the influence of temperature on the kinetics
ofliquid drainage, coarsening, and bubble coalescence occurring
within the foam structure. At higher temperatures of 75 and 90
°C, the increased thermal energy accelerates and enhances the
diftusion of gas molecules through liquid films, leading to a more
rapid decay of the foam. This results in a notable reduction in the
foam’s volume over time. Conversely, at lower temperatures of
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25 and 50 °C, the reduced thermal energy slows down
coarsening and bubble coalescence, leading to a more gradual
decay of the foam and thus preserving its volume to a greater
extent. These disparities in foam decay rates have direct
implications on AAES foam stability, quantified by the half-life of
bubbles, as depicted in Figure 7. At temperatures of 50 °C and
below, AAES foam demonstrated remarkable stability, with a
half-life exceeding 300 min. However, at 75 °C, the foam
stability dramatically decreased, showing a half-life of only 60
min, and further reduced to 25 min at 90 °C.

Moreover, an increase in temperature was associated with a
clear decrease in the viscosity of the liquid phase, as
demonstrated in Figure 7, showing viscosity measurements of
the AAES liquid phase under different temperatures and a
pressure of 1000 psi (6894.75 kPa). This decrease in liquid
viscosity contributes to an accelerated liquid drainage rate from
the foam structure, leading to faster foam decay.””"” Addition-
ally, the higher temperature increases the surface tension of the
foam, which reduces the surface energy of the surfactant
molecules.'” As a result, the surfactant molecules become less
effective in maintaining the foam structure, further contributing
to the decreased foam stability observed at higher temperatures.
Conversely, at lower temperatures of 50 °C and below, the
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Table 4. Images of AAES Foam Bubble Structures Were Captured at Various Time Intervals under Different Pressures and

Temperatures of 50 °C*

System

1 min
Pressure

30 min

60 min

14.7 psi (101.35 kPa)
XY

500 psi (3447.37kPa)

1000 psi (6894.75 kPa)

“The foam bubbles are displayed in gray, while the liquid film is represented in black.

reduced rate of liquid drainage, coupled with the higher surface
energy of the surfactant molecules, enhances foam stability,
leading to an extended half-life of the foam bubbles. The results
indicate that the influence of the pressure on AAES foam
stability is more pronounced up to 50 °C, but its significance
diminishes at higher temperatures (75 and 90 °C). Conversely,
the effect of temperature becomes more dominant in
determining AAES foam stability at such elevated temperatures.

3.2.3. Foamability. In this subsection, the impact of
temperature on the AAES foamability was explored. Table 5
provides the gas volume utilized to attain the maximum foam
height in each experimental run along with the associated initial
bubble density of the AAES foam. The findings indicate that,
under a constant pressure, changes in temperature had a
negligible effect on AAES foamability. The gas volume required
to achieve the maximum foam height remained nearly consistent
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across different temperature conditions. Similarly, the initial
bubble density was minimally impacted by temperature
variations, with an average of approximately 80 bubbles/mm®
observed, regardless of the temperature. These results suggest
that the initial foamability of AAES is relatively insensitive to
temperature changes at such elevated pressure, unlike its foam
stability.

3.2.4. Foam Structure. This subsection investigates the
influence of temperature variations on the structure of the AAES
foam and its evolution over time. Table 6 presents the bubble
size distributions as a function of time under different
temperatures and pressures of 1000 psi (6894.75 kPa). Table
7 displays images of AAES foam bubble structures captured at
different time intervals under various temperatures (25, 50, 75,
and 90 °C) and a pressure of 1000 psi (6894.75 kPa). Notably,
the foam structure at 25 and 50 °C remains relatively consistent
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Figure S. Average bubble radius of AAES foam over time under different pressures and at a temperature of 50 °C.

over time, featuring finely structured and stable foam bubbles.
However, at 50 °C, the images reveal a change in foam structure
over time, with bubbles enlarging as time progresses. This
change in foam structure becomes more significant at 90 °C,
where bubbles grow considerably larger after 30 min and mostly
diminish after 60 min.

Figure 8 illustrates the average bubble radius of AAES foam
over time under different temperatures (25, 50, 75, and 90 °C)
and at a pressure of 1000 psi (6894.75 kPa). The bubbles’ size
remains relatively constant for extended periods at 25 and 50 °C,
with an average bubble size of 60 ym. However, the behavior of
AAES foam bubbles differs at higher temperatures. At 75 °C, the
gradient of the bubble size increase becomes more pronounced,
with the mean bubble size increasing by approximately 72% over
the foam half-life time of 61 min. The increasing rate of bubble
size becomes even more significant at 90 °C, where the average
bubble size increases by about 90% in just 25 min. Figure 9
depicts the bubble density over time at different temperatures
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and at a pressure of 1000 psi (6894.75 kPa). The graphs
illustrate the bubble density up to the foam’s half-life for each
experiment. The observations in Figure 9 align with the earlier
findings and reveal that the number of bubbles per unit area
decreases at higher rates with an increasing temperature. These
results shed light on the intricate relationship between
temperature and AAES foam structure and behavior. The
remarkable stability and consistency of foam at lower temper-
atures suggests its promising potential applicability at surface
and intermediate drilling sections. However, at higher temper-
atures, changes in foam structure and bubble size were evident,
highlighting the need for a comprehensive understanding of
these dynamics to optimize the performance of AAES foam at
elevated temperatures and deeper sections. The efficiency of
AAES foam can be further enhanced by incorporating additional
additives that offer prolonged stability to the foam structure
under such challenging conditions.
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Table S. Gas Volume Required to Generate a Full Foam Column under Different Temperatures and at a Pressure of 1000 psi
(6894.75 kPa), Expressed in Milliliters (mL), as Well as the Initial Bubble Density Measured in bubbles/mm™

Testing Conditions

Pressure Temperature (°C)
1000 psi (6894.75 kPa) 25
50
75
90

Injected N, volume (mL) Initial bubble density (bubbles/mm?)
130 76
126 80
122 82
133 74

4. CONCLUSIONS

In this study, the effects of pressure and temperature on AAES
foam stability were explored in a simulated mildly alkaline
drilling environment by using an advanced high-pressure foam
analyzer. To promote sustainability, we substituted freshwater

with seawater, which is a more abundant resource. The key

findings can be summarized as follows:

e Foam decay rates varied with pressure, showing enhanced
stability at higher pressures.
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Table 6. Histograms of AAES Foam Bubble Distributions at Various Time Intervals under Different Temperatures and a Pressure
of 1000 psi (6894.75 kPa)
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Increasing pressure reduced the gas volume needed for
maximum foam height and increased initial bubble
density.

Under 14.7 psi (101.35 kPa), foam structure evolved over
time with nonuniform bubble size distribution. At 500
(3447.37 kPa) and 1000 psi (6894.75 kPa), foam
exhibited greater uniformity with smaller bubbles.
Temperature significantly affected foam decay, especially
at 75 and 90 °C, due to decreased liquid viscosity,
accelerating foam decay by faster liquid drainage.
Pressure’s impact on AAES foam stability was more
pronounced at temperatures up to 50 °C, diminishing at

higher temperatures (75 and 90 °C). Conversely,
temperature became dominant in determining foam
stability at elevated temperatures.

Under constant pressure, temperature had a minimal
impact on AAES foamability, maintaining consistent gas
volume for maximum foam height. However, foam
stability proved more sensitive to temperature changes,
with a notable increase in bubble size gradient.

These findings highlight AAES foam’s suitability for surface
and intermediate drilling in lower-temperature environments

while

emphasizing the need to understand foam dynamics at
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Table 7. Images of AAES Foam Bubble Structures Were Captured at Various Time Intervals under Different Temperatures and a

Pressure of 1000 psi (6894.75 kPa)“

System
Temp.

1 min

30 min

60 min

25°C

50 °C

75°C

90 °C

“The foam bubbles are displayed in grey, while the liquid film is represented in black.

higher temperatures and greater depths for optimized drilling

performance.
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B NOMENCLATURE

AAES, Ammonium alcohol ether sulfate; BCy,;;,, Initial bubble
count; DI, Deionized water; Ho, Foam half lifetime; RFV,
Relative foam volume; SDS, Sodium dodecyl sulfate; UBD,
Underbalanced drilling; Vi, Initial Foam Volume
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