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Abstract: Temperature changes in CO, foam-fracturing construction can easily affect surfactant
foam stability. To investigate the effect of temperature on the foam stability of different types of
surfactants, this study measured the foam half-life and viscosity of four typical surfactants, CTAB,
LAS-30, HSB1214, and TX-10, using a novel self-designed and built foam performance measurement
device. The effects of temperature on foam half-life and viscosity were studied. The results show that
as the temperature increased, the half-life shortened, and the viscosity of the liquid phase decreased,
which led to a decrease in foam stability. Moreover, using Materials Studio, a type of molecular
simulation software, an interfacial model of the foam film was constructed to calculate the IFE and
the self-diffusion coefficient of water molecules at 300 ps after the equilibrium of the foam system to
investigate the mechanism of temperature influence on the stability of the foam. The results show
that, for CTAB, LAS-30, HSB1214, and TX-10, the temperature increases from 15 °C to 45 °C, the IFE is
enhanced by —50.05%, —59.10%, —64.21%, and —44.26%, respectively, the interfacial system changes
from a low-energy state to a high-energy state, and the interfacial stability decreases. Meanwhile,
Dyater increased 1.10-fold, 0.78-fold, 1.43-fold, and 0.64-fold, respectively, which accelerated the
diffusion and migration of water molecules, weakened the intermolecular forces, and accelerated the
instability of the foam system.

Keywords: CO, foam fracturing; surfactant; foam half-life; viscosity; molecular dynamics

1. Introduction

Coalbed methane (CBM), as the name suggests [1], is an unconventional natural gas
resource stored within coal seams, wherein fracturing has become the primary method
of CBM exploitation. CO, foam fracturing is a process in which fracturing fluids (liquid
water and CO,) are injected into the coal seam and, after reaching a critical temperature of
31.1 °C, naturally generate foam that eventually leads to the fracturing of the seam due to a
continuous increase in pressure. At the same time, CO, molecules will begin to gradually
displace the existing CHy molecules in the coal seam due to having a stronger adsorption
capacity. CO, foam fracturing is advantageous due to its inherently limited damage to
CBM reservoirs, strong sand-carrying capability, and low water consumption, while at
the same time being able to achieve the partial sequestration of CO, and consequently
increasing CBM production. CO, foam fracturing is also superior to hydraulic fracturing
in terms of environmental and economic considerations, therefore it has gradually replaced
traditional hydraulic fracturing and is now commonly used in the industry. CO, foam-
fracturing parameters can be determined via experimental testing and analyses of CBM
reservoir characteristics and the determination of the optimal ratio for fracturing fluid [2].
As surfactants are often used as foaming agents to prepare foam-fracturing fluids, their
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performance is a crucial indicator of the efficacy of CO, foam fracturing and, consequently,
the entire CBM extraction operation.

Foam stability is an essential property for the evaluation of foam performance; fur-
thermore, it significantly impacts the transmission of pressure and fracture formation and
propagation during fracturing operations [3,4]. The determination of foam stability can be
conducted via macroscopic analyses of foam half-life and viscosity and microscopic analy-
ses of interface formation energy (IFE) and the self-diffusion coefficient. Abdelaal et al. [5]
studied the theoretical bases and applications of foam-fracturing fluids and found that the
success of foam-fracturing operations depends on foam stability and its ability to carry
proppants. Ju et al. [6] prepared foam-fracturing fluids with sodium dodecyl sulphonate
(SDS) and cetyl trimethyl ammonium bromide (CTAB) foaming agents, quantified foam
properties using microscopy, and found that foam half-life is correlated positively and
negatively with bubble morphology parameters o and (3, respectively. Ahmed et al. [7]
established an empirical formula for the relationship between surfactant concentration
and polymer foam viscosity under high-pressure and -temperature conditions. Feng
et al. [8] conducted rheological tests and numerical simulations and demonstrated that
CBM extraction efficacy could be improved by the enhancement of gas desorption and
percolation via the utilization of a viscoelastic surfactant, which increases fracture surface
area. Chandra et al. [9] found that SDS mobility increases as temperature increases, which
accelerates foam coalescence. The findings of Ivanova et al. [10] indicate that hydrogen
bonding between surfactants and water molecules decreases as temperature increases,
which decreases the solubility of surfactants in water. Surfactants can be categorized into
four groups based on dissociation activity, including cationic, anionic, amphoteric, and
nonionic [11]. The foam properties of varying surfactants differ, and whether they can be
adapted to and applied in coal reservoirs remains to be investigated [12-15]. During the
foam-fracturing fluid flowing in the wellbore, the formation temperature will also change
with the increase in wellbore depth [16-18]. Currently, for different types of surfactants, the
research mechanism of their foam performance affected by temperature change is unclear,
which restricts the efficient extraction of coalbed methane wells.

To investigate the effect of temperature on the performance of foam, this study con-
ducted experimental tests and numerical simulations on four types of surfactants, including
cationic CTAB, anionic sodium lauryl benzene sulfonate (LAS-30), amphoteric alkyl Cj5_14
hydroxypropyl sulfobetaine (HSB1214), and nonionic polyoxy ethylene nonyl phenyl ether
(TX-10), as shown in Table 1.

Table 1. Basic information of surfactants.

Surfactant Chemical Name Ion Type
CTAB Cetyl Trimethyl Ammonium Bromide Cationic
LAS-30 Sodium Lauryl Benzene Sulfonate Anionic
HSB1214 Alkyl Cqp_14Hydroxypropyl Sulfobetaine Amphoteric
TX-10 Polyoxy Ethylene Nonyl Phenyl Ether Nonionic

The relationships between the foaming volumes of the four surfactants and their
respective concentrations were determined via foaming characteristic tests; subsequently,
their respective critical micelle concentration (CMC) ranges were obtained. The half-life and
viscosity of surfactant foam at different temperatures were measured, and the relationships
between temperature, half-life, and viscosity were investigated. An interfacial model was
constructed using Materials Studio (MS), a type of molecular dynamics simulation software,
to investigate the mechanism of temperature influence on the stability of surfactant foam in
terms of the interface formation energy (IFE) of the system and the diffusion characteristics
of water molecules. The correlation between foam stability and actual fracturing effect was
further verified by simulating the stress conditions during foam fracturing and measuring
the Maximum Cracking Pressure (MCP) of sandstone at varying temperatures. This study’s
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results indicate that the findings are of practical significance for the improvement of CBM
fracturing productivity.

2. Experimental and Numerical Simulation
2.1. Experimental Temperature and Surfactant Selection

During the injection of CO, foam-fracturing fluid into the coal seam through the
wellbore, the ambient temperature of the coal seam gradually increases with increasing
depth [19]. Taking field data in the Qinshui coalbed methane field, Shanxi Province, as a
reference, the temperatures of the thermostatic layer and fractured well were measured
to be 15 °C and 45 °C, respectively. Therefore, in this study, 15 °C, 20 °C, 25 °C, 30 °C,
35 °C, 40 °C, and 45 °C were set as the experimental ambient temperature for relevant
experimental tests. In this paper, four typical surfactants, CTAB, LAS-30, HSB1214, and
TX-10, commonly used in CO, foam fracturing, are used as research objects, as shown
in Table 2. In addition, the density of carbon dioxide liquid is 1.101 g-cm~3, and the
vaporization volume expansion is 595.5 times (101.33 Kpa).

Table 2. Basic properties of surfactants.

Surfactant  Chemical Formula Basic Properties Manufacturer Information Purities
CTAB C19H4oNBr Slightly Soluble in Acetone, Almost Blochemlcallifte;hnology Co., 99.00%
Insoluble in Ether and Benzene. ’
Easily Soluble in Water, Non-toxic, . .

LAS-30 C18H9035Na Excellent Foaming, Good Detergency, Candace? Chemical (Hubei, 60.00%

e . . China) Co., LTD

Emulsification, and Certain Permeability.
CroH1rONS Good Emulsification, Dispersion, and

HSB1214 C18H12 O4NS Antistatic Properties, with Sterilization, China Shandong Urso Chemical 45.00%

200124 Mold Inhibition, and Viscoelasticity, etc. Technology Co.
TX-10 CasHgoOro Excellent Penetration, Emulsification, 99.00%

Dispersion, and Washing Properties.

2.2. Measurement of Foam Volume and Half-Life

The foam formation process entails continually increasing foam system surface area
and volume and continually thinning foam liquid film [20]. The minimum concentration at
which surfactant molecules join in the solvent to form micelles is called the critical micelle
concentration (CMC) [21]. By analyzing the increase in surfactant foaming volume with
concentration, the range of surfactant CMC value can be judged [22]. When surfactant
concentration is equal to CMC, surface tension converges, surface tension and the difference
between inside and outside foam pressure reaches equilibrium, foam volume reaches
a maximal value, and the number of surfactant molecules at the gas-liquid interface
continues to accumulate; as surfactant concentration continues to increase and exceeds
CMC, the number of surfactant molecules at the gas-liquid interface continues to increase,
the average distance between surfactant molecules decreases, intermolecular repulsion
increases, surface tension increases, and foam volume slowly decreases. Foam half-life,
which refers to the time required for the foam to discharge half of the liquid volume, is one
of the essential indicators that can be used to characterize the foam stability of surfactants,
wherein, the longer the foam half-life, the better the foam stability [23,24]. The slower the
foam coalesces, the longer the foam half-life. Therefore, the half-life of surfactant foam
should be measured experimentally to determine the strength of foam stability.

This experimental apparatus is a self-designed and built foam performance measure-
ment device that consists of an infrared foam measurement system and a gas control and
regulation system (Figure 1), which can pass gaseous CO; into the liquid phase at a constant
temperature. First, the surfactant to be tested was prepared with deionized water to 25 mL
of surfactant solution of the concentration required for the experiment and transferred
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to the foam meter tube. Then, the parameters were set through the centralized console,
the gas output flow rate was 14.89 mL/s, the output time was 10 s, the output pressure
was 1.01 Mpa, and the thermostat was set to the experimental temperature. Then, CO,
was drummed into the foam meter tube, the gas was mixed with the liquid phase through
the foaming screen, and the gas-liquid phase was rapidly mixed and foamed. Finally, the
infrared receiver sent the real-time signal back to the centralized console for post-processing
to obtain the foam volume and half-life.

Figure 1. Experimental Device. 1, CO, Gas Cylinder; 2, Centralized Console; 3, Infrared Emitter; 4,
Infrared Receiver; 5, Thermal Insulation Material of Thermostat Chamber; 6, Thermostat; 7, CO,
Foam Meter Tube; 8, Foaming Screen.

2.3. Viscosity Measurement Test

Dynamic viscosity describes a fluid’s resistance to deformation by tensile or shear
action. As density increases, the liquid precipitation in the liquid film must overcome
more and more intermolecular forces. On the other hand, increased density also increases
surface viscosity and elasticity, reducing the surface tension of the liquid and consequently
benefiting foam system stability [25,26].

The constant-temperature viscosity measurement test device comprises a DNJ-55
digital display viscometer and constant-temperature water bath, as shown in Figure 2. First,
adjust the DNJ-5S to the horizontal position and mount the rotor No. 0 on the connecting
rod. Then, the outer test cylinder is filled with 25 mL of the measured solution, set into
the fixed sleeve, and fixed with a screw. Then, place the outer test cylinder with the fixed
sleeve in the water bath so that the liquid level of the water bath is flush with the sleeve’s
lower surface. Then, slowly adjust the lift knob to adjust the vertical height of the rotor No.
0 so that the upper groove of the rotor and the outer test tube to be measured in the liquid
surface flush. Finally, turn on the instrument switch, set the number of rotors to 0, set the
speed to 30 r/min, press the measurement button, wait for stability, and read the viscosity
value.
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Figure 2. Viscosity test device diagram. 1-DNJ-5S; 2, Level Instrument; 3, Lifting Knob; 4, External
Test Cylinder; 5, Fixed Sleeve; 6, Fixed Screw; 7, Water Bath Pot.

2.4. Molecular Dynamics Numerical Simulation

Molecular dynamics simulation describes the interaction forces between particles in the
system through the empirical force field, solves the Newtonian equations of motion for all
particles, realizes the mapping from the mathematical area to the mechanical area, and then
obtains the numerical solution of statistical thermodynamics by iterative solution. Materials
Studio (MS) software simulates the behavior of molecules from the microscopic point of
view by constructing corresponding models and algorithms, obtains the movement track of
molecules in the system, and then investigates the structure, energy, and other properties
of the system. The amount of energy change per unit in the foam wall interface system
after the adsorption of a single surfactant is called interface formation energy (IFE) [27-29].
The self-diffusion coefficient of water molecules (Dyater) is a physical property used to
measure the degree of deviation of water molecules from the initial position. Both IFE and
Dyater are important parameters used in the investigation of interface stability after the
foam interface system reaches equilibrium, which can be calculated by molecular dynamics
simulation. This paper uses MS software to build a foam wall interface model, calculate IFE
and Dyyater under different temperature conditions, and explore the effect of temperature
on the stability of different types of surfactant foams.

The CTAB, LAS-30, HSB1214, TX-10, and H,O molecular models were constructed
using the Visualizer module, as shown in Figure 3.

The CTAB, LAS-30, HSB1214, and TX-10 foam interface models were generated by
placing 5 of each respective surfactant molecule in their respective rectangular boxes, with
bottom side lengths of 30 A, using the Amorphous Cell module. Afterward, the lower
face of each surfactant box was combined with the top face of another rectangular box
filled with 100 H,O molecules using Build Layers, which completes the generation of the
interface models. Then, Geometry Optimization was used to optimize the model structure.
Quench was then used to allow the internal stress fields to reach equilibrium to relax the
structures and ensure the rationality of the random layouts of molecules, as shown in
Figure 4.
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Surfactant Molecular Structure Model Diagram

CTADB L 2 e Yo Vo U

LAS-30

HSB1214

TX-1

0

Figure 3. Molecular Structure Model. C: Gray, H: White, O: Red, N: blue, Br-: Brown, S: Yellow, Na+:
Purple.

Figure 4. Initial Structure of Surfactant Interface Model. (a) CTAB, (b) LAS-30, (c) HSB1214, (d) TX-10.

In this case, select NVT ensemble, pressure as 101.33 kPa, and temperature as experi-
mental temperature, force field is selected as COMPASS 1, and Algorithm is set as Smart;
both electrostatic potential and van der Waals force are processed by Atom Based. The
simulation time is 5.0 ps, the time interval is 1 ps, and there are 5000 steps. At the end of
optimization, the system reaches the energy minimum, and its stable structure is obtained.
Finally, the Dynamic of the Forcite module is selected for the simulation, and select NVT
ensemble and initial velocities as Random. Set the truncation radius as 1.2 nm, pressure
as 101.33 kPa, temperature as experimental temperature, kinetic trajectory information
recorded every 1 ps, simulation time as 1 ns, and step size as 1.0 x 10°.

2.5. Foam Fracturing Similar Simulation Experiment

Rock MCP is a key parameter that can be used to evaluate the effect of surfactant
properties on overall fracturing efficiency. This study intends to determine the necessity
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of foam stability studies under stress conditions simulating CBM fracturing operations.
Under the same stress state, lower MCPs result in more complex fracture networks, which
increases the productivity of the CBM fracturing and production.

The specimens were extracted from a sandstone formation in Jining, Shandong. The
specimen size was 200 x 200 x 200 mm, and the specimen was processed in a cutting
workshop in Jining City, Shandong Province, with the dimensional error < 0.1 mm in each
direction and the deviation of each diamond angle < 0.1 rad, which were measured before
the test, and all met the required standards for the experiment. A 6 mm wide hole was
drilled into the center of the specimens with a depth of 150 mm. A vertical stress of 10 Mpa,
maximum horizontal stress of 9 Mpa, and minimum horizontal stress of 5 Mpa were set for
this experiment, and water is pumped at a rate of 5 mL-min !, the gas injection rate was
29.75 mL-min~!, and the gas pumping pressure is 1 Mpa, as shown in Figure 5.

Figure 5. Experimental setup diagram. 1, Pressure gauge; 2, Heat insulation pressing plate; 3,
Thermal insulation system; 4, Preheating system; 5, Gas pressurization system; 6, Water servo system;
7, True three-axis servo loading system.

3. Results and Analysis
3.1. CMC Value Range Analysis

Both Chen [30] and Tennouga [31] found that the CMC values of surfactants increased
and then decreased with increasing temperature. Fracturing construction gives full play to
the role of the surfactant, and the concentration ratio is generally greater than the CMC.
The foam volume of the four surfactants at an ambient temperature of 15 °C and 45 °C
was measured by a foam performance measurement device to determine the range of
CMC values based on the relationship between concentration and foam volume, and the
experimental results are shown in Figure 6.
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Figure 6. Four surfactant foam volumes. (a) CTAB, (b) LAS-30, (c) HSB1214, (d) TX-10.

As seen in Figure 6, the concentrations of the four types of surfactants, CTAB, LAS-30,
HSB1214, and TX-10, all exceeded their CMC values at both 15 °C (0.30%, 0.20%, 0.25%,
0.25%, respectively) and 45 °C (0.35%, 0.25%, 0.25%, 0.30%, respectively), which induces the
reduction in foam volume. Thus, this study elected to set the experimental concentrations
of the four surfactants to 0.35% to ensure that the concentration is always greater than the
CMC value in the temperature range of 1545 °C.

3.2. Foam Half-Life Experimental Results and Analysis

Surfactant foam stability is evaluated by half-life. By measuring the foam half-life of
the four surfactant solutions with a concentration of 0.35% at different temperatures and
analyzing the relationship between half-life and temperature, the experimental results are
shown in Figure 7.
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Figure 7. Foam half-life of four surfactants.

Figure 7 shows that the size of foam half-life decay is ranked as HSB1214 > CTAB
> LAS-30 > TX-10. With the increase in temperature, the overall half-life of the foam
decreases; the half-life of HSB1214 foam is the most affected by temperature, with a
decrease of 48.45%, and the half-life of TX-10 is the least affected by temperature, with a
decrease of only 11.81%. Temperature-increase-induced surfactant half-life decay is due to
the reduction in CO; solubility, which accelerates the evolution of CO, from the liquid film.
Temperature accelerates foam coalescence, which induces foam growth. Under gravity,
the liquid flows along the liquid film faster from top to bottom, which causes the upper
liquid film to become thinner and eventually rupture. The rupture of the liquid film also
produces a mechanical shock, which leads to the rupture of the surrounding liquid film
and the consequent decrease in foam stability. The experimental results showed that the
temperature was negatively correlated with the half-life, and as the temperature increased,
the half-life decreased, and the foam became less stable.

3.3. Viscosity Test Results and Analysis

Dynamic viscosity, the measure of the molecular internal friction of a moving liquid, is
a parameter that characterizes the flow of a liquid. The viscosity values of four surfactant
solutions with a concentration of 0.35% at different temperatures were measured with
DNJ-5S, and the relationship between viscosity and temperature was investigated. The
experimental results are shown in Figure 8.
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Figure 8 shows that the viscosity reduction magnitude ranked as follows: LAS-30 >
CTAB > HSB1214 > TX-10. With the increase in temperature, viscosity as a whole showed a
decreasing trend, the temperature increased from 15 °C to 45 °C, the density of LAS-30 was
the most affected by temperature, and its viscosity value decreased by 60.99%; TX-10 was
the least affected by temperature, and its viscosity value decreased by 49.58%. Temperature-
increase-induced viscosity reduction is due to the reduction in internal friction in the
flowing liquid, which reduces both mechanical strength and elastic modulus. As internal
friction decreases, liquid flow accelerates, and liquid discharge from the liquid film becomes
easier due to the internal friction’s inability to counteract the forces of pressure difference
and gravity. When any bubble in the foam film bursts, adjacent bubbles are affected,
which induces local thinning and local reduction in mechanical strength, consequently
reducing the foam film’s ability to resist deformation and may cause the eventual rupture
of the film. This local thinning requires recovery time as surfactant molecules in other
portions of the film need to diffuse to this area, making it difficult to maintain liquid
film uniformity, and decreasing overall liquid film elasticity. The weaker the repairing
effect of the foam, the more difficult it is to repair local thinning, which negatively affects
overall foam stability. The experimental results show that the temperature and viscosity
are negatively correlated, liquid-phase viscosity decreases, and foam stability decreases
when the temperature increases.

3.4. Analysis of Interface Formation Energy Characteristics

The lower the IFE, the smaller the interfacial tension, the higher the interfacial stability,
the more stable the foam wall, and the higher the foam stability. The interface models
were constructed using MS software, and the Ey,1, Ewater, and Egyrfactant Values of the four
surfactants were calculated for 300 ps (Figure 9) after the equilibration of the foam system
at different temperatures, as shown in Table 3.
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i.CTAB, i.LAS-30, ijii . HSB1214, iv.TX-10

Figure 9. System interface after 300 ps balance.

Table 3. Energy of each part of the foam system.

Temperature Eiotal Ewater Egurfactant
Surfactant ©0) (kcal-mol 1) (keal-mol 1) (keal-mol 1)
15 —7643.91 —5543.63 128.14
CTAB 45 —4431.82 438855 221.29
15 —12,540.53 634555 —967.97
LAS-30 45 ~10,620.41 —5824.65 84829
15 —9769.82 —6357.82 —352.83
HSB1214 45 —7788.23 —5526.05 —334.48
10 15 —7289.55 762831 229,84
- 45 497255 679255 481.83

Substituting the data in Table 3 into Formula (1) to calculate the interface energy, the
result is shown in Figure 10.

Etotal - nEsurfactant + Ewater
n

IFE = 1)
where E,,;,; is the overall energy after system equilibrium; Ey .y is the energy at the water—
gas interface; Egfactant 18 the energy of a single surfactant molecule; and 7 is the number of
surfactant molecules.

By calculating the IFE of the foam system at 300 ps after reaching equilibrium, it is
found that the IFE of four surfactants, CTAB, LAS-30, HSB1214, and TX-10, is less than
45 °C at 15 °C. When the temperature was dropped from 45 °C to 15 °C, HSB1214 was
the most affected by temperature, with an IFE increase of —64.21%, and TX-10 was the
least affected by temperature, with an IFE increase of —44.26%. This increase in IFE results
in increased free energy in the system, decreased interfacial tension, and a changed foam
interface energy state. Elevated system energy induces the generation of foam and interface
enlargement, surfactant internal energy increase, and the acceleration of the rate of motion.
Surfactant macromolecules are loosely arranged at the foam interface, which makes it easy
to form water molecule transport channels, which results in an accelerated liquid film
thinning rate and accelerated destabilization of the foam wall interface system. There is a
tendency for the free energy of the system to decrease under equilibrium conditions. In
equilibrium conditions, the interfacial tension is equal to interfacial free energy; however,
as interfacial free energy increases, interfacial tension decreases, which causes the foam
interface to shrink faster and disturb the stability of the interface. As temperature increases,
the energy state of the foam interfaces shifts from low to high energy, which necessitates
more energy to generate a unit foam wall interface. Furthermore, with the same energy
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introduced, the same volume of foam is generated, and the size of the foam is larger. The
results show that the temperature and IFE are positively correlated, and the higher the
temperature, the larger the IFE and the less stable the foam wall interface.

0

-100
= 2200
=
£
E -300
=
=
= -400

-500

[ -548.20

-600

CTAB LAS-30 HSB1214 TX-10
Surfactant

Figure 10. IFE of four surfactant foams.

3.5. Analysis of Diffusion Characteristics of Water Molecules

The self-diffusion coefficient of water is a physical property that reflects the diffu-
sion and transference of water molecules in the foam-wall interface system. There is a
corresponding relationship between the root mean square displacement (MSD) and water
molecules’ self-diffusion coefficient (Dwater). The trajectory information MSD of water
molecules is recorded every 1 ps, and linear fitting is performed. According to the fitted
results, the diffusion factors « of four surfactants at different temperatures are obtained.
The results are shown in Figure 11.

Formula (2) is substituted into Formula (3) to calculate Dyyater, and the result is shown
in Figure 12. The calculation equation of the diffusion factor of water molecules is

MSD
K= —

2
: @
The self-diffusion coefficient calculation equation of water molecules is
o
Duwater = g 3)

where Dyater is the self-diffusion coefficient of water molecules, MSD is the root means
square displacement, and ¢ is the time.
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Figure 11. MSD for four surfactants. (a) CTAB, (b) LAS-30, (c) HSB1214, (d) TX-10.

As seen from Figure 12, the Dyyater of all four surfactants in the foam systems of CTAB,
LAS-30, HSB1214, and TX-10 was greater than 15 °C at 45 °C. When the temperature
was increased from 15 °C to 45 °C, HSB1214 was the most affected by temperature, with
a 1.43-fold increase in Dyater, and TX-10 was the least affected by temperature, with
only a 0.64-fold increase in Dyyater. A temperature-increase-induced water molecule self-
diffusion increase results in an increase in the diffusion migration of water molecules and a
weakening of intermolecular forces. The increase in the system’s internal energy makes the
water molecules move faster at irregular rates, and the molecular spacing increases. As
molecular spacing increases, the attraction and binding ability of the liquid film interface
to water molecules becomes weaker, and the hydrogen bonds between water molecules are
more easily broken, which results in more conversion of bound water to free water in the
liquid film interface, an increase in the portion of free water, and a decrease in the water
holding capacity of foam film. Free water molecules and CO, are more likely to migrate
and diffuse to the periphery through the transport channels formed between surfactant
macromolecules, which results in accelerated foam aggregation and rapid rupture under
the action of gravity and reduced foam stability. The results show that there is a positive
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correlation between temperature and Dyyater. The higher the temperature, the bigger the
Duater and the worse the foam stability.

CTAB LAS-30 HSB1214 TX-10
Surfactant
Figure 12. Dyater of four surfactant foams.

3.6. Cracking Pressure Results and Analysis

The results showing a comparison between the MCPs of the four surfactant solutions
with concentrations of 0.35% at 15 °C and 45 °C are shown in Figure 13.

ol B 15°C
B 45°C

MCP (Mpa)

CTAB LAS-30 HSBI1214 TX-10

Surfactant

Figure 13. Cracking pressure for four gas-liquid two-phase media.
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As can be seen in Figure 13, increases in temperature lead to decreases in MCP and
a consequent decrease in the ability of the surfactant foam to create cracks. The increase
of test temperatures from 15 to 45 °C for CTAB, LAS-30, HSB1214, and TX-10 led to foam
volumes increasing by 30.26%, 41.53%, 40.60%, and 44.78%, respectively, as shown in
Figure 6; and half-life decreasing by 34.91%, 16.95%, 48.45%, and 11.81%, respectively,
as shown in Figure 7. Under the same stress conditions, foam stability (characterized by
half-life) decreases as temperature increases, and MCP increases as foam volume increases.
The increase in MCP leads to a decrease in the ability of surfactant foam to create fractures,
a simple fracture network, and a deceleration of the CO2-CBM sequestration process, which
in turn will reduce the efficiency of CBM extraction. The experimental results again verify
the necessity of foam stability research, the higher the foam stability, the smaller the MCP,
and the higher the CBM extraction efficiency.

4. Conclusions

In this study, the effects of temperature on the foam stability of CTAB, LAS-30,
HSB1214, and TX-10 were studied via physical experimentation and molecular simulation,
and the following conclusions were obtained:

1.  Temperature is negatively correlated with half-life and liquid viscosity. With the
increase in temperature, the foam half-life of CTAB, LAS-30, HSB1214, and TX-10
decreased by 74 s, 30 s, 78 s, and 17 s, respectively, and the liquid viscosity of CTAB,
LAS-30, HSB1214, and TX-10, decreased by 6.45 mPa-s, 7.24 mPa-s, 5.39 mPa-s, and
5.59 mPa-s, respectively. With the increase in temperature, the film’s liquid separation
speed becomes faster, the water-holding capacity becomes weaker, the foam bursts
faster, and the half-life is shortened. At the same time, viscosity decreases, elasticity
decreases, strength decreases, and foam stability decreases.

2. There is a positive correlation between temperature and interface energy. With
the temperature rise, the IFE of CTAB, LAS-30, HSB1214, and TX-10 increases by
318.25 kcal-mol 1, 160.17 kcal-mol 1, 211.61 kcal-mol !, and 44.26 kcal-mol 1, re-
spectively. With the increase in temperature, the interface state changes from low to
high energy, IFE increases, liquid film-forming ability weakens, interface thinning
rate increases, and the foam system accelerates instability.

3.  There is a positive correlation between temperature and the self-diffusion coeffi-
cient of water molecules. With the temperature increase, Dyater of CTAB, LAS-
30, HSB1214, and TX-10 increased by 0.77 x 107> cm?-s71, 0.60 x 107° cm?-s71,
0.83 x 107° cm?-s7!, and 0.54 x 107> cm?:s~!, respectively. With the increase in
temperature, the thermal movement rate of water molecules becomes faster, hydro-
gen bonds break faster, the attraction and binding capacity of the liquid membrane
interface to bound water molecules become weaker, the water holding capacity of the
foam liquid membrane decreases, and the foam system becomes unstable.

4.  There is a positive correlation between temperature and MCP. With a temperature
increase from 15 to 45 °C, MCP of CTAB, LAS-30, HSB1214, and TX-10 increases by
0.89 Mpa, 2.33 Mpa, 1.88 Mpa, and 0.85 Mpa, respectively. Under same stress condi-
tions, temperature increase results in a reduction of foam stability, while enhancement
of MCP weakens the seam-making ability of surfactant foam, which in turn affects
the efficiency CO, foam fracturing construction.

5. In future field applications, considerations should be made towards the effects of
ground temperature on fracturing operations and attention should also be paid to-
wards lowering the pipe temperature which is especially the case for high-temperature
CBM reservoirs. For low-temperature CBM reservoirs, the coal seam should be
heated to ensure optimal fracturing conditions, maximize the sequestration of CHy
by CO,, and optimize the production of CBM. Furthermore, of the four surfactants,
TX-10(nonionic) has the best resistance to temperature, therefore it should be selected
for use (and possibly in unision with other lonic surfactants) in CBM fracturing oper-
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ations with large temperature ranges as it helps operations in terms of resistance to
temperature effects and improves fracturing efficacy.
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