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ABSTRACT: Foam drainage gas recovery technology is a
chemical method to solve the serious bottom-hole liquid loading
in the middle and late stages of gas well production, and the
optimization of foam drainage agents (referred to as FDAs) is the
key to the technology. According to the actual reservoir conditions,
a high-temperature and high-pressure (HTHP) evaluation device
for FDAs was set up in this study. The six key properties of FDAs,
such as HTHP resistance, dynamic liquid carrying capacity, oil
resistance, and salinity resistance, were evaluated systematically.
Taking initial foaming volume, half-life, comprehensive index, and
liquid carrying rate as evaluation indexes, the FDA with the best
performance was selected and the concentration was optimized. In
addition, the experimental results were verified by surface tension
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measurement and electron microscopy observation. The results showed that the sulfonate compound surfactant (UT-6) had good
foamability, excellent foam stability, and better oil resistance at high temperature and high pressure. In addition, UT-6 had stronger
liquid carrying capacity at a lower concentration, which could meet the production requirement when the salinity was 80 000 mg/L.
Therefore, compared with the other five FDAs, UT-6 was more suitable for HTHP gas wells in block X of the Bohai Bay Basin,
whose optimal concentration was 0.25 wt %. Interestingly, the UT-6 solution had the lowest surface tension at the same
concentration, with the generated bubbles being closely arranged and uniform in size. Moreover, in the UT-6 foam system, the
drainage speed at the plateau boundary was relatively slower with the smallest bubble. It is expected that UT-6 will become a
promising candidate for foam drainage gas recovery technology in HTHP gas wells.

1. INTRODUCTION

Bottom-hole liquid loading is usually an inevitable problem in
the production of natural gas wells, which not only restricts the
normal production of natural gas wells but also seriously affects
the ultimate recovery ratio of gas fields."” The natural gas
exploration and development potential of block X of the Bohai
Bay Basin is great; however, compared with other gas fields,
the reservoir’s physical properties are poor, the original
formation pressure is high, and the rock’s stress sensitivity is
strong. Moreover, the water yield from the formation is high,
and once the wellbore begins to accumulate the liquid, the
amount of bottom-hole liquid loading will increase rapidly,
resulting in serious water lock in the formation around the
wellbore.” At the same time, with the decrease of permeability,
the productivity of gas well will drop rapidly and even the
production will stop in a short time.* Among them, the
problem of bottom-hole liquid loading of high-temperature
and high-pressure (HTHP) gas wells in block X is particularly
serious. Taking a well in block X as an example, the
accumulated gas production of this well is 337.3 X 10* m’,
the accumulated oil production is 35 tons, and the
accumulated water production is 1635 m’. The water—gas
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ratio is large, which is relatively stable in the range of 4—5/10*
m®. The current gas-lift drainage method can no longer meet
the demand of drainage and gas production, so it is urgent to
adopt appropriate technology to discharge the liquid in the
bottom hole and improve the production of gas wells.

The common drainage gas recovery technologies mainly
include three categories: mechanical method, gas dynamics
method, and chemical method.”~” The mechanical method
mainly includes the plunger gas lift method using an electric
submersible pump or a gas acceleration pump for drainage and
gas production.® The mechanical method has a relatively large
daily displacement, a high degree of automation, and wide
application, but the initial investment cost and the later
management and maintenance costs are relatively high, and
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Figure 1. Connection diagram for evaluation of FDA at HTHP.

some technologies are restricted by the depth of the well.” At
the same time, considering the complicated underground
environment, the risk of scaling or corrosion is relatively
high.'” The gas dynamics method is mainly based on velocity
string technology, which can be constructed once and does not
involve maintenance costs, but its daily displacement is small."*
The chemical method is mainly based on foam drainage gas
recovery technology, which has low investment cost, simple
operation process, and can adapt to the complex underground
environment.'> However, the selection of foam drainage agent
(FDA) is the core of this technology, and the FDA used should
be compatible with formation water and should have strong
foamability, foam stability, and liquid carrying capacity in the
corresponding formation environment.'"*

Considering the actual formation conditions and current
production situation of HTHP gas wells, it is more suitable to
use foam drainage gas recovery technology to discharge the
bottom-hole liquid loading. However, there are few studies on
the screening and evaluation of FDAs under HTHP conditions
in China at present, so it is necessary to select the most suitable
FDA for HTHP gas wells in block X according to the actual
formation conditions.

Prior to this, the FDA solution was prepared with simulated
formation water, and 100 commonly used FDAs with good
performance were preliminarily evaluated under normal
temperature and pressure based on the stirring method."
Finally, six FDAs with good compatibility with formation water
and relatively good foamability and foam stability were
selected. The work of this research was to evaluate HTHP
resistance, oil resistance, dynamic liquid carrying capacity, and
salinity resistance of the six selected FDAs and to screen out
the one with the best performance and get the optimum
concentration based on the above experimental results. In
addition, the experimental results of screening and evaluation
were verified by surface tension measurement and electron
microscopy observation.'® By this research, we hope to provide
theoretical reference and technical support for the optimization
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of FDA for HTHP gas wells using foam drainage gas recovery
technology.

2. METHOD

2.1. Experimental Materials. Six FDAs used in HTHP
evaluation were provided by the Drilling and Production
Research Institute, namely, plant soap compound surfactant
(UT-11C), nanoparticle high-temperature-resistant FDA
(NPF-2A), fatty alcohol poly(oxyethylene) ether ammonium
sulfonate (XM-3C), sulfonate compound surfactant (UT-6),
low-molecular FDA (XM-3D), and nonionic FDA (PPB-3). In
addition, the low-viscosity oil used in oil resistance evaluation
was also provided by the Drilling and Production Research
Institute. According to the analysis results of the formation
water composition of HTHP gas wells in block X, the
simulated formation water with a total salinity of 5175.48 mg/
L was prepared using chemicals and distilled water in the
laboratory.

2.2. Evaluation of HTHP Resistance. According to the
Ross—Miles method, the concentration of FDA solution was
set to 0.25 wt % with simulated formation water.'” First, the
experimental devices were connected as shown in Figure 1, and
200 mL of FDA solution was poured into the HTHP foam
evaluation device. Second, the temperature was set to 120, 130,
140, 150, and 160 °C in turn after the device had been sealed,
and a nitrogen cylinder was used to pressurize the device to 1
MPa. Third, after the FDA solution in the device had been
stirred at the maximum speed for 2 min, the initial foaming
height and foam’s half-life were recorded. In addition, the inner
diameter of the HTHP foam evaluation device measured using
a vernier caliper was 6 cm, so the initial foaming volume could
be calculated by multiplying the inner bottom area by the
initial foaming height. As for the half-life, it refers to the time it
took from the initial foaming volume to half of the initial
foaming volume, as shown in Figure 2.

The initial foaming volume reflected the foamability of the
FDA, and the half-life reflected the foam stability, which should
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Figure 2. Initial foaming height and foaming height at half-life.

be considered at the same time.'® Therefore, the compre-
hensive index was introduced, which was the product of initial
foaming volume and half-life, along with a com;arehensive
evaluation index of foamability and foam stability."

The experimental steps of high-pressure resistance evalua-
tion were basically the same as those of high-temperature
resistance evaluation, but they were different in terms of the
experimental conditions. The pressure values for high-pressure
resistance evaluation were set to 1, 4, 7, and 10 MPa,
respectively, and the temperature during high-pressure
resistance evaluation was kept constant at 160 °C. The
connection diagram is shown in Figure 1, which was the same
as the one for high-temperature resistance evaluation.

2.3. Evaluation of Liquid Carrying Capacity. First, six
FDA solutions with concentrations of 0.15, 0.25, 0.35, and 0.45
wt % were prepared with simulated formation water, and the
experimental devices were connected as shown in Figure 3.
Second, 1000 mL of FDA solution with a certain concentration
was poured into the HTHP foam evaluation device, and the
temperature was set to 160 °C after the device had been
sealed. Then, a glass rotor gas flowmeter and a pressure-

reducing valve were used to control the gas outlet flow rate to
300 mL/s, and the outlet pressure of the back pressure valve
was set to 1 MPa. When the temperature increased to 160 °C,
nitrogen was introduced from the bottom of the device at a
flow rate of 300 mL/s, and the aeration time was set to 3, 9,
and 92.6 min, which corresponded to the water—gas ratio of
1:54, 1:162, and 1:1667 (simulating the actual water—gas ratio
in the field), respectively. Finally, the liquid and foam carried
out by nitrogen within the set aeration time were collected and
allowed to stand until all of the foam was defoamed
completely; then, the volume of the liquid in the collecting
bottle was recorded, and the liquid carrying rate could be
calculated according to the following formula.

liquid carrying rate (%)

volume of the liquid in the collecting bottle
= 1000 X 100%

2.4. Evaluation of Oil Resistance. The experimental
steps of oil resistance evaluation were basically the same as
those of high-temperature resistance evaluation, but they were
different in terms of the experimental conditions. The
connection diagram is shown in Figure 1, and the temperature
was controlled at 160 °C. After 200 mL of FDA solution had
been poured into the device, the low-viscosity oil was added to
the device corresponding to 5, 15, and 25% of the volume of
FDA solution. The other experimental steps and conditions
were consistent with those of high-temperature resistance
evaluation. The initial foaming volume and half-life were
recorded for each experiment.

2.5. Evaluation of Salinity Resistance. After HTHP
resistance evaluation, liquid carrying capacity evaluation, and
oil resistance evaluation, the best FDA was screened out and its
salinity resistance was evaluated. During the early stage of
experiments, the total salinity of the simulated formation water
used to prepare the FDA solution was 5175.48 mg/L. To find
out whether the selected FDA had good anti-high-salinity
ability, the FDA solution with a concentration of 0.25 wt % was
prepared with simulated formation water with different
salinities including 20 000, 35000, 50000, 65000, 80 000,
and 95000 mg/L. Moreover, the other experimental steps
were basically the same as those of high-temperature resistance
evaluation, and the temperature was controlled at 160 °C. In

1
Liquid
collecting
bottle

E-1

1-nitrogen cylinder; 2—pressure reducing valve; 3—pressure gauge; 4-HTHP foam evaluation

device; S5-back pressure valve; 6-—pressure vessel; 7-hand pump; 8-glass rotor gas flowmeter

Figure 3. Connection diagram for evaluation of liquid carrying capacity of FDA.
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addition to the initial foaming volume and half-life, the liquid
carrying rates of FDA with different salinities should also be
measured. The experimental steps and conditions were
basically the same as those in the evaluation of liquid carrying
capacity, and the aeration time was controlled at 9 min.

2.6. Surface Tension Reduction Capacity. With
simulated formation water and a 1000 mL volumetric flask,
each of the six FDA solutions with concentrations of 0.05, 0.15,
0.25, and 0.5 wt % were prepared. Using simulated formation
water without any FDA as a blank sample, the surface tensions
of the six FDA solutions with different concentrations were
measured using an interfacial tension tester. Because of the
limitation of the measuring range, the interfacial tension tester
could not work when the temperature exceeded 90 °C. So, the
FDA solutions to be measured were heated at 160 °C for 3
days in a drying oven, and then their surface tensions could be
measured. First, the FDA solution was injected into a sample
tube with a syringe, and a bubble was created with a needle in
the middle of the sample tube filled with the FDA solution.
Second, the sample tube was placed on the rotating shaft of the
main machine after it had been sealed, and the rotating speed
was set to 6000 r/min and the experimental temperature was
set to 90 °C. When the bubble shape in the sample tube did
not change anymore, the surface tension value could be
recorded.

2.7. Morphology under an Electron Microscope.
According to the previous experimental results, three FDAs
with better performance were selected from six for the
observation experiment with an electron microscope. The
FDA solutions with a concentration of 0.25 wt %, which had
been heated at 160 °C in the drying oven for 3 days in the
previous experiment, could be directly used. The current
experiment was carried out in a constant temperature box at 90
°C, 100 mL of FDA solution was poured into a stirrer and
stirred at the maximum rotation speed for 2 min, and then the
generated foam was quickly poured into a measuring cylinder,
so the initial foaming volume could be read. At the same time,
the foam’s microscopic morphology was observed and
photographed with an electron microscope magnified 100
times. In addition, the foam’s microscopic morphology at half-
life and double half-life should also be observed and
photographed.

3. RESULTS AND DISCUSSION

3.1. High-Temperature Resistance. The relationship of
initial foaming volume, half-life, and comprehensive index with
temperature is shown in Figures 4—6, respectively. It could be
seen from the figures that with the increase of temperature, the
initial foaming volume and half-life of the six FDAs all
decreased, indicating that high temperature would inhibit the
foamability and foam stability. On the one hand, with higher
viscosity of the liquid phase, the liquid flow on the surface of
foam liquid film became more difficult, and the drainage effect
was obviously weakened. On the other hand, the higher
viscosity of the liquid film made it more difficult for the gas
inside the foam to diffuse outward through the liquid film.*°~**
Therefore, with the increase of temperature, the viscosity of
the liquid phase decreased, resulting in a rapid weakening of
foamability and foam stability.”* Moreover, due to the high
salinity of formation water in the actual foam drainage gas
recovery technolo6gy, there were a lot of electrolytes in the
foam system.””® When the temperature increased, the
irregular movement of these electrolytes in the foam liquid
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Figure 6. Relationship between comprehensive index and temper-
ature.

film became increasingly more intense, thus accelerating the
drainage effect and making the foam liquid film thin until it
finally broke.”’”

Figure 6 shows that the comprehensive indexes of UT-11C
and UT-6 were higher than those for the other four at the same
temperature, indicating that UT-11C and UT-6 had better
temperature resistance than the other four FDAs.
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3.2. High-Pressure Resistance. The relationship of initial
foaming volume, half-life, and comprehensive index with
pressure is shown in Figures 7—9, respectively. It could be
seen from the figures that with the increase of pressure, the
initial foaming volume of FDAs increased except for UT-11C,
and the halflife became longer, indicating that the high
pressure would strengthen the foamability and foam stability,
which was consistent with the classical foam theory.”® The
classical foam theory held that the higher the pressure, the
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Figure 10. Relationship between liquid carrying rate and concen-
tration when the water—gas ratio was 1:54.
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Figure 12. Relationship between liquid carrying rate and concen-
tration when the water—gas ratio was 1:1667.

smaller the diameter of a single foam, and the more uniform
the foam size.”” At the same time, the internal friction of the
liquid phase increased with the increase of pressure; so, the
viscosity of the liquid phase also increased, making the liquid
on the foam liquid film difficult to flow and weakening the
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drainage effect, and thus the foamability and foam stability
were enhanced.*

Figure 9 shows that the comprehensive indexes of PPB-3
and UT-6 were higher than those of the other four FDAs at the
same pressure, indicating that the foamability and foam

Salinity (mg/L)

Figure 16. Curves of initial foaming volume and half-life with
different salinities.
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Figure 17. Liquid carrying rates of UT-6 under different salinities.

stability of the two were better than those of the other four
FDAs at high pressure.

3.3. Dynamic Liquid Carrying Capacity. The relation-
ship between liquid carrying rates and the concentration under
different water—gas ratios is shown in Figures 10—12. Figure
10 shows that when the water—gas ratio was 1:54, the liquid
carrying rate of XM-3C was higher than those of the other five
at the same concentration. But Figures 11 and 12 show that the
liquid carrying rates of UT-6 and XM-3D were higher than
those of the other four when the water—gas ratios were 1:162
and 1:1667. However, the difference in liquid carrying rates
between UT-6 and XM-3D became more evident when the
water—gas ratio was 1:1667. Moreover, according to Figures 11
and 12, the optimum concentration of each FDA could be
determined. For example, when the water—gas ratio was 1:162,
the liquid carrying rates of UT-6 were 88% at 0.25 wt % and
88.3% at 0.35 wt %, and when the water—gas ratio was 1:1667,
the liquid carrying rates of UT-6 were 89.4% at 0.25 wt % and
89.5% at 0.35 wt %. So, for UT-6, the concentration of 0.25 wt
% could just meet the actual production needs.

It could also be seen from the figures that with the increase
of concentration, the liquid carrying rate first increased and
then decreased, or after reaching a certain concentration, it no
longer changed with the increasing concentration. On the one
hand, when the concentration of FDA was low (lower than the

https://doi.org/10.1021/acsomega.2c07715
ACS Omega 2023, 8, 7940—7949


https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07715?fig=fig17&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07715?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

[ Y

m _
h—'

(a)

(b)

(©

Figure 18. Images of the bubble on the screen when measuring surface tension: (a) the initial moment; (b) a certain moment in the middle; and

(c) the moment for recording.
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Figure 19. Relationship between surface tension and concentration.

optimal concentration), the liquid carrying capacity was weak
because of the small number of surfactant molecules in the
solution and weak foamability.”" On the other hand, when the
concentration was high (higher than the optimal concen-
tration), the apparent viscosity of foam increased due to the
increasing number of surfactant molecules, generating more
relatively stable foams. Therefore, the friction coefficient
between foam flow and pipeline increased, so the liquid
discharging rate slowed down; finally, the liquid carrying rate
decreased or no longer changed with the increase of
concentration.*”

3.4. Oil Resistance. The relationship of initial foaming
volume, halflife, and comprehensive index, with the oil
content is shown in Figures 13—15, respectively. Among

them, the experimental data of no oil content came from the
results at 160 °C in high-temperature resistance evaluation.

It could be seen from Figures 13 and 14 that with the
increase of oil content, the initial foaming volume decreased,
indicating that the increase of oil content would inhibit the
foamability; however, the half-life became shorter at first and
then longer, indicating that the foam stability became weaker at
first and then stronger. The reason was that a small amount of
low-viscosity oil acted as a defoamer, which could diffuse and
distribute on the foam liquid film, forming an oily film and
replacing the original foam liquid film, but the oily film had
poor stability and was easy to break, which led to the
weakening of foamability and foam stability.*® As the content
of low-viscosity oil continued to increase, the foam stability
was enhanced instead of weakened, which was mainly because
micelles formed by surfactant molecules could solubilize low-
viscosity oil.”* When the content of low-viscosity oil was
greater than a certain value, the low-viscosity oil would be
emulsified with the FDA solution, and the oil phase would be
emulsified into small oil beads and enter the foam liquid film;
so, the emulsion film containing oil beads was formed and
wrapped on the foam, making the foam not easy to break, thus
improving the foam stability.”®

As shown in Figure 15, compared with the other four FDAs,
UT-6 and UT-11C still had strong foamability and foam
stability with the increase of oil content, indicating that UT-6
and UT-11C had stronger oil resistance than the other four
FDA:s.

3.5. Salinity Resistance. According to the previous
screening and evaluation, compared with the other five
FDAs, UT-6 still had strong foamability, foam stability, and
oil resistance under HTHP. At the same time, UT-6 showed
stronger liquid carrying capacity at a lower concentration when
it was close to the actual water—gas ratio. Therefore, UT-6 was

(@)

Figure 20. Foam’s microscopic morphology of UT-6 at different moments: (a) at the initial moment; (b) at half-life; and (c) at double half-life.
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Figure 22. Foam’s microscopic morphology of XM-3D at different moments: (a) at the initial moment; (b) at half-life; and (c) at double half-life.

selected for the salinity resistance evaluation. The initial
foaming volume and half-life of UT-6 under different salinity
conditions were measured, and the experimental results are
shown in Figure 16.

As shown in Figure 16, the foamability and foam stability of
UT-6 both weakened with the increase of salinity. When the
salinity was 5175.48 mg/L, the initial foaming volume and half-
life were measured in high-temperature resistance evaluation,
which were 28.3mL and 10 min, respectively. But when the
salinity increased to 95000 mg/L, the initial foaming volume
and half-life decreased to 5.1 mL and 3.3 min, respectively. The
reason was that under the condition of low salinity, the electric
double layers on both sides of the foam liquid film could
achieve dynamic equilibrium due to the repulsion between the
charged groups, which could slow down the thinning speed of
the liquid film, so that the foam could maintain a certain
degree of stability.”® However, with the increase of salinity,
mineralized ions would weaken the mutual repulsion force
between the electric double layers, breaking the original
balance, speeding up the liquid loss at the liquid film, and
accelerating the thinning speed of the liquid film, resulting in a
significant decline in foam stability.””

Figure 17 shows that with the increase of salinity, the liquid
carrying rate of UT-6 gradually decreased, and when the
salinity increased to 80 000 mg/L, the liquid carrying rate of
UT-6 could still reach 70.2%, indicating that UT-6 had the
liquid carrying capacity to meet the production requirements
when the salinity was 80 000 mg/L.*"

3.6. Surface Tension Reduction Capacity. It could be
seen from the screen that the circular bubble gradually
lengthened in the axial direction until it became the shape
shown in Figure 18c and no longer changed, and the value of
surface tension could be recorded.

The relationship between the surface tensions of six FDA
solutions and the concentration at 90 °C is shown in Figure 19,
which depicts that with the increase of concentration, the
surface tension decreased rapidly at first, and the curves tended
to be flat when the concentration reached 0.25 wt %. The
surface tension of simulated formation water without any FDA
was 43.3 mN/m, and after adding a small amount of FDA, the
surface tension was greatly reduced, indicating that all six
FDAs could reduce the surface tension. However, compared
with the other five FDAs, the surface tension of UT-6 was the
lowest under the same concentration. For example, when the
concentrations were 0.25 and 0.5 wt %, the surface tensions of
UT-6 were 15.7 and 15.3 mN/m, respectively. Actually,
lowering the surface tension would make the solution easier to
foam and easier to be dispersed under the agitation of gas
flow.** The more dispersed the liquid phase was, the more
easily it would be carried out of the wellbore by the gas flow.*
Therefore, the experimental results obtained in the previous
screening and evaluation that UT-6 had strong foamability and
strong liquid carrying capacity at high temperatures were
verified by surface tension measurement.

3.7. Morphology under an Electron Microscope. To
highlight the difference in foam microscopic morphology
among different FDAs after foaming, according to the results of
previous experiments, three FDAs with relatively good
performance were selected for morphology study under an
electron microscope, namely, UT-6, UT-11C, and XM-3D, and
their foam’s microscopic morphologies are shown in Figures
20—22, respectively.

It could be seen from the figures that at the initial moment,
the bubbles of UT-6 were closely arranged, with the largest
number and the smallest single bubble size, while the initial
bubbles of UT-11C and XM-3D were relatively big and loosely
arranged, which confirmed UT-6’s strong foamability. At half-
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life, the bubble arrangement of UT-6 was still relatively tight
and uniform; however, for UT-11C and XM-3D, many larger
bubbles appeared. According to plateau boundary theory, the
internal pressure of small bubbles was higher than that of large
bubbles because of their small inner diameter, so the gas inside
the small bubbles would continuously diffuse into the large
bubbles through the liquid film, making small bubbles smaller
and smaller until they finally disappeared. Therefore, the
appearance of large bubbles meant that the defoaming speed
was accelerated.”’ At double halflife, the foam’s microscopic
morphology was almost dominated by large-sized bubbles;
however, the foam liquid film of UT-6 still had a certain
thickness, and the drainage speed at the plateau boundary was
relatively slow. Therefore, the observation results of micro-
scopic morphology also confirmed UT-6’s strong foam

stability.
4. CONCLUSIONS

Based on the actual formation conditions, a HTHP evaluation
device for FDA was set up in this study. The key performance
of six FDAs, such as HTHP resistance, dynamic liquid carrying
capacity, oil resistance, and salinity resistance, was evaluated
systematically. Taking initial foaming volume, half-life,
comprehensive index, and liquid carrying rate as evaluation
indexes, the FDA with the best performance was screened out
and the concentration was optimized. In addition, the
experimental results were verified by surface tension measure-
ment and electron microscopy observation. The experimental
conclusions are as follows:

(1) The sulfonate compound surfactant (UT-6) had good
foamability, excellent foam stability, and better oil
resistance at high temperature and high pressure.

(2) UT-6 had stronger liquid carrying capacity at a lower
concentration, which could meet the production
requirement when the salinity was 80 000 mg/L.

(3) Compared with the other five FDAs, UT-6 was more
suitable for HTHP gas wells in block X of the Bohai Bay
Basin, whose optimal concentration was 0.25 wt %.

(4) UT-6 solution had the lowest surface tension at the same
concentration, whose generated bubbles were closely
arranged and uniform in size. Moreover, in UT-6’s foam
system, the drainage speed at the plateau boundary was
relatively slower with the smallest bubble.
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