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Abstract

:

The liquid phase of foam systems plays a major role in improving the fluidity of oil, by reducing oil viscosity and stripping oil from rock surfaces during foam-flooding processes. Improving the oil displacement capacity of the foam’s liquid phase could lead to significant improvement in foam-flooding effects. Oil-liquid interfacial tension (IFT) is an important indicator of the oil displacement capacity of a liquid. In this study, several surfactants were used as foaming agents, and polymers were used as foam stabilizers. Foaming was induced using a Waring blender stirring method. Foam with an oil-liquid IFT of less than 10–3 mN/m was prepared after a series of adjustments to the liquid composition. This study verified the possibility of a foam system with both an ultra-low oil-liquid IFT and high foaming properties. Our results provide insight into a means of optimizing foam fluids for enhanced oil recovery.
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1. Introduction


Compared to conventional liquids, foam fluid has several unique properties, such as, a high apparent viscosity, a high system energy, and a blocking effect. Foam fluid has been utilized in oil recovery as a tertiary oil recovery technology [1,2]. Foam flooding has been well studied for several decades and has been used in oil recovery worldwide [3]. The properties of foam fluids related to oil recovery can be modified to better adapt to the geological conditions; this is usually accomplished by changing the composition, preparation method, and/or preparation conditions of the foam system [4,5]. Most improvements have focused on improving the stability, salt resistance, temperature resistance and oil resistance of the foam [6,7]. Bubbles in the foam fluid can lose their shape over the course of the flooding process, as the foam system is in a state of foaming-flowing-defoaming dynamic equilibrium in the porous media encountered. Thus, all components of the foam system (the liquid, gas, and bubbles) play an important role in the flooding process [8,9].



Studies have shown that the interfacial tension (IFT) of the displacement phase strongly influences flooding effects [10,11]. A low IFT system refers to a system with an IFT between 10−2 and 1 mN/m; in ultra-low IFT systems, the IFT is below 10−2 mN/m. A low IFT system is better able to strip crude oil from rock surfaces by improving the fluidity of the crude oil [12,13]. Therefore, reducing the IFT of the displacement phase is an effective method to improve the flooding effect [14]. In addition, stability is an important indicator of the foam’s performance [15,16]; an ideal foam system maintains high stability while adjustments are made to its IFT.



In this study, several surfactants [hexadecyl trimethyl ammonium bromide (CTAB), sodium oleate (SO), sodium dodecyl sulfate (SDS) and dodecyl hydroxypropyl phosphate betaine (DHPB)] and polymers [anion- polyacrylamide (APAM) and xanthan gum (XC)] were selected as additives, and dehydrated crude oil and simulated formation water representing that from the Dagang Oilfield were also used in this study. A foam system with an ultralow IFT liquid phase was generated by changing the chemical composition of the foam and the stirring method. To further investigate the foam’s stability, a 1000 mL measuring cylinder was used to test the foaming capacity. This study systematically investigated the effect of surfactants on the stability and oil-liquid IFT of the foam, to gain insight into the means to improve foam flooding applications for enhanced oil recovery (EOR).




2. Materials and Methods


2.1. Liquid


The liquid used in this study simulated the mineral composition of true water in the Dagang Oilfield, which consists of deionized water and inorganic salts. The formation water was of the NaCl-KCl type; its ion composition is shown in Table 1. The inorganic salts used in this study are shown in Table 2.




2.2. Additives


Based on previous research [17,18,19], ten surfactants and four polymers were selected as foaming agents and stabilizers, respectively. Details of the additives are listed in Table 3, the molecular structure of the surfactants are shown in Figure 1. All chemicals were produced by Macklin (Shanghai Macklin Biochemical, Ltd., Shanghai, China). The critical micelle concentration (CMC) of each surfactant was tested using a conductivity method. The viscosity of each polymer was obtained using a viscometer.




2.3. Foaming Process


Samples were composed of simulated formation water that contained a surfactant and a polymer. To fully disperse the additives and mix the two phases (gas and liquid), a Waring blender [20] (model 8010s, Waring Commercial, Connecticut, United States) was used. The gas (air) and liquid (solutions of surfactants (and polymers)) were stirred in the blender at 7000 revolutions (rev)/min for 3 min at 25 °C and 1 atm. Next, the foam was transferred into a measuring cylinder (1000 mL) to evaluate its foaming properties.



The stirring method applied to generate foams with minor modifications consisted of three steps: (i) preparing the surfactant-polymer solution; (ii) stirring the solution in the blender at a 7000 rev/min rotating speed for 3 min in a closed environment, air was used as gas phase; and (iii) moving the foam to the measuring cylinder.




2.4. Foaming Capacity and Foam Stability


The foaming volumes and residual-liquid volumes were measured by using scale markings of the Waring blender container. The half-life period was measured using the 1000 mL cylinder and a stopwatch at 25 °C and 1 atm. The foam composite index (FCI) [21,22] was used as an indicator of the foam’s comprehensive performance (foaming capacity and foam stability), according to the following equation:


FCI=34V0·t12



(1)




where: V0 is the foaming volume (mL units) and t1/2 is the foam half-life in minutes.



Table 4 shows the parameters that characterize foaming capacity and foam stability.




2.5. Oil-Liquid IFT of Liquid Phase


Dehydrated crude oil from the Dagang Oilfield was selected as the research model. A rotary drop interface tension meter (SDT-500D, Harke, Beijing, China) was used to test the IFT between crude oil and the liquid. Sample measurements were performed three times, and the results were averaged.




2.6. Core-Flooding Experiment


Macroscopic flow characteristics of foam fluid in porous media and the EOR effect of the optimized foam system were investigated by a core-flooding experiment. The parameters of the artificial cores are shown in Table 5, the grouping of the core-flooding experiment is listed in Table 6, the experimental flow chart is shown in Figure 2.



The core was cylindrical, and the size were 6 cm (length) × 2.5 cm (diameter), the volume was 29.45 cm3. Numbers 1–3 were the high permeability group (≈110 mD), numbers 4–6 were the low permeability group (≈1 mD).



Two commonly used chemical flooding methods (i.e., normal foam flooding and alkali-surfactant-polymer (ASP) flooding) were selected as the control groups. All chemical flooding processes were conducted after water flooding (water flooding was suspended when the water content of produced fluid was more than 98%).



A foam generator was used in this section for the foaming process. The foam generator had a set of sieve plates (three layers, 200 mesh, 2 mm spacing) at both the inlet and outlet. N2 was used as the gas phase of the foam systems. The temperature was maintained by calorstat at 85 °C, the pressure in the core holder was controlled by back pressure pump at 20 MPa.



The macroscopic flow characteristics were investigated by the differential pressures at both ends of the core during injection process. The EOR effect was measured by the recovery efficiency of chemical flooding (after water flooding).





3. Results and Discussion


3.1. Foaming Properties and Oil-Liquid IFT of Surfactants


To evaluate the foaming ability, foam stability, and IFT of a single surfactant foaming system, solutions of each surfactant (100 mL) of various concentrations (0.05, 0.1, and 0.15 g/L) were stirred at 7000 rev/min for 3 min to generate foam. The resulting foam properties and oil-liquid IFT reduction capabilities are listed in Table 7.



Among the anionic surfactants, SO showed weak foaming properties due to poor solubility. The cationic surfactant CTAB possessed strong foaming capacity but weak foam stability. SDS and AES showed both strong foaming capacity and good foam stabilization effects. Amphoteric surfactants (THPB, DHPB and 3-SDB) exhibited good foaming properties and a high FCI. As the hydrophobicity of the hydrophobic group increased, the surfactant molecules distributed themselves closer to the gas-liquid interface. Compared with other surfactants, THPB, DHPB, and CTAB exhibited stronger hydrophobicity due to their longer alkyl chain, resulting in better foaming capacity. The foam stability was dependent on the liquid viscosity and the compactness of surfactants’ arrangement on the interfaces. Thus, the same surfactant exhibited better foam stability at high concentration.



Similar to the foaming properties, the oil-liquid IFT of the surfactant solution was mainly influenced by the strength of the hydrophilic chain. A stronger hydrophobic chain led to stronger bonding between surfactant molecules and water molecules, improving the ability of the surfactant to reduce the IFT. Therefore, solutions of the surfactants with stronger hydrophilic chains, including SO, CTAB and THPB, had a lower oil-liquid IFT.




3.2. Foaming Properties and Oil-Liquid IFT of Binary Surfactants


Corrosion and blockage can be caused by chemical reactions between cationic surfactants and the formation. Nonionic surfactants often have weak solubility. Therefore, anionic and amphoteric surfactants were used for compounding in this study. Based on the results shown in Table 7, THPB, DHPB, AOS, AES and SDS were selected for compounding. The compounding scheme and test results are shown in Table 8. The total concentration of each surfactant was 0.3 g/L.



The compound of DHPB and SDS (mass ratio: 1.5:1 to 1:1.5) had both an ultra-low oil-liquid IFT and high foaming properties (Table 8). A strong electrostatic attraction existed between the positive charge of the hydrophilic group of DHPB and the negative charge of the hydrophilic group of SDS [23]. This attraction impacted on the diffusion behavior of surfactant molecules at the interfaces and made foam generation easier. Meanwhile, electrostatic attraction facilitated the formation of a tight adsorption membrane at the interface, which led to higher foam stability and lower oil-liquid IFT.



According to the results shown in Table 8, the compounding of surfactants with the same carbon number showed a better synergistic effect. Because the carbon number of the surfactant molecule could affect the diffusion rate of the surfactant, the diffusion of surfactant molecules with the same carbon number may be more balanced, and the arrangement of the surfactant molecules on the interfaces more even. This ensures the adsorption of two surfactants on the interfaces and leads to two surfactants with similar diffusion rates. Thus, local IFT imbalance was minimized.




3.3. Foam Stabilizer Selection


Foam stabilizers (i.e., polymers) improve the stability of foam mainly by increasing the viscosity of the foam system’s liquid phase [24,25]. Therefore, the concentration of the polymer solution may be an important indicator of its ability to stabilize the foam system. The viscosity-temperature curve (shear rate: 0.1 s−1) and viscosity-shear rate curve (temperature at 45 °C) were obtained using a rheometer (Haake Mars III, Thermo Fisher Scientific, Waltham, MA, USA) to evaluate the effect of the stabilizers. The results are shown in Figure 3.



The viscosity of XC at 0.1 g/L was higher than that of the other samples, given its shear rate of 0.03 s−1, as shown in Figure 3a. Figure 3b shows that the viscosity of XC is higher than that of the other polymers over the temperature range of 20 °C to 90 °C. Common polymers are mostly linear structures, whereas XC has a double helix structure.



This double helix structure induces greater intermolecular entanglement and interaction between XC molecules; thus, the XC molecules maintain their structure better under external influences. In the presence of inorganic salts, XC molecules swell, which increases their viscosity. This feature ensures that XC performs better at high temperatures and under high salinity conditions.




3.4. Optimization of Foam System Performance


The surfactants (SDS at 0.18 g/L and DHPB at 0.12 g/L) were compounded with XC polymer, and the impact of the polymer’s concentration on the oil-liquid IFT and foaming properties was investigated. Figure 4 shows the influence of the XC concentration on the oil-liquid IFT.



The oil-liquid IFT increased with the XC concentration over time, as shown in Figure 4. Additionally, the adsorption rate of surfactant molecules from the liquid phase to the oil-liquid interface decreased as the XC concentration increased. However, the rate of the surfactant molecules’ desorption from the oil-liquid interface to the oil phase did not change significantly, which eventually led to a decrease in the surfactant molecule concentration at the oil-liquid interface when the adsorption equilibrium was reached.



With an increasing XC concentration, the foaming volume and the foam half-life of the system decreased slightly, but the drainage half-life of the foam increased significantly (Table 9). The foam viscosity increased with the XC concentration; thus, more energy was needed for the foaming process. However, the external energy obtained by the system stayed the same due to the same foaming method and stirring time, leading to a reduction in the foam volume. Meanwhile, the diffusion resistance of surfactant molecules increased with the liquid’s viscosity. This resulted in localized thinning of the liquid film, a delay in the liquid film’s self-repair, and a decline in the foam half-life. As the viscosity of the liquid increased, the liquid film’s drainage rate and the gas diffusion rate decreased, which led to an increase in the drainage half-life.



Temperature could affect the stability of foam system by affecting viscosity, molecular motion, intermolecular force and molecular structure. According to the results in Table 9, the system with higher XC’s concentration performed better foaming properties and foam stability at high temperature, and the system with lower XC’s concentration had better performance at low temperature. This was mainly caused by the viscosity change [26], the viscosity of the system with high XC’s concentration was too high at low temperature, but it could maintain a certain viscosity at high temperature. Therefore, it was concluded that the most suitable concentration of XC was 0.075 g/L based on the experimental results.




3.5. Macroscopic Flow Characteristics and EOR Effect


Figure 5 shows the differential pressure varied with the injection volume, and, the results of core-flooding experiment were shown in Table 10 (E0 is the EOR rate of water flooding and Ec is the EOR rate of chemical flooding).



The foam flooding showed an obvious blocking effect, while the ASP flooding had almost no blocking effect. Meanwhile, the target foam system showed better blocking effect in both high permeability group (numbers 1–3) and low permeability group (numbers 4–6) than normal foam system. This results indicated that the Jamin Effect caused by the target foam system is more stable and effective than normal foam system. Which means, the target system could be more stable than normal foam system in porous media at high temperatures [27,28].



In high permeability group (numbers 1–3), the EOR rate of target foam flooding was nearly equivalent to ASP flooding, but significantly better than normal foam flooding. Commonly, blocking effect has a weak impact on the EOR rate in high permeability conditions [29], therefore, normal foam system performed a weak EOR effect. However, as the liquid phase had high EOR capacity (having ultra-low oil-liquid IFT), the target foam system showed better EOR rate than other two controlling group. In the low permeability group (numbers 4–6), the EOR effect of both foam flooding increased, but the ASP flooding’s EOR effect declined sharply. In low permeability conditions, liquid with low viscosity could escape along the high permeability channels, thus, blocking effect could improve the EOR rate effectively [30,31].





4. Conclusions and Proposals


4.1. Conclusions


This study focused on strengthening the effect of a foam’s liquid phase during the oil flooding process, in an attempt to prepare a foam system for EOR with high foaming properties and an ultra-low oil-liquid IFT. Several surfactants and polymers were evaluated. The foam composition was optimized by adjusting the surfactant and polymer concentrations and combinations, with the goal of achieving a foam system with an ultra-low oil-liquid IFT and a high foaming capacity. The main conclusions are summarized below.




	
The foam system should have both a high foaming capacity and a low oil-liquid IFT obtained by using different surfactant and polymer structures and adjusting the composition of chemical additives.



	
The compounding of DHPB and SDS (mass ratio at 1:1.5) exhibited the best foaming properties (FCI: 117,600 mL·min) and the lowest oil-liquid IFT (0.0076 mN/m). The compounding of surfactants with the same carbon number showed better results.



	
Increasing polymer concentration lowered the oil-liquid IFT reduction rate, and led to an increase in the oil-liquid IFT. The viscosity of the liquid phase depends on the polymer concentration, which expected to affect the diffusion of surfactants and gas.



	
Ultra-low IFT foam system could function as both surfactant-polymer system and foam system in flooding process, which means it mainly functions in oil-liquid IFT reduction in high permeability conditions and blocks the high permeability channels in low permeability conditions. This feature meant the ultra-low IFT foam system could be more applicable in the EOR process.









4.2. Proposals


There have been few studies on the synergistic mechanisms of different surfactants. Investigations in this area are expected to provide a theoretical basis for subsequent research. Additionally, continued study of the effectiveness in EOR and migration in porous media of ultra-low IFT foam systems may provide new ideas for oil flooding and multiphase flow in porous media.
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Figure 1. Molecular structure of the surfactants. 
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Figure 2. Flow chart of core-flooding experiment. 
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Figure 3. (a) Viscosity versus shear rate and (b) viscosity versus temperature. 
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Figure 4. Influence of the xanthan gum (XC) concentration on oil-liquid interfacial tension. 
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Figure 5. Differential pressure varied with the injection volume. 
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Table 1. Ion composition of the Dagang Oilfield.
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	Ion
	Na++K+
	Ca2+
	Mg2+
	HCO3−
	SO42−
	Cl−
	CO32−
	Salinity





	concentration (mg/L)
	4459
	356
	116
	966
	539
	2989
	437
	9862
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Table 2. Inorganic salts used in this study (AR, refers to Analytical Reagent).
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	Inorganic Salt
	Purity
	Manufacturer





	NaCl
	AR
	Macklin



	KCl
	AR
	Macklin



	CaCl2·2H2O
	AR
	Macklin



	MgCl2·6H2O
	AR
	Macklin



	Na2CO3
	AR
	Macklin



	Na2SO4
	AR
	Macklin



	NaHCO3
	AR
	Macklin
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Table 3. Chemicals used in this study.
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	Chemical
	Purity
	Type
	Critical Micelle Concentration

(CMC) at 25 °C



	Tetradecyl hydroxypropyl phosphate betaine (THPB)
	40%
	Amphoteric
	1200 mg/L



	Dodecyl hydroxypropyl phosphate betaine (DHPB)
	45%
	Amphoteric
	1360 mg/L



	3-sulfopropyltetradecyl dimethyl betaine (3-SDB)
	98%
	Amphoteric
	1000 mg/L



	Cetyltrimethylammonium bromide (CTAB)
	99%
	Cationic
	343 mg/L



	Fatty amine polyoxyethylene ether (AC, C14)
	99%
	Nonionic
	97 mg/L



	α-Sodium olefin sulfonate (AOS, C12)
	92%
	Anionic
	1932 mg/L



	Sodium sulfate (SO)
	96%
	Anionic
	365 mg/L



	Sodium lauryl sulfate (AES)
	70%
	Anionic
	2177 mg/L



	Sodium dodecyl sulfate (SDS)
	96%
	Anionic
	2307 mg/L



	sodium dodecyl benzene sulfonate (SDBS)
	99%
	Anionic
	418 mg/L



	Chemical
	Purity
	Type
	Viscosity at 45 °C, 1 g/L



	Anionic polyacrylamide

(APAM, 5 million molecular weight)
	99%
	Polymer
	3331 mPa·s



	Xanthan gum (XC)
	USP
	Polymer
	9472 mPa·s



	Nonionic polyacrylamide

(PAM, 5 million molecular weight)
	99%
	Polymer
	3922 mPa·s



	Polysorbate 80 (Tween 80)
	40%
	Polymer
	493 mPa·s
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Table 4. Parameters of foaming properties used in this study.
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	Parameter
	Symbol
	Definition
	Unit





	Foaming volume
	V0
	Volume of foam after foaming
	mL



	Residual-liquid volume
	Vt
	Volume of liquid remaining after foaming
	mL



	Foam half-life
	t1/2
	Time required for the foam’s volume to be reduced by half of its initial volume
	min



	Drainage half-life
	tD
	Time required for the foam to lose half of its liquid
	s



	Foam composite index
	FCI
	Function of foaming volume and foam half-life
	mL·min
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Table 5. Parameters of the artificial cores used in the core flooding experiment.






Table 5. Parameters of the artificial cores used in the core flooding experiment.





	Number
	Water Permeability (mD)
	Porosity (%)
	Pore Volume (mL)





	1
	109
	23.5
	6.920



	2
	111
	23.2
	6.832



	3
	110
	23.7
	6.979



	4
	1.2
	25.7
	7.568



	5
	1
	25.9
	7.627



	6
	1
	26.1
	7.686
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Table 6. Grouping of the core-flooding experiment.
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	Number
	Group
	Compounding
	Core





	1
	Normal foam system
	1.5 g/L SDS + 2 g/L PAM
	NO.1



	2
	ASP
	1 g/L SDBS + 6 g/L Na2CO3 + 1 g/L PAM
	NO.2



	3
	Target foam system
	1.2 g/L DHPB + 1.8 g/L SDS + 0.075 g/L XC
	NO.3



	4
	Normal foam system
	1.5 g/L SDS + 2 g/L PAM
	NO.4



	5
	ASP
	1 g/L SDBS + 6 g/L Na2CO3 + 1 g/L PAM
	NO.5



	6
	Target foam system
	1.2 g/L DHPB + 1.8 g/L SDS + 0.075 g/L XC
	NO.6
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Table 7. Foaming properties and oil-liquid interfacial tension (IFT) of individual surfactants.






Table 7. Foaming properties and oil-liquid interfacial tension (IFT) of individual surfactants.





	
Surfactant

	
Concentration

(g/L)

	
V0

(mL)

	
Vt

(mL)

	
t1/2

(min)

	
tD

(s)

	
FCI

(mL·min)

	
IFT

(mN/m)






	
THPB

	
0.05

	
210

	
65

	
151

	
175

	
23,782.5

	
0.4068




	
0.1

	
265

	
35

	
158

	
180

	
31,402.5

	
0.5533




	
0.15

	
235

	
40

	
168

	
54

	
29,610

	
0.6883




	
DHPB

	
0.05

	
190

	
50

	
110

	
92

	
15,675

	
0.3245




	
0.1

	
215

	
25

	
129

	
103

	
20,801

	
0.2834




	
0.15

	
235

	
15

	
131

	
115

	
23,088

	
0.2214




	
3-SDB

	
0.05

	
155

	
65

	
110

	
57

	
12,787.5

	
0.8971




	
0.1

	
200

	
50

	
127

	
52

	
19,050

	
0.7324




	
0.15

	
185

	
50

	
176

	
67

	
24,420

	
0.6021




	
CTAB

	
0.05

	
190

	
45

	
60

	
35

	
8550

	
0.2914




	
0.1

	
240

	
40

	
57

	
28

	
10,260

	
0.2429




	
0.15

	
180

	
55

	
60

	
31

	
8100

	
0.3755




	
AN

	
0.05

	
140

	
60

	
120

	
33

	
12,600

	
0.8395




	
0.1

	
130

	
65

	
96

	
30

	
9360

	
0.8524




	
0.15

	
145

	
50

	
80

	
23

	
8700

	
0.9455




	
AOS

	
0.05

	
255

	
35

	
83

	
135

	
15,873.75

	
1.2123




	
0.1

	
280

	
20

	
90

	
160

	
18,900

	
1.1084




	
0.15

	
285

	
15

	
73

	
104

	
15,603.75

	
1.3633




	
SO

	
0.05

	
No bubble

	
0.0025




	
0.1

	
35

	
95

	
140

	
84

	
3675

	
0.0016




	
0.15

	
60

	
80

	
600

	
90

	
27,000

	
0.0038




	
AES

	
0.05

	
110

	
60

	
92

	
100

	
7590

	
2.3112




	
0.1

	
265

	
25

	
78

	
129

	
15,502.5

	
2.2219




	
0.15

	
260

	
30

	
90

	
133

	
17,550

	
2.3794




	
SDS

	
0.05

	
250

	
25

	
90

	
77

	
16,875

	
0.795




	
0.1

	
260

	
25

	
108

	
70

	
21,060

	
0.792




	
0.15

	
275

	
20

	
99

	
73

	
20,419

	
1.0666




	
SDBS

	
0.05

	
175

	
25

	
18

	
42

	
2362.5

	
0.7434




	
0.1

	
220

	
20

	
19

	
43

	
3135

	
0.6241




	
0.15

	
220

	
20

	
22

	
52

	
3630

	
0.6432
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Table 8. Foaming properties and oil-liquid IFT of compound systems.
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Compound System

	
Mass Ratio

	
V0

(mL)

	
Vt

(mL)

	
t1/2

(min)

	
tD

(s)

	
FCI

(mL·min)

	
IFT

(mN/m)






	
THPB:AOS

	
1.5:1

	
245

	
15

	
122

	
76

	
22,417.5

	
0.7145




	
1:1

	
260

	
15

	
103

	
71

	
20,085

	
0.7982




	
1:1.5

	
270

	
15

	
92

	
78

	
18,630

	
0.9054




	
THPB:AES

	
1.5:1

	
360

	
10

	
101

	
145

	
27,270

	
0.0154




	
1:1

	
450

	
10

	
114

	
161

	
38,475

	
0.0134




	
1:1.5

	
530

	
5

	
300

	
192

	
119,250

	
0.0107




	
THPB:SDS

	
1.5:1

	
310

	
15

	
76

	
78

	
17,670

	
0.0692




	
1:1

	
330

	
15

	
91

	
78

	
22,522.5

	
0.0631




	
1:1.5

	
370

	
10

	
102

	
81

	
28,305

	
0.0545




	
DHPB:AOS

	
1.5:1

	
95

	
35

	
47

	
43

	
3348.75

	
0.5789




	
1:1

	
115

	
30

	
46

	
47

	
3967.5

	
0.6541




	
1:1.5

	
145

	
30

	
57

	
47

	
6198.75

	
0.7763




	
DHPB:AES

	
1.5:1

	
80

	
45

	
18

	
36

	
1080

	
0.7316




	
1:1

	
90

	
45

	
18

	
39

	
1215

	
0.7145




	
1:1.5

	
115

	
40

	
21

	
37

	
1811.25

	
0.7682




	
DHPB:SDS

	
1.5:1

	
470

	
5

	
234

	
240

	
82,485

	
0.0089




	
1:1

	
515

	
5

	
242

	
256

	
93,472.5

	
0.0084




	
1:1.5

	
560

	
5

	
280

	
334

	
117,600

	
0.0076
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Table 9. Foaming properties varied with the XC concentration at different temperature.
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Temperature

(°C)

	
Concentration of XC

(g/L)

	
V0

(mL)

	
Vt

(mL)

	
t1/2

(min)

	
tD

(s)

	
FCI

(mL·min)






	
25

	
0.05

	
535

	
5

	
278

	
631

	
111,547.5




	
0.075

	
510

	
5

	
263

	
672

	
100,597.5




	
0.1

	
460

	
0

	
242

	
714

	
83,490




	
0.125

	
435

	
0

	
233

	
747

	
76,016.25




	
45

	
0.05

	
540

	
5

	
292

	
609

	
118,260




	
0.075

	
525

	
0

	
281

	
681

	
110,643.75




	
0.1

	
490

	
0

	
264

	
698

	
97,020




	
0.125

	
450

	
0

	
247

	
704

	
83,362.5




	
65

	
0.05

	
495

	
15

	
231

	
519

	
85,758.75




	
0.075

	
505

	
15

	
234

	
545

	
88,627.5




	
0.1

	
455

	
10

	
209

	
571

	
71,321.25




	
0.125

	
435

	
5

	
213

	
574

	
69,491.25




	
85

	
0.05

	
395

	
25

	
168

	
292

	
49,770




	
0.075

	
420

	
25

	
184

	
341

	
57,960




	
0.1

	
415

	
15

	
181

	
392

	
56,336.25




	
0.125

	
405

	
15

	
190

	
403

	
57,712.5
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Table 10. Results of the core-flooding experiment.






Table 10. Results of the core-flooding experiment.





	Number
	Oil Saturation (%)
	E0 (%)
	Ec (%)





	1
	78.23
	60.61
	8.33



	2
	79.18
	57.30
	10.67



	3
	79.23
	61.78
	11.32



	4
	69.26
	48.44
	8.69



	5
	68.18
	45.29
	6.59



	6
	66.71
	43.11
	11.95
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