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Abstract:



A novel gelled foam for conformance control was investigated for its ability to enhance oil recovery (EOR) in high temperature and high salinity reservoirs. The formulation optimization, foaming performance, and core flooding performance of the gelled foam were systematically evaluated under harsh reservoir conditions. The gelled foam formulation was optimized with 0.4% polymer (hydrolyzed polyacrylamide; HPAM), 0.06% cross-linker (phenolic) and 0.2% foaming agent (sulphobetaine; SB). The addition of the gel improved the stability of the foam system by 3.8 times that of traditional foam. A stabilization mechanism in the gelled foam was proposed to describe the stabilization process of the foam film. The uniformly distributed three-dimensional network structure of the gel provided a thick protective layer for the foam system that maintained the stability of the foam and improved the strength and thickness of the liquid film. The gelled foam exhibited good formation adaptability, profile control, and EOR performance. The foam flowed into the high permeability layer, plugged the dominant channel, and increased the swept volume. Oil recovery was enhanced by 29.4% under harsh high -temperature and high salinity conditions.
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1. Introduction


High temperature and high salinity reservoirs are widely distributed in oilfields in China. Most of these oilfields developed by water flooding, which led to the overdevelopment of the dominant channel following long-term water flooding [1,2,3,4,5]. Injected water can easily enter the production well along the dominant channels, which leads to a higher water cut and lower economic benefits of the production well. This high water cut in production wells has become a common problem in high temperature and high salinity oilfield developments [6,7,8]. Conformance control is widely used and has been proven to be an important measure to improve the efficiency of water flooding and enhance the oil recovery [9,10,11,12,13,14]. However, the lack of a suitable conformance control agent restricts the popularization and application of conformance control treatment in high temperature and high salinity reservoirs.



Many reservoirs suitable for conformance control are high temperature and high salinity reservoirs with temperatures reaching 100 °C and total dissolved-solids (TDS) of up to 22 × 104 mg/L; most oil fields in northwest China fall into this category [15]. These conditions are extremely challenging for conformance control agents. Nevertheless, most traditional profile control agents do not meet the requirements of field applications. For example, polymer flooding is only suitable for low-temperature conditions of no higher than 90 °C since higher temperatures cause heat degradation in polymers [16]. Combined flooding, including alkaline-surfactant-polymer (ASP) flooding and surfactant-polymer (SP) flooding, is very difficult to apply under harsh conditions. It is limited by the stability of the alkalis and polymers under high temperature and high salinity conditions. However, foam has shown in the potential for conformance control in high temperature and high salinity reservoirs. Foam is a selective conformance control agent characterized by good chemical stability in high-temperature and salinity conditions [17,18,19,20,21,22]. Foaming agents have excellent performance as surfactants [23] and are chemical stable under harsh conditions [24]. Their good oil and water selectivity and the Jiamin effect make foam desirable for conformance control [25,26,27]. Foam increases the flow resistance of the injection water flowing in the dominant channels, promotes changes in flow direction, increases the swept volume, and results in enhanced oil recovery (EOR). Nevertheless, foam is an unstable system, which means that it will reduce the energy of the system by bubble destruction. What is worst, the harsh conditions of high temperature and high-salinity further aggravate the instability of foam systems [28,29]. Polymer is the most commonly used stabilizer to keep foam stable; however, it is only suitable for low-temperature conditions of no higher than 90 °C because of heat degradation in polymers [30,31]. Nanoparticles are also very popular and effective stabilizers [32,33,34,35]. However, the poor dispersion ability of nanoparticles limits their application in high temperature and high salinity conditions. Gel has been used to keep foam stable in recent years. The combination of gel and foam (gelled foam) represents a potential agent for conformance control in high temperature and high salinity reservoirs. Gelled foam combines the good viscoelastic properties of a gel system with the excellent selective profile control of a foam system. The good viscoelastic properties of gel make foam more stable and stronger to allow control of the water injection in-depth profile. F.R. Wassmuth et al. [36,37] found that the gas-blocking ability of cured gel foam is far superior to that of polymer enhanced foam. K. Asghari [38], Wang X. [39] and F. Friedmann et al. [40] proved that the gel-foam is effective at blocking high permeability zones, improving oil recovery by water flooding in the low permeability zones. T.L. Hughes et al. [41] studied large volume foam gel treatments to improve conformance of CO2 flooding. The results from this study show that the foam-gel approach is with a cost-effective method to achieve in-depth conformance improvement in fractured reservoirs. However, all previous studies and applications have been conducted at low temperatures (<90 °C) and salinities (5000 mg/L). There has been little study and application using gelled foam under the harsh reservoir conditions of high temperature and high salinity. What is more, a stable gelled foam that can withstand harsh conditions is very important to promote conformance control technology in northwest China.



In this study, we optimized a foaming agent and gel system under the harsh conditions of high temperature (100 °C) and high salinity (22 × 104 mg/L). The gelled foam system was comprised of a foaming agent, gel system, and nitrogen. The foaming ability, microstructure, selective plugging performance, and EOR performance were also evaluated.




2. Materials and Methods


2.1. Materials


Magnesium chloride (MgCl2), calcium chloride (CaCl2), sodium chloride (NaCl), and sodium dodecyl sulfate (SDS) were purchased from Sinopharm Co., Ltd. China and were analytically pure. Sulphobetaine (SB), sodium alkyl phenol polyoxyethylene ether carboxylate (APEC (Na)), partially hydrolyzed polyacrylamide (HPAM), and a phenolic cross-linker were purchased from Shandong Shida Oilfield Technical Services Co., Ltd. China. The average molecular weight of the HPAM was 3,800,000 g/mol and the degree of hydrolysis was 5.59%. Table 1 shows the composition of the simulated produced water. The core flooding experiment was conducted using sand packs and the bottle testing was conducted using high temperature ampoule bottles.


Table 1. Chemical analysis of the brine.





	Ion Composition
	Ca2+
	Mg2+
	Cl−
	Na+
	Salinity





	Concentration (mg/L)
	9000
	240
	142,000
	70,380
	221,620










2.2. Measurements of Foaming Performance


A foaming agent solution of 50 mL, consisting of different mass fractions of the foaming agent, was poured into the foam performance evaluation device (Figure 1); the temperature was 100 °C and the pressure was 10 MPa [42]. Subsequently, nitrogen was injected into the foam performance evaluation device through a gas inlet at the speed of 20 cubic centimeters per minute (CCM) for 5 min. The foaming volume and volume half-life were recorded. The composite value was calculated with the following formula [43]:


[image: ]



(1)




where, F is the foam composite value in mL·min, V0 is the initial foam volume in mL, and t50 is the volume half-life (the time to reach half the volume of the initial foam volume) in min.


Figure 1. Foam performance evaluation device. 1—nitrogen; 2—mass flow gas meter; 3—constant—flux pump; 4—foam generator; 5—foaming agent; 6—porous media; 7—pressure meter; 8—hand pump; 9—back pressure valve; 10—foam; 11—heating jacket.
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2.3. Measurements of Interfacial Rheology


Aqueous solutions (0.2% w/w) were prepared for all the described foaming fractions and were analyzed with a dynamic interfacial oscillatory drop tensiometer (Teclis Tracker, Teclis Scientific, Tassin-la-Demi-Lune, Lyon, France). The purpose of the measurement is to form a bubble at the end of an inverted needle on the surface of the aqueous solution located in a transparent thermostatted cell. The bubble’s profile was recorded in real time with a digital camera. The surface tension was calculated using Laplace’s equation, which takes into account the capillary forces and gravity. The volume of a fresh bubble was 20 μL. The surface tension was monitored for fresh bubbles for 1 h at an oscillation frequency of 0.1 Hz and an amplitude of 1 μm2 at 100 °C. The validity of the measurements was checked by recording the standard error of the Laplacian drop at the beginning and at the end of each experiment.




2.4. Measurements of Gelling Performance


The gelant was prepared by adding cross-linker to the polymer solution. The polymer solution was prepared by adding the polymer to the brine at a certain mass fraction. Then, the gelant was injected into the ampoule bottle, which was then sealed. Finally, the ampoule bottle with the gelant was placed into an oven at a constant temperature of 100 °C. The gelling time was defined as the time when the gel strength reached D in the gel strength code [44].




2.5. Measurements of Microstructure


The microstructures of the gel samples with a gel strength code of D were analyzed using an environmental scanning electron microscope (ESEM), which allows for the observation of wet specimens in a low vacuum environment; this type of analysis maintains the structure of the gel. The gel specimens were prepared by removing a small sample from inside the gel. The specimens were analyzed in low vacuum mode at 15 kV using the ESEM equipped with a back-scattered electron detector (BSED) and a Noran X-ray energy-dispersive spectrometry (XEDS) detector.




2.6. Core Flooding Experiment


Experimental setup: The schematic of the core flooding setup is shown in Figure 2. The setup consisted of one constant-flux pump, three intermediate containers, one sand pack (comprising two separate packs for the profile control performance and EOR experiment, as described in Table 2), and one precision pressure gauge. The sand packs and intermediate containers were placed in the oven at 100 °C to keep the core flooding system under reservoir conditions. The brine was injected into the sand packs by the pump at a constant flow rate. The foaming solution and nitrogen were mixed in the foam generator, and then the foam was injected into the sand pack. The pressure drop was recorded with a precision pressure gauge when the fluid flowed into the sand pack. Subsequently, the outflow of the sand pack was collected in a measuring cylinder.


Figure 2. The experimental flow chart: 1—nitrogen; 2—constant-flux pump; 3—mass-flow gas meter; 4—foam generator; 5—gelling fluid; 6–valve; 7—pressure meter; 8—brine; 9—sand pack; 10—crude oil; 11—oven; 12—burette; 13—gas flow meter.
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Table 2. Parameters of the sand pack physics model.





	
Physics Model

	
Length/cm

	
Diameter/cm

	
Permeability/µm2

	
Pore Volume/mL






	
One sand pack

	
No.1

	
20

	
2.5

	
0.40

	
34




	
No.2

	
20

	
2.5

	
1.10

	
35




	
No.3

	
20

	
2.5

	
2.51

	
36




	
No.4

	
20

	
2.5

	
5.66

	
37




	
Two sand packs

	
High permeability

	
20

	
2.5

	
2.53

	
36




	
Low permeability

	
20

	
2.5

	
0.48

	
34










Resistance coefficient: The resistance coefficient [43] is a key parameter for measuring the injection performance of foam and is defined as follows:
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(2)




where, λw is the water mobility and λg is the mobility of the gelant.



The foam fluid, consisting of the freshly foaming fluid and the nitrogen, was injected into the porous media (φ 25 mm × 200 mm) at a temperature of 100 °C. The injection pressure was recorded until the injected volume reached up to 1.0 PV, and the resistance coefficient was calculated.



Shutoff efficiency: The shutoff efficiency [45] is a key parameter for measuring the plugging capacity of foam and is defined as follows:
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(3)




where, kw0 is the original permeability and kw1 is the permeability after the conformance control.



After injecting 1.0 PV of the foam fluid, the sand pack was maintained for three days at 100 °C to form the gelled foam. Then, the brine was injected into the sand pack at a rate of 1.0 mL/min, the injection pressure was recorded, and the shutoff efficiency was calculated.





3. Results and Discussion


3.1. Optimization of the Gelled Foam


3.1.1. Optimization of Foaming Agent


Foaming Performance


Different foaming agents with different concentrations were used to determine the foaming performance under the harsh conditions of 100 °C and 10 MPa. The results show (Figure 3) that the foam volume first increased and then stabilized as the concentration increased in the concentration range of 0.05–0.5%. When the concentration of the foaming agent was lower than the critical micelle concentration (CMC), the adsorption amount of the surfactant molecules at the gas–liquid interface increased as the concentration of the foaming agent increased. Meanwhile, the surface tension decreased, the free energy of the foam system decreased, and the foam system tended to stabilize. More bubbles were produced by forming more gas–liquid interfaces. After the concentration of the foaming agent reached the CMC, the adsorption amount of the foaming agent at the gas–liquid interface no longer increased, while the surface tension lowered, and the surface energy of the system tended to remain unchanged. In addition, the foaming agent formed micelles, which increased the viscosity of the liquid phase so that the foaming volume no longer increased [46].


Figure 3. Foaming performance of different foaming agents.
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The volume half-life and foam composite value results were better for the SB than the other foaming agents. After the mass fraction of the foaming agent reached 0.2%, the foaming performance of SB reached the maximum and was better than the performances of the other foaming agents. Therefore, for the subsequent experiments, SB was selected as the foaming agent for the gelled foam.




Interfacial Rheology


The viscoelasticity of the foam interface plays an important role in the stability of the foam. The viscoelastic modulus of the interface prevents changes at the interface when the bubbles expand and shrink. It is defined as


[image: ]



(4)




where, E is the viscoelastic modulus, σ is the interfacial tension, and A is the surface area of the bubbles.



The viscoelastic modulus (E) can be written in plural form in the experiment of the interface dilation modulus oscillation:
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(5)




where, E is the viscoelastic modulus, E′ is the modulus of elasticity, and E″ is the viscosity modulus.



In order to determine the properties of the foaming agent at the microscopic level, the interfacial rheological property of the foam was evaluated. The results (Figure 4) show that the elastic modulus was significantly higher for SB than APEC and SDS. The higher viscosity modulus resulted in higher viscoelasticity and stronger mechanical strength of the membrane, leading to better self-repairing ability. Wang [47] investigated the relationship between the interfacial rheological properties and the foam stability using anionic surfactants. It was found that the greater the interfacial elastic modulus, the better the foam stability was. The elastic modulus of the foam film plays a key role in foam stability. An important property of an elastic foam film is the Marangoni effect [48]. When the foam film is subjected to disturbance or stress, it will become thinner. The surface tension of the foam film increases from σ1 to σ2, resulting in surface pressure in these areas. The molecules of the foaming agent and some water molecules will diffuse to the thinning surface as a result of the surface pressure and density difference. Subsequently, the film thickness and surface tension are restored to their original levels.


Figure 4. Viscoelastic modulus of different foaming agents: Sodium Dodecyl Sulfate (SDS), Sulphobetaine (SB), Sodium Alkyl Phenol Polyoxyethylene Ether Carboxylate (APEC).
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3.1.2. Optimization of the Gel


Because the foam consists of multiple interfaces and is an unstable system with large interface energy, there was a tendency towards bubble collapse and reduction in the energy and a suitable foam stabilizer had to be added. Low cross-linked gels, which possess good ability to resist high temperatures and high salinity, can effectively increase the viscoelasticity of the foam’s liquid membrane and improve the foam’s stability. Therefore, based on the formulation of the gel and preliminary studies [49], HPAM/phenolic gel with a gel strength code of D was selected to stabilize the foam system [50]. The optimization experiment was conducted under reservoir conditions.



The results (Figure 5 and Figure 6) show that the gel system consisting of the HPAM polymer and the phenolic cross-linker exhibited a good crosslinking effect under reservoir conditions. The gelling time ranged from 34 h to 80 h and the gel strength was very stable. The lifetime of a gel can be evaluated by dehydrates. The dehydration amount of the gel system (0.4% HPAM + 0.06% phenolic cross-linker, Table 3) was able to be controlled in the range of 0–3% after aging for 60 days under reservoir conditions. A stable gel with an appropriate strength increases the viscoelasticity of the gelled foam and the strength of the foam liquid film consequently, improving the stability of the foam. A variable strength gel stabilizer was created by using 0.4% HPAM and 0.06% phenolic cross-linker by considering the strength, field injection ability, stability, and cost of gelled foam.


Figure 5. Gelling time of the gel consisting of a polymer (hydrolyzed polyacrylamide; HPAM) and a phenolic cross-linker (100 °C).
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Figure 6. Microstructure of the gel with a gel strength code of D.
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Table 3. Dehydration amount (%) in isograms of gels under reservoir conditions.





	
0.4% HPAM + 0.06% Phenolic Cross-Linker (100 °C)






	
Aging Time (days)

	
5

	
10

	
30

	
60




	
Dehydration amount (%)

	
0

	
1.2

	
1.5

	
1.5











3.1.3. Characterization of Gelled Foam


Foaming Performance


The foam stability of the gelled foam system was higher than that of traditional foam (Figure 7). The volume half-life of the gelled foam system was 4.8 times that of traditional foam and the foam composite value was 3.8 times that of traditional foam. Although the foaming property of the gelled foam system was slightly lower due to the increase in viscosity, the foam stability and foam composite values were greatly improved. Therefore, the foaming property of the gelled foam system is superior to that of ordinary foam.


Figure 7. Effects of different gel formulas on the foam’s properties.
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Foam Microstructure


In order to observe the differences in the liquid membrane between the gelled foam and traditional foam, their microstructures were observed using an optical microscope. The foam system was prepared by stirring the foaming solution for 1 min at a speed of 1000 r/min at room temperature using a Warning blender. The microscopic images of the gelled foam and traditional foam (Figure 8) show that the gelled foam has a thicker foam film, which effectively suppresses the extrusion deformation of the bubbles, maintains an ideal thickness in the liquid film, and reduces the Plateau boundary effect and the diffusion of gases. These results demonstrate the stability of the gelled foam and improve the stability of the colloidal foam.


Figure 8. Microstructures of the gelled foam and traditional foam: (a) traditional foam (10×); (b) traditional foam (20×); (c) gelled foam (10×); (d) gelled foam (20×)).
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Foam Stabilization Mechanism


The breakup of foam is mainly caused by drainage and the air permeability of the foam film. It is common to improve the stability of foam systems with an increase in the liquid viscosity, in which polymers are the most commonly used stabilizers. However, most water-soluble polymers cannot resist high temperatures and high salinity conditions. Gel systems have several advantages over polymers. They not only resist these harsh conditions but also have better viscoelasticity than polymers. In order to gain a better understanding of the stabilization mechanism of gelled foam, a possible stabilization model was proposed. When the gel with the gel strength code of D was added to the foaming solution (Figure 9), it generated a stable three-dimensional network consisting of a liquid film. The particular structure of the liquid film provided a good skeleton for the adsorption of the foaming agent at the gas–liquid interface. Some polar groups of the foaming agent combined with the bound water in gel system were similar to a nail stuck in the three-dimensional network of the gel. The other polar groups of the foaming agent were attracted to the polar groups in the gel structure due to the intermolecular forces, resulting in stable adsorption and orderly arrangement of the molecules of the foaming agent at the gas–liquid interface. Moreover, the non-polar groups of the gel structure extended into the gas phase of the foam system and participated in the composition of the gas–liquid interface film, which greatly improved the stability of the composite interface film. In addition, the three-dimensional network of the liquid film increased the viscosity of the base liquid, reduced the drainage speed, and allowed for good self-repair ability under high temperatures and high salinity conditions. A thick and protective gel layer was observed around the bubbles in the gelled foam (Figure 8). The protective layer increased the viscoelasticity and weakened the permeability of the liquid film thereby improving the strength and thickness of the liquid film and maintaining the stability of the gelled foam.


Figure 9. Stabilization mechanism of the gelled foam.
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3.2. Formation Adaptability


The formation permeability affects the profile control performance of gelled foam. This was evaluated by the resistance coefficient and the shutoff efficiency of the gelled foam. The gelled foam consisted of 0.4% polymer (HPAM), 0.06% cross-linker (phenolic) and 0.2% foaming agent (SB). The experimental parameters of the formation adaptability included a gas–liquid ratio of 1:1, a gas injection rate of 1.0 mL/min, and an injection volume of 1.0 PV. The results (Figure 10) showed that the resistance coefficient increases with the injection volume of the gelled foam. The resistance coefficient curves for the different permeabilities showed similar trends. The higher the permeability of the formation, the easier injection of the gelled foam was. The ease of injection ensured that the gelled foam enters the high permeability layer. However, the shutoff efficiencies were largely different for the different permeabilities. The shutoff efficiency increased as the permeability increased. This indicates that the gelled foam possesses good permeability and selective ability. The greater the permeability is, the higher the shutoff efficiency is, with a better performance of the profile control. Gelled foam has good plugging performance for high permeability formations and poor plugging performance for low permeability formations. This is mainly due to the strong shearing effect of the low permeability formations on the gelled foam, which has a negative impact on the stability of the gelled foam. The selective plugging ability of gelled foam allows it to flow into the dominant channels during the injection process; this plugs the dominant channel but not the low permeability layer. Thus, it effectively increases the swept volume of the driving water and improves the oil recovery.


Figure 10. Effect of different permeabilities on the properties of the gelled foam.
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3.3. Profile Control Performance


The profile control performance of the gelled foam was investigated under high temperature and high salinity conditions using a double sand pack physical model. The double sand pack physical model consists of two sand packs with different permeabilities, the sand pack with high permeability simulates a high permeability layer, and the sand pack with low permeability simulates a low permeability layer. The experimental results (Figure 11) show that the pressure of water flooding remained low and there was low volatility. Most of the liquid outflow originated from the high permeability layer and only about 4% of the liquid originated from the low permeability layer. Subsequently, 16 mL of the gelled foam was injected into the double sand pack physical model, and 12 mL of the gelled foam was injected into the high permeability layer. The results show that the gelled foam has good ability to selectively enter the high permeability layer. After aging for 3 days, the water flooding was tested again. However, the injection water was successfully diverted. The injection pressure was higher than prior to the injection of the gelled foam, and most of the liquid (90%) outflow originated from the low permeability layer. This indicates not only that the gelled foam effectively controlled the water injection profile, but also that it increased the swept volume. Therefore, this demonstrates that the gelled foam has great potential for use as a conformance control in EOR.


Figure 11. Injection pressure and outflow rate in the gelled foam profile control experiment.
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3.4. EOR Performance


The EOR experiment was carried out under high temperature and high salinity conditions. The experimental parameters were the same as in the profile control experiment. The results (Figure 12) show the effect of conformance control. The oil recovery increased significantly by decreasing the water cut [51,52]. The conformance control increased the oil recovery by 29.4% based on the water flooding recovery of 32.2%. The gelled foam preferentially flowed into the high permeability sand pack, plugging the high permeability layer effectively. Then, the injected water was forced to flow into the low permeability layer. The conformance of formation was controlled effectively, the swept volume of injected water was increased, and the remaining oil was displaced. The oil recovery was enhanced greatly.


Figure 12. Enhanced oil recovery properties of the gelled foam system.
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4. Conclusions


In this study, a novel gelled foam was investigated in depth. The influences of the gel on foaming performance, including the volume, volume half-life, and the composite value of the foam, were investigated. The stabilizing mechanism of the gelled foam was investigated by determining the microstructure of the gel and foam. Core flooding experiments were also conducted. The major conclusions are summarized as follows:



(1) The gelled foam formulation is optimized with 0.4% polymer (HPAM), 0.06% cross-linker (phenolic) and 0.2% foaming agent (SB) under high temperature and high salinity conditions (temperature 100 °C, TDS 22 × 104 mg/L). The addition of the gel greatly improves the stability of the foam system, and the stability of the gelled foam is 3.8 times than that of a traditional foam.



(2) The SB foaming agent has a better elastic modulus, stronger self-repair ability, and better foam stability under high -temperature and high salinity conditions than other foaming agents. The addition of the gel results in a thick protective layer in the foam system that maintains the stability of the foam and improves the strength and thickness of the liquid film.



(3) The gelled foam has good formation adaptability, profile control, and EOR performance. It selectively flows into the high permeability layer, plugs the dominant channel, and increases the swept volume. The EOR was 29.4% under harsh high temperature and high salinity conditions.



(4) Higher temperature and salinity will definitely be a great challenge for future oil and gas development. Gelled foam is a kind of conformance control agent with great potential. Future challenges are the formation of high temperature and high–salinity reservoirs with temperatures reaching 140 °C and total dissolved-solids (TDS) of up to 22 × 104 mg/L.
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